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Preface 
 

There have been different definitions for Biomedical Engineering. One of them is the 
application of engineering disciplines, technology, principles, and design concepts to 
medicine and biology. As this definition implies, biomedical engineering helps closing 
the gap between“engineering” and “medicine”. 

There are many different disciplines in engineering field such as aerospace, 
chemical, civil, computer, electrical, genetic, geological, industrial, mechanical. On 
the other hand, in the medical field, there are several fields of study such as 
anesthesiology, cardiology, dermatology, emergency medicine, gastroenterology, 
orthopedics, neuroscience, pathology, pediatrics, psychiatry, radiology, and surgery. 
Biomedical engineering can be considered as a bridge connecting field(s) in 
engineering to field(s) in medicine. Creating such a bridge requires understanding 
and major cross - disciplinary efforts by engineers, researchers, and physicians at 
health institutions, research institutes, and industry sectors. Depending on where 
this connection has happened, different areas of research in biomedical engineering 
have been shaped.  

In all different areas in biomedical engineering, the ultimate objectives in research and 
education are to improve the quality life, reduce the impact of disease on the everyday 
life of individuals, and provide an appropriate infrastructure to promote and enhance 
the interaction of biomedical engineering researchers. In general, biomedical 
engineering has several disciplines including, but not limited to, bioinstrumentation, 
biostatistics, and biomaterial, biomechanics, biosignal, biosystem, biotransportation, 
clinical, tissue, rehabilitation and cellular engineering. Experts in biomedical 
engineering, a young area for research and education, are working in various industry 
and government sectors, hospitals, research institutions, and academia. The U.S. 
Department of Labor estimates that the job market for biomedical engineering will 
increase by 72%, faster than the average of all occupations in engineering. Therefore, 
there is a need to extend the research in this area and train biomedical engineers of 
tomorrow.  

This book is prepared in two volumes to introduce a recent advances in different areas 
of biomedical engineering such as biomaterials, cellular engineering, biomedical 
devices, nanotechnology, and biomechanics. Different chapters in both volumes are 



X Preface 
 

stand-alone and readers can start from any chapter that they are interested in. It is 
hoped that this book brings more awareness about the biomedical engineering field 
and helps in completing or establishing new research areas in biomedical engineering.   

As the editor, I would like to thank all the authors of different chapters. Without your 
contributions, it would not be possible to have a quality book and help in the growth 
of biomedical engineering. 

 

Dr. Reza Fazel-Rezai 
University of North Dakota 

Grand Forks, ND,  
USA 
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Biomedical Web, Collections and  
Meta-Analysis Literature Applications 

Layla Michán, Israel Muñoz-Velasco,  
Eduardo Alvarez and Lyssania Macías 

Universidad Nacional Autónoma de México, Facultad de Ciencias 
México 

1. Introduction 

Cause and effect of the digital revolution is the production of a lot and different kinds of 
web tools, applications and resources that permit optimization the retrieve, management 
and analysis of biomedical bibliography. The information revolution is a cause and effect 
of scientific and technological progress of the twentieth century, amount of information 
that is now produced on different scientific topics is huge plus: It can be electronic or 
printed, there is text, images and sounds is systematized in databases data, catalogs or 
lists, your query can be free or restricted, is on life or their parts, phenomena and 
explanations, cover publications, researchers, projects, groups and research lines, 
agreements, grants, scientific, institutions research and teaching, biological collections, 
educational institutions and societies science, to name a few. Refer to information in the 
twenty-first century involves the mention of terms, methods, novel and innovative 
theories as knowledge society, information society, globalization, info diversity, access to 
information, e-science, e-research, grid, collaboratories, repositories, knowledge based on 
literature, text mining, semantic web, impact index, cocitation, web 2.0 and 3.0, social 
networking, plagiarism, and free access. Those changes have been dramatically impacted 
the contemporary world view, scientific practice and scientific relations, social, economic, 
political and cultural (Russell, 2001). 
Scientific society generates and receives information, it is exposed to it as a representation of 
thought and knowledge in all cases creates a conscious or unconscious interest transmits 
individually or collectively. The scientific communities recognize the value of the 
information, required it as a condition to perform fundamental research. Published 
information on biology and medicine is not exception, the quantity, diversity and 
complexity of digital information are so many and so different, some electronic resources 
through which you can access it are not simple, which has made it necessary to be informed 
and update on the continuing emergence and modification of these tools, while it has 
become a problem to solve: continuously published magazines in a large number of items. 
Recover strategies and analysis of information on the specific area of interest of researchers 
and design programs and websites constantly to achieve this (Larson, 2010a). 
Electronic resources with biomedical literature can be consulted electronically Internet 
allows instant access to digital data collections updated with information generated by the 
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specialists (Faciola, 2009). The power of the new electronic technologies has increased 
exponential, we have designed a lot of applications that allow you to group, sort and 
display documents which have reduced power, cost and time required to analyze literature 
specialized (Hey & Trefethen, 2005). Not only that, in less than ten years has changed the 
practice of science, is no longer explores the reality only through experiments and models in 
vivo and / or in vitro but made in silico tools and computational methods (Atkins et al., 2003). 
This phenomenon has affected both the way we produce scientific knowledge that have 
developed new fields of knowledge practiced by specialists, such as bioinformatics, medical 
informatics, biological informatics, neuroinformatics, and literature-based discovery, among 
others. The change has been important even in the way recovered and analyzed the 
literature so much that you have proposed new ways to access the information to put aside 
the reductionist approach and adopt a system according to the progress of own biological 
discipline. 
The search, access, analysis and updating of the literature in databases has become a daily 
task. It is usually necessary to consult several indexes to have more complete representation 
of the literature on the topic of interest (Zhou et al., 2006). But such is the quantity and 
diversity of papers on biomedicine, there are so many, so different and complex electronic 
resources (especially bibliographic databases) through which you can access that 
information, not just that, but change, progress and constantly updated, it is difficult to keep 
track of them all and identify which and how many can and should use.  

2. Biomedical web 

The Biomedical Science is one of the most innovative and cutting-edge in science, 
excellence and is recognized today. The literature in this field is applied in several 
biomedical practice areas, ranging from the production of new biological knowledge to 
resource management, assessment, management and science policy (Labarga, 2009). For 
these reasons essential to include an innovative course in art, sort and classify all 
electronic resources for the recovery and analysis of specialized information effectively 
and efficiently, in a review of the types and characteristics of digital information, 
explaining definitions basic, to explore its importance and implications, are synthesized 
and explain the electronic resources online more relevant and practical, especially 
databases and specialized software, are presented source’s compendiums from which 
information can be extracted and understanding (Rizkallah & Sin, 2010; Weeber et al., 
2005; Henderson, 2005) like scientometrics studies (Cokol & Rodriguez-Esteban, 2008; 
Uthman, 2008; Li et al., 2009; Boyack, 2004). 
Also allow stakeholders to introduce the necessary tools to make reports to information and 
documents indexed journals, impact, collaboration and citation of own production 
commonly requested by the evaluation committees of National Foundations and councils.  
This chapter presents the application of an interdisciplinary and integrative approach to use 
biomedical literature to extract, analyze and manage specialized literature efficient, prompt, 
timely, comprehensive and organized. 
Contrary to common understanding now exist a lot of friendly electronic tools for non 
informatics specialist’s that permit literature Biomedicine management, designed from 
informatics specialist’s to all others. Previous knowledge it’s not needed to use this web 
tools and services (Hull, et al., 2008; Renear, & Palmer, 2009). Most of them are open access 
resources. Some of their advantages are: 
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1. Explain in detail the cyberinfrastructure (resources, tools and services) available for the 
management of literature specializes in biomedicine, keeping with the needs and 
challenges of our time and explains the characteristics of each, Biomedicine. 

2. Present the stages of document retrieval electronics and how to handle this is done in 
an efficient, effective and updated. 

3. State the main bibliometric indicators are frequently used to evaluate literature. 
4. Apply new techniques to analyze the references, the contents of scientific papers and 

large quantities of documents simultaneously, including network analysis and 
discovery based on the literature. 

In this chapter we will classify, systematize and describe the most useful web-based 
applications for innovative retrieval and processing of biomedical literature; all of them are 
friendly and can be used by any scholar or biomedical specialist. We will present all 
resources in three categories: 1) general web applications, 2) literature collections and 3) 
meta-analysis tools in logic retrieval and processing literature order (Fig. 1). 
 

 
Fig. 1. The resource’s classification for retrieval biomedical information. 

2.1 Web literature retrieval 
Digital information retrieval from the Web, in a modern sense is a personalized, automatic, 
multitask, integrated and immediacy process (Larson, 2010b) the stages of document 
retrieval electronics and how to handle this is done in an efficient, effective and updated 
form with specific apps. The process consists of: search (browser, search engines and 
collections), bookmark (Bookmarks), manage (reference management) share and analyze 
(Meta-analysis apps). 
Every day  a lot of innovative web apps appeared with Biomedical scholar interest like web 
pages, wikis, blogs and search engines (web 2.0 and web 3.0), social networks, feeds, 
reference management software and mobile resources, the most relevant for biomedicine. 
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Fig. 2. Process for retrieval information. 

The process for retrieve literature on the web begins with the web browser, the Merriam-
Webster's dictionary (2011) defines a web browser as a computer program used for 
accessing sites or information on a network (as the World Wide Web). This is a simple, yet 
accurate description. Web browsers come in many different styles, each with their own 
nuances. However, the main reason a person utilizes a web browser is to view web pages on 
the Internet, similar to the way you are viewing this book right now. Today there are the 
two main open source web browsers with add-on options (something as an accessory or 
added feature that enhances the thing it is added to) that the search experience, Firefox from 
Mozilla (http://www.mozilla.com/en-US/firefox/) and Chrome from Google 
(http://www.google.com/Chrome) (Fig. 3), right now our favorite is the second one, 
because is easy and speed, but right now the first one has the most bigger gallery of 
complement options.  
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There are a lot of resources, tools and services available for the management of literature 
Biology specializes in keeping with the needs and challenges of our time, the most efficient 
could be installed in the browser for better and faster use.   
 
 

 
 

 
 
 

Fig. 3. Chrome personalized browser for biomedical literature retrieval. 

2.1.1 Search engines and meta-searchers 
There are thousands of search engines in the Internet, a program that searches documents 
for specified keywords and returns a list of the documents where the keywords were found. 
They create a web pages database that use any algorithm  to classify the web pages (wikis, 
blogs, sites, …), the most biggest and also the most used for general research are Google, 
Bing, Yahoo, Altavista, Lycos, and Ask. But there are some scholar biomedical search 
engines that filter and index specialized and certified web pages like Scirus, Scientific 
WebPlus, Orefil, Nextbio or Quertle (Table 1). 
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Biomedical 
search engine 

Total records URL  

Scientific WebPlus

Is an open Web search engine created by Thomson 
Reuters that harnesses the power of our editorial 
expertise, controlled vocabularies, and proprietary 
relevancy algorithms. It is designed to complement 
your search results, bringing the most relevant 
Web resources to the forefront for the professional 
researcher. WebPlus allows you to search the  
Web by Topic, Person/Author, Source, Institution, 
Organism, Drug, and Gene. Displays the 250  
most important results, was help of windows 
live search. 

http:// 
scientific.thomsonweb
plus.com/ 
BasicSearch.aspx 

Scirus Covers over 410 million science-related Web 
pages. 

http:// 
www.scirus.com/ 

Orefil 
OReFiL uses DBCLS's (Database Center for Life 
Science). Whatever the query, which displays the 
maximum score is 1,000 to 10,000 results. 

http://orefil.dbcls.jp/ 

Nextbio 

NextBio indexes over 19 million abstracts from 
PubMed and over 130,000 full-text publications 
from PubMed Central. For its literature search, 
NextBio uses a number of heuristics, including: 
1. Extensive ontology with relationships 

between terms, synonyms, as well as a term 
hierarchy 

2. A customized domain-specific stop word list 
and analyzer that emphasizes ontology terms 

3. The authority of the journal where the paper 
was published 

4. Publication date 

http:// 
www.nextbio.com/b/
nextbio.nb 

Quertle Creating its own database of about 250 million of 
relationships.  

http:// 
www.quertle.info/v2/ 

Table 1. The Most popular scientific search engines. General search, retrieval from 16 
February 2011, *Papers published in journals 

2.2 Biomedical collections 
Computing tool of choice for systematizing the documents and metadata are the databases, 
a computerized bibliographic records stored in tables with an established order that allows 
you to save, sort, retrieve and generate information. We will divide the main biomedical 
literature collections in five kinds: 1) Libraries, 2) Information systems, 3) Index and 
catalogs, 4) Bookstores or editorials (press) and 5) Repositories. We classified a sample of 
each one. 
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Literature 
Collection 

Example URL 

e-Library MedLine http://www.nlm.nih.gov/databases 
/databases_medline.html 

Information 
system Entrez http://www.ncbi.nlm.nih.gov/sites/gquery 

Paper index o 
catalog, 
Journal index 
o catalog 

PubMed 
Journals 
NCBI 

http://www.ncbi.nlm.nih.gov/nlmcatalog/journals 

Press Biomed 
Central http://www.biomedcentral.com/ 

Repository PubMed 
central http://www.ncbi.nlm.nih.gov/pmc/ 

Table 2. Kinds of biomedical collections 

A digital library (e-Library) comprises digital collections, services and infrastructure to 
support lifelong learning, research, scholarly communication and preservation and 
conservation of our knowledge recorded and democratization, has a clear goal and are 
formed with a selection of content organized through a descriptive metadata (cataloging) 
and also associated with some facilities for search and use of services (Borgman, 1999), 
makes use of telecommunications and particularly the Internet to facilitate access to its 
contents remotely or locally through various connected systems that provide control and 
preservation of resources, while providing added services around the needs of users and 
information collected managed and preserved. 
If a Web application allows you to consult more than one library collection simultaneously, 
we have named the information system (Villanova-Oliver et al., 2003). We define all 
information collection systematized into a digital database with immediate access, designed 
with the intention of making them available for those interested in his consultation with 
academic and made available through the Web. 
We define also a library collections or literature as all those documents that record 
information about scientific research product is the result of a process of planning and 
balanced acquisition of library materials in various formats, mainly primary literature 
consists of books, magazines and conference proceedings, online resources, and other 
media, bibliographies, references, stored, structured and inter-linked for retrieval using a 
computer system. 
Press is the process of production and dissemination of literature or information, the activity 
of making information available for public view. In some cases, authors may be their own 
publishers, meaning: originators and developers of content also provide media to deliver 
and display the content. Traditionally, the term refers to the distribution of printed works 
such as books (the "book trade") and newspapers. With the advent of digital information 
systems and the Internet, the scope of publishing has expanded to include electronic 
resources, such as the electronic versions of books and periodicals, as well as 
micropublishing, websites, blogs and video games. 
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There is necessary for a better information retrieval to know the main characteristics of the 
datasets for search like temporal coverage, geographic coverage, topic coverage, size 
coverage and typological coverage. For better understand we present a key card with the 
dissection of PubMed the most used bibliographic biomedical database (Table 3). 
 
CHARACTERISTICS DESCRIPTION 
Name PubMed 

Editor/Producer 
National Center for Biotechnology Information, U.S. National 
Library of Medicine. 

Access Free 
Language English 

Typological coverage 

Scientific articles, online books, case reports, clinical conferences, 
clinical trials, comparative studies, conferences, commentaries, 
dictionaries, directories, editorials, evaluation studies, 
government publications, historical articles, interactive tutorials, 
interviews, letters, newspaper articles, revisions, retractions of 
publications, technical reports, twin studies, web-cast. Is 
accompanied by other resources contained in other databases 
under the responsibility of NCBI as sequences of genes and 
proteins, and analysis. 

Subject coverage 
Biomedical and life sciences. As well as dentistry, nursing, 
veterinary, pharmaceutical, and other related. 

Temporal coverage 1951 
Start date 1997 
Geographical coverage “World” (70 countries) 

Language of documents 

Usually in English. Also French, German, Italian, Japanese, 
Russian, Spanish, Albanian, Catalan, Korean, Polish, Portuguese, 
Romanian, Serbian, Slovenian, Turkish, and Vietnamese among 
others. 

Thesaurus Yes, through MeSH. 

Total records 
Journals: 23,000. 
Records: 20 million. 

Update Every 2 days 
Number of records 
displayed per page 5, 10, 20, 50, 100 y 200 

Access full text 
Yes, when the document is freely available, is in PubMed 
Central, or have the relevant subscription to the journal. 

Search fields 

Title, abstract, author, book, corporate author, creation date, 
number EC / RN, editor, filter, first author, author's full name, 
full name of investigator, ISBN, issue, volume, journal, language 
, last author,  ID, location, name of substances. 

Save the query If you have a My NCBI account. 

Advanced search 
Affiliation [AD] 
Article Identifier [AID] 
All Fields [ALL] 
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Author [AU] 
Book [book] 
Comment Corrections 
Corporate Author [CN] 
Create Date [CRDT] 
EC/RN Number [RN] 
Editor [ED] 
Entrez Date [EDAT] 
Filter [FILTER] 
First Author Name [1AU] 
Full Author Name [FAU] 
Full Investigator Name [FIR] 
Grant Number [GR] 
Investigator [IR] 
ISBN [ISBN] 
Issue [IP] 
Journal Title [TA] 
Language [LA] 
Last Author [LASTAU] 
Location ID [LID] 
MeSH Date [MHDA] 
MeSH Major Topic [MAJR] 
MeSH Subheadings [SH] 
MeSH Terms [MH] 
NLM Unique ID [JID] 
Other Term [OT] 
Owner 
Pagination [PG] 
Personal Name as Subject [PS] 
Pharmacological Action MeSH Terms [PA] 
Place of Publication [PL] 
PMCID & MID 
Publication Date [DP] 
Publication Type [PT] 
Secondary Source ID [SI] 
Subset [SB] 
Substance Name [NM] 
Text Words [TW] 
Title [TI] 
Title/Abstract [TIAB] 
Transliterated Title [TT] 
UID [PMID] 
Volume [VI] 

Export records 
Yes, via e-mail and bibliography managers EndNote, Reference 
Manager, and ProCite. 

Citation analysis  No. 
List of journal indexed Yes, by downloading a file. 
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Displayed documents 
references No 

Links to full text 
electronic document Yes 

Search by keyword No 
Abstract Yes 
Interface language English 
URL http://www.ncbi.nlm.nih.gov/pubmed 
Related document Yes 
Web 2.0 apps RSS, bookmarks, alerts, saved search results by e-mail. 

Document selection 
criteria  

Is based on the magazine
Coverage: Articles mainly on basic biomedical research. 
Quality: validity, relevance, originality and contribution to the 
field coverage of content. 
Editorial quality, objectivity, credibility and quality of its 
contents, peer review, ethical quality, timely correction of errors. 
Production Quality: Design, printing, graphics and illustrations 
(but not pre-requisite) 
Audience: health professions: researchers, practitioners, 
educators, administrators and students. 
Content type: Reports of original research, original clinical 
observations accompanied by analysis and discussion, analysis 
of philosophical, ethical, social or health professions or 
biomedical sciences, critical commentaries, statistical 
compilations, descriptions of evaluation methods or procedures, 
case reports with discussions. 
Language: At least title and abstract in English. 
Geographic coverage: Generally not be selected for indexing if 
the contents are subjects already well represented in MEDLINE 
or published to a local audience. 

Records meta-analysis* No 

Tools 

My NCBI.
Save searches, results, bibliography, and has an automatic 
update option. 
My NCBI preferences. 
Storage, highlight search terms, abstract screen, additional  
data. 
Furthermore, filtering of search results, view recent activity  
and the establishment of Link Out, document delivery service. 

Advantages 

Database more important, most used, most popular in 
biomedical information. Very short time to upgrade. It is 
complemented with other resources and information bases by 
the NCBI. Using multiple and varied fields of search. 

Disadvantages 
Few or no options for meta-analysis. Ambiguity in the 
identification of authors and documents. 

Table 3. Characteristics of PubMed database. *Meta-analysis details are explained below. 
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Index and catalog. Although the biomedical community uses mainly PubMed database for 
literature retrieval, there are a lot of restricted/open, regional/global and 
monothematic/multithematic collections that are important to obtain an exhaustive review of 
the publisher papers. There are more useful catalogs: with documents and journals (Table 4). 
 

Collection 
Temporal 
coverage 

Geographic 
coverage 

Topic coverage Total records 

Web of Science 
http://apps.isikn
owledge.com/WO
S_GeneralSearch_i
nput.do?highlight
ed_tab=WOS&pro
duct=WOS&last_p
rod=WOS&search
_mode=GeneralSe
arch&SID=1CpkLf
29P65GF7GiHI9 

1899 Global 

Scholarly literature in the 
sciences, social sciences, 
arts, and humanities; 
examined proceedings of 
international conferences, 
symposia, seminars, 
colloquia, workshops, 
and convention. Original 
research articles, reviews, 
editorials, chronologies, 
abstracts, and more. 

Over 40 million 
records 

Scopus 
http://www.scop
us.com/home.url 

20.5 millions 
of records 
previous 

1996 which 
go back as 
far as 1823. 

Global 

Scopus covers the 
following subject areas: 
Life Sciences, Health 
Sciences, Social Sciences 
and Physical Sciences. 
Through international 
publishers, conference 
proceedings, trade 
publications, book series 
and patents. 

More than 42.5 
million records 

Biological 
Abstracts 
http://apps.isikn
owledge.com/BIO
ABS_GeneralSearc
h_input.do?highli
ghted_tab=BIOAB
S&product=BIOA
BS&last_prod=BI
OABS&SID=1Cpk
Lf29P65GF7GiHI9
&search_mode=G
eneralSearch 

1926 Global 

Citations, meetings, 
conferences, references to 
review articles, patents, 
reviews and references 
for books, CD-ROMs and 
other life sciences media. 
/RRM® (Reports, Reviews, 
Meetings) 

More than 11.3 
million records. 

PubMed 
http://www.ncbi.
nlm.nih.gov/pub
med/ 

1950 

Global 
emphasis on 
research in 

the U.S. 

Books, electronic journals, 
scientific articles, 
brochures and web pages

20,603,313 
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Bireme 
http://regional.bv
salud.org/php/in
dex.php?lang=en 

1967 

Latin 
America and 
Caribbean, 

Portugal and 
Spain 

Systematic Reviews, 
Clinical Trials, Evidence 
Summaries, Economic 
Evaluations in Health, 
Health Technology 
Assessments, Clinical 
Practice Guidelines 

19,643,741 of 
records 

1,749,767 
full text 

Embase 
http://www.emb
ase.com/info/ 

1988 Global 

Agriculture & Food 
Sciences, Bioengineering 
& Biotechnology, Clinical 
Medicine, Computer 
Science & Technology, 
Dentistry, Earth & 
Environmental Sciences, 
Enginery, Evidence-Based 
Medicine, Geology, Life 
Sciences, Neurology & 
Neurosciences, Nursing 
& Allied Health, 
Pharmacy & 
Pharmacology 
Philosophy & Religion, 
Physics, Psychology & 
Psychiatry, Social 
Sciences & the 
Humanities, Technical 
Sciences, Veterinary 
Medicine, Zoology 

Over 100 
bibliographic 
and full-text 

databases 

Table 4. The most popular databases for biomedical literature (Date of access: March 2011).  

The Merriam Webster dictionary (2011) defines a repository as one that contains or stores 
something nonmaterial<considered the book a repository of knowledge>. Repositories of 
literature are understood as large files that store digital texts composed of a group of 
services designed to capture, store, manage, preserve and redistribute the documentation 
to a certain audience or a specific user community (Pappalardo and Fitzegerald, 2007). 
Emerged from the so-called e-print community, concerned to maximize the spread and 
impact of scientific works deposited in them (Melero, 2005). An e-print (e-paper) is the 
digital version of a research paper (usually a journal article, but could be a thesis, papers, 
book chapters, or book) is available online because it has been deposited in a digital 
repository (Swan and Brown, 2005), which comprises five components essential to its 
operation: interactivity, design, integration, aggregation and mobility. Digital versions of 
research papers called e-prints include both pre-prints (articles before they are evaluated 
by peers) and post-prints (version result of peer review).  
Repositories whose main function the storage of files and their creation is linked with the 
movement of information from open access (open access), a term that describes the online 
public access without restriction to scientific articles (Suber et al., 2010 ), has two forms: free 
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and open. Repositories are dynamic tools, consisting of the infrastructure, programs, 
personal information and keeping it and consultation. They constantly recorded and 
scholars put their scientific production, as are the basic units of construction of the global 
scholarly communication, and therefore of scientific collaboration (Table 5). 
 
Repository Kind Total Records 
PubMed Central 
http://www.ncbi.nlm.ni
h.gov/pmc/ 

National 2 million articles 

PubMed UK 
http://ukpmc.ac.uk/ National 

1.8 million full text, peer reviewed published 
journal articles covering all fields of biomedical 
and health research (the UK PubMed Central 
repository) 
24 million PubMed and PubMed Central 
abstracts 

Dspace MIT 
http://dspace.mit.edu/ Institutional 

47,133 titles 
2,500 scholar articles 
25,000 theses completed 

Table 5. The biggest repositories 

2.3 Automatic meta-analysis apps 
We will present in meta-analysis topic around five dozens of web applications that process 
thousands of bibliographic records simultaneously, automatic and instantaneous for 
patterns identification, visualization or better retrieval goals. Apply new techniques of 
analysis of the references and the contents of scientific papers to analyze large quantities of 
documents simultaneously, including bibliometrics, text mining, semantic or networks 
analysis (Table 6). 
 

Method Description 

Bibliometrics 

Bibliometrics involves the quantitative assessment of certain events in 
the literature and therefore scientific literatures, main bibliometric 
indicators (publication counts, impact factors and received citations, for 
example) are frequently used to retrieve and evaluate literature 
(Koskinen et al., 2008). In this way the bibliometric analysis is a good 
tool to assess the impact of an investigation in the context of others 
scientific investigations and it’s possible compares the relative 
contributions of research groups or institutions, infer patterns and 
trends (Rosas et al., 2011). 

Text mining 

Text mining involves the processes of information retrieval, automated 
information extraction and data mining from electronically published 
sources. It is used to generate new knowledge interesting, plausible, and 
intelligible (Ananiadou et al., 2006). 
Linking two or more literature concepts that have so far not been linked 
(i.e., disjoint) through the use of software and algorithms designed for this 
purpose (Rodriguez-Esteban, 2009).  
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To perform text mining, it must be structured (pre-processing) to analyze 
texts or discovering interesting patterns that generate new knowledge 
(Krallinger  et al., 2008). Depending on the   methods used in the pre-
processing is the type of representation of the contents of the texts 
constructed, and according to this representation, is the kind of patterns 
discovered (Harmston et al., 2010). 

Semantic 

Based on the ontologies, that formulate a conceptual scheme (a map of 
concepts and their relationships) in a given domain, the semantic 
expresses the meaning of data, the properties of objects and the complex 
relationships between them by a series of formal rules (Robu et al., 2006). 

Networks 
analysis 

Networks are open structures that can expand without limit of integration 
of new nodes based on the communication possibilities that exist in your 
environment and share communications code compatible. 
It is done through the study of theories of structural behavior, the 
dynamics, and influence within the biomedical issues, to establish a likely 
explanation for the growth and evolution of real networks in any 
advanced biomedical subject. 

Table 6. Most frequent literature automatic meta-analysis methods. 

Right now exist dozens of scholar free web programs that process literature with one or 
more bibliographic meta-analysis methods. Most of those resources are based on PubMed 
literature because it is open access records, normalized and robustness information. For this 
chapter we choose some of them for details, a list with most of them is in Append. 

2.3.1 Bibliometric analysis 

HubMed 

 

 
HubMed (http://www.hubmed.org/) retrieval information from the PubMed´s database 
and produces one interface focused basically on browsing, organizing and gathering 
information from the biomedical literature. Shows the results arranged by relevance, you 
can perform grouping and graphic representation of related articles, can export metadata in 
different formats for further analysis. 
Twease 

 

 
Twease is a web-based tool to search in the abstracts for Medline. Index the words of 
Medline and provides features to expand a query and thereby find what you are looking for. 
Finally, Twease can automatically discover common abbreviations for search phrases. 
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(http://twease.org/medline/app;jsessionid=2ACC96312364DDB1E50519CE8EC316BB?com
ponent=clearSettingsDirectLink&page=Home&service=direct&session=T) 

2.3.2 Text-mining 

PubReMiner 

 

 
PubReMiner (http://bioinfo.amc.uva.nl/human-genetics/pubreminer/) process the results 
of a query based in PubMed´s database and display its results in frequency tables, get all 
abstracts and generate metric statistics that include journals, authors and most productive 
countries, analyze your query words in the title, abstract, keywords and name of substances, 
allows extract metadata for further metric analysis. 

LitMiner 

 

 
Application that  is known for  scoring  the key terms in  the  abstracts of  articles and 
predict the relationships between key terms from biomedical literature  into four  categories: 
genes, chemicals, diseases  and  organs. 
Also performs statistical analysis of  co-citation of annotated key terms to infer relationships 
(http://andromeda.gsf.de/litminer). 

2.3.3 Ontology-based literature search (semantic) 

Go PubMed 

 

 
Search PubMed for biomedical research articles (http://www.gopubmed.org 
/web/gopubmed/1?WEB10O00h00100090000). Your keywords are submitted to PubMed and 
the resulting abstracts are classified using Gene Ontology and Medical Subject Headings (MeSH). 
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MeSH is a hierarchical vocabulary covering biomedical and health-related topics. 
GeneOntology is a hierarchical vocabulary for molecular biology covering cellular 
components, biological processes and molecular functions.  

PIKB: Pathways and Interaction Knowledge Base 

 

 
PIKB (http://linkedlifedata.com/) allows you to execute arbitrary queries in the semantic 
network. For example: "Select pathways controlled by the expression of genes located in a 
specific chromosome". You can also use sets of declarative rules to customize the criteria for 
identifying redundant information. For example: "All molecular interactions composed by a 
related Uniprot accession number, a Uniprot cross-reference identifier or an Entrez-Gene 
identifier and coming from different data sources are equivalent". 

2.3.4 Networks analysis 

Ali Baba PubMed 

 

 
Shows  the connection  of  separate record  of terms  such as cells, drugs, tissues, diseases, 
reactions, enzymes and compounds of the KEGG (Kyoto encyclopedia of genes and 
genomes), nutrients, proteins and genes,  UniProt and NCBI Taxonomy species. Once the 
sample has identified links of the articles found as protein-protein interactions, localization 
of proteins, nutrients and genes (http://alibaba.informatik.hu-berlin.de/). 

PubGene 

 

 
Find the proteins and genes related documents. It shows the quantity of items for each node 
and its relationships (http://www.pubgene.org/tools/Network/Subset.cgi). 
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3. Conclusion 

The use of web apps investigated in this work makes it possible to extract, analyze and 
manage an automated literature, efficient, prompt, timely, comprehensive and organized to 
facilitate handling of large amounts of documentary records simultaneously, choose from 
the vast amount of the most relevant information available, handle the selected records and 
learn the ways of analysis of latest digital literature, from which it can and must extract 
information according to the needs and challenges of our time. Because the constantly 
actualization and the release of new and innovative internet tools, we have a blog with news 
about Biomedical Web, Collections and Meta-Analysis Literature Applications: 
http://biiiogeek.blogspot.com/ 
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5. Append 

Web apps that process literature with one or more bibliographic meta-analysis methods 
Batch Citation Matcher 
http://www.ncbi.nlm.nih.gov/entrez/citmatch_help.html#JournalLists 
PubMed Retractions 
http://pmretract.heroku.com/journals 
e-LiSe - text mining tool for Medline data - run 
http://miron.ibb.waw.pl/elise/run.html 
eGIFT - extracting Gene Information From Text 
http://biotm.cis.udel.edu/eGIFT/index.php 
Biomedical Informatics Group : PubDNA Finder 
http://servet.dia.fi.upm.es:8080/pubdnafinder 
BOND Web Portal 
http://bond.unleashedinformatics.com/Action? 
eGIFT - extracting Gene Information From Text 
http://biotm.cis.udel.edu/eGIFT 
MEDSUM - THE MEDLINE/PubMed SUMMARY TOOL: research PubMed and Medline data 
http://webtools.mf.uni-lj.si/public/medsum.html 
Meva - MedLine Postprocessor 
http://www.med-ai.com/meva/index.html 
Twease 
http://twease.org/medline/app?component=clearSettingsDirectLink&page=Home&servic
e=direct&session=T 
BioText: Project Homepage 
http://biotext.berkeley.edu/ 
BITOLA - Biomedical Discovery Support System 
http://ibmi.mf.uni-lj.si/bitola/?oe=bitola 
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EBIMed 
http://www.ebi.ac.uk/Rebholz-srv/ebimed 
FABLE - Fast Automated Biomedical Literature Extraction 
http://fable.chop.edu/?hgsid=null&submitbutton=View+browser&submithit=true 
LitMiner 
http://www.litminer.com 
MEDIE - Semantic retrieval engine for MEDLINE 
http://www-tsujii.is.s.u-tokyo.ac.jp/medie 
MedKit 
http://metnetdb.gdcb.iastate.edu/medkit 
MedMiner - MetaBase 
http://biodatabase.org/index.php/MedMiner 
PubMed-EX 
http://bws.iis.sinica.edu.tw/PubMed-EX 
XplorMed: eXploring Medline abstracts 
http://www.ogic.ca/projects/xplormed 
eTBLAST 3.0 
http://etest.vbi.vt.edu/etblast3 
Skill Kit: Searching Full Author Names in PubMed. NLM Technical Bulletin. 2009 Mar–Apr 
http://www.nlm.nih.gov/pubs/techbull/ma09/ma09_skill_kit_full_author_names.html 
NCBI ESpell Utility 
http://eutils.ncbi.nlm.nih.gov/corehtml/query/static/espell_help.html 
PubFocus 
http://pubfocus.com/pubfocus/images/p... 
PubMed Tools 
http://www.google.com.mx/gwt/x?source=m&u=http%3A%2F%2Feblas.kisti.re.kr/eblas
/index.php%3Foption%3Dcom_weblinks%26view%3Dcategory%26id%3D19%26Itemid%3
D98&wsi=5c68445d6e82ae59&ei=8bkXTOTRIqearAOJ2ZT-CA&wsc=pr&ct=pg1&whp=30 
Home - PubMed Alternatives - Research Guides at Virginia Commonwealth University 
http://guides.library.vcu.edu/content.php?pid=111410&sid=839044 
PubMed On Tap 
http://www.referencesontap.com 
Unbound MEDLINE | Free MEDLINE/PubMed Journal Article Search 
http://www.unboundmedicine.com/medline/ebm 
LigerCat 
http://ligercat.ubio.org/articles 
EGQuery Entrez Utility 
http://eutils.ncbi.nlm.nih.gov/corehtml/query/static/egquery_help.html 
Pubget: the search engine for life-science PDFs 
http://pubget.com 
Taxonomy Home 
http://www.ncbi.nlm.nih.gov/sites/entrez?db=taxonomy 
medical Subject Headings (MeSH) 
http://www.campusvirtual-hgm.net/alfin/contenido/3-3.html 
PubSearch Fast, efficient PubMed® searching on your Mac and your iPhone / iPod Touch 
http://www.deathraypizza.com/deathraypizza/PubSearch_Home.html 
Deja vu  
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http://dejavu.vbi.vt.edu/dejavu/duplicate 
ConceptLink 
http://project.cis.drexel.edu/conceptlink 
ARMiner Info Index 
http://www.cs.umb.edu/%7Elaur/ARMiner 
PubGene. Browse literature or sequence neighbours. 
http://www.pubgene.org/tools/Network/Subset.cgi 
Kleio @ NaCTeM 
http://www.nactem.ac.uk/software/kleio 
Acromine dictionary 
http://www.nactem.ac.uk/software/acromine 
XTractor  
http://www.xtractor.in 
PolySearch 
http://wishart.biology.ualberta.ca/polysearch 
PubMatrix 
http://pubmatrix.grc.nia.nih.gov 
NLM Mobile 
http://www.nlm.nih.gov/mobile/ 
Pubget Mobile  
http://pubget.com/mobile 
MD on Tap 
http://palmdoc.net/?p=417 
Bionlp search page 
http://www.ccs.neu.edu/home/futrelle/bionlp/search.html 
University of Geneva - EAGL System 
http://129.194.97.165/EAGL 
LitLinker - Home 
http://litlinker.ischool.washington.edu 
Telemakus Home 
http://www.telemakus.net 
SLIM v.2 - BETA 
https://pmi.nlm.nih.gov/slim 
Anne O'Tate 
http://arrowsmith.psych.uic.edu/cgi-bin/arrowsmith_uic/AnneOTate.cgi 
GoPubMed® 
http://www.gopubmed.com/web/gopubmed/1?WEB10O00h01000900001 
PubMed Gold  
http://www.neurotransmitter.net/ftsearch.html 
< MEDLINE/PubMed Multilanguage Search 
http://babelmesh.nlm.nih.gov 
PubMed global biomedical research community - BioWizard 
http://www.biowizard.com 
BITOLA - Biomedical Discovery Support System 
http://ibmi.mf.uni-lj.si/bitola 
PubCrawler Web Service 
http://pubcrawler.gen.tcd.ie 
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askMEDLINE 
http://askmedline.nlm.nih.gov/ask/ask.php 
iHOP - Information Hyperlinked over Proteins 
http://www.ihop-net.org/UniPub/iHOP 
NCBO BioPortal: Welcome to the NCBO BioPortal 
http://bioportal.bioontology.org 
Gene-L'EXPO 
http://www.genelexpo.jp/genelexpo 
Home - BioMedLib™ search engine 
http://www.relemed.com 
BioIE - Extracting informative sentences from the biomedical literature 
http://www.bioinf.manchester.ac.uk/dbbrowser/bioie 
PubMed Assistant 
http://metnet.vrac.iastate.edu/browser 
e-LiSe - text mining tool for Medline data 
http://miron.ibb.waw.pl/elise/index.html 
FACTA - Finding Associated Concepts with Text Analysis 
http://text0.mib.man.ac.uk/software/facta/main.html 
FABLE - Fast Automated Biomedical Literature Extraction 
http://fable.chop.edu 
Journal / Author Name Estimator 
http://biosemantics.org/jane 
Ali Baba — PubMed as a graph 
http://alibaba.informatik.hu-berlin.de 
PubNet: Publication Network Graph Utility 
http://pubnet.gersteinlab.org 
Pubget: the search engine for life-science PDFs 
http://pubget.com/search 
PolySearch: a web-based text mining system for... 
http://www.ncbi.nlm.nih.gov/pubmed/18487273?dopt=AbstractPlus 
Deja vu > Browse 
http://spore.swmed.edu/dejavu/duplicate 
Non-Bibliographic LinkOut Providers 
http://www.ncbi.nlm.nih.gov/projects/linkout/journals/htmllists.cgi?type_id=9 
Bio Saga: 18 Ways to improve your PubMed searches 
http://lukeskywaran.blogspot.com/2008/07/18-ways-to-improve-your-pubmed-
searches.html 
PathBinder 
http://metnet.vrac.iastate.edu/MetNet_PathBinder.htm 
www.scitrends.net 
http://www.scitrends.net 
Manjal - Mining MEDLINE for New Ideas 
http://sulu.info-science.uiowa.edu/cgi-bin/ManjalMain.cgi 
MScanner 
http://mscanner.stanford.edu 
PubMed search: A free individualized PubMed software search 
http://www.pubmedreader.com 
Anne O'Tate 
http://128.248.65.210/cgi-bin/arrowsmith_uic/AnneOTate.cgi 
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1. Introduction 

In 2009, an estimated 33.3 million adults and children worldwide were living with HIV, 
while 2.6 million were newly infected that year (UNAIDS, 2010). The epidemic most 
severely affects sub-Saharan Africa, where 22.5 million people live with the virus, and 1.8 
million were newly infected in 2009 (UNAIDS, 2010). The predominant mode of HIV 
transmission in this hardest hit area is heterosexual intercourse, with young women 
particularly vulnerable to acquisition of the virus (Laga et al., 2001), a result of 
intersecting biological, social and cultural vulnerabilities (Coovadia et al., 2009; Hladik & 
Hope, 2009).  
Although initially considered a fatal diagnosis, HIV is fast becoming a chronic disease, 
manageable through the use of antiretroviral (ARV) medications. Under good health-care 
conditions, people living with HIV may now enjoy a life-span that is not significantly 
different from that of an uninfected person, even without ARV treatment (van Sighem et al., 
2010).  
Over the past 25 years since the identification of the causative agent of HIV, researchers 
have investigated many methods for the prevention of acquisition of the virus. It has 
become increasingly clear that a combination HIV prevention approach to combating the 
epidemic will be necessary, since no single intervention has yet been shown to have more 
than approximately 60% effectiveness in preventing infection (Klausner et al., 2008; 
Vermund et al., 2009). Biomedical prevention encompasses the use of medical treatments 
such as ARVs for prevention or post-exposure prophylaxis, barrier methods such as male 
and female condoms, procedures such as medical male circumcision or other methods to 
reduce the chance of transmission of HIV (Padian et al., 2008). Rather than dichotimising the 
response to the epidemic into separate biomedical and behavioural interventions, the most 
effective intervention is likely to incorporate both behavioural change and widespread 
provision of one or more biomedical prevention options for both men and women. 

2. Biomedical HIV prevention technologies 

2.1 Vaccines 
Although vaccines may appear to be a ubiquitous facet of modern medical care, their 
development has required prolonged experimentation in several cases. The earliest and 
most famous vaccination experiment is perhaps Edward Jenner’s deliberate infection in 1796 
of a young boy with cowpox which conferred protection against the related, but much more 
deleterious smallpox (Dunn, 1996). Later in 1885, Louis Pasteur developed a post-exposure 
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rabies anti-toxin which he also called a vaccine (Hoenig, 1986), thus broadening the 
definition of the term to include any applied substance which induced an immune response 
and conferred protection against subsequent infection (Atkinson et al., 2002). Vaccine 
development and production continued apace from that point onwards, although some 
diseases have proved more amenable to development of a vaccine than others. For example, 
although the causative agent of poliomyelitis was identified in 1908, an effective vaccine was 
not developed until 1955, an elapsed time of 47 years; it took 105 years to develop a vaccine 
against typhoid subsequent to identification of the causative organism, while the elapsed 
times to vaccine for Haemophilus influenza and pertussis were 92 years and 89 years 
respectively (Markel, 2005). Comparatively quicker has been the 16 year developmental 
pathway to a vaccine against hepatitis B (Markel, 2005).  
Vaccines are generally formulated in the following ways:  
 attenuated (live organisms which have lowered or disabled virulence) 
 conjugate (combination of antigenic substances) 
 killed (heat or chemically destroyed whole organism) 
 inactivated toxoid (organismal products which would normally produce illness) 
 subunit (specific fragments of the organism of interest) 
Successful vaccines have been developed against viruses which follow a particular course of 
infection:  a certain degree of initial replication and dissemination after infection is followed 
by migration to the target organ and the development of illness (Johnston & Fauci, 2007). 
Should previous exposure to viral antigens have occurred, an endogenous immune reaction 
can occur, preventing the development of illness (Johnston & Fauci, 2007). This response has 
two broad components: humoral and cellular. The humoral response involves the 
production of antibodies which neutralise the virus and prevent new infection of cells, while 
the cellular response recruits specific CD8+ cytotoxic T lymphocytes to destroy virally 
infected cells (Markel, 2005). The classic approach to vaccine design has been to elicit the 
production of high levels of neutralising antibodies which prevent the establishment of 
infection in target cells or organs (Johnston & Fauci, 2007). 
The search for an effective HIV vaccine has been hampered by the high genetic plasticity of 
HIV and its ability to escape the effects of neutralising antibodies through conformational 
shielding of vulnerable antigenic sites on the HIV envelope protein (Richman et al., 2003; 
Burton et al., 2004). HIV is able to establish a pool of latently infected cells in the early stages 
of infection (Chun et al., 1998), a feature of the infectious process which complicates the 
development of an effective vaccine, since infection in latent cells provides a reservoir of 
infection which cannot be cleared by the neutralising antibody response. In HIV infection, 
the natural production of neutralising antibodies only occurs weeks to years after the initial 
infecting event (Wyatt & Sodroski, 1998; Johnston & Fauci, 2007), and even then, the 
constant mutation of the virus renders the antibodies ineffective (Johnston & Fauci, 2008). 
The approach in the context of HIV vaccines may have to be modified towards the 
elicitation of T-cell responses rather than neutralising antibodies. This may not provide 
protection against infection, but will rather reduce the viral load set point and early viral 
load should the vaccine recipient become infected, with associated positive effects on 
progression to AIDS or length of time to initiation of ARV therapy (Amara et al., 2001; 
Letvin et al., 2006; Padian et al., 2008). Reduction of viral load set point and early viral load 
could also have important implications for transmission, since most transmission events are 
hypothesised to occur during acute infection of the transmitting partner, due to high viral 
load levels (Pilcher et al., 2004).  
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HIV vaccines strategies have included live attenuated vaccines, inactivated vaccines, virus-
like particles, subunit vaccines, naked DNA and live recombinant vaccines (Girard et al., 
2006). Of these, only subunit vaccines (gp120 protein) and live recombinant vaccines 
(MRKAd5 HIV-1 gag/pol/nef and ALVAC) have advanced to late stage human clinical 
testing, the results of which will be summarised below.  
Five candidate vaccines have advanced to late stage safety and/or efficacy testing (see table 1). 
Two, the STEP and Phambili trials, were of the MRKAd5 HIV-1 gag/pol/nef vaccine 
(Buchbinder et al., 2008; Gray et al., 2008); these vaccines utilised a mixture of three adenovirus 
vectors expressing the gag, pol and nef genes of HIV. Gag, pol and nef were selected for inclusion 
in the vaccine as they are commonly recognised during natural HIV infection, and are 
conserved across HIV clades (thus potentially providing protection against more than one HIV 
sub-type) (Buchbinder et al., 2008). Two trials were of rgp120 vaccines (Flynn et al., 2005; 
Pitisuttithum et al., 2006); rgp120 is a purified recombinant form of an HIV outer envelope 
protein, which, it was hoped, would elicit an effective immune response in vaccine recipients. 
A combination prime (ALVAC-HIV) + boost (AIDSVAX B/E) strategy was also investigated 
in a large trial in Thailand (known as RV 144)  (Rerks-Ngarm et al., 2009). The ALVAC 
component comprised a recombinant canarypox vector genetically engineered to express 
subtype B HIV-1 Gag and Pro proteins and gp120 from subtype CRF01_AE linked to the 
transmembrane anchoring portion of gp41. AIDSVAX consisted of a combination of gp120 
proteins from subtype B and E viruses. The hope of the prime + boost technique was that both 
T-cell and antibody responses could be generated by the vaccine, as opposed to antibody 
responses alone (Hu et al., 1991), the effectiveness of which is compromised by the innate 
behaviour of HIV (described in the preceding paragraph).  
 

Vaccine Study location Approximate sample 
size Result 

B/B rgp120 (Flynn et 
al., 2005) 

North America; The 
Netherlands 5000+ No significant effect 

on HIV acquisition 
MRKAd5 HIV-1 
gag/pol/nef (B) 
(Buchbinder et al., 
2008) 

North America; South 
America; Caribbean, 
Australia 

3000 
No significant effect 
on HIV acquisition, 
possible harm 

MRKAd5 HIV-1 
gag/pol/nef (B) (Gray 
et al., 2008) 

South Africa 801 Trial stopped early 

AIDSVAX B/E rgp120 Thailand 2500 No significant effect 
on HIV acquisition 

ALVAC-HIV 
(vCPI521) HIV-1 
gag/pro (B) & 
rgp120/gp41 (E) prime
+ AIDSVAX B/E (rgp 
120) boost (Rerks-
Ngarm et al., 2009) 

Thailand 16000+ 
Modest protective 
effect against 
acquisition of HIV  

* “B” and “E” in Vaccine column refer to HIV clades that vaccine products were derived from. 

Table 1. Advanced stage safety and efficacy trials of HIV vaccines  
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Of these trials, the STEP, Phambili and rgp120 trials, produced “flat” results, indicating 
neither benefit nor harm of the interventions in terms of HIV prevention. Both the STEP and 
Phambili trials were prematurely terminated due to concerns over safety, while both of the 
rgp120 trials were completed. However, the recent RV 144 trial provided tantalising 
evidence of a significant positive effect for preventing the acquisition of HIV (Rerks-Ngarm 
et al., 2009). The effect was modest, however, and further research will be necessary to 
expand on several questions raised by the study results: vaccine efficacy was found to 
decrease over the first year after vaccination, and may have been greater in persons at lower 
risk (Rerks-Ngarm et al., 2009).  Overall, the results of these advanced stage trials tend to 
indicate that more pre-clinical studies should be undertaken to gain improved 
understanding of immune response to the virus before products are tested in large-scale 
human clinical trials. A significant limitation of the vaccine trials conducted to date has been 
that the vaccines are derived from less prevalent HIV subtypes:  as shown in table 1, most 
contained derivatives of subtype B or E virus, while subtype C is most prevalent in Africa, 
the region with the worst HIV epidemic (UNAIDS, 2010).  
As with most biomedical technologies, vaccines are unlikely to be 100% effective. Even if we 
reduce self-reported adherence challenges by using vaccines, consumer and epidemiological 
models suggest that individual perception of protection by the vaccine is likely to increase 
risk behaviour by 25% to 50% (Newman et al., 2004; Crosby & Holtgrave, 2006). Behavioural 
changes will be necessary to demonstrate effectiveness of the vaccine. 

2.2 Medical male circumcision 
Medical male circumcision has been regarded as one of the success stories in the battle 
against HIV over the past decade. Based on ecological and observational evidence (Weiss et 
al., 2000) it was hypothesised that male circumcision had a significant effect on the 
prevalence of HIV. There are several possible causes for this effect:  circumcision removes 
the foreskin, thus resulting in keratinisation of the underlying epithelium. The non-
keratinized inner epithelium is more susceptible to infection by HIV than the keratinised 
outer epithelium of the foreskin (Patterson et al., 2002), which could provide a point of entry 
for the virus. However, some evidence contradicting this hypothesis has recently been 
presented: Dinh et al (Dinh et al., 2010) found no significant difference between the degree 
of keratinisation of the inner and outer foreskin in 16 donor tissue samples;  those authors 
and others (Kigozi et al., 2009) suggest that the surface area of the foreskin may play a more 
important role in susceptibility to HIV – the larger the foreskin, the higher the risk of 
acquiring the virus.  The proliferation of HIV target cells (such as Langerhans cells) in the 
foreskin may also explain the reduction in vulnerability to HIV following its removal 
(McCoombe & Short, 2006). Circumcision also reduces the risk of men acquiring certain 
other sexually transmitted infections such as chancroid, syphilis (Weiss et al., 2006), human 
papillomavirus (HPV) and herpes simplex virus type 2 (HSV2) (Tobian et al., 2009) which 
may themselves increase the risk of infection with HIV (Fleming & Wasserheit, 1999).  
An earlier meta-analysis of studies conducted in sub-Saharan Africa which included 
circumcision as a potential risk factor found that the evidence for an effect was compelling, 
but also noted significant heterogeneity between the studies, which the authors concluded 
indicated that effects might vary between populations (Weiss et al., 2000). Despite this, three 
large-scale clinical trials monitoring the incidence of female-to-male transmission of HIV 
following circumcision showed strong evidence for a reduction in risk of acquisition of HIV 
ranging from 48% to 61% (Auvert et al., 2005; Bailey et al., 2007; Gray et al., 2007). This level 
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of protection was projected to potentially be capable of preventing 2 million new HIV 
infections and 0,3 million deaths in the ten years after 2006 (Williams et al., 2006), and has 
even been described as “as good as the HIV vaccine we’ve been waiting for” (Klausner et al., 
2008). Despite the positive benefits for men, male circumcision does not appear to protect 
women from acquiring HIV from an already infected man (Wawer et al., 2009). This may be 
due to resumption of sexual activity prior to complete wound healing, or risk compensation 
(an increase in risky behaviour owing to perceptions of the protective effect of the 
intervention) (Wawer et al., 2009). Medical male circumcision has, however, been found to 
reduce the prevalence and incidence of HPV infections in female partners (Wawer et al., 
2011). Safer sex counselling and condom provision are recommended as companions to 
circumcision services. 
Despite clear evidence for efficacy of this intervention in preventing female-to-male HIV 
transmission, evidence for effectiveness in preventing male-to-male transmission is less 
certain – although some evidence suggests that circumcision may protect against HIV 
acquisition in men who prefer the insertive role, overall, circumcision has not been found to 
protect against HIV infection in men who have sex with men (MSM) (Millett et al., 2008; 
Templeton et al., 2009). Further research on the potential role of circumcision in HIV 
prevention for MSM is warranted. 
Scaling up of this intervention has been challenging due to lack of health infrastructure 
capacity in countries most in need of this intervention, which impacts on both safety and 
cost-effectiveness. In addition, cultural beliefs may hinder the uptake of this intervention in 
many societies worldwide.  

2.3 Barrier methods for HIV prevention 
Condoms provide an effective physical barrier to HIV infection, the evidence for which is 
consistent and compelling (Carey et al., 1992; Lytle et al., 1997; Pinkerton & Abramson, 1997; 
Weller & Davis-Beaty, 2002). In addition, condoms also reduce the transmission of many 
other sexually transmitted infections such as Chlamydia trachomatis, syphilis, HSV2 and 
Neisseria gonorrhoeae (Holmes et al., 2004), infection with which may in turn increase 
susceptibility to HIV infection (Wasserheit, 1992). In vitro testing of the male latex condom 
has shown that in a worst case scenario, use of a condom is 104 times better at preventing 
semen transfer than not using a condom at all (Carey et al., 1992).  
Male condoms have been pivotal in HIV prevention programs since HIV was first identified. 
When correctly and consistently used, condoms are estimated to reduce the per contact 
probability of male-to-female infection by as much as 95% (Pinkerton & Abramson, 1997). 
Among the general population in Rakai, Uganda, consistent condom use was associated 
with reduced HIV incidence (Ahmed et al., 2001), while meta-analysis of condom use 
among sero-discordant couples has shown that consistent use results in an incidence rate for 
male-to-female transmission of 0.9 per 100 person years compared with 6.8 per 100 person 
years in persons who never used condoms (Davis & Weller, 1999). Davis and Weller also 
found in their review that breakage rates varied between 0.5% and 6.7%, while rates of 
slippage ranged from 0.1% to 16.6% (Davis & Weller, 1999).  Despite widespread condom 
promotion, their use is often incorrect and inconsistent (Foss et al., 2004), which reduces 
their effectiveness. Usage has been found to vary by partner type, with condoms more 
frequently used with casual or short-term partners, but not with marital or long-term 
partners (Maharaj & Cleland, 2004; Chimbiri, 2007; Hargreaves et al., 2009). In contexts in 
which multiple concurrent partnering may be normalised, this pattern of behaviour puts the 
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partners at risk of both contracting and rapidly transmitting HIV (Halperin & Epstein, 2007; 
Epstein, 2008). 
Uganda has served as an example of the possible success of an aggressive “ABC” approach 
– abstinence, behavioral change and condom use campaigns can be successful in curbing 
HIV infections (Stoneburner & Low-Beer, 2004). This has also been demonstrated by the 
“100% condom program” in Thailand (Rojanapithayakorn & Hanenberg, 1996; Park et al., 
2010), which sought to encourage condom use at every commercial sexual encounter and 
was also accompanied by an extensive advertising campaign. However, in many countries 
gender relations, social inequality and economic dependence do not allow young women to 
negotiate safe sex (with condoms) with their partners (Laga et al., 2001; Hunter, 2007; 
Ramjee et al., 2008). Hence, other woman-initiated prevention options are urgently needed 
(Stein, 1990). 
The efficacy of the female condom in preventing transmission of STIs has provided support 
for its hypothetical efficacy in preventing HIV, although no clinical trials specifically to test 
this have been conducted (Vijayakumar et al., 2006). Early testing showed that the female 
condom was impermeable to both HIV and cytomegalovirus (Drew et al., 1990).  Measures 
of semen exposure during female condom use have been found to vary between 5 and 19% 
when no problems were reported, but this rose to between 17 and 30% if a problem was 
reported during use (Macaluso et al., 2003). Complete protection from semen exposure 
occurred in 79-93% of sex acts. In that study, 83% of women who used one or more female 
condoms reported experiencing a problem with the condom, indicating that mechanical and 
acceptability challenges may seriously limit the uptake of the female condom. However, the 
incidence of problems did decline over time, suggesting that greater experience reduced 
problems with usage (Macaluso et al., 2003). Incidence of semen exposure has also been 
found to vary with both couple- and intercourse-specific features, indicating that achieving 
consistent results across a population may prove difficult unless intensive counselling and 
education accompany distribution of the female condom (Lawson et al., 2003). The female 
condom is relatively more expensive than male condoms as it is made of polyurethane 
rather than latex, but could in turn prove highly cost effective when implemented in a 
strategic public health programme targeting users at high risk of contracting HIV (Warren & 
Philpott, 2003). Despite evidence of demand for the female condom, production levels 
remain low, and the price accordingly high (Peters et al., 2010), an untenable situation for 
such a promising prevention method. It may be possible to circumvent the problems of cost 
and availability by re-using female condoms – washing, drying and re-lubricating them 
between in vivo uses has been shown not to affect the burst and seam strength up to eight 
washes, while the breakage rate associated with multiple washing and re-use was slightly 
lower than that found in the case of single use followed by washing. While it is preferable to 
use a new female condom for each instance of intercourse, re-use may be possible where a 
new female condom cannot be obtained (Beksinska et al., 2001). 
The urgent need to develop woman-initiated methods which can be used covertly led to 
testing of the HIV prevention potential of cervical barriers. Observational data suggested 
that covering the cervix with a diaphragm may reduce the risk of HIV (Padian et al., 2007). 
The epithelium of the cervix is composed of a comparatively thinner and more delicate 
unilayer of columnar epithelium, in contrast to the stratified squamous epithelium of the 
vagina, which may be more robust in resisting infection (Hladik & Hope, 2009). The cervix is 
also rich in HIV target cells – particularly in the transformation zone, which is richly 
supplied with macrophages and CD4+ T cells (Pudney et al., 2005). However, a randomized 
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controlled trial (RCT) testing the hypothesis that covering the cervix may protect against 
HIV infection failed to show effectiveness (Padian et al., 2007) -  the HIV seroconversion 
rates were similar in diaphragm users and control participants. Some challenges 
experienced during implementation of the trial included low adherence and risk 
compensation among diaphragm users. It is proposed that diaphragms could be an 
additional tool in the “HIV prevention tool-box” and used as a delivery device for products 
such as microbicides (see below) (Padian et al., 2007). Despite the lack of evidence for 
efficacy in preventing HIV infection, the diaphragm has shown efficacy in prevention of 
gonococcal infections (Ramjee et al., 2008). 

2.4 Microbicides  
Microbicides are intravaginal products designed to be used discreetly by women to prevent 
HIV; the products are formulated in a variety of ways, including gels, films, tablets and as 
intravaginal rings (IVR) (Ndesendo et al., 2008; Buckheit Jr et al., 2010). Although a variety 
of dosage forms have been developed, the gel and IVR have lately come to dominate the 
development pipeline. The development of microbicides was prompted by Zena Stein’s call 
for a woman-initiated means of preventing HIV infection, in recognition of the fact that men 
had ultimate control of the (then) only biomedical means of preventing HIV infection – the 
male condom (Stein, 1990).  
The first generation of microbicides to be tested in large-scale clinical trials were surfactant in 
nature – nonoxynol-9 (N9) was one of the first compounds to be tested. Surfactant products act 
by non-specifically disrupting biological membranes resulting in organism lysis. This 
spermicide was found to have in vitro anti-HIV activity (Polsky et al., 1988; Jennings & Clegg, 
1993) and prevented infection of cats by feline immunodeficiency virus (Moench et al., 1993) 
and macaques with simian immunodeficiency virus (SIV)(Miller et al., 1992), but failed to 
prevent HIV infection in women (van Damme et al., 2002). N9 was found to disrupt the 
epithelium of the vagina in women who made frequent use of the product, thus enhancing 
rather than protecting against HIV infection. This result encouraged the adoption of more 
rigorous and extensive pre-clinical studies in an attempt to prevent the advancement into 
human stage testing of potentially harmful products. N9 was succeeded by another surfactant 
gel product called SAVVY, which although safe, was not conclusively found to be of utility in 
preventing HIV infection (Peterson et al., 2007; Feldblum et al., 2008). 
Alongside the surfactants, the following polyanionic compounds were also tested as 
microbicidal agents: cellulose sulphate, Carraguard and PRO 2000. Polyanions interfere 
with the attachment of HIV to target cells - PRO 2000, for example, binds to the viral coat 
protein gp120, and also to host cellular receptors such as CD4 and CXCR4 (Huskens et al., 
2009). However, all three polyanions (as well as the surfactants) were non-specific to HIV, 
a characteristic which is now thought to have had a profound impact on the utility of the 
compounds for the prevention of infection. Although Carraguard and PRO 2000 were 
both found to be safe to use, they had no discernable effect on HIV infection (Skoler-
Karpoff et al., 2008; Abdool Karim et al., 2011), while cellulose sulphate may have 
increased the risk of infection in a similar manner to that of N9 – by disrupting tight 
junctions between cells and increasing viral replication (Mesquita et al., 2009). However, 
Carraguard has been found to have utility in preventing infection with HPV (Marais et al., 
2010) – the causative agent of cervical cancer (Ho et al., 1995; Nobbenhuis et al., 1999), and 
further investigations for this application are underway. Gels which are found to be safe 
may also be used as carriers for other compounds – the combination of Carraguard and 
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the ARV MIV-150 has shown some efficacy in preventing SHIV-RT infection in macaques 
(Aravantinou et al., 2010). 
Recently, there has been a major leap forward in the microbicide field, with the use of ARV-
based agents for HIV prevention. The Centre for the AIDS Programme of Research In South 
Africa (CAPRISA) 004 safety and effectiveness study compared 1% tenofovir gel with a 
placebo, and found that the active gel reduced HIV infections by 39% overall, and by 54% in 
highly adherent trial participants (Abdool Karim et al., 2010). This result is at the forefront of a 
major sea change in the microbicide field away from non-specific compounds and towards the 
use of specific ARV drugs for application prior to exposure to HIV. Trials are currently 
planned to confirm the effect of 1% tenofovir gel, and several trials are ongoing to test the 
safety and/or efficacy of other ARVs such as dapivirine and UC781 (see table 2 below).  
 
Study /Phase Location Population Candidate substance 

VOICE (MTN 003) 
Phase IIb, safety and 
effectiveness  

Malawi, South Africa, 
Uganda, Zimbabwe  

5,000 heterosexual 
women  

Tenofovir gel; oral 
TDF; oral TDF/FTC  

IPM 014A  
Phase I/II, safety  

Kenya, Malawi, 
Rwanda, South Africa 320 women  Dapivirine vaginal gel  

IPM 014B  
Phase I/II, safety  South Africa  320 women  Dapivirine vaginal gel  

IPM 020  
Phase I/II, safety  United States  180 women  Dapivirine vaginal gel  

IPM 015  
Phase I/II, safety  

South Africa 
(ongoing), Kenya, 
Malawi, Rwanda, 
Tanzania, Zambia 
(planned)  

280 women  Dapivirine vaginal 
ring  

IPM 013  
Phase I, P/K  Belgium  48 women  Dapivirine vaginal 

ring  
Pilot Study  
Phase I  United States  15 women  UC-781 gel  

Table adapted from Alliance for AIDS Vaccine Advocacy Coalition website at www.avac.org accessed 
March 29, 2011 FTC - emtricitabine; TDF - tenofovir disoproxil fumarate 

Table 2. Ongoing ARV-based microbicide trials 

The ARV-based microbicides in Table 2 are all reverse transcriptase inhibitors (RTIs), 
although of two different classes. Tenofovir is a nucleoside reverse transcriptase inhibitor or 
“chain terminator” which interferes with the synthesis of the viral DNA by interpolation 
into the growing strand. Both dapivirine and UC-781 are non-nucleoside reverse 
transcriptase  inhibitors (NNRTIs) which bind to a non-active site on reverse transcriptase, 
inducing a conformational change which prevents further activity of the enzyme (D'Cruz & 
Uckun, 2006). Other prospective ARV-based microbicides may include maraviroc (a cell 
entry inhibitor) (Fletcher et al., 2010; Herrera et al., 2010), protease inhibitors (Evans et al., 
2010) and other NNRTIs such as MIV-150 (Kenney et al., 2011). 
Recent innovations in microbicide delivery have included the development of intravaginal 
rings (IVRs). These rings are similar to those currently marketed for contraceptive use, but 
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have instead as their active ingredient an antiretroviral agent. The rings have been 
formulated in two ways – as matrix or reservoir types. In the matrix type, the active 
ingredient is homogenously distributed throughout the ring material, while in the reservoir 
type, a central core containing the ARV is surrounded by an unmedicated outer layer 
(Malcolm et al., 2010). Matrix type IVRs may have a less favourable drug release profile than 
the reservoir type, since the release of the drug is less controlled, resulting in an early spike 
in concentration. The addition of rate controlling layers may assist in minimising this 
characteristic (Malcolm et al., 2010). Most IVRs are made of silicone elastomer (eg. 
polydimethylsiloxane) or thermoplastic elastomer (eg. poly[ethylene vinyl acetate] and 
segmented polyurethane) (Malcolm et al., 2010). Formulation of IVRs both with and without 
contraceptives will provide women with the option of preventing acquisition/transmission 
of HIV without affecting fertility – a feature which is particularly important in contexts 
where fertility is highly valued.    
Although microbicides were initially proposed for vaginal use, there has recently been an 
increase in research on microbicides for rectal application, since it is recognised that this is a 
significant route of exposure to HIV infection for both women and men who have sex with 
men (Ramjee et al., 2010). The development of microbicides for application to the rectum has 
resulted in research comparing the effect of microbicides on the vaginal and rectal mucosa 
which has shown that the rectal mucosa may be relatively more delicate (Patton et al., 2009). 
Vaginal microbicides should not be assumed to be safe for rectal use. Future work on rectal 
microbicides will require specific in vitro and animal models to assess the impact of the 
products on the target tissue type.  
Challenges in the clinical trials of microbicides have included lack of appropriate animal 
models to assess safety prior to human trials, high pregnancy rates (women are taken off the 
product when pregnant), products with low HIV specificity, and achieving high adherence 
to the product by trial participants (Ramjee et al., 2010). The promising effectiveness 
demonstrated by an ARV-based microbicide has re-invigorated the field (Abdool Karim et 
al., 2010). However, these products remain unlikely to be 100% effective, hence correct and 
consistent use of additional prevention options may be required. 

2.5 Oral antiretroviral therapy for prevention 
Development and use of ARV agents has had a significant impact on improving lifespan 
and quality of life of people living with HIV. These agents have also played a ground-
breaking role in prevention of mother to child transmission (MTCT) (Connor et al., 1994) 
with MTCT in the developed world almost eradicated owing to this success. The use of 
ARVs for prevention of MTCT has been shown to be both feasible and cost effective 
(Chigwedere et al., 2008) - but treatment may not be available to women living in less 
developed countries.  
The success of prevention of MTCT suggests that antiretroviral therapy (ART) could be used 
as a chemoprophylactic method to prevent sexual HIV transmission due to its ability to 
suppress viral load and viral replication both prior to and post exposure to HIV. There is 
evidence that post-exposure prophylaxis (PEP) can reduce the risk of acquisition of HIV 
(Mackie & Coker, 2000). Research into ART for pre-exposure prophylaxis (PrEP) has gained 
momentum recently with several trials in various population groups under way in many 
countries. All these trials (see Table 3) have used the drug tenofovir disoproxil fumarate 
(TDF) or tenofovir disoproxil fumarate/emtricitabine (TDF/FTC) due to its good safety 
profile and infrequent side effects (Paxton et al., 2007). Tenofovir disoproxil fumarate is the 
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prodrug form of tenofovir, a nucleotide reverse transcriptase inhibitor which prevents 
elongation of the transcribed HIV DNA by interpolation into the growing chain in place of 
adenosine 5’-monophosphate (Gilead, 2010). Emtricitabine functions in a similar manner 
and is the (-) enantiomer of a thio  analog of cytidine (Gilead, 2008). 
 

Trial Products Population Countries 

Phase IIb and III 

Parallel comparison of Tenofovir and 
Emtricitabine/Tenofovir PrEP to prevent 
HIV-1 acquisition within HIV-1 discordant 
couples (Partners PrEP)  

TDF/FTC: Oral,  
TDF: Oral  

4700 discordant 
heterosexual 
couples 

Kenya, 
Uganda  

Safety and efficacy of daily tenofovir to 
prevent HIV infection (Bangkok Tenofovir 
Study 
 

TDF: Oral 2400 IV drug 
users Thailand 

Safety and effectiveness study of tenofovir 
1% gel, tenofovir disoproxil fumarate tablet 
and emtricitabine/tenofovir disoproxil 
fumarate tablet for the prevention of HIV 
infection in women (VOICE/MTN 003) 

TDF/FTC:Oral 
TDF: Oral 
TDF: Gel 
 

5000 women 
South Africa, 
Uganda,  
Zimbabwe 

Phase I and II 

Extended safety trial (PrEP in young MSM) TDF: Oral 99 young MSM United 
States 

Safety and efficacy of daily and oral 
antiretroviral use for the prevention of  
HIV infection in heterosexually active 
young adults (TDF2) 

TDF/FTC: Oral  
1200 
heterosexual 
men and women 

Botswana  

IAVI E001 & E002 
Phase I/II 

TDF/FTC: Oral 
daily and coitally 
dependent 

150 
serodiscordant 
couples 

Kenya, 
Uganda 

Table adapted from Alliance for AIDS Vaccine Advocacy Coalition website at www.avac.org accessed  
22 February 2011. 
TDF/FTC: tenofovir disoproxil fumarate/emtricitabine; TDF: tenofovir disoproxil fumarate 

Table 3. Oral pre-exposure prevention candidates in clinical trials 

The results of the iPrEx trial of oral TDF/FTC showed that oral PrEP may be able to 
reduce HIV incidence among men who have sex with men (Grant et al., 2010). However, 
the effectiveness of the treatment is likely to be heavily influenced by the adherence of the 
persons taking the medication – low adherence among participants in the iPrEx trial may 
have affected the level of protection afforded by the study drugs (Grant et al., 2010). If 
consensus emerges that PrEP is safe and effective, there will be several challenges for 
wide-spread roll-out of the method to the population that needs it, including identifying 
the appropriate target population, monitoring of adherence and side-effects, and 
development of potential drug resistance. PrEP is unlikely to be 100% effective, so 
monitoring of adherence and risk compensation will be critical and will require 
behavioural intervention. 
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2.6 Treatment of Sexually Transmitted Infections 
Many observational studies have suggested that sexually transmitted infections  
(STIs), including HSV2, enhance HIV acquisition (Wasserheit, 1992; del Mar Pujades 
Rodríguez et al., 2002; Freeman et al., 2006). The mechanism by which infection is thought to 
be facilitated varies depending on the particular STI. Rebbapragada and Kaul 
(Rebbapragada & Kaul, 2007) summarise five mechanisms by which STIs might enhance 
susceptibility to HIV: macro or micro-scale breach of the genital epithelium; alteration of the 
levels of  innate immune proteins and/or mucosal environment; enhancing susceptibility to 
other genital infections; attraction of activated HIV target cells to the site of HIV exposure; 
and by increasing inflammation which in turn enhances HIV replication. Ulcerative  
STIs such as HSV2 and syphilis may facilitate HIV infection directly through discontinuities 
in the genital epithelium (Wasserheit, 1992), but may also have mechanisms in common 
with other non-ulcerative STIs such as gonorrhoea and Chlamydia trachomatis which are 
thought to facilitate infection both through micro-ulcerations and by increasing 
inflammation within the genital tract with subsequent proliferation of HIV target cells 
(Rebbapragada & Kaul, 2007). 
Treatment of STIs for prevention of HIV can include antibiotic or viral suppressive 
medications, or a combination of both. 
Randomised controlled trials of STI treatment have found a significant reduction in HIV in 
only one instance – for a community randomised trial of syndromic treatment of bacterial 
infections in Mwanza, Tanzania  (Grosskurth et al., 1995). Monthly provision of 1g of 
azithromycin to female commercial sex workers in a RCT in Nairobi, Kenya did not result in 
a reduction in subsequent acquisition of HIV, although significant reductions in gonorrhoea, 
Chlamydia and Trichomonas vaginalis infections were noted (Kaul et al., 2004). A large scale 
community intervention with three arms (including an STI treatment arm) carried out near 
Masaka, Uganda, found that although the trial activities may have positively influenced 
sexual behaviour and incidence of certain STIs, no detectable influence on HIV was noted 
(Kamali et al., 2003). In a trial comparing the effects of intensive versus standard STI care 
and treatment, a lower but not significantly different HIV seroconversion rate was noted in 
participants randomized to the intensive care regimen (Ghys et al., 2001). Two recent large-
scale trials showed no evidence for an effect of HSV2 suppressive therapy on HIV 
acquisition (Celum et al., 2008; Watson-Jones et al., 2008). HSV2 suppressive therapy was 
also unable to prevent transmission of HIV from infected to uninfected partners, despite a 
reduction in their HIV viral load (Celum et al., 2010). 
It has been proposed that STI treatment may only be effective in concentrated epidemics, 
and that the effectiveness of such interventions decreases with increasing generalization of 
the epidemic (Grosskurth et al., 2000). Despite overwhelming biological evidence for STI 
treatment as a potential HIV prevention option, efficacy has not been demonstrated in trials 
due to limitations in treatment approach, adherence and acceptability (Grosskurth et al., 
2000; Lagakos & Gable, 2008). This should not preclude the inclusion of effective STI 
treatment in HIV prevention plans, as this approach is important for preventing other 
significant causes of morbidity, and may also have the effect of normalising the need for safe 
sexual behaviour. 

2.7 Harm reduction for intravenous drug users 
Although the primary mode of HIV transmission in the world is heterosexual sex, there 
remain concentrated HIV epidemics among intravenous drug users (IDUs) in parts of Asia 
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and South America, while the epidemic among IDUs in Europe and North America is 
declining (UNAIDS, 2010). 
HIV may remain viable in blood residue in used needles and syringes for several weeks 
(Abdala et al., 1999), providing an efficient mechanism for transmitting virus between 
multiple individuals who re-use such equipment. Mechanisms introduced to reduce the 
incidence of HIV infection in this population include behavioral risk reduction (Copenhaver 
et al., 2006), clean needle and syringe exchange programs, and opioid substitution (Vlahov 
et al., 2010). 
Although it is possible to clean needles with bleach for re-use (Shapshak et al., 1994; 
Abdala et al., 2001), greater success in lowering HIV risk has been achieved through 
needle exchange programs (NEPs). Such programs provide IDUs with sterile needles and 
syringes and promote other interventions such as referral to treatment programs. 
Although there is a lack of experimental data (Wodak & Cooney, 2005), it is apparent that 
such programs impact on risky injection behavior and thus transmission of HIV and other 
infections (Holtzman et al., 2009). Ecological studies have shown that a reduction in HIV 
infections followed the introduction of combined opioid substitution therapy and needle 
and syringe exchange programs in the European Union and five middle and higher 
income countries (Wiessing et al., 2009); similarly, cities worldwide that have needle 
exchange programs have experienced a drop in HIV prevalence (Hurley et al., 1997; 
MacDonald et al., 2003).  
Opioid substitution therapy is largely based on the provision of methadone or a 
buprenorphine/naloxone combination (Vlahov et al., 2010). Methadone is a synthetic 
compound, which, although differing in structure from morphine, also has significant  
analgesic effects (Toombs & Kral, 2005). The drug may be administered by a variety of 
routes, but is most commonly applied orally or intravenously (Toombs & Kral, 2005), with 
oral administration favored for use in opioid substitution therapy (Doweiko, 2009). 
Methadone has two primary properties which make it useful in treatment of opioid 
addiction: first, it ameliorates the discomfort associated with withdrawal from the illicit 
drugs, and second, oral doses block the craving for opioids (Doweiko, 2009). The use of 
methadone provides the opportunity for the IDU to resume a more normal life, but must be 
accompanied by other supportive interventions to promote behavior change and integration 
into mainstream society. Combination of methadone treatment with needle exchange 
programs may be the most effective intervention for lowering incidence of HIV and other 
infections among IDUs (Van Den Berg et al., 2007). 
Buprenorphine in combination with naloxone is also used in the treatment of IDUs; 
buprenorphine is a long-acting derivative of the morphine alkaloid thebaine which blocks 
the effects of morphine with infrequent induction of physical dependence (Jasinski et al., 
1978; Ruiz et al., 2007). Although buprenorphine has poor oral bioavailability, it was 
thought important that it not be intravenously administered to former IDUs due to their 
previous abuse of injection equipment; the drug is therefore formulated as an oral tablet, 
either alone or in combination with naloxone (Ruiz et al., 2007). The addition of naloxone is 
intended to reduce the potential for abuse of buprenorphine (known as treatment 
“diversion”), since intravenously administered naloxone precipitates unpleasant 
withdrawal symptoms (Mendelson et al., 1996); naloxone has poor oral bioavailability and 
few effects when taken via this route (Walsh & Eissenberg, 2003). 
Opioid substitution therapy has been shown to have significant positive effects in reducing 
HIV acquisition through reductions in both drug use and risky behaviors associated with 



 
Biomedical HIV Prevention 

 

35 

injection drug use (Metzger et al., 1993; Metzger & Navaline, 2003). Refinements to 
treatment regimens are on-going, including the investigation of the possibility of treatment 
in physician’s offices (Gunderson & Fiellin, 2008) (as opposed to in-program treatment) and 
contingent provision of treatment to be taken at home (Gerra et al., 2011). 

3. Conclusion 

Of the many trials of biomedical interventions to prevent sexual HIV acquisition completed, 
six to date have shown a statistically significant reduction in HIV incidence (three on male 
circumcision, one on STI control, one microbicide trial and one oral PrEP trial). Challenges 
encountered while testing these interventions included lack of appropriate animal models to 
measure safety and efficacy in pre-clinical testing (Dhawan & Mayer, 2006; Buckheit Jr et al., 
2010), lack of appropriate measures of adherence to product use by participants (non-
vaccine trials) (Tolley et al., 2009), the confounding effect of heterosexual anal sex (Mâsse et 
al., 2009), high pregnancy rates (Mâsse et al., 2009), and generally falling HIV incidence rates 
in countries where these efficacy trials are conducted (Ramjee et al., 2008). It is now widely 
accepted that a single biomedical intervention is unlikely to be 100% effective in preventing 
HIV acquisition, and all will have the potential to be confounded by risk compensation, 
poor adherence, and acceptability issues. The potential effectiveness of many biomedical 
prevention interventions tested to date is undermined by risk compensation – unintended 
changes in behaviour which arise from a change in the perception of risk. As Richens et al. 
describe it, introduction of a safety device could lead to a lowered perception of risk; the 
rewards of risk-taking are subsequently heightened and an increase in risky behaviour may 
result (Richens et al., 2000). This is a prime concern as we develop new biomedical HIV 
prevention tools.  
There is currently a move towards the development, assessment and implementation of 
combination approaches to HIV prevention which will provide a combination of the effective 
interventions outlined in this chapter. Future research will focus on determining the most 
appropriate and effective elements for inclusion in combination packages targeted at different 
vulnerable population groups and risk profiles (i.e. single women, single men, couples, and 
young people). The combination approach may also require revision of traditional 
mechanisms for delivery of primary health care, particularly in resource-limited settings, since 
this will likely be the most feasible venue in which to introduce such integrated care options. 
Despite recent successes in the HIV prevention field (microbicides and oral PrEP), there are 
numerous implementation challenges ahead. Confirmation of the positive results will be 
necessary before these new prevention modalities can be widely rolled out, whether that be 
alone or in combination with other interventions. However, there is now renewed hope that 
biomedical intervention coupled with behaviour change may turn the tide against new HIV 
infections worldwide. 
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Physiological Cybernetics: An Old-Novel 
Approach for Students in Biomedical Systems 

 Alberto Landi, Marco Laurino and Paolo Piaggi 
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Italy 

1. Introduction 

Wiener in a seminal book (Wiener, 1948) associated the ancient Greek word ‘κυβερνητικος’ 
to the control of physiological systems. “Thus, as far back as four years ago, the group of 
scientists about Dr. Rosenblueth and myself had already become aware of  the essential 
unity of the set of problems centering about communication, control and statistical 
mechanics, whether in the machine or in the living tissue. [...] We have decided to call the 
entire field [...] by the name Cybernetics, which we form from the Greek κυβερνητης or 
steersman. In choosing this term, we wish to recognize that the first significant paper on 
feed-back mechanisms is an article on governors, which was published by Clerk Maxwell in 
1868 and that governor is derived from a Latin corruption of  κυβερνητης. We also wish to 
refer to the fact that the steering engines of a ship are indeed one of the earliest and best 
developed forms of feed-back mechanisms.”  
 

  
Fig. 1. Norbert Wiener (1894-1964) and his book on cybernetics 

The increasing knowledge in each sector of science led to a huge diversification of scientific 
research, especially in a borderline sector like cybernetics applied to physiological systems. 
A first problem to solve was the following: let’s suppose that two groups, one with a control 
engineering experience and the other one with a medical background (e.g., physicians), 
decide to cooperate, because they strongly believe that a joined research could be useful for 
developing mathematical and statistical models. Usually physicians do not have enough 
time to study and apply advanced modelling.  
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Wiener approached the communication between scientists belonging to different disciplines: 
“If a physiologist, who knows no mathematics, works together with a mathematician, who 
knows no physiology, the one will be unable to state his problem in terms that the other can 
manipulate, and the second will be unable to put the answers in any form that the first can 
understand. [...] The mathematician need not have the skill to conduct a physiological 
experiment, but he must have the skill to understand one, to criticize one, and to suggest 
one. The physiologist need not be able to prove a certain mathematical theorem, but he must 
be able to grasp its physiological significance and to tell the mathematician for what he 
should look.” 
A correct interaction in terms of a clear communication and reciprocal comprehension of the 
objectives of the research activity between groups with different competences is a crucial 
aspect in any interdisciplinary research. 
In 2003 at the University of Pisa it was decided to introduce a new course for undergraduate 
students in biomedical engineering, based on the Wiener ‘utopia’, in  order to teach a novel 
discipline useful for helping biomedical students to communicate and cooperate effectively 
with physicians. We named this new course as Physiological Cybernetics, remembering the 
old Wiener definition. 
The organization of this course was a difficult task, and it required to gain experience in 
order to integrate so different disciplines and to produce a common language between 
students in biomedical engineer and physicians. At a first glance this attempt seemed to be 
too ambitious, because the different approaches of biomedical engineers with respect to 
physicians seemed incompatible and even the languages of the two groups were so different 
to remember the Babel tower…  
 

 
Fig. 2. Tower of Babel  (1563) Pieter Bruegel the Elder,  Oil on Wood Panel - 
Kunsthistorisches Museum, Vienna, Austria. 

A great deal of effort and attention was required to produce appealing and stimulating 
lectures, but after many years we can affirm that this challenge is successful,  especially for 
the enthusiastic answers of the students: their number was increasing year after year (about 
seventy students per year are now attending the course).  
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A strict and trusted cooperation between different groups of physicians is growing up and 
several groups of physicians belonging to different medical fields are going to join us for 
new interactions.  
The aim of this chapter is to describe how the approach to physiological cybernetics has led 
to integrate academic lessons with research activities. To be more specific, the basic idea of 
Physiological Cybernetics was to search for models able to emulate physiological systems 
based on the feedback theory and/or the system theory.  
In fact, recently, the widespread use of friendly software packages for modelling, along with 
the development of powerful identification and control techniques has led to a renewed 
interest in control (Khoo, 2011; Hoppensteadt & Peskin, 2002; Cobelli & Carson, 2008) and 
identification (Westwick & Kearney, 2003) of physiological systems. Unfortunately 
physiological systems are intrinsically time variant and highly non linear. Moreover, an 
effective balance of the model complexity is a difficult task: low order models are usually 
too simple to be useful, on the other hand high order models are too complex for simulation 
purposes and they have too many unknown parameters to be identified.   
Each model selected for investigation was studied by a group of biomedical students 
supervised by physicians. Each model required several iterations and reformulations, due to 
the continuous adjustment of the research objectives, changing their final horizon, because 
of the gap between experimental data and theoretical models, so that the answers to the 
doubts and questions were continuously moving with the obtained partial results.   
A final goal of the research was to apply a mathematical framework for helping medical 
diagnostic techniques and for testing new therapeutic protocols.  
The procedure of model extraction followed two main pathways: the first one (pathway A) 
led to a formulation of a mathematical model usually based on differential equations and on 
an as deep as possible insight into physiological mechanisms (Marmarelis, 2004; Ottesen et 
al., 2004; Edelstein-Keshet, 2005; Jones et al., 2009) via a physical description of the system. 
The second one (pathway B)  was founded on a model description based on a black-box and 
data-driven identification (Westwick & Kearney, 2003; Cobelli & Carson, 2008), usually 
leaving to stochastic models with a parametric or non-parametric structure (Ljung, 1987), 
depending on the a-priori knowledge of constitutive laws governing the observed system. 
In this paper we will describe two examples of research activity based on the Physiological 
Cybernetics, both of them addressed to produce a biomedical framework for predicting the 
effects of therapeutic actions, but following the two different pathways. The first example 
follows a statistical non parametric approach, the second one a mathematical model based 
on differential equations 

2. Therapies in obese patients: A statistical approach 

In 2004, some lessons of the Physiological Cybernetics course were addressed to describe 
metabolic dynamics of thyroid hormones T3 and T4.  
It was an emblematical example regarding physiological feedback theory, intrinsically 
embedded inside human body.   
We decided to  focus some lessons on the model presented by Di Stefano et al. (1975), in an 
interesting paper, showing how this hormonal regulatory system could be described in 
terms of differential equations. This item was so intriguing for students, to require the 
support of physicians belonging to the Department of Endocrinology and Metabolism of the 
University of Pisa, in order to gain a better understanding of the physiology related to the 
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feedback regulation of thyroid hormones. It was a representative example of pathway A, 
typical of classic physiological feedback, with a controller -the thyroid gland- embedded in 
the human body. 
One of the physicians proposed a different challenging test to students: how to model 
another pathology with growing interest in endocrinology, i.e. the obesity?  
This challenge was very complex and unsolved from a mathematical viewpoint. It was a 
classical example of Babel tower, because what physicians expected from us was impossible to 
be fulfilled in a deterministic framework, similar to the approach leading to the thyroid model.  
First, we tried to consider differential equations for modelling dynamics of hormones, like 
leptin and ghrelin, playing an important role in controlling our weight, but the results 
obtained were too qualitative, simple and poor to mimic the multi-factorial aspects of 
obesity. It seemed to be a failed attempt, because it produced a useless model.  
Hence we decided to change our approach to the challenge: if a deterministic model was 
inadequate, a data-driven black box model could be an alternative solution and we decided 
to follow pathway B. We came to the conclusion that the first and reachable step for coping 
with obesity was to build an interactive, user-friendly and graphically oriented toolbox for 
classifying obese patients. Therefore a SW tool, named Obefix, was developed for helping 
physicians in the classification of obese patients from physiological and psychological data.  
Obefix program (Landi et al., 2007) was designed in order to produce an easy-to-use 
software tool for capturing all essential information on the patients using a reduced data set, 
solving the problem related to the high data dimensionality.  
 

 
Fig. 3. Obefix window for a classification of obese patients: the interface 
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An interesting outcome was that this software tool was able to classify patients in a limited 
and user-selected number of clusters.  
Consider to analyze a numerous group of patients. First Obefix’s user may use the toolbox 
for searching a blind unsupervised partition of the treated data in different clusters, using a 
reduced set of variables, valuable for a correct classification of the patients. 
After this first step, a supervised action is possible: physicians, after an evaluation of the 
unsupervised classification, can ask Obefix to repeat the analysis on a restricted subset of the 
initial individuals, in order to eventually exclude out-of-range patients (the outliers).  
In this framework, physicians can easily load data, select variables of interest, run a fast 
analysis and visualize results. Clusters are represented in planes, the principal planes, and 
single patients can be followed, automatically classified as belonging to a cluster, and 
grouped in Excel spreadsheets.  
Obefix employs PCA (Principal Component Analysis) (Jolliffe, 2002) as an engineering 
statistical tool for reducing data dimensionality: users can then select either hierarchical or 
k-means clustering methods, for classification of patients on selected principal planes. 
A clinical example of Obefix application was presented in Landi et al., (2007) the case study 
was the a-posteriori analysis of a dataset of severe obese women, submitted to adjustable 
gastric banding surgery. Obese individuals were initially candidate for gastric bariatric 
surgery; a presurgical preparation included also psychological evaluation.  
At first, Obefix toolbox was applied for a multiple regression analysis (Mardia et al., 1979) 
with delta BMI (variation of the Body Mass Index expressed in %) six months after the 
gastric banding surgery as a dependent variable, associated with changes in pre-operative 
psychological data tests as independent variables.  
The administrated questionnaire included 567 statements and subjects had to answer ‘‘true’’ 
or ‘‘false’’ according to what was predominantly true or false for them. It must be remarked 
that these results have been obtained using only psychological data and that in the literature 
the quantitative extraction of effective similarities in groups of patients in the case of a so 
complex and multi-factorial pathology is considered a critical and unsolved problem. 
Three main homogeneous clusters were identified, representing subgroups of patients with 
working problems, with antisocial personality disorder and with obsessive-compulsive 
disorder. A strict correlation was statistically verified between the variations of BMI six 
months after surgery with the patients belonging to each subgroup.  
All conclusions regarding the similarities between individuals belonging to different 
clusters were in a good accordance with medical experience and with clinical literature. 
Since Obefix development was considered a winning experience, we proceeded toward a 
following step, more interesting for the aims of the physiological cybernetics, i.e.,  produce 
and use a model able not only to classify the patients, but also to predict individual 
therapeutic outcome in terms of Excess Weight Loss (EWL, another common index for 
evaluating the loss of weight) after two years from surgery, using a set of pre-surgical data. 
To be clearer, the more interesting aspect of this research was to set up a software tool able 
to predict the effects of a therapy and to address clinical researchers in choosing the patients 
that will maximally benefit from surgery.  
A success in this task could represent the demonstration that the novel vision of Wiener was 
not a utopia, but a first example of dream coming true. 
The research was again addressed to the study of the loss of weight for patients submitted to 
adjustable gastric banding surgery, because it was intriguing to consider a case study 
characterized by a high level of uncertainty in the prediction of long term effects.  
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Nowadays, in the medical literature it is still debated which categories of patients are better 
suited to this type of bariatric procedure and the selection of candidates for gastric banding 
surgery doesn't follows standardized guidelines.  
In order to create a predictive model, the use of Artificial Neural Networks (ANNs) (Bishop, 
1995; Rojas, 1996) appeared to be the best solution for predicting the weight loss after 
bariatric surgery, with respect to more traditional and used mathematical tools, e.g., the 
multiple linear regression. Therefore, a particular ANN was developed (see Figure 4) to 
improve the predictability of the linear model using a multi-layer Perceptron (MLP) with 
non linear activation functions (Rumelhart et al., 1986).  
 

 
Fig. 4. Architecture of the MLP model for calculating non linear WL predictive score u 

A preliminary study on the feasibility of the statistical approach for obese patients was 
presented in Landi et al., (2010) while, a paper considering the application of ANNs in the 
outcome prediction of adjustable gastric banding in obese women was published in Piaggi 
et al., (2010).  
In the following, an outline on the engineering approach to this predictive tool is briefly 
sketched. 
The first step was to select the most significant predictors of long term weight loss (the 
dependent variable) among the psychological scales, age and pre-surgical BMI (independent 
variables) (Van Hout et al., 2005).  
In order to choose the most predictive inputs of a ANN with a limited data set and several 
potential predictors, a best-subset algorithm based on multiple linear regression (Neter, 
1975) was employed. Namely, all combinations of the independent variables (subsets 
including from one to four variables, in order to avoid over-fitted solutions due to a large 
number of parameters, with respect to observations) were separately considered as models 
for computing the best linear fit of the dependent variable.  
The best predictive subset was selected from all these models as that with the highest 
adjusted R2 and a p-value less than 0.05.  
The result was that age and the three psychological scales Paranoia - Pa, Antisocial practices 
- Asp and type-A behaviour - TpA constituted the best subset, and a predicted weight loss 
(WL) score was estimated through the formula 

 0 15 0 24 0 26 0 18        . . . .WL Age Pa Asp TpA  (1) 

based on the linear combination of their regression coefficients, i.e., regression coefficients of 
(1) were a measure of the linear relationship between each independent variable and WL. 
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A non linear model was then built upon the same variables: the aim was to increase the 
goodness of prediction, taking advantage of ANNs data fitting capability. 
For doing this, the four selected variables were used as inputs of a standard MLP for 
obtaining a non linear predictive score named u (see Figure 5). 
 

 
Fig. 5. Figure shows predicted WL on x-axis versus actual WL on y-axis. A comparison 
between the non linear (green solid line) and linear (red solid line) regressions show the 
better fit in the non linear case 

A non linear activation function (i.e., the hyperbolic tangent function) was employed at the 
hidden layer units of the MLP to obtain a non linear combination of the inputs, as following: 

    x xh xhh tanh W x b  (2) 

This ANN architecture extended the regression performance of the previous linear model, 
which can be still obtained by replacing the nonlinear activation functions with the identity 
functions in the MLP, removing the nonlinear capability of the model. 
The u score was then obtained as: 

   hu x huu W h b  (3) 

The global cost function - minimized by the ANN training process - was based on the 
correlation between u and WL scores, including their standardization terms, as following: 

 2 21 1      ( , )mJ corr u WL u WL u WL   (4) 

In this way, the ANN found the optimal values of weights (Wxh and Whu) and bias (bxh and 
bhu), which accounted the maximum correlation between the two scores. 
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The non linear solution accounted for 36% of WL variance, significantly higher than 10% of 
the linear model using the same independent variables: this indicated a better fit for the non 
linear model. 
Furthermore, subjects were assigned to different groups according to actual WL quartiles in 
order to evaluate the classification (ROC curves) and prediction (cross-validation) 
capabilities of the estimated models. In Figure 6, the sensitivity and specificity of both 
models in relation to WL outcome are plotted for each possible cut-off in the so-called ROC 
curves and the Area Under each ROC Curve (AUC) is estimated. AUC measures the 
discriminating accuracy of the model, i.e., the ability of the model to correctly classify 
patients in their actual quartile of WL. 
As a result, the non linear model achieved better results in terms of accuracy and mis-
classification rates (70% and 30% vs. 66% and 34%, respectively) than the linear  
model.  
 

 
Fig. 6. ROC curves for nonlinear and linear models 

So far, both linear and nonlinear predictive models  were built by considering all patients of 
the data set, i.e., each model was estimated from a database with known input and output 
data. 
After this model-building step, the linear and nonlinear models were applied to new 
patients, with unknown output values, in order to have a quantitative check on the 
effectiveness of the proposed method on the correct selection of the therapeutic effects. 
Two additional statistic tools were introduced: the cross-validation method and the 
confusion matrix. 
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Both in case of linear and nonlinear model, patients were randomly subdivided in two 
groups, used for building and testing the models. A training data set was considered for 
calculating linear regression coefficients in the case of linear model and for selecting the 
optimal weights and bias in the case of the MLP. A test data set was used to make a 
prediction of the WL two years after the bariatric surgery.     
Confusion matrix was the tool used for the validation of the prediction. The cross-validation 
method was repeated 100 times, changing the subsets of patients for training and test sets. It 
was surprising to verify that after this blind test on the whole dataset, it was possible to 
establish with over 70% of reliability if the patients will either maximally or minimally 
benefit from the intervention after two years, in the case of the nonlinear model. Conversely, 
the reliability was reduced of about 30% in the case of the linear model (Piaggi et al., 2010). 
Considering that the analysis was restricted to psychological presurgical tests and to age, 
this result seems to be a surprising success of a research derived from the physiological 
cybernetics course. 

3. Therapies in HIV disease: A predictive control approach 

The second example shows the application of model predictive control (MPC) for an 
optimization of the therapy in HIV disease. It applies the subject of a group of lessons held 
during the physiological cybernetics course, in which the predictive control theory was 
presented to students as an effective tool for helping (and emulating) physicians in the 
selection of an optimal therapy, based on the patients' responses.  
The origin of this activity was born when some students asked to study a mathematical 
model for HIV.  
It was easy to find HIV models existing in literature: many of them are well known and 
accepted from mathematical and from biomedical engineers as gold standards for studies in 
viral models.  
In the literature, (Wodarz & Nowak, 1999) the simplest model presented for mathematical 
modelling of HIV considers only three state variables and it is mathematically described by: 

 
 


  
  
  





x dx xv
y xv ay
v ky uv

 (5) 

System (5) consists of three differential equations. The state variables are: x, the 
concentration of healthy CD4+ T-cells; y, the concentration of HIV-infected CD4+ cells; v, the 
concentration of free HIV copies. 
Healthy cells have a production constant rate λ and a death rate d. Infected cells have a 
death rate a, free virions are produced by the infected cells at a rate k and u is their death 
rate. In the case of active HIV infection the concentration of healthy cells decreases 
proportionally to the product xv, with a constant rate β representing a coefficient that 
depends on various factors, including the velocity of penetration of virus into cells and the 
frequency of encounters between uninfected cells and free virus. 
A five-state model was developed in Wodarz & Nowak (1999). This model offers important 
theoretical insights into immune control of the virus based on treatment strategies, which 
can be viewed as a fast subsystem of the dynamics of HIV infection. It is mathematically 
described by:  
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x dx xv
y xv ay pyz
v ky uv
w cxyw cqyw bw
z cqyw hz

 (6) 

Two states are added to (5) to describe the dynamics of w, the concentration of precursor 
cytotoxic T-lymphocytes (CTLp) responsible for the development of immune memory and z, 
the concentration of effector cytotoxic T-lymphocytes (CTLe) responsible for killing virus-
infected cells cytotoxic T-lymphocyte precursors CTLp. 
In the fourth and fifth differential equations c, q, b and h are relative production rate, 
conversion rate to effector CTLs, death rate of precursor CTLs, and of effector CTLs, 
respectively.  
This model can discriminate the trend of infection as a function of the rate of viral 
replication: if the rate is high a successful immune memory cannot establish; conversely, if 
the replication rate is slow, the CTL-mediated immune memory helps the patient to 
successfully fight the infection. 
In Landi & al. (2008) model (6) was modified as:  
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x dx rxv
y rxv ay pyz
v k f y uv
w cxyw cqyw bw
z cqyw hz
r r f

 (7) 

Model (7) differs from previous W-N in the new state variable r, an index of the 
aggressiveness of the virus, which substitutes the constant β.   
An arbitrary assumption is that r increases linearly with time in untreated HIV-infected 
individuals, with a growth rate that depends on the constant r0 (a higher r0 value indicates 
a higher virulence growth rate). This hypothesis was verified consistent with the 
simulation results obtained in the case of infected people who do not show significant 
disease progression for many years without treatment (long-term non Progressors -
LTNP).  
Different typologies of patients may require to change the law describing the 
aggressiveness dynamics. We evaluated the possibility to adapt the model (7) to patients 
with different clinical progressions, changing the values of some parameters. In 
particular, we supposed to vary the coefficients b and h, which represent the death rate of 
immune defensive cells (effector CTLs and precursor CTLs). We considered the two 
extreme cases for HIV progression (see Figure 7): the lower values correspond to the 
model dynamics of LTNP patients; the higher values model the dynamics of fast 
progressor patients (FP). 
The coefficients μT and μP represent the drug effectiveness weights for specific external 
inputs fT and fP, which represent the drug uptakes in case of Highly Active Antiretroviral 
Therapy (HAART).  
HAART is a combination therapy that includes: 
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- Reverse Transcriptase Inhibitors (RTI), to prevent cell-to-cell transmission, inhibiting 
reverse transcriptase activity. 

- Protease Inhibitors (PI), to prevent the production of virions by infected cells, inhibiting 
the production of viral protein precursors.  

 

 
Fig. 7. Dynamic behaviour of the state variables x, v, w and z vs. time in the case of 
untreated LTNP (solid line) and FP (dashed line) patients. 

In different models presented in literature, the effects of RTI and PI drugs have been 
aggregated, nevertheless we decided to mimic the effects of PI drugs reducing the rate of 
virus production, i.e., modifying the rate coefficient k of production of new infected cells in 
the dynamical equation. Instead the effect of RTI drugs is simulated by reducing the 
infection rate of CD4+ cells by free virus. So, in  model (7) the RTI drugs act in virulence 
equation, because their main role is halting cellular infection.  
Another important feature differentiating the proposed model from standard literature is 
that it does not admit stable steady states, since the model parameters are such that, i.e., the 
aggressiveness never becomes a constant, since a slow increase of r describes well a real 
progression of the HIV infection. This hypothesis originates from the observation that the 
possibility of eradicating completely the virus has not been demonstrated and the HIV 
disease cannot be long-term controlled. 
The inclusion of aggressiveness as a new state variable represented the main outcome of the 
study: this simple extension to Wodarz & Nowak models allowed us to mirror the natural 
history of HIV infection and to introduce a new state equation useful for introducing in the 
model the effects of pharmacologic control.  
In Fig. 8 are shown the time courses of CD4 cells and virions obtained in simulation with 
model (7); for a qualitative validation of the model, compare the results with the plotted 
experimental data shown in Fig. 9 (Abbas et al., 2000). 
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Fig. 8. Simulated behaviour of untreated LTNP HIV-infected patients for ten years with 
model described in (4). The graph shows viral load (dashed line) and CD4+ cells (solid line) 
 

 
Fig. 9. Typical clinical behaviour of HIV infection for about ten years. Figure shows HIV 
copies (triangles) and CD4+ cells (squares), in case of untreated HIV-infected human 

A straightforward application of the control theory to model (7) was proposed in 
Pannocchia et al., (2010), with the application of a MPC strategy in anti-HIV therapy.  
MPC algorithms (Mayne et al., 2000) utilize a mathematical model of the system to be 
controlled, to generate the predicted values of the future response. Predicted values are then 
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used to compute a control sequence over a finite prediction horizon, in order to optimize the 
future behaviour of the controlled system. The control sequence is chosen minimizing a 
suitable cost function, including a measure of the deviation of the future state variables from 
reference target values and a measure of the control effort, while respecting state and 
control constraints. In plain words, the core of the control algorithm is an optimization 
algorithm, keeping the controlled variables close to their targets and within suitable 
constraints. The first output in the optimal sequence of control actions is then injected into 
the system, and the computation is repeated at subsequent control intervals. 
The problem was how to adapt MPC to determine the optimal drug scheduling in anti-HIV 
therapy. 
Some examples of MPC applied to biomedical applications like control of the glucose–
insulin system in diabetics (Parker et al., 1999), anaesthesia (Ionescu et al., 2008), and HIV 
(Zurakowski & Teel., 2006) have been presented in literature, but all applications were 
considered for models admitting a steady-state stable equilibrium.  On the other hand, MPC 
emerged as the more suitable solution for solving the drug optimal administration problem 
in anti-HIV therapy, even if the model was unstable. MPC algorithm pursued the following 
logic: 
a. future outputs of the control algorithm are generated by the HIV model; measurements 

on individual patient are considered and compared with the predictions of the model. 
b. the cost function to be minimized keeps the controlled variables  e.g., CD4+ cells and 

free virions concentration  close to the targets and respecting suitable soft constraints 
on the manipulated variables.  

c. the cost function of the future control movements is minimized using a sequence of 
future PI and RTI drugs over the chosen control horizon, but only the first element of 
the suggested control sequence is applied to the system. 

d. at the successive decision time, the algorithm is solved again if measurements of CD4+ 
cells and free virions concentration are available and the drug sequence is updated, 
repeating step c) 

Some practical issues were considered (see Pannocchia et al., (2010) for a detailed study), 
because MPC was applied considering the two different cases of continuous applications of 
drugs, or of a structured interruption of therapy (STI) for patients. STI is a treatment 
strategy in HIV-infected patients, involves interrupting HAART in controlled clinical 
settings, for a specified duration of time. The possible explanation of the effectiveness of this 
clinical protocol was an induced autovaccination in the patients. The use of STI is currently 
debated between clinical researchers and most studies agree that STI may be successful if 
therapy is initiated early in HIV infection, but unsuccessful for people who started therapy 
later.  
Furthermore, a discrete dosage approach required to modify the control algorithm using a 
non linear MPC: this was due to the clinical request to maintain a maximum dosage of 
drugs, as in standard HAART protocol, in order to reduce the risks of virus mutations. 
Some comments are mandatory to stress the results of this model based on a differential 
equation deterministic approach. From the viewpoint of a model builder, two different 
situations have to be usually considered: basal and pathological conditions. In the case of 
infections, like HIV, the mathematical model have to mirror the natural evolution of HIV 
infection, and the pathological model must be more accurate, because today it is the only 
one that can be validated by experimental data, since patients are all maintained under 
therapy. The impact of therapy into HIV models must be introduced in a way as simple as 
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possible, if we have to satisfy the task to formulate a model suitable for use in feedback 
control.  
Simulation results were coherent with the medical findings: the comments of clinical 
researchers expert in HIV therapies were essential in testing the model and for evaluating 
the effectiveness of the proposed control methods.  
Obtaining reliable models is relevant from a diagnostic and prognostic point of view, 
because it allows the physician to prove the therapeutic action using the model for testing 
the treatment in terms of optimal dosage and administration of drugs.  
In 2008, the FDA approved an in silico model of diabetes as a pre-clinical testing tool for 
closed loop research at the seven JDRF Artificial Pancreas Consortium sites. The overall goal 
of the Artificial Pancreas project was to accelerate the development, regulatory approval, 
health insurance coverage, and clinical acceptance of continuous glucose monitoring and 
artificial pancreas technology  (Juvenile Diabetes Research Foundation, 2008). 
We strongly believe that also a simple but reliable in silico model of HIV can lead to an 
acceleration of the experimental tests for a clinical acceptance of new drugs in HIV disease. 
Future activity will be devoted to develop models of HIV infection, able to include the 
issues of drug resistance and viral mutation, key issues for the HIV studies, and the interest 
of many clinical researchers in our work is encouraging in the upcoming research. 

4. Conclusion  

The Physiological Cybernetics course represents an example of integration between 
different disciplines, in order to produce a common language between students in 
biomedical engineer and physicians. It offers students an opportunity to verify in practice 
how to move theoretical lectures, based on the development of mathematical models, to a 
practical interaction with physicians. This fact seems obvious from an educational 
viewpoint, but it isn't so usual in practice, because it requires a preliminary long period for 
preparing a common language between researchers in different fields. Judging from the 
students’ excellent results, if compared to students attending under-graduated courses in 
previous years, the example proposed was very successful.  
In this chapter we presented two examples of research applications, derived from this 
educational experience,  demonstrating that the old-novel vision of Wiener was not a utopia, 
and that a synergic cooperation between biomedical engineers and physicians can lead to 
interesting results.  
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1. Introduction  

With the growing costs of healthcare, the need for mobile health monitoring devices is 
critical. A wireless transceiver provides a cost effective way to transmit biomedical signals 
to the various personal electronic devices, such as computers, cellular devices, and other 
mobile devices. Different kinds of biomedical signals can be processed and transmitted by 
these devices, including electroencephalograph (EEG), electrocardiograph (ECG), and 
electromyography (EMG). By utilizing wireless transmission, the user gains freedom to 
connect with fewer constraints to their personal devices to view and monitor their health 
condition.  
In this chapter, in the first few sections, we will introduce the reader with the basic design of 
the biomedical transceivers and some of the design issues. In the subsequent sections, we 
will be presenting design challenges for wireless transceivers, specially using a common 
wireless protocol Bluetooth. Furthermore, we will share our experience of implementing a 
biomedical transceiver for ECG signals and processing them.  We conclude the discussion 
with current trends and future work.  
The information that is being presented is meant to be applied for all types of biomedical 
signals. However, some examples are reserved to one type of biomedical signal for 
simplicity. In this case, the example of an ECG signal and device is used. Even though some 
sections of the chapter rely heavy on this example, the concepts explored in this chapter can 
still be extrapolated for other biomedical signals.   

1.1 Types of biomedical signal transceivers  
Different biomedical signal transceiver device types can be designed. There are several 
distinctions between the types of the devices and their operation. The distinctions can be 
based upon how the device is powered and how the device communicates. Despite these 
design differences, the hardware makeup of a biomedical signal transceiver is very 
standard.  
Before going deeper into the details on the types of biomedical signal transceivers, it is 
important to understand how the device will operate. Typically, a biomedical signal 
transceiver device will have two main components, the transmitter and the receiver. The 
transmitter has several sub systems, including: signal acquisition, amplification, filtering, 
and as the name dictates, transmitter. The receiver subsystem will receive the signal from 
the transmitter, perform any required analysis on the signal, and then display the results. 
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The transmitter is separate from the receiver, such that the transmitter can acquire the 
bioelectric signal and transmit to another device for remote viewing and analysis.  
Existing biomedical transceivers are can be separated into two groups describing how they 
are powered; Radio Frequency (RF) and battery powered. In RF powered transceivers, an 
inductive link with external controller allows the transmission of power and commands [2]. 
A common application of the RF powered transceiver is the transcutaneous neural recording 
arrays. In battery-powered transceivers, an onboard battery is utilized power source [3]. 
This battery can be either disposable or rechargeable, depending on the device application. 
The use of a battery allows using higher frequencies for transmission and improved data 
rates can be achieved.  
Another way to group biomedical transceivers is by their communication style. 
Biomedical transceivers can communicate either wirelessly or in the traditional wired 
connection. Not only can the device transmit the biomedical signal, but some devices have 
communication between the transmitter and receiver for not only biomedical information, 
but also any feedback or control signals. In this case, both subsystems are acting like 
transceivers.  

1.2 Applications of biomedical signal transceivers 
Biomedical signal transceivers can be very useful in the monitoring devices and 
biotelemetry. There are several applications for these devices and their design is as unique 
as the application.  These applications also utilize wireless communications to improve the 
system and the ease of use.  
A health monitoring system which acquires and transmits the vital signals of a patient 
remotely to a hospital or medical professional can be very useful. This application of 
biotelemetry can allow for a patient to leave the hospital or clinic, but still have their health 
monitored remotely. Various bioelectric signals can be recorded from the patient’s body and 
transmitted such as EEG, ECG, body temperature and blood pressure. Biomedical signal 
transceivers do not have to be limited to just an overall health monitoring device. These 
transceivers can also have more specific functions that can allow for more in depth analysis, 
depending on the application.  
An ECG monitoring system is a great example of an application of biomedical signal 
transceiver. When the device is developed wirelessly, patients can monitor their heart 
signal via a mobile device, while having the electrodes and transmitter attached to their 
body. Furthermore, a warning system can be designed that can inform the patient about 
any abrupt abnormality in the heart. As with the health monitoring system, these heart 
anomalies can also be reported remotely to medical professions who can more 
appropriately analyze the patient’s condition in real time. Another application of 
biomedical signal transceivers is to monitor the drug and medication usages in the 
patients remotely.  

2. Analog hardware design   

One of the most important parts of any biomedical signal transceiver is the analog 
hardware. Using this circuitry the biomedical signal is acquired, filtered, and amplified to an 
appropriate level. Along with this circuitry, the power for the system needs to be addressed. 
Finally, safety for both the system circuitry and the patient must be understood and taken 
care of during design to protect the device as well as the users.  
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2.1 Electrodes 
For all biomedical devices that operate outside of the human body (i.e. non-implantable 
devices), electrodes are critical components. It is through these electrodes that the bioelectric 
potentials of the body are collected and transmitted to the measurement and analysis device. 
In this sense, electrodes are the initial part of any biomedical device.  

2.1.1 Electrode placement  
The placement of the electrodes is dependent on the desired physiological signal. For 
example, to acquire an ECG signal, the electrodes may be placed in a triangle formation 
around the heart, creating the Einthoven’s triangle. Each of the various bioelectric signals 
has a standard electrode placement on the body that must be understood and followed 
before acquiring signals. It is important to have the lead placement correct as noise and 
distortions will result from electrode misplacement. In some cases, only a small subset of the 
electrodes is required for signal acquisition. For example, in EEG recording the number of 
electrode may be from 1 to 128 electrodes. This is dependent on the application or use of the 
biometric signals by the device.  

2.1.2 Electrode make-up and selection 
An electrode is simply a mechanism that is used to make an electrical connection to a non-
metallic surface. The electrodes have a common makeup, no matter what application or 
types of signals that are being acquired. Disposable electrodes have a very generic 
composition and purpose. Using an adhesive, the electrode is attached to the skin, which 
reduces the risk of noise artifact being introduced into by signal by electrode movement. 
Additionally, the electrode contains a gel that lowers the skins resistance and is therefore 
produces a better signal measurement. This allows for the metallic surface to conduct the 
signal onto the biomedical device.  
There are several commercially available electrodes on the market today. The electrode 
performance will vary from company to company, and from part to part. It is essential to 
find an electrode that is appropriate for the application, all while keeping quality and price 
per electrode in mind.  
The next step is to develop circuitry to prepare the analog signal for analysis. This will be 
accomplished by both amplifying and filtering the weak bioelectric signals. These steps are 
critical for all types of biometric signals.  

2.2 Amplifier and filter design 
When the bioelectric signals are acquired from the human body by the electrodes, the 
signals are very weak (small amplitudes). Because of their small amplitudes, these signals 
have little use to any biomedical sensor or system. However, if these signals are amplified to 
an appropriate level, they can be detected and read accordingly for analysis. The amount of 
amplification, termed gain, is determined by system specification and is dependent on the 
signal being measured, and other circuitry requirements. Another critical aspect of the 
signals that are acquired from the electrodes is the amount of noise in the signal. For proper 
signal analysis, these errors and noise need to be removed from the signal. The next sections 
go over the design of amplifiers and filters, all of which accumulates into the filter and 
amplifier circuitry design. 
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2.2.1 Amplification 
To perform any sort of analysis on a bioelectric signal, the signal needs to be amplified to a 
level which an analog to digital converter (ADC) can sample the data with a high resolution. 
As well, the amplifier circuitry needs to include level shifting circuitry such that the signal is 
positive and has a similar dynamic range as the Analog to Digital conversion. The overall 
gain is defined by designer based upon the signal requirements.  
The first stage in any amplification circuit is the instrumentation amplifier. This amplifier is 
a critical component for several different reasons, and has many applications outside of just 
biomedical devices. For one, the instrumentation amplifier acts as a buffer circuit by having 
large input impedance. This allows for very little current to be drawn from the source. By 
design, the instrumentation amplifier has a very large Common Mode Rejection Ratio 
(CMRR). The CMRR simply measures the tendency of the amplifier to reject a signal that is 
common between the two input pins. This is important for application in biomedical devices 
since the signal measurement is not coming from one electrode, but actually the difference 
between two electrodes (i.e. one lead). As well, the instrumentation amplifier will cancel out 
common noise between the two signals. 
There are two ways to implement an instrumentation amplifier; a single IC package or a 
connection of several separate operational amplifiers (op-amps). Both are viable options, but 
the choice depends on the cost and efficiency of the choices. In most cases, it can be more 
efficient to use a single IC package instrumentation amplifier instead of the multiple op amp 
design. Figure 1 shows an example of cascaded op-amp design for the instrumentation 
amplifier.  
 

 
Fig. 1. Instrumentation amplifier layout, utilizing three op-amps 

The next stages of the amplifier circuitry are very simple in nature. The amplifier stages only 
purpose is to increase the amplitude of the bioelectric signals via amplification. Typically, 
one will employ only non-inverting amplifier configuration so that the signal does not be 
become inverted or out of phase. The proper number of amplifier stages typically is user 
defined, but can also be determined based upon the filter configuration. Both of these topics 
will be covered in the following sections. 
The final stage of the amplifier circuitry is a level shifting circuit. The purpose of the level 
shifting circuit is to shift the negative components of the signal to a positive level. This also 
shifts up the positive voltage components of the signal as well. This circuit is critical as an 
analog to digital converter (ADC) on a microcontroller cannot read negative voltages. Thus, 
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the signal would not be accurately converted, and the bioelectric information would be lost. 
There are several ways to implement this circuit; for example, one can use a non-inverting 
summing amplifier, which is illustrated in Figure 2.  
 

 
Fig. 2. Summing amplifier design 

There are several other designs available, and they all require the use of an amplifier. The 
level shifting circuit in Figure 3 is a great example of this.  
 

 
Fig. 3. Level Shifting Circuit 

Both of these circuits will allow for the signal to be shifted to an adequate level. To do so, the 
resistor values will need to be designed such that the values that will allow for proper 
shifting. These values will also result in gain, if required. For example, if one does not want 
any gain from the level shifting circuit in Figure 3 (i.e. a gain of 1), simply follow the 
following guidelines: 

R1 = R4 
R2 = R3 

If other values of gain (A) are required, the following equation should be considered: 

A = (R1/R3)x(R3+R4)/(R1+R2) 
R1 = R3 
R2 = R4 

A = (R4/R1) 
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This will allow to tune the circuit as required to shift the voltage. This level shifting circuit 
should be used if the exact value of shift is known; otherwise, the summing amplifier 
circuitry should be considered to allow for variance in the shift voltage. The potentiometer 
in summing amplifier allows the user to vary the voltage divider, which thus varies the 
shifting voltage level. 

2.2.2 Amplifier selection 
There are many op-amps on the market for use in the amplification of bioelectric signals. 
However, many of the more common amplifiers, such as the common 741 op amp, do not 
produce ideal response, especially for bioelectric signals. This is due to the 741 design, or 
any other op amp that utilizes Bipolar Junction Transistors (BJT) in the first stages of the 
amplifier. Unlike MOSFET (or other FETs) the BJT will draw current from the signal, thus 
affecting the signal. As well, there are leakage currents from the BJT that will also hinder the 
signal. Thus, it can be advantageous to utilize an op amp that uses BiMOS technology. 
BiMOS is circuit design that use both BJTs and MOSFETs. Similar, BiCMOS can also be 
used, which simply is BJTs and CMOS. To determine the proper op amp to use in 
biomedical device one needs to look into the various specifications for the given op amp. 

2.2.3 Filters 
Filters are the other critical component of the analog hardware design for a biomedical 
device. By removing noise and artifacts from the signal, a precise and more accurate signal 
can be utilized by the signal analysis code. However, there are a lot of options and 
configurations for filters, and it can be tricky to determine what is necessary for the 
application at hand.  
Before designing a filter, one needs to determine the frequency range of the bioelectric 
signals that are being measured. This is critical so that one can determine the required 
frequency response of the analog filters. Once this is determined, then the filters can be 
designed. 
One of the most important filters, no matter what the frequency range of the bioelectric 
signal is, is the 60 Hz (or 50 Hz outside of North America) notch filter, also known as a band 
stop filter. This filter removes the noise that is produced from the common AC wall outlet. 
There are several ways to design a notch filter, with both passive and active designs. The 
effectiveness of the filter depends on the design. The passive filter designs will not be as 
exact, and the cut off frequency will vary over time (passive components will vary over 
time). This can and will affect the signal integrity over time. If there is a substantial enough 
drift, actually information will be attenuated with the 60 Hz being freely passed. Active 
filters, even with their power requirements, are by far the best option for most biomedical 
device application. One very effective and efficient design is to utilize Texas Instruments’ 
Universal Active Filter, the UAF42, in a notch filter configuration. This design is laid out in 
the data sheet for the component, which explains the proper design for a 60 Hz notch filter 
with the chip and selected resistor values. There are several other active filter design and 
options that can be utilized to attenuate the 60 Hz noise from the signal.    
The next filter that needs to be designed is the high pass and low pass filters. With these two 
filters in the circuit, it creates a band-pass filter (the band will be the frequency range of the 
bioelectric signal). As mentioned before, it is critical that this range of frequencies 
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corresponds to the range of frequencies of the measured bioelectric signal. When designing 
the overall circuit, commonly the high pass filter is placed before the low pass filter. 
High pass filter design is quite straightforward. Since a high pass filter will pass any 
frequency above the cut off frequency, the filter theoretically has an infinite frequency 
response. As such, if one was to design an active high pass filter, op amp utilized in the 
design may limit this response, as the op amp has a maximum frequency output. Therefore 
from a theoretical view, a passive filter will have the best response. In all practicality, this is 
not the case, but high pass active filters are still important to use, as they still can be 
effective. Depending on the bioelectric signal being measured, a simple RC passive filter can 
be sufficient. An example of a passive high pass filter is displayed in Figure 4.  
 

 
Fig. 4. Passive high pass filter 

There are several possible common designs for the low pass filter. These include both active 
and passive filters. For these filters, there are several common types, including: Butterworth 
and Chebyshev. Each filter type has several configurations, with both active and passive 
designs. More commonly, for the low pass filter, an active configuration is utilized. As well, 
the Butterworth filter is typically used as it has an advantageous flat frequency response. 
There is also a choice of the filter order and configuration of the Butterworth Filter. Figure 5 
shows a first order Butterworth low pass filter.  
 

 
Fig. 5. First Order Butterworth Low Pass Filter  

Typically, a filter with only a few orders will be utilized due to speed, cost, and space. A 
first order low pass Butterworth filter is perfectly acceptable choice for most applications. 
Another designer choice is the configuration of the filter. For active Butterworth filter, the 
Sallen-Key topology is an excellent choice. It allows for multiple orders, using only two op 
amps and several passive components. The design for the third order Butterworth filters is 
quite complex, and it involves calculating all values for the resistors and capacitors. There 
are several software packages that aide in the creation of these complex active filters.   
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2.2.3 Cascading filters and amplifiers 
Now that both amplifiers and filters have been discussed and designed, the next step is the 
layout of the circuit in the most logical order. When designing circuitry that filters and 
amplifies a signal, there is a general rule of thumb to alternate stages of amplification and 
filtering. This is critical since one will introduce less noise into the circuitry as well as 
amplify less of the noise. This is why the design requires the cascading of op amps and 
filters to alternate. Now, depending on the amount of gain that is required for the bioelectric 
signal, the following order can be used: 
 Instrumentation Amplifier  
 High Pass Filter  
 Gain Stage   
 Low Pass Filter  
 Gain Stage  
 Notch Filter  
 Level Shift 
Naturally, the instrumentation amplifier will also have some gain. Most instrumentation op-
amps have various levels of designable gain. To perform this type amplification, the de facto 
standard is to utilize a set of cascaded operational amplifiers. The need for cascaded stages 
will be explained later. When amplifiers are cascaded, one simply multiplies each of the 
gains together to determine the overall gain. Before designing the circuit, one needs to 
determine how much gain is actually necessary. The amount of gain will depend on what 
biometric signal is being measured, the ADC range, and other factors with that will vary 
from system to system.   

2.3 Power  
The voltage supply to the circuit components throughout the entire system is typically 
group together with the analog electronics design. Typically, there is a range of voltages are 
required through the system. For example, a microcontroller may require 5 V, a wireless 
transceiver may require 3.3 V, and the op-amps may require +/- 10 V. It is critical to design 
a system to effectively convert the input voltage to these different voltage values. It is also 
important to determine the total power that is required by the loads. There is a lot of DC – 
DC converters on the market, all of which have unique output power limits. In some cases it 
is perfectly acceptable to use voltage regulators instead of individual DC – DC converters.  

2.4 Safety issues 
With any electrical device that is being interfaced with a human, safety is a critical part of 
the hardware design. Not only do you have to be concerned about the damage a human can 
do to the device (i.e. ESD) but also the harm the device can make to human. In the case of a 
wireless transmitting biomedical device, over voltage protection is not as important to the 
device as opposed to when the device is connected directly to the computer. This is because 
the wireless transmitter acts as an isolated buffer between the patient and the monitoring 
computer or device. This way, the highest voltage in the device will be the source, typically 
a low voltage battery. Even at the low voltages of a battery, some protection is necessary for 
the device. Typically, this is performed using diodes that are designed into the circuit to 
only conduct when there is an over-voltage event. Naturally, these diodes are placed near 
the inputs, such that it is the first/last components before passing to the patient. This way, 
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when the voltage is above the forward break down voltage (0.7 V for a silicon diode) the 
diode will then conduct. Since bioelectric signals have such small amplitude, the diodes do 
not disturb their signal. 

3. Digital hardware design   

3.1 Microcontroller and digital hardware design 
The digital hardware system has three major parts: Microcontroller Unit (MCU), In System 
Programmer (ISP), and a Wireless Module (WM). The MCU includes a built in analog to 
digital converter (ADC). The ISP provides that capability to update the code on the MCU 
that is already a part of the board. Finally, the wireless module is involved in wireless data 
transmission. This communication is typically performed using Bluetooth. An illustration  of 
this system is shown in Figure 6. 
 

 
Fig. 6. Digital hardware block diagram 

The MCU utilizes an 8-bit Reduced Instruction Set Computer (RISC), which has the 
advantages of simple commands, fast working speed, and low power consumption 
(2.7~5.5V). For example, the Atmel ATmega 128L has 16 Million Instructions per Second 
(MIPS) of performance. In addition, the ATmega MCU has 128 KB of In-System 
Programmable Flash with Read-While Writing capability. This is a type of flash memory 
that is 4 to 12 times faster than a general MCU. The ADC is responsible for converting 
continuous analog signals to digital signals. The ATmega MCU ADC has 8 channels and 10 
bit resolution. This MCU also supports 16 different voltage input combinations and fast 
conversion time of 13~260us. Naturally, all MCUs are different, and these specifications will 
vary from MCU to MCU. 
The ISP is the physical interface for programming the code on flash memory and EEPROM 
on the microcontroller. This hardware interface uses three signal lines: Master-Out-Slave-In 
(MOSI), Master-In-Slave-Out (MISO), and Clock (CLK). Once the reset pin on the 
microcontroller is set low, the code will updated via the ISP.  
There are two possibilities to transmit the data from the microcontroller to a display device. 
One way to do this is via serial communication through the MAX232 IC. This IC will convert 
a TTL or CMOS signal into serial communication voltage level. This transmitting option 
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requires a serial port and cable to transmit the data. In this sense, the communication is 
wired. Another option to transmit the data is via a wireless connection. This wireless 
communication is typically performed using a Bluetooth connection. This connection is 
created using a Bluetooth wireless module. In later sections, Bluetooth will be explored 
further. Other forms of wireless communication can be used, as per the system’s 
requirements.  

3.2 Wireless system characteristics  
Wireless system (Bluetooth) uses a 2.4GHz band for short distance and low power 
consumption communication. Bluetooth is used for its high reliability and low cost. It is 
supported by AT-Command and has a transfer rate of approximately 1 Mbps to 3 Mbps. 
Another feature of Bluetooth is its ability to guarantee stable wireless communication, even 
under severe noisy environment, by use of Frequency Hopping Spread Spectrum (FHSS). 
Bluetooth utilizes a packet based protocol with a master slave configuration. This 
configuration allows a wireless system to connect and communication to up to 7 devices. 
The terminology of master and slave is very straight forward. One device has control over 
one or more devices. In this application, the wireless transmitter has control over the 
wireless receiver. During communication, the transmitter first selects and pools the slave. 
This is termed the “inquiry” stage of communication, as master is determining the devices 
that it can connect to. Once the master pools the slave, the slave responds to the 
communication. Then the communication enters the “paging” phase that allows for the 
devices to synchronize the clock and frequency between the master and the slave. Once the 
master and slave modules are paired, the master module provides information to slave 
module with the master module‘s address. Once this is complete, the communication 
between devices can begin. The specifications for Bluetooth 2.0 are listed in Table 1.  
 

 
Table 1. Bluetooth 2.0 specifications 

To perform the Bluetooth communication, a Bluetooth Module is utilized. This transceiver 
allows for communication between microcontroller and display device. For example, a 
WINiZEN Bluetooth RS232 wireless module is used for the Bluetooth communication. The 
data transmission and receiving power consumption of this Bluetooth module is 18 to 30mA 
for transmission and 21~33mA for reception. Data transmission/reception is achieved for 
up to 10 meter distances. The WINiZEN Bluetooth module is operated at low power (3.3 V), 
and has the dimensions of 18x20x12 (mm). This size can be visualized in Figure 7. 
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Fig. 7. Bluetooth Module Dimensions and Pin Assignments 

The advantage of this, and any other small Bluetooth module, is the internal chip antenna 
that is used for short distance wireless communication. This is important since the 
transmitter or receiver device does not require an external antenna. 

3.3 Firmware and data communication  
The development of the firmware for the microcontroller is based upon the microcontroller 
that is being utilized in the design. As well, the code can be written in a verity of languages, 
typically Assembly and C, which again is dependent on the microcontroller selected. To 
continue the example microcontroller that was used in previous sections, Atmel ATmega 
microcontroller code was created using AVR Stdio4.0 and AVR ISP. The code was written in 
the C-language. AVR Stdio4.0 (Atmel Co., Ltd) which is a professional Integrated 
Development Environment (IDE) is used for writing, simulation, emulation and debugging. 
As a compiler, it also changes the firmware code from C-language to Hex code. An example 
firmware flow-charts for a biomedical signal transceiver is illustrated in Figure 8.  
 

 
Fig. 8. Firmware Block Diagram 
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The digital hardware works as follows. Once data from analog hardware circuitry has been 
amplified, filter, and shifted, the signal is sent to the ADC on the microcontroller. After the 
signal has been sampled, the microcontroller then sends the digital signal to the Bluetooth 
module via UART communication protocol. Then, the biomedical signal is transmitted 
wirelessly through wireless Bluetooth module, utilizing the master-slave configuration. 

4. ECG signal processing: A practical approach   

As an example of biomedical signal processing in a transceiver device, in this section, ECG 
signal analysis for real-time heart monitoring will be discussed. Following the discussion on 
previous sections, this section particularly describes where real-time ECG monitoring using 
hand-held devices, such as, smart phones or custom-designed health monitoring system. 
ECG analysis is one of the very first areas of physiological measurement where computer 
processing was introduced successfully. ECG has been widely used as the diagnostic 
measurement for heart monitoring. Typically cardiologists used to interpret the ECG tracing 
for identifying abnormalities related to function of heart. With the advancement in 
biomedical signal processing, it is now reality that smart monitoring system can mimic the 
rules cardiologists applies in order to monitor heart health in real time. Signal Processing 
and machine learning techniques plays an important role in this purpose. Hence, this type of 
smart devices would be useful in monitoring patient’s health in a more efficient way 
(Laguna et al., 2005). 
In the previous sections, we have described a low-cost real-time biomedical signal 
transceiver/monitoring system which could also use ECG as one of the physiological 
parameter to monitor health. 
In the following sub-sections, we will discuss the underlying ECG signal processing 
techniques used for identifying heart abnormalities. Typical steps are preprocessing of ECG, 
wave amplitude and duration detection, heart rate calculation, ECG feature extraction 
algorithms, and finally identifying the abnormalities. A typical block diagram is illustrated 
in following Figure 9 (Neuman, 2010). 
 

 
Fig. 9. Block diagram of biomedical signal transceiver for real-time acquisition, processing 
and heart condition monitoring system. The right portion of the system can be implemented 
in smart phone or PDA for smart health monitoring. 
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4.1 ECG digital filtering 
ECG signal is usually corrupted with different types of noise. These are baseline wander 
introduced during data acquisition, power line interference and muscle noise or artifacts as 
discussed in the pervious sections. Prior to applying different signal processing techniques 
for extraction different ECG features which are of clinical interests, data needs to be filtered 
in order to reduce noise and artifacts. Some of these filtering techniques are discussed below 
with a practical approach where the methods can be easily implementable (Laguna et al., 
2005, Clifford, 2006). 

4.1.1 Power line interference 
Appropriate shielding and safety consideration could be employed to reduce this particular 
type of noise in addition to analog filtering discussed in previous sections. After receiving 
signals at the receiver sides, it is preferred to get rid of this type of noise in the pre-
processing step (Laguna et al.,2005). Typically, band-stop (notch) filtering with cutoff, 
Fc=50/60 Hz would suppress such noise. Figure 10 illustrates the magnitude and phase 
response of a digital second order Infinite Impulse Response (IIR) notch filter with cutoff 
frequency of 60 Hz. 
 

 
Fig. 10. Magnitude and phase response of an Infinite Impulse Response (IIR) notch filter to 
remove 60 Hz power line noise. 

4.1.2 Baseline wanders correction 
Due to the error in data collection process, baseline as well as dc offsets could be introduced. 
Removal of baseline wander is required prior to further processing. There are several 
techniques that have been widely used such as filtering and polynomial curve fitting 
method (Laguna et al. 2005, Clifford, 2006). Since all data processing starts with visual 
inspection, as for offline ECG analysis, we should inspect the data for baseline wander and 
dc bias. DC bias can easily removed by subtracting the mean from the original signal. As for 
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the baseline wander corrections, filtering method is most widely used. Here, we will 
describe the linear filtering method to remove the baseline wander in ECG signals. 
The frequency of the baseline wander is usually below 0.5 Hz (Laguna et al. 2005). This 
information particularly helps in design a high-pass filter in order to get rid of baseline 
wander. The design of a linear time-invariant high pass filter requires several 
considerations, most importantly, the choice of cut-off frequency and filter order. The ECG 
characteristic wave frequencies are higher than baseline wander. Therefore, a carefully 
designed high pass filter with cut-off frequency,  Hz can effective remove the 
baseline. Baseline wander correction using a linear digital filter is shown in Figure 11. 
Instead of a high-pass filter we used band-pass filtering. We applied a sixth order 
butterworth filter with cutoff 0.7-40 Hz. To avoid distortion, zero phase digital filtering was 
performed by processing the data in both forward and reverse direction. This can be done 
using MATLAB command filtfilt.   
 

 
Fig. 11. ECG signal after band-pass filtering which effectively corrects baseline wander and 
reduces low frequency noise and high frequency artifacts. Prior to applying bandpass filter 
the DC components were removed from ECGs. 

4.2 QRS detection 
Detection of QRS complex is particularly most important in ECG signal processing. The 
information obtained from QRS detection, temporal information of each beat and QRS 
morphology information can be used for the improvement of performance for the other 
algorithms. In literature, many methods have been developed for detection of QRS complex. 
Most of these are based on filtering, nonlinear transformation and decision rules as well as 
using template matching method. In recent approaches, wavelet transform and empirical 
mode decomposition based algorithms have been developed. We will discuss a widely used 
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and robust real-time QRS detection algorithm popularly known as Pam-Tompkins 
algorithm (Pan & Tompkins, 1985). 
The Pan-Tompkins algorithm consists of several steps. This is a single channel detection 
method in order to achieve better performance. In order to attenuate noise, the signal is first 
passed through a digital band-pass filter composed of cascaded high-pass and low-pass 
filters (Pan & Tompkins, 1985). The band-pass filtering corrects the baseline wander, reduces 
muscle noise, 60 Hz power line interference, T-wave interference (Pan & Tompkins, 1985). 
The cutoff frequency of this band-pass filter is an important design parameter. Another 
reason of this filtering is to maximize the energy of QRS complex. Pan and Tompkins 
suggested choosing 5-15 Hz as desirable pass band. The next steps involve nonlinear 
transformation in order to highlight the QRS complex from baseline. These steps are 
differentiation, squaring followed by moving window integration. Derivative stage provides 
the slope information of QRS complex. Squaring operation intensifies the slope of the 
frequency response curve. It also helps to restrict the false positives caused by unusually 
high amplitude T waves. The signal produced by the moving window integration operation 
provides the slope and width of the QRS complex. The choice of window sample size is an 
important parameter. Generally, it should be chosen such a way that the window size is 
same as the QRS width. The window width can be determined empirically making sure that 
QRS complex and T waves do not merge together. For practical application, we choose 
window of 30 samples (150 ms, sampling frequency was 360 samples/s). Finally, an 
adaptive threshold will be applied to identify the location of QRS complexes (Pan & 
Tompkins, 1985).    
  

 

Fig. 12. Typical steps of Pan-Tompkins algorithm for detecting QRS complex: (a) band-pass 
filtered ECG signals; (b) after differentiation; (c) after performing squaring operation; (d) 
moving window integration; and (d) R peak detection. 

0 500 1000 1500 -500 
0

500

0 500 1000 1500 -100 
0

100

0 500 1000 1500 0

2000 
4000 

0 500 1000 1500 0

2

4
x 10

4

0 500 1000 1500 0

500

Samples

(b)

(a) 

(c) 

(d) 

(e) 



 
Biomedical Engineering – From Theory to Applications 

 

78

The fiducial points of the QRS complex can be detected from the integration waveform. The 
time duration of the rising edge is equal to the QRS width. The maximum slope is the 
location of R wave peak. Q and S points are the start and end points of the rising slope 
respectively (Pan & Tompkins, 1985). The R peak detection is illustrated in Figure 12. 

4.3 Heart rate computation and display 
Heart rate is a vital sign to determine the patient’s condition or well being. It can be easily 
computed from ECG (Neuman, 2010). Heart rate can be computed using various methods, 
for example, over one minute time period simply by counting the number of heart beats 
would give us the heart rate in beats per minute. However, if the QRS or R wave peak 
detector misses some beats that would adversely affect the heart rate and give wrong 
counts. The heart rate monitoring tool should avoid such wrong results. Therefore, it is 
more appropriate to measure the time duration between two successive R peaks known as 
R-R intervals and computing instantaneous heart rate directly from R-R interval. In clinical 
settings, heart rate is measured in beats per minute (bpm). So the formula for determining 
heart rate from RR interval is as following (Neuman, 2010). 

  60,000
   

 ( )
Heart rate bpm

RRinterval ms
          

Once the program computes the heart rate it can be presented on the display of the 
monitoring device. We have discussed a low cost biomedical signal transceiver, where ECG 
signal is one parameter for health monitoring. Using this wireless transceiver ECG signal 
can be transmitted to a hand-held device, such as, smart phone or PDAs. The smart phone 
will have applications capable of computing instantaneous heart rate or average heart rate 
of a pre-determined period of time and shown as a digital output in the display of the smart 
phone. The application would also be able to identify primary abnormalities such as 
premature atrial contraction (APC or PAC) or premature ventricular contraction (PVC) and 
present an auditory or visual alarm to the patient. 

4.4 P and T wave detection 
Once QRS locations are identified, two other fudicial marks in ECG, P and T wave peak can 
be detected using the R peak location information. For detecting T wave onset, peak and 
offset, we should define a search window in forward direction. The size of the search 
window can be function of heart rate calculated. For detecting P wave, a backward search is 
required. Search window size can be determined similarly (Laguna et al., 1994). 
Laguna et al. (1994) proposed an automatic method of wave boundaries detection in 
multilead ECG. The algorithm includes a QRS detector for multilead ECG, P and T wave 
detection. Since, a robust method of QRS detector for single channel has already been 
discussed in previous sub-sections here we focus mainly on P and T wave detection. 
Moreover, this method is also based on the QRS detection method of Pan and Tompkins. In 
preprocessing steps, a second order linear bandpass filter (cutoff frequency of 0.8-18 Hz, -
3dB) is applied to the signal to remove baseline wander and attenuate high frequency noise. 
This signal is called ECGPB. Then a low-pass differentiator (Pan & Tompkins, 1985) is 
applied to obtain the information about changes in slope. This differentiated signal is called 
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ECGDER. Then moving-window integration will be performed. In this case, Laguna et al. 
had chosen the window size of 95 ms. Since P and T waves usually have lower frequency 
components than the QRS complex, a digital low-pass filter (cutoff frequency of 12 Hz, -3dB) 
is applied to the ECGDER signal. This filtering reduces the remaining noise and highlights 
the P and T wave components and the signal is called (DERFI) (Laguna et al. 1994). Now a 
search window of 150 ms is defined which starts 225 ms before the R wave position. In this 
search window, the algorithm searches for maximum and minimum values. The P wave 
peak is assumed to be occurred at the zero-crossing of the maximum and minimum values 
(Laguna et al., 1994).   
Similarly for T wave detection, a search window is defined which is a function of heart rate 
already calculated. In this search window, the algorithm searches for maximum and the 
minimum values. However, the T wave peak is assumed to be occurred at the zero-crossing 
of the maximum and minimum values. The T wave morphology varies hugely. The 
algorithm can also identify the type of T wave (for example, regular or inverted) by 
examining the relative position and values of the maximum and minimum values in the 
search window (Laguna et al., 1994). 
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1. Introduction 

Biomedical analysis is one of the most advanced areas solved in analytical chemistry due to 
the requirements on the analyzed samples (analyte vs. matrix problems) as well as on the 
overall analytical process regarding automatization and miniaturization of the analyses. 
Separation methods for the biomedical analysis are requested to provide high resolution 
power, high separation efficiency and high sensitivity. This is connected with such conditions 
that analytes are present in the samples in very low (trace) amounts and/or are present in 
multicomponent matrices (serum, plasma, urine, etc.). These complex matrices consist from 
inorganic and organic constituents at (very) differing concentrations and these can overlap the 
analyte(s) peak(s) due to migration and detection interferences. In addition, a column 
overloading can occur in such cases. It can be pronounced especially for the microscale 
separation methods such as the capillary electrophoresis (CE). Hence, it is obvious that there is 
the need for the sample preparation: (i) preconcentration – lower limits of detection and 
quantification; (ii) purification of the sample and isolation of analytes – elimination of sample 
matrix; (iii) derivatization – improvement of physical and/or chemical properties of the 
analytes, before the CE analysis in these situations to reach relevant analytical information.  
Sample pretreatment can be performed either off-line (before injection of analyzed sample 
into the analyzer) or on-line (after the injection). The conventional separation systems (single 
column) use mostly external (off-line) sample pretreatment, even though this analytical 
approach has many limitations. These are (i) a loss of the analytes, (ii) time consuming and 
tedious procedure, (iii) problematic manipulation with minute amounts of the samples, (iv) 
problematic for automatization, (v) decreased precision of the analyses, etc. On the other 
hand, on-line sample pretreatment has many advantages as (i) elimination of random 
and/or systematic errors caused by external sample handling, (ii) simplification of an 
overall analytical process (less number of an external steps), (iii) reduction of the total 
analysis time and (iv) possibility of the automatization and miniaturization of the analytical 
process (routine precise microanalyses). A significant enhancement of sensitivity and 
selectivity is one of the main benefits of the on-line sample pretreatment. An on-line 
pretreatment is crucial when there are only micro amounts of the samples for the analysis 
and/or when analytes/samples have lower stability.  
The advanced single column electrophoretic techniques (transient isotachophoresis, field-
enhanced sample stacking, dynamic pH junction, sweeping, in-capillary solid/liquid phase 
extraction-CE, in-capillary dialysis-CE, etc.), representing the CE with the on-line (in-
column) sample preparation, were described and successfully applied for trace analytes and 
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less or more complex matrices in many cases (section 2). The aim of this chapter is to 
demonstrate potentialities and practical applications of a column coupling electrophoresis 
as another group of the on-line sample preparation analytical approaches (section 3) 
enabling powerful combination of (i) electrophoretic techniques (ITP, CZE, IEF, CEC) 
(sections 3.1.1 and 3.2.1), (ii) electrophoretic and non electrophoretic (liquid 
chromatography, flow injection analysis, etc.) techniques (sections 3.1.2 and 3.2.2). In this 
way, it should be possible to create the most complex, flexible and robust tool filling the 
above mentioned requirements of the advanced analysis. Such tool and its modes are 
described in this chapter with regard to the theory, basic schemes, potentialities, for the 
capillary (section 3.1) as well as microchip (section 3.2) format. This theoretical description is 
accompanied with the performance parameters achievable by the advanced methods 
(section 4) and appropriate application examples in the field of the biomedical analysis 
(section 5). For a better understanding of the benefits, limitations and application potential 
of the column coupling electrophoretic methods the authors decided to enclose the short 
initial section with a brief overview of advanced single column electrophoretic techniques 
(section 2) that often take part also in the column coupling electrophoresis. 

2. Advanced single column techniques 

As it is known from the literature (Simpson et al., 2008; Bonato, 2003) CE has many 
advantages (high separation efficiency, versatility, flexibility, use of aqueous separation 
systems, low consumptions of electrolytes as well as minute amounts of samples). Beyond 
all the advantages, conventional CE has also some drawbacks, which limit its application in 
routine analytical laboratories. They include (i) relatively difficult optimization of conditions 
of analytical measurements, (ii) worse reproducibility of measurements (especially when 
hydrodynamically open separation systems are used where non selective flows, 
hydrodynamic and electroosmotic are acting) than in liquid chromatography, (iii) low 
sample load capacity and need for the external (off-line) sample preparation for the complex 
matrices (measurement of trace analyte besides macroconstituent(s) can be difficult without 
a sample pretreatment), and (iv) difficulties in applying several detection methods in 
routine analyses (Trojanowicz, 2009). 
Some of these limitations can be overcome using advanced single column techniques. They 
provide (i) improved concentration LOD, (ii) automatization (external manipulation with 
the sample and losses of the analyte are reduced, analytical procedure is less tedious and 
overall analysis time can be shortened, labile analytes can be analysed easier) and (iii) 
miniaturization of the analytical procedure (pretreating of minute amounts of the sample is 
possible and effective), (iv) elimination of interfering compounds, according to the 
mechanism employed. However, the sample load capacity of these techniques is still 
insufficient (given by the dimensions of the CE capillaries). The advanced single column CE 
techniques usually suffer from lower reproducibility of the analyses due to the complex 
mechanisms of the separation which controlling can be difficult in practice. Moreover, the 
capillaries with embedded non electrophoretic parts (membranes, columns, fibers, monolits) 
are less versatile (Simpson et al., 2008). 

2.1 Stacking electrophoretic pretreatment techniques 
Stacking procedures are based on increasing analyte mass in its zone during the 
electromigration process via electromigration effects, enhancing sensitivity in this way. In all 
cases, the key requirement is that there is an electrophoretic component in the 
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preconcentration mechanism and that the analytes concentrate on a boundary through a 
change in velocity. Then we can recognize (i) field-strength-induced changes in velocity 
(transient isotachophoresis (Beckers & Boček, 2000a), field-enhanced sample stacking (Kim 
& Terabe, 2003; Quirino & Terabe, 2000a), and (ii) chemically induced changes in velocity 
(dynamic pH junction (Britz-McKibbin & Chen, 2000), sweeping (Kitagawa et al., 2006; 
Quirino & Terabe, 1998, 1999; Quirino et al., 2000b)). In addition to these techniques, 
counter-flow gradient focusing (Shackman & Ross, 2007), electrocapture (Horáková et al., 
2007), and many others can be considered as the techniques based on a combination of field-
strength- and chemically induced changes in velocity offering new interesting possibilities 
in on-line sample preparation (mainly preconcentration).  
Some of the stacking techniques (and their combinations) can provide besides (i) the 
preconcentration also other benefits such as (ii) an effective sample purification isolating 
solute (group of solutes) from undesired matrix constituents (Simpson et al., 2008) or they 
can be combined with (iii) chemical reaction of the analyte(s) (Ptolemy et al., 2005, 2006), 
simplifying overall analytical procedure in this way. The choice of on-line pretreatment 
method depends on the specific physical-chemical properties of the separated analytes (e.g. 
charge, ionization, polarity) and the sample matrices (mainly concentration). For example, 
an on-line desalting of a physiologic sample can be effectively accomplished by the 
electrokinetic removing of the fast migrating low molecular ions prior to the IEF focusing of 
the high molecular analytes (proteins) (Clarke et al., 1997).  

2.2 Non electrophoretic pretreatment techniques 
An on-line sample preparation can be carried out advantageously also combining the CE 
with a technique that is based on a non electrophoretic principles. Most of these approaches 
are based on (i) the chromatographic or extraction principles (separations based on chemical 
principles), but also other techniques, such as (ii) the membrane filtration, MF (separations 
based on physical principles), can be used. In this case, a non electrophoretic segment (e.g. 
extractor, membrane) is fixed directly to the CE capillary (in-line combination) (Petersson et 
al., 1999; Mikuš & Maráková, 2010). 
In-line systems such as CEC/CZE (Thomas et al., 1999), SPE/CZE (Petersson et al., 1999) or 
MF/CZE (Barroso & de Jong, 1998) are attractive thanks to their low cost and easy 
construction. On the other hand, versatility of such systems is limited (in-capillary segment 
cannot be replaced). One of the main limitations of performing in-line sample preparation is 
that the entire sample must pass through the capillary, which can lead to fouling and/or 
even clogging of the separation capillary and significant decreasing of reproducibility of the 
analyses when particularly problematic samples (like biological ones) are used. It can be 
pronounced especially for the extraction techniques (created inserting a solid-phase column 
into capillary, where the whole analytical procedure is very complex and it includes 
conditioning, loading/sorption, washing, (labeling, if necessary), filling (by electrolyte), 
elution/desorption, separation and detection. In order to overcome these issues, on-line 
methods based on another way of coupling of two different techniques may be used as 
alternatives to the in-line systems.  

3. Advanced column coupled techniques 

Multidimensional chromatographic and capillary electrophoresis (CE) protocols provide 
powerful methods to accomplish ideal separations (Hanna et al., 2000; Křivánková & Boček, 
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1997a). Among them the most important ones are the integrated systems containing 
complementary dimensions, where different dimensions separate components on the basis 
of independent or orthogonal principles (Moore & Jorgenson, 1995; Lemmo & Jorgenson, 
1993; Mohan & Lee, 2002). In such a multidimensional system, the peak capacity is the 
product of the peak capacities of each dimension (Guiochon et al., 1983). A key part in the 
instrumentation of the hyphenated techniques is an appropriate interface that enables to 
connect and disconnect two different stages (e.g. columns) reproducibly and flexibly 
according to the relevance and relation of the particular actions in the analytical process.  
The column coupling arrangement, where two or more separation techniques are arranged 
into two or more separated stages, can be a very effective approach offering additional 
benefits to the advanced single column CE techniques and reducing some of their 
disadvantages. Nevertheless, the advanced mechanisms given in section 2 can also be 
adapted into the column coupling arrangement enhancing the effectivity and application 
potential of the resulting method. Two separate stages provide (i) sample preparation 
(preseparation, preconcentration, purification and derivatization) and (ii) analytical 
separation of on-line pretreated sample. The benefits of the column coupling configuration, 
additional to the advanced single column CE, involve (i) autonomic combination of various 
separation mechanisms that provide enhanced and well defined separation selectivity, and a 
possibility to replace easily one of the stages (ii) well defined and more effective elimination 
of the undesirable sample matrix components, (iii) significant enhancement of the sample 
load capacity (especially for the larger internal diameters of capillaries) resulting in the 
improved LOD, (iv) improved precision of the analyses due to well defined control of the 
separation mechanisms (Kaniansky et al., 1993; Kaniansky & Marák, 1990). 
The most frequently used and the simplest column coupling configuration is the CE 
combined with another CE (CE-CE, CE-CE-CE) (Kaniansky & Marák, 1990). Hybrid column 
coupled techniques are based on the combination of a non electrophoretic technique with 
the CE, e.g. LC-CE (Pálmarsdóttir & Edholm, 1995), SPE-CE (Puig et al., 2007), dialysis-CE 
(Lada & Kennedy, 1997), FIA-CE (Mardones et al., 1999). They offer different separation 
mechanisms in comparison with the CE-CE, however, they have more demands on 
instrumentation. Additionally to the on-line combination of conventional column techniques 
(electrophoretic as well as non electrophoretic) the column coupling arrangement combining 
a conventional technique with an advanced one (section 2) is applicable too. These types of 
the column coupled techniques are discussed in detail and illustrated through the 
corresponding instrumental schemes for both the capillary (section 3.1) as well as microchip 
(section 3.2) format. 

3.1 Capillary format 
3.1.1 Hyphenation of electrophoretic techniques 
The hyphenation of two electrophoretic techniques in capillary format (see Fig. 1) can 
effectively and relatively easily (simple and direct interface) solve the problems of the sample 
preparation and final analysis (fine separation) in one run in well defined way, i.e. producing 
high reproducibility of analyses, in comparison to the single column sample preconcentration 
and purification approaches (section 2). Moreover, the CE performed in a hydrodynamically 
closed separation system (hydrodynamic flow is eliminated by semipermeable membranes at 
the ends of separation compartment) with suppressed electroosmotic flow (EOF), that is 
typically used in the CE-CE configuration, has the advantage of (i) the enhanced precision due 
to elimination of the non selective flows (hydrodynamic, electroosmotic), and (ii) enhanced 
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sample load capacity (30 L sample injection volume is typical) due to the large internal 
diameter of the preseparation capillary (800 m I.D. is typical) (Kaniansky & Marák, 1990; 
Kaniansky et al., 1993). The commercially available CE-CE systems have a modular 
composition that provides a high flexibility in arranging particular moduls in the separation 
unit. In this way, it is possible to create desirable CE-CE combinations such as (i) ITP-ITP, (ii) 
ITP-CZE, (iii) CZE-CZE, etc., capable to solve wide scale of the advanced analytical problems 
(see Fig. 1). Although such combinations require the sophisticated instrument and deep 
knowledge in the field of electrophoresis, the coupled CE methods are surely the most 
effective way how to take/multiply benefits of both CE techniques coupled in the column-
coupling configuration of separation unit. The basic instrumental scheme of the column 
coupled CE-CE system shown in Fig. 1 is properly matching with hydrodynamically closed 
CE modes where effective electrophoretic mobility is the only driving force of the separated 
compounds. On the other hand, when additional supporting effects such as counterflow, 
electroosmotic flow etc. must be employed, appropriate modifications of the scheme in Fig. 1 
are made. Such modified instrumental schemes are attached into the sections dealing with IEF 
or CEC coupled techniques (3.1.1.3 and 3.1.1.5) that are principally applicable only in 
hydrodynamically open CE mode (Mikuš et al., 2006; Danková et al., 2001; Busnel et al., 2006).  
 

 
Fig. 1. CE-CE method in column coupling configuration of the separation units for the direct 
analysis of unpretreated complex matrices sample, basic instrumental scheme. On-line 
sample preparation: removing matrices X (ITP, CZE), preseparation (ITP, CZE) and/or 
preconcentration (ITP, stacking) and/or derivatization (with stacking) of analytes Y, Z in the 
first CE stage (column C1). Final separation: baseline separation of Y and Z in the second CE 
(ITP, CZE) stage (column C2). Reprinted from ref. (Tekeľ & Mikuš, 2005), with permission. 
C1 – preseparation column, C2 – analytical column, B – bifurcation block for coupling C1 
and C2, D – positions of detectors. 

3.1.1.1 ITP-CZE 

Although all electrophoretic methods can be mutually on-line combined, the biggest 
attention was paid to the ITP-CZE coupling, introduced more than 20 years ago by 
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Kaniansky (Kaniansky & Marák, 1990). The analytical benefits of the ITP-CZE combination 
have been already well documented (Fanali et al., 2000; Danková et al., 2001; Kvasnička et 
al., 2001; Valcárcel et al., 2001; Bexheti et al., 2006; Beckers, 2000b;  Křivánková et al., 1991; 
Křivánková & Thormann, 1993; Křivánková & Boček, 1997a).  
An on-line combination of ITP with CZE appears to be promissing for alleviating some of 
the following practical problems (Kaniansky & Marák, 1990): 
i. ITP is a separation technique with a well defined concentrating power while the 

separands migrate stacked in sharp zones, i.e., it can be considered as an ideal sample 
injection technique for CZE, 

ii. In some instances the detection and quantitation of trace constituents separated by ITP 
in a large excess of matrix constituents may require the use of appropriate spacing 
constituents. Such a solution can be very beneficial when a limited number of the 
analytes need to be determined in one analysis. It becomes less practical (a search for 
suitable spacing constituents) when the number of trace constituents to be determined 
in one analysis is high, 

iii. In CZE, high-efficiency separations make possible a multi-component analysis of trace 
constituents with close physico-chemical properties. However, the separations can be 
ruined, e.g., when the sample contains matrix constituents at higher concentrations than 
those of the trace analytes. 

A characteristic advantage of the ITP-CZE combination is a high selectivity/separability 
obtainable due to the CZE as the final analytical step. Hence, the ITP-CZE method can be 
easily modified with a great variety of selectors implemented with the highest advantage 
into the CZE stage enabling to separate also the most problematic analytes (structural 
analogs, isomers, enantiomers). The ITP-CZE methods with chiral as well as achiral CZE 
mode have been successfully applied in various real situations (Mikuš et al., 2006a, 2008a, 
2008c; Danková et al., 2001; Marák et al., 2007; Kvasnička et al., 2001).  
The most frequently used ITP-CZE system works in the hydrodynamically closed separation 
mode that is advantageous for the real analyses of multicomponent ionic mixtures because 
of the best premises for enhancing sample load capacity (enables using capillaries with very 
large I.D.). Such commercial system is applied with just one high-voltage power supply and 
three electrodes (one electrode shared by the two dimensions), see Fig. 1. The electric circuit 
involving upper and middle electrode (electric field No. 1) is applied in the ITP stage while 
upper and lower electrode (electric field No. 2) is applied in the CZE stage. For the 
separation ITP-CZE mechanism see chronological schemes in Fig.2. The focused zone in the 
first dimension (ITP) is driven to the interface (bifurcation point) by only electric field No. 1. 
The cut of the zone of interest in the ITP stage is based on the electronic controlling 
(comparation point) of the relative step heigth (Rsh, a position of the analyte between the 
leading and terminating ion, it is the qualitative indicator depending on the effective 
mobility of the analyte) of the analyte, see Fig. 3. The conductivity sensor (upper D in Fig. 1, 
D-ITP in Fig.2) serves for the indication of the analyte zone. This is very advantageous 
because such indication is (i) universal and (ii) independent on other comigrating 
compounds (sample matrix constituents migrating in the ITP stage) and therefore 
independent on sample composition. The electric circuit is switched and electric field No. 2 
(upper and lower electrode) is applied in an appropriate time (this time is set electronically 
depending on requirements of the composition of the transferred plug) after the indication 
of the analyte zone passing through the upper D. From this moment the all ITP zones are 
directed to the CZE stage for the final separation and detection. It is possible to carry out 
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one or more cuttings depending on the zones of interest and/or interfering matrix 
constituents present in the sample. The interface between the separation solutions in the ITP 
and CZE capillary is free (without any mechanical restraint) but mixing of the electrolytes is 
eliminated (with the exception of difusion) by suppressing all non selective flows 
(hydrodynamic, electroosmotic) in the system. This is advantageous by an easy construction 
and elimination of dead volumes in the separation system (Ölvecká et al., 2001; Kaniansky et 
al., 2003). 
 

 
Fig. 2. ITP sample clean up for CZE with the closed separation system (without any 
supporting non selective flow). (a) Starting arrangement of the solutions in the capillaries; 
(b) ITP separation with the analyte (A) trapped into the boundary layer between the zones 
of front (M1) and rear (M2) spacers; (c) end of the run in the ITP capillary followed by an 
electrophoretic transfer of the analyte containing fraction to the CZE capillary (by switching 
the direction of the driving current); (d) removal of the sample constituents migrating 
behind the transferred fraction (by switching the direction of the driving current); (e) 
starting situation in the separation performed in the CZE capillary (the direction of the 
driving current was switched); (f) separation and detection of the transferred constituents in 
the CZE capillary. BF = bifurcation region; C1, C2 = the ITP and CZE separation capillaries, 
respectively; D-ITP, D-ZE = detection sensors in the ITP and CZE separation capillaries, 
respectively; TES = terminating electrolyte adapted to the composition of the sample (S); 
TITP = terminating electrolyte adapted to the composition of the leading electrolyte 
solution; A = analyte, i = direction of the driving current. Reprinted from ref. (Kaniansky et 
al., 2003), with permission. 
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Fig. 3. Graphical illustration of the principle of the electronic cutting of the zone of interest 
in the ITP stage of the ITP-CZE combination. L = leading ion, T = terminating ion, X = 
matrix compound(s), Y, Z = analytes, R = resistance. Reprinted from ref. (Ölvecká et al., 
2001), with permission. 

The principle of this hyphenated technique consists from well-defined preconcentration 
(concentration LODs could be reduced by a factor of 103 when compared to conventional 
single column CZE) and preseparation (up to 99% or even more interfering compounds 
can be isolated (Danková et al., 1999)) of trace analytes in the first, wider, capillary 
(isotachophoretic step) and subsequently a cut of important analytes accompanied with a 
segment of the matrix, leading or terminator enters the second, narrower, capillary for the 
final separation by CZE (Fig. 2, Fig.3). The presence of this segment results from the fact 
that we do not want to lose a part of the analyzed zones and we must make a cut 
generously. The zone of this segment survives for a certain time during the CZE stage and 
this mean that ITP migration continues also in the second capillary for some time and it 
influences strongly the results of the analysis, especially the detection times of analytes 
used for identification of the analytes in CZE separations (Busnel et al., 2006; Gebauer et 
al., 2007; Mikuš et al., 2006a). From this is clear that it is important in an ITP-CZE 
combination to choose suitable electrolyte systems and find the optimum time to switch 
the current from the preseparation capillary to the separation capillary (Křivánková et al., 
1995).  
The ITP-CZE technique appeared to be very useful especially for the common universal 
detectors producing relatively low concentration LODs (UV-VIS photometric detector). It 
is because such method provides probably one of the most acceptable ratio simplicity-
cost: universality-concentration LOD in comparison to other column coupling methods 
and detection systems. This suggestion is supported by many advanced applications of 
the ITP-CZE-UV method in the pharmaceutical and biomedical field (Marák et al., 2007; 
Mikuš et al., 2008a, 2008b, 2008c, 2009). Jumps in voltage (conductivity) between 
neighboring zones result in permanently sharp boundaries between zones (Fig. 3) that is 
extremely convenient for the conductivity detection in ITP. Although convenient to the 
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detection of the ITP zones, conductivity detection technique has a limited applicability in 
the CZE separations (often measurements of small conductivity changes due to the zones 
on a relatively high conductivity background of the carrier electrolyte) (Ölvecká et al., 
2001; Kaniansky et al., 2000). 
3.1.1.2 ITP-ITP 

The ITP-ITP combination  represents the simplest possibility how to combine CE 
techniques. For the general instrumental scheme valid also for ITP-ITP, see Fig. 1. In the 
ITP–ITP mode both preseparation (wider) and analytical (narrower) capillaries are filled 
with (i) the same leading electrolyte (one-dimensional ITP) or (ii) different electrolytes 
(two-dimensional ITP) (Flottmann et al., 2006; Bexheti et al., 2006; Mikuš et al., 2006b; 
Kubačák et al., 2006a, 2006b, 2007). The ITP separation in a concentration cascade, 
introduced into conventional CE by Boček et al., (Boček et al., 1978) enhances the 
detectabilities of the separated constituents from the response of the conductivity 
detection due to well-known links between the concentration of the leading electrolyte 
and the lengths (volumes) of the zones (Marák et al., 1990) 
The first ITP stage of the ITP-ITP combination can apply all benefits as they are described 
for the ITP stage of the ITP-CZE combination in section 3.1.1.1. On the other hand, the ITP-
ITP technique can take the highest advantage of the hyphenation with the MS detection 
(Tomáš et al., 2010). It is because of an intrinsic feature of ITP to produce pure analyte zones, 
i.e. those in which the analyte is accompanied only with counter ion, in the isotachophoretic 
steady state. In this way, the maximum response of the MS detector can be obtained for the 
analyte. Therefore, the ITP-ITP-MS hyphenation seems to be one of the most promissing 
methods for the fully automatized biomedical analyses such as pharmacokinetic studies, 
metabolomics, etc. An economic aspect of the ITP-ITP-MS method in comparison with the 
HPLC-MS method for the ionic compounds is apparent. 
3.1.1.3 ITP-CEC 

Another approach in the column coupled electrophoresis is the use of ITP sample focusing 
to improve the detection limits for the analysis of charged compounds in capillary 
electrochromatography (CEC). Besides this, the on-line isotachophoretic stage can serve also 
for a loadability enhancement (due to a large inner diameter of the ITP capillary). Both of 
these effects are then responsible for a dramatic reduction of the sample concentration 
detection limits through simultaneous acting of (i) large volume injection and (ii) analyte 
stacking (Mazereeuw et al., 2000). 
In the ITP-CEC combination (Fig. 4), the open ITP mode must be applied because of the 
demands of the second stage (CEC) that is based on the EOF action. A coupled-column 
set-up can be used, in which counterflow ITP focusing is performed, and the separation 
capillaries are connected via a T-junction. For the schematic representation of the ITP–
CEC procedure see Fig. 5. From the application point of view, the first ITP stage is 
advantageous especially for the injection of large volumes (tens of microliters) of diluted 
samples. When a very large sample is introduced, however, the focusing time of the 
sample often exceeds the migration time to the outlet of the ITP capillary. By applying a 
hydrodynamic counterflow (applicable in the hydrodynamically open CE systems) the 
ITP focusing will continue while extending the migration towards the outlet of the ITP 
capillary. Although the hydrodynamically open CE systems have the advantage of 
application of the supporting flows (counterflow, electroosmotic), it must be realized that 
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the reproducibility of cutting and also overall analysis is generally lower than in the 
hydrodynamically closed CE systems due to the fluctuations of the non selective flows in 
the separation system.  
 

  
Fig. 4. Schematic representation of the ITP–CEC set-up. Right scheme: Schematic 
representation of the ITP–CEC–UV set-up with a (P) programmable capillary injection 
system, (D) UV–VIS absorbance detector, (A) amperometer and (T) laboratory made 
polyethylene T-piece. Untreated fused-silica capillaries of 220 m I.D. (1 and 2) and 75 m 
(3) are used. Left scheme: Schematic representation of the entire ITP–CEC–MS set-up. The 
electrospray needle with the sheath flow contains the CEC column, which is directly 
connected with the electrospray. The spray is directed towards the inlet capillary of the 
interface on the SSQ 710 mass spectrometer (MS). HV is the electrospray power supply. 
Reprinted from ref. (Mazereeuw et al., 2000), with permission. 

The first ITP stage of the ITP-CEC combination can apply all benefits as they are described 
generally for the ITP stage of ITP-CZE combination in section 3.1.1.1. In ITP-CEC, the ITP 
sample clean-up effect is extremely important for enhancing reproducibility of CEC 
especially when injecting complex biological samples. The CEC stage of the ITP-CEC 
technique can take a high advantage of the hyphenation with the UV-VIS or MS detection, 
for the schemes of the experimental setups see Fig. 4. It is pronounced in the situations when 
the selectors interfering with the detection must be used in the separation system in order to 
establish the required selectivity. Immobilization of such selectors in the CEC column 
prevents their entering into the detector cell resulting in the elimination of the detection 
interferences. In this way, the maximum response of the UV-VIS or MS detector can be 
obtained for the analyte. Hence, the ITP-CEC combination seems to be a powerful tool for 
the on-line selective separation, sensitive determination and spectral identification of chiral 
compounds and various other isomers and structurally related compounds (i.e. 
“problematic” analytes) present in complex ionic matrices. The ITP-CEC-MS hyphenation 
seems to be one of the most promissing methods for the fully automatized biomedical chiral 
analyses such as enantioselective pharmacokinetic studies, metabolomics, etc. (Mazereeuw 
et al., 2000). 
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Fig. 5. Schematic representation of the ITP–CEC procedure (with a supporting non selective 
flow). The sample loading, ITP focusing step, sample zone transfer and CEC separation are 
shown in step 1, 2, 3 and 4, respectively. The set-up contains a (D) UV–VIS absorbance or 
MS detection, (T) terminator buffer and (L) leading buffer. Untreated fused-silica capillaries 
of 220 m I.D. (1 and 2) and 75 m (3) are used. Reprinted from ref. (Mazereeuw et al., 
2000)., with permission. 

3.1.1.4 CZE-CZE 

CE separation system with tandem-coupled columns, i.e. CZE-CZE makes possible, within 
certain limits, splitting a CZE run into a sequence of the separation and detection stages (for 
the general instrumental scheme valid also for CZE-CZE, see Fig. 1). Therefore, the carrier 
electrolyte employed in the first (separation) stage of the run could be optimized with 
respect to the resolution of an analyte from complex (biological) matrix. In this way, a very 
significant ‘‘in-column’’ clean-up of the analytes from complex ionic matrices can be reached 
in the separation stage of the tandem by combining appropriate acid-basic (pH) and 
complexing (selectors) conditions. Due to this, the detection (e.g. spectral) data could be 
acquired in the detection stage of the tandem with almost no disturbances by matrix co-
migrants (Danková et al., 2003). 
The carrier electrolyte employed in the second (detection) stage could be chosen to reach 
favourable conditions in the acquisition of detection (e.g. spectral) data while maintaining 
the resolution of the analyte from matrix constituents as achieved in the separation stage 
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(Danková et al., 2003). Such two-dimensional systems reduce probability of component 
overlap and improve peak identification capabilities since the exact position of a compound 
in a two-dimensional electropherogram is dependent on two different separation 
mechanisms (Sahlin, 2007). 
The CZE-CZE combination can be set to achieve a remarkable selectivity. On the other hand, 
it is considerably less sensitive than the ITP-CZE combination due to the absence of stacking 
capability of the basic CZE technique. It can be overcome, fortunately, replacing a basic CZE 
technique by an advanced one (e.g. stacking). The CZE-CZE technique is favorable for the 
hyphenation with various detection techniques (e.g. spectral, electrochemical) because it 
makes possible splitting of the CZE run into a sequence of the separation and detection 
stages (Danková et al., 2003). 
3.1.1.5 IEF-CZE, -CGE 

Arduous proteomics tasks require techniques with high throughput and high efficiency in 
order to screen a certain proteome expression and to monitor the effects of environmental 
conditions and time on the expression. There seldom is, at present, a single separation mode 
sufficient enough to deal with such complex samples. CE is a significant tool for the 
separation of proteins and peptides (Dolnik &. Hutterer, 2001). To finish complicated 
separation jobs, great efforts have been concentrated on the development of 2D CE (Yang et 
al., 2003b). IEF, CGE and CZE are the most effective electrophoretic techniques for 
zwitterionic compounds, therefore the on-line combination of these techniques is of the 
highest importance for the protein analysis with perspectives of their automatization and 
miniaturization (Kaniansky et al., 2000; Chen X. et al., 2002; Kvasnička et al., 2001). 
When performing isoelectric focusing, one can fill the total volume of a capillary with 
sample solution. It can be expected that the detection sensitivity of the hyphenated system 
benefits from the concentration effect of the first dimension of IEF. This feature holds 
advantage over other CE modes such as CZE, CGE, micellar electrokinetic capillary 
chromatography (MECC), and capillary electrochromatography (CEC). Practically, IEF has a 
power to concentrate analytes up to several hundred folds in a capillary (Shen et al., 2000). 
Such a condensed and shortened analyte plug in a capillary is appropriate for sample 
injection to other CE modes. Therefore IEF is a proper candidate for the first dimension in a 
multi-dimensional CE system. Apparently, this will improve the sensitivity for mass 
detection. It is advantageous over those systems in which IEF was utilized as the second 
dimension. Nevertheless, the sensitivity of UV absorbance suffers from the necessity of the 
CAs involved in IEF. Of course, isotachophoresis (ITP) as a pretreatment tool for CZE 
separation also has a concentration effect (Kaniansky et al., 1999). ITP is carried out based on 
the mobility differences of ions and, IEF, based on different pIs of ampholytic molecules. 
Capillary isoelectric focusing (IEF) and capillary zone electrophoresis (CZE) can be on-line 
hyphenated by a dialysis interface to achieve a 2D capillary electrophoresis (CE) system, i.e. 
IEF-CZE (Fig. 6), as it was demonstrated by Yang et al. (Yang et al., 2003b). The system was 
used with just one high-voltage power supply and three electrodes (one cathode shared by 
the two dimensions). The focused and preseparated (according to differences in the 
isoelectric points of the analytes) zones in the first dimension (i.e. the IEF) were driven to the 
dialysis interface by electroosmotic flow (EOF), besides chemical mobilization from the first 
anode to the shared cathode. Zero net charged analyte molecules focused in the first 
dimension are recharged in the interface (I2 in Fig. 6) according to the pH of the altered 
buffer. The semi-permeable property of the interface ensures that macromolecules of 
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ampholytic analytes remain in the separation channel. In the second dimension (i.e. the 
CZE), the preseparated zones were further separated (according to the ratios of charge and 
mass, i.e. electrophoretic mobility) and driven by an inverted EOF, which originated from 
the charged layer of a cationic surfactant adsorbed onto the inner wall of the capillary. It can 
be concluded that the 2D IEF–CZE system possesses higher resolving power than each of 
the single modes. This protocol of the 2D CE system endues the interface with durability 
and makes for convenient performance. To reduce the dead volume, it is necessary to match 
the inner diameter of the hollow fiber to that of the capillaries. The tangent surfaces of these 
units should be made even and smooth. 
 

 
Fig. 6. Construction of 2D IEF–CZE. Upper scheme: general overview. S: high-voltage power 
supply; C1, C2: capillaries; I1, I2, I3: interfaces; D: detector. Lower scheme: detail of dialysis 
interface. (1) capillaries; (2) buffer reservoir; (3) hollow fiber; (4) electrode; (5) buffer inlet; (6) 
buffer outlet. Reprinted from ref. (Yang et al., 2003b), with permission. 

A two-dimensional capillary isoelectric focusing–capillary gel electrophoresis (IEF–CGE) 
system is another modification of the technique based on on-line combination of IEF with 
zone electrophoresis (Yang et al., 2003a). It also can be accomplished just with one high-
voltage power supply and three electrodes. Chemical mobilization can be utilized to drive 
the sample zones of the first dimension. To actualize 2D IEF–CGE performance, coated and 
gel-filled capillaries are needed to eliminate the undesired EOF. In a gel-filled capillary the 
emergence of bubbles is tedious. From this point of view, it is valuable to exploit a more 
convenient and robust 2D CE system such as IEF-CZE (as illustrated above). 

3.1.2 Hyphenation of electrophoretic and non electrophoretic techniques 
Lately there were introduced into CE several hybrid on-line sample preparation techniques 
that are still in development as there is a big effort (i) to simplify usually a very complex 
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instrumental arrangement and simultaneously (ii) to ensure the enhancement of the 
compatibility within and reproducibility of the procedure. The column coupled non 
electrophoretic stages include (i) chromatography (Pálmarsdóttir & Edholm, 1995; 
Pálmarsdóttir et al., 1996, 1997), (ii) SPE extraction (Puig et al., 2007), (iii) dialysis (Lada & 
Kennedy, 1997), and (vi) flow injection analysis (FIA) (Mardones et al., 1999). A great 
potential of the hybrid on-line sample preparation techniques is given by their 
complementarity that enables to cumulate positive effects and/or overcome the weak points 
of the individual sample preparation techniques. In addition, these techniques, likevise to 
CE-CE, can be simultaneously combined also with stacking effects or chemical reaction in 
order to enhance further overall analytical effect as it is demonstrated in the following 
sections. From the practical point of view, the following sections are starting with the on-line 
implementation of FIA because the flow injection principles and instrumental 
procedures/arrangements are widely applied also for the effective integration of other non 
electrophoretic techniques (SPE, LC, dialysis) with CE. 
3.1.2.1 FI-CE 

The concept of flow injection analysis (FIA) was introduced in the mid-seventies. It was 
preceded by the success of segmented flow analysis, mainly in clinical and environmental 
analysis. This advance, as well as the development of continuous monitors for process 
control and environmental monitors, ensured the success of the FIA methodology 
(Trojanowicz et al., 2009; Lü et al., 2009). A combination of CE with a flow injection (FI) 
offers a great scale of sample preparation and the most frequently it is used for the on-line 
implementation of chemical reactions. The technique of combined flow injection CE (FI-CE) 
integrates the essential favorable merits of FI and CE. It utilizes the various excellent on-line 
sample pretreatments and preconcentration (such as cloud point extraction, SPE, 
ionexchange, DPJ and head-column FESS technique, analyte derivatization) of FI, which has 
the advantages of high speed, accuracy, precision and avoiding manual handling of sample 
and reagents. Therefore, the coupling of FI-CE is an attractive technique; it can significantly 
expand the application of CE and has achieved many publications since its first appearance 
(Mikuš & Maráková, 2010). 
 

 
Fig. 7. Typical FI manifold used for the derivatization of the analytes and their on-line 
introduction into the CE system. Reprinted from ref. (Mardones et al., 1999), with 
permission. 

A high potential of the FI-CE method in automatization of sample derivatization and 
subsequent separation was demonstrated by Mardones et al. (Mardones et al., 1999). The 
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derivatization reaction for carnitine as the model analyte was carried out on a FI system 
coupled with the CE equipment via a programmable arm (Valcárcel et al., 1998). The 
arrangement is shown in Fig. 7. The derivatization reagent (FMOC-Cl) is introduced directly 
into the loop of the injection valve (IV) when load position is selected, while the sample is 
introduced into the system and it is mixed with the buffer (carbonate). Then, valve is 
switched to the injection position allowing the mixing of sample–buffer and reagent 
solution. In this position the flow is stopped for a defined time in the reactor loop (390 cm), 
which is introduced into the thermostatic bath (50°C). Finally, the reaction mixture is 
introduced via the mechanic arm into the CE system. 
The third generation of flow-injection (laboratory-on valve, lab-on-valve or LOV) allows 
scaling-down sample and reagent volumes to the 10–20 L range, while waste production is 
typically 0.1–0.2 mL per assay (Solich et al., 2004). These facts make LOV an ideal tool for 
on-line coupling with CE systems (Kulka et al., 2006). 
3.1.2.2 SPE-CE 

The new trends in the coupling between SPE–CE are focused on several strategies, one of 
which involves developing new materials to increase the retention and selectivity of some 
analytes. In this sense the increasing use of materials such as immunoaffinity sorbents has 
been shown to overcome the problem of selectivity especially when complex samples are 
analysed. The use of molecular imprinted polymers (MIP) could be also an attractive 
alternative and further development is expected in this area in the near future. Carbon 
nanostructures also seem to be very promising materials which are in the first stages of 
development and so more research is expected in this field (Puig et al., 2007). 
 

 
Fig. 8. Schematic diagram of the three types of interfaces for on-line SPE–CE coupling: (a) 
vial interface; (b) valve interface; (c) T-split interface. Reproduced with permission from (a) 
Stroink et al. (Stroink et al., 2003), (b) Tempels et al. (Tempels et al, 2007) and (c) Puig et al. 
(Puig et al., 2007). 

Extraction techniques now play a major role for sample preparation in CE. These techniques 
can be used not only for reconstitution of the sample from small volumes but also for 
sample purification in complex matrices and desalting for very saline samples that would 
interfere with the electrophoretic process (e.g. FESS requires low conductivity sample). 
Considerable progress has been made towards the coupling of solid phase extraction (SPE) 
with a subsequent electrophoresis while coupling of liquid phase extraction (LLE) with 
electrophoresis is less used. Before coupling the SPE and CE, the appropriate SPE conditions 
for trapping and eluting the test compounds must be investigated. The breakthrough 
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volumes, desorption efficiency and desorption volume must be studied too. Typical 
approaches of the on-line coupling of SPE with CE, advantageous by a high flexibility and 
variability of extraction volumes, are based on the use of a vial, valve or T-split interfaces. 
Schematic diagram of these types of interfaces for on-line SPE–CE coupling are shown in 
Fig.8.  
An on-line SPE–CE approach based on a Tee-split interface was demonstrated by Puig et al. 
(Puig et al., 2007). The Tee-split interface is required for the on-line coupling of SPE–CE and 
to allow an injection volume that is suitable for CE analysis because the SPE elution volume 
is considerably larger than the maximum volume that can be injected into the CE capillary. 
Using this interface, a part of the SPE elution plug is injected while the rest of the sample is 
flushed to waste. Depending on the matrix, however, the sample must be appropriately 
pretreated prior to the injection into the first stage (i.e. SPE). As plasma is a relatively 
complex sample, the introduction of a pretreatment step (protein precipitation) prior to 
injection was necessary to prevent clogging of the SPE column. 
For various specific purposes where chemical reaction and preconcentration must be 
involved simultaneously (e.g. in case of peptide mapping), the on-line coupling of 
microreactor (with an immobilized-enzyme), SPE preconcentrator and CE can be applied 
(Bonneil & Waldron, 1999). The problems related to the preconcentrator, such as reversal of 
EOF at low pH, can be eliminated by designing the on-line system in such a way that the 
preconcentrator is not part of the separation capillary, unlike most configurations reported 
in the SPE-CE literature. Consequently, the preconcentrator should not interfere with the 
separation process. Benefits of the on-line microreactor-SPE-CE system include (i) sensitivity 
(several hundred-fold preconcentration factor can be achieved) for the analyte products 
isolated in very small quantities from complex (biological) samples, (ii) avoiding 
conventional experimental steps that are quite long, labor intensive and require a lot of 
sample handling. Such system can be reused for several samples with acceptable 
reproducibility and relatively short analysis time. On the other hand, a loss of separation 
efficiency can be observed that is induced by the multiple-valve design of the system and 
dispersion of the desorption plug. 
Another way of the integration of chemical reaction to the SPE-CE is the lab-on-valve (LOV) 
interface. The automatic minicolumn SPE preconcentration in LOV module coupled on-line 
with the CE equipment was proposed for the separation and quantification of mixtures of 
target analytes in very diluted samples (Jiménez & de Castro, 2008). This method can be 
applied with or without an on-line analyte derivatization depending on requirements. So that 
the complex derivatization-SPE-CE method integrates several different working principles 
such as (i) flow injection with chemical reaction, (ii) preseparation and preconcentration with 
non electrophoretic (extraction) principles, (iii) final separation with electrophoretic principles 
and detection of the separated zones. The usefulness of the LOV interface for the on-line 
coupling with a CE instrument interfaced by the appropriate manifold was reflected in 
excellent concentration LODs and linear dynamic ranges obtained. 
Solid-phase microextraction (SPME) is interesting and alternative technique because it is 
simple, can be used to extract analytes from very small samples and provides a rapid 
extraction and transfer to the analytical instrument. Moreover, it can be easily combined 
with other extraction and/or analytical procedures, improving to a large extent the 
sensitivity and selectivity of the whole method (Lord & Pawliszyn, 2000; Ouyang & 
Pawliszyn, 2006; Saito & Jinno, 2003; Fang et al., 2006a, 2006b). Even though SPME is 
becoming an attractive alternative to using SPE, its use in combination with CE is still rather 
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limited. Such coupling has not been widely used because of its inherent drawbacks 
regarding the low injection volumes typically required in CE (which are crucial to obtaining 
good separation efficiency) and also because the different sizes of the separation capillaries 
usually used for CE and the SPME fibers (Liu & Pawliszyn, 2006). Moreover, SPME suffers 
from limited choice of selectivity in comparison with SPE since only few stationary phases 
are avalaible (Puig et al., 2007).  
3.1.2.3 LC-CE 

When biological samples have to be analyzed, additional sample pretreatment prior to the 
SPE step may be needed to remove compounds that jeopardize an effective analyte 
concentration (or even block the SPE column) and the subsequent CE analysis. Sample 
pretreatment prior to SPE can be achieved by carrying out a preceding separation. 
Generally, sample analysis with on-line multidimensional separation systems can be 
performed using a comprehensive or a heart-cut approach. The comprehensive approach 
results in the analysis of the complete sample in all subsequent dimensions, whereas the 
heart-cut approach analyzes only a small part of the pre-separated sample in the second 
separation step. The comprehensive approach demands a slow preceding separation 
compared to the subsequent separation in order to accomplish analysis of the complete 
sample in all dimensions. Typical examples of such comprehensive systems are the on-line 
size exclusion chromatography (SEC)–CE systems and reversed phase LC–CE systems 
developed in the group of Jorgenson (Bushey & Jorgenson, 1990; Lemmo & Jorgenson, 1993; 
Moore Jr. & Jorgenson, 1995; Hooker & Jorgenson, 1997), which are coupled by various 
interfaces. These systems do not concentrate the chromatographic fractions prior to 
introduction into the CE system, which reduces the sensitivities of the total systems. Efforts 
to integrate such a focusing step would imply the need for an even slower preceding 
separation step to create time for sample trapping in a SPE column, washing and desorption 
of the concentrated fraction and sample introduction into the CE system. In practice, a 
comprehensive multidimensional system with a focusing step seems almost impossible, 
unless a number of columns are integrated into the system in a parallel fashion to enable 
“parking” of the LC fractions. In that case, the LC fractions are stored in the focusing step on 
various SPE columns and can be sent to the CE system at any convenient moment. 
The heart-cut approach is less demanding and is best suitable for target analysis. In the case 
of a heart-cut approach for an on-line system, it is also easier to integrate a concentration 
step between the preceding and the final separation step because there are no time 
constraints. Stroink et al. (Stroink et al., 2003) coupled SEC–SPE with CE through a vial-type 
interface for the quantitative analysis of enkephalins in cerebrospinal fluid (CSF). The SEC 
dimension separated the sample in a protein and a peptide-containing fraction. This 
resulted in a relatively large volume of the peptide fraction (about 200L), requiring a 
subsequent SPE step prior to CE analysis to obtain acceptable LODs.  
Tempels et al. (Tempels et al., 2006) developed an on-line SEC–SPE–CE system with a Tee-
split interface (Fig. 9) for the isolation, concentration and separation of peptides or other 
lower molecules in biological fluids (such as CSF). The SEC dimension served for the 
fractionation of the sample so that a fraction having required molecular weight could be 
easily selected (here, proteins were discarded). The small SPE column provided effective 
sample preconcentration using small desorption volumes (425 nL). The Tee-split interface 
enabled on-line injection of the concentrated analytes into the CE system without disturbing 
separation efficiency.  
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Fig. 9. Schematic diagram of the on-line SEC–SPE–CE system with the Tee-split interface. 
The on-line SEC–SPE–CE system was built in three distinct parts: a SEC, a SPE and a CE 
part. The SEC part consisted of a pump (pump 1), a valve (valve 1) for introduction of 
sample, a SEC column, and a UV detector (detector 1). The SPE part comprised a pump 
(pump 2), a micro valve (valve 3) for introduction of acetonitrile, and a SPE column. Valve 2 
functioned as a selection valve to direct a fraction of solvent A towards the SPE column or to 
detector 1. The CE part of the complete system is framed. Lengths of capillaries are shown in 
italics (cm). The CE part consisted of a CE system with a build-in photodiode array detector. 
The CE and SPE parts were connected by a micro Tee with a void volume of 29 nL. The SEC 
part was filled with solvent A, whereas in the SPE and CE parts BGE was used. Reprinted 
from ref. (Tempels et al., 2006), with permission. 

Although LC-CE coupling is technically much more difficult than CE-CE, because it has to 
be accompanied by collection, evaporation and reconstitution of fraction isolated by LC, 
some of these actions can be eliminated implementing an advanced CE stage (with a 
concentration capability) into LC-CE. Micro-column liquid chromatography (MLC) can be 
used on-line with an advanced (stacking) CE for sample purification and concentration 
allowing injection of microliter volumes into the electrophoresis capillary (Bushey & 
Jorgenson, 1990; Pálmarsdóttir & Edholm, 1995). By using the double stacking procedure 
with assistance of the backpressure almost complete filling of the electrophoresis capillary is 
possible without significant loss of CZE separation performance. The combined system has 
a much greater resolving power and peak capacity than either of the two systems used 
independently of each other.  
3.1.2.4 Dialysis-CE 

Microdialysis is a widely accepted sampling and infusion technique frequently used to 
sample small molecules from complex, often biological, matrices (Adell & Artigas, 1998; 
Chaurasia, 1999). In the microdialysis, small molecules are able to diffuse across the dialysis 
membrane into the probe, while large molecules, such as proteins and cell fragments, are 
excluded. This is the sample cleanup provided by the microdialysis.  
On-line microdialysis-CE assays for neurotransmitters to date have been most successful for 
easily resolved analytes such as glutamate and aspartate (Thompson et al., 1999; Lada et al., 
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1997, 1998). However, the efficiency and peak capacity of high-speed CE separations are 
often not high enough to resolve complex mixtures. Recently, improvements in injection 
technique and detection limits have improved separation efficiency (Bowser & Kennedy, 
2001). In the microdialysis, the minimum volume required for analysis often determines the 
rate at which the dialysate can be sampled. On-line microdialysis-derivatization-CE-LIF 
assays as proposed by Lada et al. (Lada et al., 1997) (for the instrumental scheme see Fig. 10) 
eliminate fraction collection. The separation capillary was coupled to the reactor capillary 
via a flow-gated interface which allowed dialysate samples to be automatically injected onto 
the separation capillary. This elimination of fraction collection, combined with the high 
mass sensitivity of LIF or electrochemical detectors, makes sampling rates on the order of 
seconds possible (Thompson et al., 1999; Lada et al., 1997, 1998). The microdialysis-CZE-LIF 
system with on-line derivatization has the advantage of simultaneously obtained high 
relative recoveries and good temporal resolution with (in-vivo) microdialysis sampling for 
the real biological system (brain) (Lada et al., 1997). 
 

 
Fig. 10. Diagram of the microdialysis:CZE-LIF system with on-line derivatization. Reprinted 
from ref. (Lada et al., 1997), with permission. 

3.2 Microchip format 
Developments in the fields of microfluidics and microfabrication during the last 15 years 
have given rise to microchips with broad ranges of functionality and versatility in the areas 
of bioanalysis such as clinical applications (Li & Kricka, 2006) and chiral separations (Belder, 
2006). Microfluidic devices such as microchips can provide several additional advantages 
over electromigration techniques performed in capillary format. The heat dissipation is 
much better in chip format compared with that in a capillary and therefore higher electric 
fields can be applied across channels of microchip. This fact enables, along with a 
considerably reduced length of channels, significant shortening of separation time 
(millisecond analysis time is possible to achieve, see e.g. (Belder, 2006)). Sample and reagent 
consumption is markedly reduced in microchannels. Hence, microchip capillary 
electrophoresis (MCE) can provide a unique possibility of ultraspeed separations of 
microscale sample amounts. Applicable are both electrophoretic (Gong & Hauser, 2006; 
Belder, 2006) as well as electrochromatographic modes (Weng et al., 2006).  
In practice, however, the resolution achievable in MCE devices is often lower compared to 
that obtainable in classical CE utilizing considerably longer separation capillaries. In order 
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to obtain sufficient resolution in MCE, different strategies have been used (Belder, 2006), 
such as (i) enhancing the selectivity of the system as much as possible (changing type and 
amount of selector, adding coselector, etc.), (ii) using of folded separation channels, the 
column length can be extended without enlarging the compact footprint of the device, (iii) 
using coated channels, internal coatings improve separation performance by the 
suppression of both analyte wall interaction and electroosmosis. A use/combination of 
above mentioned tools applicable in MCE gives a better chance for real-time process control 
and for multidimensional separations and makes the MCE to be powerful tool in real 
applications (pharmaceutical, biomedical, etc.). Sample pretreatment has been recognized as 
another significant barrier to higher levels of integration. Other accompanied problems in 
real applications of basic MCE are as follows: The detection volume of microfluidic devices 
due to the channel dimension and the sampling amounts is rather small, which would 
impact the detectable concentration. Fabricating a microchip with a large detection volume 
can be easily performed, but the separation efficiency is usually insufficient (Hempel, 2000). 
Another way is to inject a long sample band and then stack it into a narrow zone using on-
line preconcentration techniques prior to separation (Chien, 2003). In such case, not only the 
preconcentration but also sample clean-up can be simultaneously carried out. Therefore, 
further considerable enhancement of analytical capabilities can be achieved in the MCE 
format using advanced single or multiple channel configurations.  
Practically all of the advanced principles, effects and techniques described in previous 
sections (2 and 3.1) are applicable also in microchip format. The most effective advanced 
MCE approaches are briefly presented in this section.  

3.2.1 Hyphenation of electrophoretic techniques 
The column coupling (CC) configuration of the separation system is more compatible with 
microfluidic devices than capillary electrophoresis (Bergmann et al., 1996), since the 
manufacturing process is the same for simple and coupled channel chips (Huang et al., 2005). 
The on-line coupling of sample pretreatment systems to MCE have a great interest because it 
allows the automatization of the analytical process (from sample preparation to data 
treatment), which is a current trend in analytical chemistry (Ma et al., 2006; Cho et al., 2004). 
When we consider the sample amounts currently handled in conjuction with the separations 
on MCE it is clear that direct couplings of the sample pretreatment procedures to the 
separation stages of the analysis are almost inevitable (Kaniansky et al., 2003). For the above 
mentioned purposes the electrophoretic pretreatment methods are mostly used and it is 
important that they provide, mainly: (i) different separation mechanism in the pretreatment 
and separation stages of the analysis; (ii) an electrophoretically driven removal of the matrix 
constituents from the separation system on the pretreatment (to desalt the sample and reduce 
the number of the sample constituents); (iii) processing an adequate amount of the sample (to 
make the analyte detectable in the separation stage of the analysis); (iv) a nondispersive 
transfer of the analyte after the preteatment to the separation stage.  
3.2.1.1 ITP-ZE 

ITP-ZE (ZE, zone electrophoresis) performed on microchip is the most frequently used 
configuration similarly to the ITP-CZE in capillary format. It is because of the robustness 
and application potential of the microchip ITP-ZE. ITP and ZE, as the basic electrophoretic 
methods, differ in the sample loadabilities, spatial configurations of the separated 
constituents, concentrating effects, and in part in applicabilities for particular categories of 
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the analytes they make tools that can be effectively on-line combined on the column 
coupling chip in two general ways (Kaniansky et al., 2000; Wainright et al., 2002;  Bodor et 
al., 2002) (i) ITP, concentrating the sample constituents into a narrow pulse is intended, 
mainly, as a sample injection technique for ZE; (ii) ITP, while concentrating the analyte and 
some of the matrix constituents into a narrow pulse, serves mainly as a sample clean-up 
technique and removes a major part of the sample matrix from the separation system before 
the final ZE separation. For the separation mechanism of ITP-ZE in microchip format see 
Fig. 2, that is principally the same for the capillary and microchip format. MCE provided 
with the column-coupling (CC) configuration of the separation channels for the ITP-ZE 
separations is illustrated in Fig. 11. Different volumes of the sample channels (S1, S2) serve 
for a low or large volume injection depending on analyte and matrix concentration. At this 
scheme, the contact conductivity detector is used, nevertheless, other common detectors 
such as UV-VIS absorbance photometric detector, and especially LIF detector can be 
successfully applied, see e.g. (Belder, 2006). 
 

 
Fig. 11. MCE provided with the column-coupling (CC) configuration of the separation 
channels. CC poly(methylmethacrylate) chip provided with the conductivity detection cells. 
Details: C3 = terminating electrolyte channel; S1 and S2 = 9000 and 950 nL sample injection 
channels, respectively; W = an outlet hole from the chip channels to a waste container; C1 = 
first separation channel (3050 nL volume; 76x0.2x0.2 mm (length, width, depth)) with a 
platinum conductivity sensor (D1); C2 = second separation channel (1680 nL volume; 
42x0.2x0.2 mm) with a platinum conductivity sensor (D2). Reprinted from ref. (Kaniansky et 
al., 2003), with permission. 

3.2.1.2 ITP-GE 

ITP-GE is proposed for the special category of separations where high molecular 
compounds are separated from each other in presence or absence of matrix constituents 
(Huang et al., 2005). A microchip for integrated ITP preconcentration with GE separation 
enables to decrease the detectable concentration of biopolymers such as sodium dodecyl 
sulfate (SDS)-proteins. Each channel of the chip is advantageously designed with a long 
sample injection channel to increase the sample loading and allow stacking the sample into 
a narrow zone using discontinuous ITP buffers. The preconcentrated sample is separated in 
GE mode in sieving polymer solutions. All the analysis steps including injection, 
preconcentration, and separation of the ITP-GE process are performed continuously, 
controlled by a high-voltage power source with sequential voltage switching between the 
analysis steps. Without deteriorating the peak resolution, the integrated ITP-GE system can 
result in a decreased detectable concentration of tens-fold compared to the GE mode only. 
The picture of the ITP-GE microchip and the protocol of the ITP-GE procedure on the 
microfluidic device are illustrated in Fig. 12. 
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Fig. 12. (a) Glass microchip developed for ITP-GE separation, consisting of three separation 
elements; (b) protocol of the ITP-GE procedure on the microfluidic device. S: sample; SW: 
sample waste; B: background electrolyte; L: leading electrolyte; T: terminating electrolyte. 1) 
B and T loading; 2) S and L injection–S at ground, SW at high voltage; 3) stacking–T at 
ground, B (well 6) at high voltage; 4) separation–B (well 5) at ground, B (well 6) at high 
voltage. The electrodes not in use float. Channel lengths are expressed in mm. Reprinted 
from ref. (Huang et al., 2005), with permission.  

3.2.1.3 ITP-ITP 

Undoubtedly, the use of MCE can be extended advantageously to 2-D ITP separations 
(Ölvecká et al., 2001; Kaniansky et al., 2000). CE chip provided with the column-coupling 
(CC) configuration of the separation channels and corresponding scheme of the equipment 
for the ITP-ITP separations are the same as those ones for ITP-ZE illustrated in Fig.11. ITP-
ITP with the tandem-coupled separation channels makes possible a complete resolution of 
various analytes, even the structurally related compounds (such as enantiomers). However, 
this can lead only to a moderate extension of the concentration range within which such 
analytes can be simultaneously quantified that is pronounced especially for the microfluidic 
devices such as MCE. The best results in this respect can be achieved by using a 
concentration cascade of the leading ions in the tandem coupled separation channels. Here, 
a high production rate, favored in the first separation channel, is followed by the ITP 
migration of the analytes in the second channel under the electrolyte conditions enhancing 
their detectabilities. This enables to separate structurally related analytes with their higher 
concentration ratios, and similarly, trace analyte besides higher concentration of matrix ions 
(Ölvecká et al., 2001).  
3.2.1.4 ZE-ZE  

In a ZE-ZE on-line combination, different separation mechanisms are implemented via 
appropriate compositions of the BGE solutions placed into the separation channels prior to 
the ZE run. Column switching provides means that significantly enhance resolving power 
attainable in the ZE separations performed on the CC chip. These, mainly include (i) on-
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column sample purification of the multicomponent and/or high salinity samples and (ii) 
different separation mechanism applicable in the coupled channels (2D features). 
Undoubtedly, a very reproducible transfer process, a well defined and highly efficient 
removal of the matrix constituents from the separation compartment and the use of different 
separation mechanisms in the channels are features that makes column switching ZE on the 
CC chip a very promising tool for a miniaturized analysis of multicomponenet samples. The 
ZE-ZE based MCE operating with a hydrodynamically closed separation system, makes a 
separation platform for highly reproducible migrations of separated constituents 
(Kaniansky et al., 2004; Sahlin, 2007; Hanna et al., 2000). The same instrumentation and 
channel arrangement as used for ITP-ZE, ITP-ITP or ITP-GE can be also applied for ZE-ZE 
(of course, with appropriate electrolyte systems). 

3.2.2 Hyphenation of electrophoretic and non electrophoretic techniques 

3.2.2.1 Extraction techniques 

An interesting focus of research is the emergent development of microchips in the field of 
the chip-based SPE–CE. However, the research in this field is mainly centered in the 
manufacturing process, so the application of such microdevices is rather limited. In the 
coming years research in this field will focus on exploring the potential of chip-based SPE–
CE for its application in the analysis of real samples (Puig et al., 2007, 2008). SPE is the most 
attractive way of coupling extraction with CE and, especially, MCE, particularly as it can 
provide significant improvements in sensitivity without the use of electrokinetic injection 
(Puig et al., 2007, 2008; Bertoncini & Hennion, 2004). 
A potential of the affinity extraction in a chip format for a comprehensive proteomic 
analysis was demonstrated by Slentz (Slentz et al., 2003). This paper reports a system for 
three-dimensional chip electrochromatography (for the scheme of the chip, see Fig.13). The 
steps involved include (i) chemical reaction (enzymatic digestion), (ii) affinity extraction 
(selection of e.g. histidine-containing peptides), and (iii) CEC separation (reversed-phase 
capillary electrochromatography of the selected peptides). Fluidic manipulations including 
loading media, sample injection, and sample elution can be successfully performed by 
voltage manipulation alone.  
 

 
Fig. 13. Scheme of the column used and SEM of the microfabricated frit (frit B) and head of 
the collocated monolithic support structure (COMOSS) column. Reprinted from ref. (Slentz 
et al., 2003), with permission. 
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3.2.2.2 Membrane techniques 

In bioanalytical applications, separation protocols based on molecular size are commonly 
required to extract small analytes from the sample matrix or clean up the macromolecular 
samples. Typical processes such as filtration (Broyles et al., 2003) and dialysis (Xu et al., 
1998; Jiang et al., 2001) had been initially implemented upon microchips. Analytes can also 
be concentrated by inducing a velocity change due to their size by physically restricting 
their movement. This has traditionally been most easily performed with large molecules, 
such as proteins and DNA (Yu et al., 2008). Implementation of nanoporous media (nafion 
membrane, anionic hydrogel plug, etc.) in microchips (MCE is dominant in this field) has led 
to a number of interesting developments where the concentration of much smaller 
molecules is possible (Holtzel & Tallarek, 2007; Dhopeshwarkar et al., 2008; Long et al., 
2006).  
Porous membranes are ideal candidates for on-chip sample separation. Various researchers 
had attempted to integrate polymeric membranes to enhance the functionality of 
microfluidic devices. By sandwiching a dialysis membrane between two polycarbonate 
chips, Smith and co-workers (Xu et al., 1998) developed a microdialysis device to cleanup 
biosamples in ESI MS. In a similar approach, Lee and co-workers (Jiang et al., 2001; Gao et 
al., 2001) built some microfluidic devices with PVDF membranes for protein digestion, drug 
screening, and residue analysis of contaminants. Zhang and Timperman (Zhang Y. & 
Timperman, 2003) put a polycarbonate ultrafiltration membrane within the 3-D 
microchannel to act as a concentrator for fluorescein and FITC-labeled peptides. More 
recently, Bohn and co-workers (Kuo et al., 2003a, 2003b; Cannon et al., 2003; Tulock et al., 
2004) reported several multilayer microfluidic structures with nanocapillary array 
interconnects; they studied the fluidic flow properties inside these devices and then utilized 
them for gated analyte injection and fraction collection in microchip electrophoresis. In most 
of the previous works, the membrane was insularly used as a dialyzer, a concentrator, or an 
injection valve.  
On the other hand, the use of commercially available nanoporous membrane as a sample 
filter/concentrator prior to electrophoretic separation in a single microfluidic device has 
been shown by Long et al. (Long et al., 2006). These multilayer devices (Fig. 14) consist of a 
small piece of thin polycarbonate track-etched (PCTE) membrane (10 nm pore diameter) 
sandwiched between two PDMS monoliths with embedded microchannels and can work in 
two opposite operational modes. In the first, they can be used for selective injection and 
determination of small analytes from a complex sample matrix which contains particles or 
large molecules. For determination of small molecules, a “filter-CE” device layout shown in 
Fig. 14a can be used. Alternatively, they can be used for purification and preconcentration of 
macromolecular analytes by removing small interfering contaminants from the sample 
stream. For this purpose, “concentrator-CE” device shown in Fig. 14b can be utilized. 
Because of the membrane isolation, material exchange between two fluidic layers can be 
precisely controlled by applied voltages. Because the membrane is hydrophilic, the 
nanopores are filled with solutions by capillarity and can serve as an electrokinetic valve 
between two fluidic layers (present in upper and lower channels). 
In another work, Foote et al. (Foote et al., 2005) fabricated a porous silica membrane 
incorporated into a microchip to perform on-line preconcentration of SDS-proteins before 
GE separation. Despite of significant improvement of sensitivity in this method, rather 
complicated microfluidic manipulations were necessary. Here, a microchip for integrated 
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ITP preconcentration with GE separation can be a simpler alternative to the membrane 
filtration-modified MCE devices for the decreasing of the detectable concentration of 
biopolymers as it was demonstrated in section 3.2.1.2. 
 

 
Fig. 14. Layout and dimensions of the “filter-CE” device (a) and “concentrator-CE” device 
(b), these multilayer devices consist of a small piece of nanoporous membrane (gray area) 
sandwiched between the upper (dotted line) and lower (solid line) PDMS layers. The 
microchannels were about 40 m deep, 100 m or 50 m wide for upper and lower layers, 
respectively, and the size of the membrane was about 4 mm x 8 mm. (c) Photograph of the 
“concentrator-CE” device. (d) 3-D schematic diagram of the intersection region. The upper 
and lower channels are separated by a thin membrane. Reprinted from ref. (Long et al., 
2006), with permission.  

4. Performance parameters of column coupling electrophoresis 

Limit of detection (cLOD) and limit of quantification (cLOQ) are usually calculated as the 
ratio of standard deviations of y-intercepts of regression lines (sa) and the slopes of the 
regression lines (b) multiplied by factor 3.3 (cLOD) or 10 (cLOQ). The obtained values of 
cLOD and cLOQ by using electrophoretic methods in the column coupling arrangement 
clearly indicate significantly higher sensitivity in comparison to the single column CZE and 
therefore, favor the use of these hyphenated techniques (comparing with single column 
ones) in ultra trace quantitative determination of various analytes present in different 
multicomponent matrices. 
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Linearity of the calibration lines is indicated by the values of the corresponding correlation 
coefficient (r) and coefficient of determination (r2). Column coupled techniques show 
acceptable linearity, in many cases better as it is in single column systems. Moreover, a 
linear dynamic range of the analytes can be considerably extended because of an elimination 
of major matrix constituents, higher sample load capacity, and sample preconcentration. 
Precision (the repeatability) is usually expressed via relative standard deviation (RSD) of (i) 
peak areas measured within the concentration range of calibration line and/or (ii) migration 
times of analytes. Hydrodynamically closed separation systems contributed to high 
precisions of both the migration and quantitation data in comparison with the flow 
electrophoretic and non electrophoretic systems. It is because of a fluctuation of the flow 
velocity in the separation system contributing to a dispersion of the data. 
Accuracy (expressed via relative error, RE) is evaluated through the recovery test of the 
analytes from relevant matrices (dosage form, urine, blood, etc.) at different concentration 
levels. Recovery is evaluated by spiking of blank complex matrix (dosage form, urine, blood, 
etc.) and water samples with an analyte at different concentration levels and comparing 
resulting peak areas of the analyte obtained in the different matrices (spiked complex matrix 
vs. spiked water). An on-line sample pretreatment can considerably enhance the recovery and 
accuracy of the method due to well controlled sample preparation procedure, minimization of 
the analyte losses, and effective elimination of the interfering matrix constituents. 
The main performance parameters of particular column coupled methods are introduced in 
the Table 1 for a quick overview, what these electrophoretic techniques offer when using 
them in biomedical analysis.   
 
Method 
(Detection) 

LOD  
(LOQ) 

Linearity 
(r) 

Precisiona

(RSD, %) 
Recovery (%), 
(matrix) 

Remarks References 

Capillary arrangement 

ITP-CZE (DAD) 
9.3 ng/mL 
(LOQ  
28.3 ng/mL)  

0.99989 - 104.7 (urine) Robustness  
<6% 

Mikuš et al.,  
2009 

ITP-CZE (DAD) 
6.5 ng/mL  
(LOQ  
9.7 ng/mL)  

0.99995-
0.99998 0.58 - 2.79 99.25-100.15 

(urine) 
Robustness 
<2.3% 

Mikuš et al.,  
2008b 

ITP-CZE (DAD) 

9.3 and 10.4 
ng/mL  
(LOQ 28.2 and 
31.5 ng/mL)  

0.99989 - 98.9 - 99.5 
(urine) 

Robustness 
<6.5% 

Mikuš et al.,  
2008a 

ITP-CZE (DAD) 

5.2 and 6.8 
ng/mL  
(LOQ 7.7 and 
10.1 ng/mL)  

0.99965-
0.99980 - 100.28 -101.16 

(urine)  Marák et al.,  
2007 

ITP-CZE (UV) 

4.8, 1.1, 3.2 
ng/mL  
(LOQ 16.0, 3.7, 
10.7 ng/mL)  

0.9994 3.95 - 4.54 94.4 - 96.8 
(urine) 

Robustness 
<5% 

Mikuš et al.,  
2006 

ITP-CZE (UV) 
250 ng/mL  
(LOQ  
830 ng/mL) 

0.998 - 107.8 - 113.4 
(serum)  Budáková et 

al., 2009 
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Method 
(Detection) 

LOD  
(LOQ) 

Linearity 
(r) 

Precisiona

(RSD, %) 
Recovery (%), 
(matrix) 

Remarks References 

ITP-CZE (UV) 

0.16 (blood)
 0.11  
(serum) 
0.47  (urine) 

- 3.5 - 11.4  -  Pantůčková 
et al., 2010 

ITP-CZE (UV) 150 ng/mL  - - - Elimination of 
matrix >95% 

Kaniansky et 
al., 1993 

ITP-CZE (DAD) 0.2  
0.9991 -
0.9998 3 - 5 - 

Elimination of 
matrix   
60-90% 

Danková et 
al., 2001 

ITP-CZE (UV) 0.3  0.9996 7.27 -  Procházková 
et al., 1999 

ITP-CZE (UV) 90-150 ng/mL >0.998 8 -  Procházková 
et al., 1998 

ITP-CZE (UV) 0.7  > 0.999 <1 -  Křivánková 
et al., 1997b 

ITP-CZE (DAD) 1.5 ng/mL  - 0.27 - 0.63 - Elimination of 
matrix >99% 

Danková et 
al., 1999 

ITP-CZE (MS) 1  - - -  Peterson et 
al., 2003 

ITP-CZE (CON) 2.5x103 and 
8.5x103ng/mL     Budáková et 

al., 2007 

ITP-ITP,  
ITP-CZE (CON) 

4.8 - 20.5  
(ITP-ITP)  
3.7 - 14.6  
(ITP-CZE)  
(LOQ  
14.7- 45.7 
(ITP-ITP)  
11.4- 42.6 
(ITP-CZE) 

0.9979 -
0.9998  
(ITP-ITP) 
0.9986 -
0.9996  
(ITP-CZE) 

<4 

95.3-97.4  
(ITP-ITP) 
96.5 - 97.7  
(ITP-CZE) 
(urine) 

 Bexheti et al., 
2006 

ITP-ITP (CON) 
1 – 8  
(LOQ 2 –27 
)  

0.9980 -
0.9990 0.3 - 7.2  84.5 - 100.6 

(serum)   Hercegová et 
al., 2000 

ITP-ITP (CON) 100  - - -  Mikuš et al.,  
2003 

ITP-ITP (MS) 1.10-4  - <1 -  Tomáš et al., 
2010 

ITP-ITP (DAD) 2.7 -3.7  
0.9953 -
0.9970 - -  Flottmann et 

al., 2006 

ITP-ITP (CON) 
LOQ  
1.4x103 and 
5x102 ng/mL  

    
Sádecká & 
Netriová, 
2005 

ITP-CEC  
(UV, MS) - 0.9849 -

0.9980 13.1 -  Mazareeuw 
et al., 2000 
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Method 
(Detection) 

LOD  
(LOQ) 

Linearity 
(r) 

Precisiona

(RSD, %) 
Recovery (%), 
(matrix) 

Remarks References 

CIEF-tITP-CZE 
(UV) - - 5-10 -  Mohan & 

Lee, 2002 

CZE-CZE (DAD) 3.5  (218nm) 
0.4  (280nm) 

0.9996 -
0.9998 - 93 – 98 (urine)  Danková et 

al., 2003 

CZE-MEKC (UV) - - 
1.7 - 4.0 
(migration 
times) 

-  Sahlin,  
2007 

Microdialysis-
CZE (LIF) 

0.02 and  
0.04  

>0.9998 
2.5 - 4.9 
(peak 
heights) 

~100 (caudate 
nucleus)  

Lada & 
Kennedy, 
1997 

SPE-CE (UV) - - 
0.5 - 5.2 
(migration 
times) 

-  
Bonneil & 
Waldron,  
2000 

SPE-CE (UV) 100 ng/mL  
 

0.9828 -
0.9879 8.1 - 11.9 57 – 90 

(plasma)  Puig et al.,  
2007 

SEC-SPE-CE 
(DAD) 100 ng/mL  >0.9950 

10  
(peak 
heights) 

65 
(cerebrospinal 
fluid) 

 Tempels et 
al., 2006 

MLC-CZE (UV) - 0.9998 0.7 - 3.5 -  
Pálmarsdótti
r & Edholm, 
1995 

Chips 

ITP-ZE (CON)    90-94 (serum)  Ölvecká et 
al., 2003 

ITP-ZE (CON) 
(LOQ  
1.103-5.103 
ng/mL) 

0.9542 -
0.9999 6.7 - 11.8 -  Ölvecká et 

al., 2004 

ITP-GE (LIF) - 0.9992 - -  Huang et al.,  
2005 

ITP-ZE (LIF) 4.10-7  - - -  Wainright et 
al., 2002 

Membrane 
filtration-ZE 
(LIF) 

  

14.6 
(plasma) 
and 8.9 
(cells) 

  Long et al., 
2006 

a RSD of peak areas 
LOD=limit of detection, LOQ=limit of quantification, r=correlation coefficient, RSD=relative standard 
deviation, CON= conductivity detection, UV=spectral UltraViolet detection, DAD=diode array 
detection, LIF=laser fluorescence detection, MS=mass spectrometry, ITP=capillary isotachophoresis, 
CZE=capillary zone electrophoresis, CE=capillary electrophoresis, ZE=zone electrophoresis, 
CEC=capillary electrochromatography, MEKC=micellar eelctrokinetic chromatography, CIEF=capillary 
isoelectric focusing, CGE=capillary gel electrophoresis, GE=gel eelctrophoresis, SEC=size exclusion 
chromatography, CLC=column liquid chromatography, SPE=solid phase extraction. 

Table 1. Performance parameters of column coupling electrophoretic methods 
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5. Applications of column coupling electrophoresis 

The column coupled methods, described in previous sections (3 and 4) concerning the 
theory (principles, experimantal arrangement, benefits, limitations) and performance 
parameters (LOD, precision, recovery/accuracy, etc.), have been used in many applications. 
Capillary (CE) and microchip (MCE) formats were taken into consideration. CE and MCE 
determinations of various biologically active compounds in model (spiked samples) as well 
as real biological matrices, employing an on-line coupling of the electrophoretic methods 
with other electrophoretic or non electrophoretic methods, are listed in Table 2. In this table 
we tried to emphasize briefly the most important features and characteristics of the 
applications of column coupling electrophoresis in capillary as well as in chip arrangement. 
This table is further supported by the text where other relevant parameters and explanations 
are included for the real bioapplications and proteinic analysis.  
 

Method (Detection) Analyte Matrix Type of 
application References 

Capillary arrangement 

ITP-CZE  
(CON) Valproic acid Serum  Budáková et al.,  

2007 

ITP-CZE  
(UV) Lamotrigine Serum  

Biomedical 
(Theurapeutic 
drug 
monitoring)  

Budáková et al.,  
2009 

ITP-CZE  
(UV) 5-methyltetrahydrofolate Blood, serum 

and urine Biomedical Pantůčková et al., 
2010 

ITP-CZE  
(UV) 

Sulphanilate, 
3,5-dinitrosalicylate Urine (spiked) Model  Kaniansky et al., 

1993 

ITP-CZE  
(DAD-spectral 
informations) 

Orotic acid Urine 
Biomedical 
(biomarker 
analysis) 

Danková et al., 
2001 

ITP-CZE  
(DAD-spectral 
informations) 

Amlodipine Urine 
Biomedical 
(pharmakokine
tic study) 

Mikuš et al.,  
2009 

ITP-CZE  
(DAD-spectral 
informations) 

Amlodipine (enantiomers) Urine 
Biomedical 
(pharmakokine
tic study) 

Mikuš et al.,  
2008b 

ITP-CZE  
(DAD-spectral 
informations) 

Celiprolol Urine 
Biomedical 
(pharmakokine
tic study) 

Mikuš et al.,  
2008a 

ITP-CZE  
(DAD-spectral 
informations) 

Pheniramine (enantiomers) Urine 
Biomedical 
(metabolic 
study) 

Marák et al.,  
2007 

ITP-CZE  
(UV) 

Pheniramine, 
dimethindene, 
dioxopromethazine 
(enantiomers) 

Urine 
Biomedical 
(metabolic 
study) 

Mikuš et al.,  
2006 
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Method (Detection) Analyte Matrix 
Type of 
application 

References 

ITP-CZE  
(UV) Orotic acid Urine 

Biomedical 
(biomarker 
analysis) 

Procházková et al., 
1999 

ITP-CZE  
(UV) L-ascorbic acid Serum, urine, 

stomach fluid Biomedical  Procházková et al., 
1998 

ITP-CZE  
(UV) Hippurate Serum 

Biomedical 
(biomarker 
analysis) 

Křivánková et al., 
1997b 

ITP-CZE  
(DAD) Tryptophan Urine (spiked) Model  Danková et al., 

1999 

ITP-CZE  
(UV) 

2,4-dinitrophenyl labeled 
norleucine,  
tryptophan 

Urine (spiked) Model  Fanali et al.,  
2000 

ITP-CZE  
(MS) Angiotensin peptides Aqueous Model Peterson et al., 2003 

ITP-ITP,  
ITP-CZE (CON) Amino bisphosphonate Urine (spiked) Model  Bexheti et al.,  

2006 

ITP-ITP  
(CON) Antirheumatic drugs Serum (spiked) Model Hercegová et al., 

2000 

ITP-ITP  
(CON) Cystine Urine (spiked) Model Mikuš et al., 

2003 

ITP-ITP  
(MS) Vitamins Blood Biomedical Tomáš et al.,  

2010 

ITP-ITP  
(DAD) 

Homovanilic acid, 
vanillylmandelic acid Urine (spiked) Model Flottmann et al., 

2006 

ITP-ITP  
(CON) 

Naproxen and its 
metabolites Urine  Sádecká & 

Netriová, 2005 

ITP-CEC  
(UV, MS) 

Cationic low molecular 
mass compounds 
(neostigmine, salbutamol, 
fenoterol) 

Plasma, urine 
(spiked) Model  Mazareeuw et al., 

2000 

CIEF-CGE Hemoglobine   Yang et al., 2003a 

CIEF-tITP-CZE Tryptic digest proteins Extract of 
proteins Model Mohan & Lee,  

2002 

CZE-MEKC  
(UV) drugs Urine  Zhang et al., 2010 

CZE-CZE  
(DAD-spectral 
information) 

Orotic acid Urine 
Biomedical 
(biomarker 
analysis) 

Danková et al., 
2003 
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Method (Detection) Analyte Matrix 
Type of 
application 

References 

CZE-MEKC  
(UV) 

Tryptic digest of bovine 
serum albumin 

Extract of 
proteins Model Sahlin,  

2007 

Microdialysis-CZE  
(LIF-derivatization) Glutathione and cystine 

Rat caudate 
nucleus  
(in vivo) 

Biomedical Lada & Kennedy,  
1997 

SPE-CE  
(UV) Tryptic peptides Extract of  

proteins Model Bonneil & 
Waldron, 2000 

SPE-CE  
(UV) Cefoperazone and ceftiofur Plasma (spiked) Model Puig et al.,  

2007 

SEC-SPE-CE (DAD) Peptides Cerebrospinal 
fluid (spiked) Model Tempels et al., 2006 

MLC-CZE  
(UV) Terbutalin (enantiomers) Plasma Model Pálmarsdóttir & 

Edholm, 1995 

Chips 

ITP-ZE  
(CON) Valproate Serum  Ölvecká et al., 2003 

ITP-ZE  
(CON) Proteins Aqueous Model Ölvecká et al., 2004 

ITP-GE  
(LIF) 

Sodium dodecylsulfate 
proteins Aqueous Model Huang et al.,  

2005 

ITP-ZE  
(LIF) blockers Urine Biomedical Kriikku et al.,  

2004 

ITP-ZE  
(LIF) 

Fluorescently labeled 
ACLARA eTag reporter 
molecules

Cell lysate 
(spiked) Model Wainright et al., 

2002 

ZE-ZE Tryptic digest of proteins   Cong et al., 2008 

ZE-ZE  
(LIF) Gemifloxacin enantiomers Urinary solution 

(spiked) Model Cho et al.,  
2004 

Membrane filtration-
ZE 
(LIF) 

Reduced glutathione 
Human plasma 
and red blood 
cells 

Biomedical Long et al., 2006 

SPE-ZE  
(LIF) Peptides Extract of  

proteins Model Slentz et al., 2003 

CON= conductivity detection, UV=spectral UltraViolet detection, DAD=diode array detection, LIF=laser 
fluorescence detection, MS=mass spectrometry, ITP=capilaary isotachophoresis, CZE=capillary zone 
electrophoresis, CE=capillary electrophoresis, ZE=zone electrophoresis, CEC=capillary 
electrochromatography, MEKC=micellar eelctrokinetic chromatography, CIEF=capillary isoelectric 
focusing, CGE=capillary gel electrophoresis, GE=gel eelctrophoresis, SEC=size exclusion chromatography, 
CLC=column liquid chromatography, SPE=solid phase extraction, EDTA=ethylendiaminotetraacetic acid. 

Table 2. Applications of column coupling electrophoretic methods 
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5.1 Capillary arrangement 
5.1.1 Analysis of drugs and biomarkers in clinical samples  
ITP-CZE. In our recent works (Mikuš et al., 2006a, 2008a, 2008b, 2008c, 2009; Marák et al., 
2007) we illustrated possibilities of ITP-EKC method combined with diode array detection 
(DAD) for the direct achiral (celiprolol, CEL, amlodipine, AML) as well as chiral 
(amlodipine, AML, pheniramine, PHM, dimethinden, DIM and dioxoprometazine, DIO) 
quantitative determination of trace drugs  in clinical human urine samples, see an 
example in Fig.15. ITP, on-line coupled with EKC, served in these cases as an ideal 
injection technique (high sample load capacity, preseparation and preconcentration) 
producing analyte zone suitable for its direct detection and quantitation in EKC stage. 
Spectral DAD, used in our works, in comparison with single wavelength ultraviolet 
detection enhanced value of analytical information (i) verifying purity (i.e., spectral 
homogeneity) of drug zone (according to differences in spectrum profiles when compared 
tested and reference drug spectra) and (ii) indicating zones/peaks with spectra similar to 
the drug spectrum (potential structurally related metabolites). Very good selectivity was 
achieved by using a negatively charged carboxyethyl--cyclodextrin (CE--CD) as a chiral 
selector for enantioseparation and determination of trace (ng/mL) antihistaminic drugs 
(PHM, DIM, DIO) present in urine (Mikuš et al., 2006a, 2008c; Marák et al., 2007). Charged 
chiral selector provided significantly different affinity towards the analytes on one hand 
and sample matrix constituents on the other hand; enabling the analytes can be 
transferred into the analytical stage without any spacers and multiple column-switching 
even if accompanied by a part of sample matrix constituents detectable in analytical stage. 
This analytical approach enabled us to obtain pure zones of the drugs enantiomers 
(without the need of the sample pretreatment). DAD spectra of PHM metabolites were 
compared with the reference spectra of PHM enantiomers (Marák et al., 2007; Mikuš et al., 
2008c) and a very good match was found which indicated the similarities in the structures 
of enantiomers and their metabolites detected in the urine samples. This fact was utilized 
for the quantitative analyses of PHM metabolites in the urine samples by applying the 
calibration parameters of PHM enantiomers also for PHM metabolites. Spectra obtained 
by DAD helped with the identification of analytes even having the similar structures but 
it was necessary that their peaks were resolved. The on-line coupled ITP-EKC technique 
was used also for the pharmacokinetic studies of CEL (Mikuš et al., 2008b) and AML 
(Mikuš et al., 2008a, 2009) in multicomponent ionic matrices. In order to control a 
reliability of the results, we utilized spectral data from DAD (evaluation of purity of 
separated analyte zone; confirmation of basic structural identity of the analyte). A great 
advantage of the ITP-EKC-DAD method was a possibility to characterize electrophoretic 
profiles of unpretreated (unchanged) biological samples and, by that, to investigate drug 
and its potential metabolic products with higher reliability.  
The increase of the sensitivity, by applying ITP preconcentration before the final CZE 
separation, was necessary for a determination of orotic acid in human urine (Procházková et 
al., 1999; Danková et al., 2001). Procházková et al. showed, that this method was suitable for 
determination of orotic acid also in children’s urine samples (conventional CZE method failed 
in this application) and they reached very high reproducibility of analyses (effective clean-up 
of the sample). Danková et al. increased in their work 3-4 times the amount of urine ionic 
constituents loadable on the ITP-CZE separation system in comparison with the work of 
Procházková et al. Moreover, DAD detection served in this work also for identification of the 
analyte by UV spectra, even though the analyte was present at very low concentration level. 
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Fig. 15. ITP-EKC-DAD method for the direct sensitive determination of enantiomers in 
unpretreated complex matrices sample with spectral characterization of electrophoretic 
zones. 3D traces were obtained combining electrophoretic (EKC) and spectral (DAD) data 
where the spectra were scanned in the interval of wavelengths 200-400 nm. (a) 3D trace 
illustrating the whole EKC enantioseparation of pheniramine and its metabolites in the on-
line pretreated clinical urine sample (spectra of matrix constituents, well separated from the 
analytes, are pronounced), (b) detail on the 3D spectra showing the migration positions of 
pheniramine enantiomers (E1 and E2) and their structurally related metabolites (M1 and 
M2). The spectrum of the little unknown peak marked with the asterisk differed from the 
pheniramine spectrum significantly and, therefore, it was not considered as a pheniramine 
biodegradation product. The urine sample was taken 8.5 hours after the administration of 
one dose of Fervex (containing 25 mg of racemic pheniramine) to a female volunteer and it 
was 10 times diluted before the injection. The separations were carried out using 10 mM 
sodium acetate - acetic acid, pH 4.75 as a leading electrolyte (ITP), 5 mM -aminocaproic 
acid - acetic acid, pH 4.5 as a terminating electrolyte (ITP), and 25 mM  -aminocaproic acid - 
acetic acid, pH 4.5 as a carrier electrolyte (EKC). 0.1% (w/v) methyl-hydroxyethylcellulose 
served as an EOF suppressor in leading and carrier electrolytes. Carboxyethyl--CD (5 
mg/mL) was used as a chiral selector in carrier electrolyte. Reprinted from ref. (Marák et al., 
2007), with permission. 
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A comparison of two types of CE instrumentation, single CZE and commercially available 
ITP-CZE, used for the determination of hippuric acid in serum was demonstrated by 
Křivánková et al. (Křivánková et al., 1997b). Results obtained in the single-capillary methods 
(ITP and CZE) were comparable and were limited both by the sensitivity of the detector 
used and by the load capacity of the system. This work pointed out decreasing of 
concentration LOD (cLOD 7.10-7 M was two-orders of magnitude lower by using ITP-CZE 
method in comparison with single column CZE). The sample volumes that could be injected 
using this combined technique were up to 103 orders of magnitude higher in the case of 
natural biological samples than those that could be analyzed in a single capillary CZE 
technique. Excellent reproducibility of migration times (R.S.D. less than 1%) and resistance 
to changes in the matrix composition enabled the determination of HA in serum not only for 
patients suffering from renal diseases but also for healthy individuals.   
 

 
Fig. 16. (a) Conductivity trace of the analysis of 1L undiluted blood. LE: 10mM 
ammonium acetate pH 7.8, TE: 20mM acetic acid pH 3.5. (b) Selected ion monitoring of 
the ions in the ITP zones of undiluted blood. Reprinted from ref. (Tomáš et al., 2010), with 
permission. 
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CZE-CZE. Danková et al. (Danková et al., 2003) showed also the analytical potentialities of 
CZE in the separation system with tandem-coupled columns to the spectral identification 
and determination of orotic acid (OA) in urine by diode array detection (DAD), coupled to 
the separation system via optical fibers. A very significant ‘‘in-column’’ clean-up of OA from 
urine matrix was achieved in the separation stage of the tandem by combining a low pH 
(2.8) with complexing effects of electroneutral agents [- and -cyclodextrins, 
poly(vinylpyrrolidone) and 3-(N,N-dimethyldodecylammonio)propanesulfonate]. Due to 
this, DAD spectral data of OA was acquired in the detection stage of the tandem with 
almost no disturbances by matrix co-migrants. 
ITP-ITP. Tomáš et al. (Tomáš et al., 2010) have modified the commercial coupled column 
isotachophoresis system for direct connection to an ion trap mass spectrometer. Although 
identification of individual zones is possible with the help of standard substances, selected 
ion monitoring of the individual masses in the electrospray-MS signal provided additional 
means for identification. The instrumentation was tested for determination of vitamins in 
whole blood analysis (see Fig.16) and separation of tryptic peptides. The main advantage of 
large bore ITP system with fluoropolymer based columns which was used in this work was 
the possibility to inject crude samples, such as urine or blood, with minimum or no sample 
pretreatment. In many cases injections of 10L or higher sample volumes result in 
sensitivities with cLOD in the range of 10-10 M.  
Microdialysis-CE. A fully-automated method for monitoring thiols (glutathione and 
cysteine) in the extracellular space of the caudate nucleus of anesthetized rats (in vivo) using 
microdialysis coupled on-line with CZE with laser-induced fluorescence detection 
(dialysates were derivatized on-line) was investigated (Lada & Kennedy, 1997). This system 
allowed to obtain high relative recoveries (nearly 100%) and high temporal resolution (high 
mass sensitivity of CZE-LIF permits frequent sampling) simultaneously for multiple thiols 
present in the brain. 

5.1.2 Analysis of proteins 
ITP-CZE. Comprehensive ITP-CZE was successfully coupled to electrospray ionization 
orthogonal acceleration time-of-flight mass spectrometry using angiotensin peptides as 
model analytes (Peterson et al., 2003). ITP-TOF-MS alone was adequate for the separation 
and detection of high concentration samples. The problems (ion suppression and 
discrimination) can occur when lower analyte concentrations are analysed because mixed 
zones or very sharp peaks are formed. This problem was effectively overcome by inserting a 
CE capillary between the ITP and TOF-MS.  
CZE-MEKC. Capillary zone electrophoresis at two different pH values has been developed 
to perform a comprehensive two-dimensional capillary electrophoresis separation of tryptic 
digest of bovine serum albumin using CZE followed by MEKC (Sahlin, 2007). Two-
dimensional systems reduced probability of component overlap and improved peak 
identification capabilities since the exact position of a compound in a twodimensional 
electropherogram is dependent on two different separation mechanisms.  
CIEF-CGE. An on-line two-dimensional CE system consisting of capillary isoelectric 
focusing (CIEF) and capillary gel electrophoresis (CGE) for the separation of hemoglobin 
(Hb) was reported by Yang et al. (Yang et al., 2003a). After the Hb variants with different 
isoelectric points (pIs) were focused in various bands in the first-dimension capillary, they 
were chemically mobilized one after another and fed to the second-dimension capillary for 
further separation in polyacrylamide gel.  
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Fig. 17. (A) CIEF separation of cytochrome c digest in a single capillary setup. Capillary: 
HPC coating, 37 cm x 50 m ID x 192 m OD; sample, 0.1 mg/mL cytochrome c digest in 2% 
Pharmalyte pH 3–10 and 0.38% N,N,N’,N’,-tetramethylethylenediamine; anolyte, 0.1 M 
acetic acid at pH 2.5; catholyte, 0.5% w/w ammonium hydroxide at pH 10.5; electric field 
strength, 500 V/cm; hydrodynamic mobilization; detection, UVabsorbance at 280 nm, 7 cm 
from cathodic end. (C) Early fraction of acidic peptides (pI 3.6–3.9) analyzed by transient 
CITP-CZE in a 2-D separation system. Reprinted from ref. (Mohan & Lee, 2002), with 
permission. 

CIEF-tITP-CZE. A microdialysis junction was employed as the interface for on-line 
coupling of capillary isoelectric focusing with transient isotachophoresis-zone 
electrophoresis in a two-dimensional separation system for the separation of tryptic 
proteins (Fig.17) (Mohan & Lee, 2002). This 2-D electrokinetic separation system combined 
the strengths of sample loading and analyte preconcentration in CIEF and CITP with high 
resolving power provided by isoelectric focusing and zone electrophoresis. Many 
peptides which have the same isoelectric point had different charge-to-mass ratios and 
thus different electrophoretic mobilities in zone electrophoresis. In comparison with 
chromatographic systems, electrokinetic separations require no column equilibration and 
offer further reduction in protein/peptide adsorption through the use of polymercoated 
capillaries.  
SPE-CE. An on-line system allowing digestion of the protein, followed by preconcentration, 
separation and detection of the tryptic peptides of insulin chain B, cytochrome c and  
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-casein at sub-micromolar concentrations were developed by Bonneil and Waldron 
(Bonneil & Waldron, 2000) to minimise the sample handling. Despite fairly good 
reproducibility of the maps, the resolution and efficiency were poor compared to 
conventional CE. It was mainly because of backpressure generated by the preconcentrator, 
small internal volumes of the micro-tee, separation capillary and 60-nl injection loop, which 
led to inconsistent transfer of the elution plug into the separation capillary. To minimize the 
backpressure effect, elution plug injection should be made at the lowest pressure possible or 
by electroosmosis (the use of a separation buffer with moderate to high pH). 
 

 
Fig. 18. Electropherogram of (a) CSF spiked with des-Tyr1-[d-Ala2-d-Leu5]-enkephalin (1) 
and [Met5]-enkephalin (2), each present at 0.5 g/mL, and (b) unspiked CSF using the on-
line SEC–SPE–CE system. Sample volume, 20 L; split ratio, 1:40; analysis voltage, −20 kV. 
Reprinted from ref. (Tempels et al., 2006), with permission. 

SEC-SPE-CE. An on-line coupled size exclusion chromatography (SEC) has been shown to 
be effective tool for removing potentially interfering proteins and permitted reproducible 
solid-phase extraction (SPE) and capillary electrophoresis (CE) in the analysis of peptides in 
biological fluids (enkephalins in cerebrospinal fluid-CSF), see Fig. 18 (Tempels et al., 2006). 
This method was shown to be effective enough for the determination of exogenous 
enkephalins (present in the low g/mL range) in CSF or plasma, but for endogenous 
enkephalins (present in the low ng/mL range) sensitivity improvement would still be 
needed. 

5.2 Microchip arrangement 
5.2.1 Analysis of drugs and biomarkers in clinical samples  
Membrane filtration-MCE. The multilayer MCE device consisting of a small piece of thin 
polycarbonate track-etched (PCTE) membrane (10 nm pore diameter) sandwiched between 
two PDMS monoliths with embedded microchannels serves for the speed microscale sample 
filtration (clean-up) and preconcentration of the complex samples composed of low and 
high molecular compounds (Long et al, 2006). This approach has been effectively applied in 
rapid determination of reduced glutathione in human plasma and red blood cells without 
any off-chip deproteinization procedure (Fig. 19). 
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Fig. 19. Electropherograms of (a) human plasma and (b) red blood cell lysate injected across 
a 10 nm pore diameter membrane without any off-chip deproteinization procedure. The 
separation buffer was 100 mM TBE (pH 8.4). The injection time was 2 s, Vinj = 800 V, Vsep = 
1500 V. Reprinted from ref. (Long et al., 2006), with permission.  

5.2.2 Analysis of proteins 
ITP-ZE. Ölvecká et al. (Ölvecká et al., 2004) demonstrated the potential of their CC chip for 
highly sensitive analysis of proteins using the online ITP–ZE combination method. The aim 
of the ITP step in this work was restricted mainly to the concentration of proteins before 
their ZE separation and conductivity detection. ITP and ZE cooperatively contributed to 
low- or sub-μg/mL concentration detectabilities of proteins and their quantitations at 1-5 
μg/mL concentrations. 
IEF-ZE. A two-dimensional electrophoresis platform, combining isoelectric focusing  
(IEF) and zone electrophoresis (ZE), was established on a microchip for the high-throughput 
and high-resolution analysis of complex samples (separation of the digests of bovine  
serum albimine and proteins extracted from E. coli) (Cong et al., 2008). During the 
separation, peptides were first focused by IEF in the first dimensional channel, and then 
directly driven into the perpendicular channel by controlling the applied voltages, and 
separated by ZE.  
ITP-GE. A microchip for online combination of ITP with gel electrophoretic separation was 
developed to decrease the detectable concentration of SDS-proteins (Huang et al., 2005). 
Without deteriorating the peak resolution, this system provided a 40-fold increase of the 
sensitivity, saved analysis time and simplified the instruments for SDS-proteins analysis 
when compared to the gel electrophoresis mode (see Fig.20). 
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Fig. 20. ITP-GE (B) versus GE (A) mode of SDS-protein complexes analysis in the sieving 
matrix of 10% dextran on microchip. Peak identification: 1, carbonic anhydrase (124 
g/mL); 2, ovalbumin (20 g/mL); 3, BSA (50 g/mL); 4, conalbumin (60 g/mL). 
Reprinted from ref. (Huang et al., 2005), with permission. 

SPE-MCE. The study involved trypsin digestion, affinity extraction of histidine-
containing peptides, and reversed-phase capillary electrochromatography of the selected 
peptides in a single polydimethylsiloxane chip was described by Slentz et al. (Slentz et al., 
2003). Copper (II)-immobilized metal affinity chromatography 5m-particles have been 
introduced into the chip. Frits have been fabricated in order to maintain the beads, with 
collocated monolithic support structures (COMOSS). They were able to trap particulate 
contaminants ranging down to 2m in size. Fig. 21 presents the on-chip separation of 
fluorescein isothiocyanate-labeled bovine serum albumin digest (A) before and (B) after 
affinity extraction. 
 

 
Fig. 21. On-chip separation of fluorescein isothiocyanate-labeled bovine serum albumin 
digest (A) before and (B) after affinity extraction. Reprinted from ref. (Slentz et al., 2003), 
with permission. 
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6. Conclusion 

This thematic chapter of the scientific monograph indicates, as expected, that there is not 
available any universal method capable to solve all the analytical problems. On the other 
hand, this work clearly shows that the advanced on-line coupled systems are characterized 
by a capability to solve individual groups of very complex analytical tasks (trace analyte, 
structurally related analytes, high concentration ratio matrix:analyte, detection interferences, 
unstable substances, minute sample amounts, in-vivo applications, and various 
combinations of these problems). Moreover, they allow an elimination of external sample 
handling that is favorable for the automatization and miniaturization of the analytical 
procedure. All the categories of on-line column coupled methods provide one or more 
interfaces for the autonomic, flexible, and well defined/controlled performance of different 
analytical techniques. Nevertheless, the particular categories of on-line column coupled 
methods are differing from each other by their specific features and analytical potentialities. 
An on-line column coupling of CE-CE is advantageous especially because of a simple 
instrumentation and control of the analytical process, as well as good compatibility of 
combined separation (electrolyte) systems. On the other hand, an implementation of 
different separation mechanisms, reflected in an enhanced selectivity of the methods, and 
possibilities to process larger sample volumes can be counted among typical benefits of an 
on-line column coupling of CE with non electrophoretic techniques. Very interesting and 
promising alternative, compromising several analytical aspects, is the hydrodynamically 
closed CE-CE mode employing capillaries with higher internal diameters as employed in 
the conventional (hydrodynamically open) mode. Such closed mode has an advantage of 
higher sample load capacity and obtainable reproducibility of the measurements that are the 
parameters of a high importance for the real applications of the analytical method. On the 
other hand, hydrodynamically closed CE-CE systems are limited in the applicability of 
various supporting electrophoretic (e.g. electroosmotic flow) and non electrophoretic (e.g. 
pressure counterflow) effects and therefore the achieving of desired separation selectivity 
can be more difficult. Moreover, here are several critical parameters with respect to a 
deterioration of the separation efficiency such as capillary size (internal diameter), driving 
current/voltage, and electrolyte systems that must be very carefully selected and optimized. 
Therefore, the selection of the method will be determined by particular demands of the 
analysis. An appropriate selection of the method should then make possible to achieve 
favorable performance parameters (validation data) while maintaining all benefits of the 
given method. In such a case, the method can be fully accepted for a routine use in a given 
advanced application area. 
Another future direction concerns the development of analytical microsystems, which is 
currently one of the major challenge in analytical chemistry and may play a role in the 
future of life science oriented research and development. The main incentives in 
miniaturization include a reduction of reagents and samples consumption, increased 
analytical performance, shorter analysis time, and high-throughput. The overall goal is 
progression towards a -total analysis system (TAS), whereby chemical information is 
periodically transformed into an electronic or optical signal, where analysis is carried out on 
a micrometer scale using centimeter-sized glass or plastic chips. However, samples from 
biological extracts will always be complex and target analytes at trace-levels. With respect to 
the potentialities of the advanced CE separation systems, as illustrated also in this chapter, 
there is/will be thus a great current and future interest in adapting the advanced on-line 
electrophoretic and non electrophoretic techniques to a micrometer scale. 
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1. Introduction 

The human body adapts to the space environment in a number of direct and indirect ways.  
With the near-removal of gravitational forces, body fluid tends to move headwards from the 
lower extremities. As the body adapts to this changed distribution of fluid, plasma volume 
in the blood decreases within days. This change increases the relative concentration of red 
blood cells in the blood, which may be a factor in the observed decrease in red blood cell 
generation. (For discussion of this and similar issues, see, e.g., (Blaber et al., 2010)). Newly 
modified concentrations of various dissolved gases, hormones, electrolytes, and other 
substances induce a cascade of inter-woven effects. Other direct effects of space include 
conformational changes in compliant tissue, including the shape of the heart. Muscles tend 
to atrophy without the challenge of gravitational loading. More troubling, key regions in the 
load-bearing skeleton, such as the hip and lumbar spine, can lose mass at a rate of 1.5-2.5% 
per month, at least for several months. Aside from the loss of gravitational loading, other 
environmental factors include radiation exposure (Akopova et al., 2005), altered light/dark 
cycles, and the psychological stress of living in a confined space in a dangerous environment 
with only a few people for months at a time. Biomedical research continues to expand our 
knowledge base and provide insights into the short- and long-term effects of spaceflight on 
the human body. Space medicine is concerned with the more immediate needs of astronaut 
patients who are living in low earth orbit right now. Both of these tasks require 
biodiagnostic tools that give meaningful information.  
The retirement of the Space Shuttle removes the primary avenue for returning astronaut 
blood samples to earth for lab analysis. This requires a shift in focus from ground-based 
analysis of space-exposed samples to on-orbit analysis. While this is a significant challenge, 
it also provides an opportunity to use the International Space Station (ISS) to develop next-
generation medical diagnostics for space. For long-duration spaceflight, we know that the 
crew will have to operate at an unprecedented level of autonomy. The need for compact, 
efficient, reliable, adaptable diagnostics will be critical for maintaining the health of the crew 
and their environment. The ISS can be used as a proving ground for these emerging 
technologies so that we can refine these tools before the need becomes urgent.   
The demands placed on onboard diagnostics are not simple to meet. Minimal resources for 
power, storage, excess volume and mass are available. Assume that the entire medical supply 
kit for long-duration spaceflight will be roughly the size of a shoebox. Little or no supply chain 
is to be expected. Devices and their supporting reagents and additives must remain viable for 
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several years. They must operate safely and reliably in an extreme envi-ronment. We would 
like to have testing capabilities that could respond to current needs as well as to evolving 
priorities. For blood analysis, we would like to perform routine chemis-try panels and cell 
counts as well as examine an array of biomarkers (some as yet unknown), which would aid in 
detecting radiative damage and assessing changes in bone, immune, cardiovascular, 
neurological, renal, and other functions.  Aside from blood analysis, urine or saliva could 
provide useful diagnostic data while reducing invasiveness to the astronaut. Consequently, we 
would like to design towards a device that could accept other sample types including cell 
cultures, animal blood and urine, and environmental samples like potable water.   
On earth, the Holy Grail for portable medical diagnostics is the development of a self-
contained, robust, general-purpose assay system for analysis of bodily or environmental 
fluids.  While this remains the goal, most research today focuses on bits and pieces of such a 
device, such as separation processes, onboard miniaturized sensors, or the development of 
highly specialized assays, e.g., detection of specific cancers. There are fewer investigations 
that focus on integration of sample introduction, processing, and detection with wide-
ranging capability. But the pace of such development has progressed rapidly over the last 
decade. Most systems rely heavily on disposable components, which are a luxury for a 
spacebound tool. Devices that depend on bulky external infrastructure for optics, flow 
control or application of magnetic, electric, or optical fields are also ill-suited for space.  
Dynamic reconfiguration of device capabilities to accommodate different assays or sample 
types can be achieved with flow control and/or biochip-based reconfiguration, but these 
modular concepts remain more of an interesting oddity at present than a regularly 
employed strategy in biochip development. Complete integration, miniaturization, 
adaptability and breadth of capability are all essential features of a spaceworthy device.   
On the commercial side, there are a handful of point-of-care devices that provide general-
ized blood analysis. None of these devices span the breadth of assays specified by the most 
current medical requirements (International Space Station Program, 2004). For a discussion, 
see (Nelson & Chait, 2010).  For these devices, the design paradigm is a suite of disposable 
cartridges, coupled with a reusable reader. But for space travelers on extended missions, the 
volume and mass of the disposable components for these commercial systems are 
prohibitively large.  Moreover, the shelf life is grossly inadequate. 
For the past decade, NASA has invested in the development of next-generation medical 
diagnostics. In this chapter, we consider the benefit of squeezing down the resource 
requirements by limiting the use of disposable components. Instead, we emphasize the 
reuse of the microfluidic and detection infrastructure if cross-contamination can be avoided. 
The basic technology exists today to build a reusable microscale lab analysis tool that is 
versatile, resource-conscious, and miniaturized to an extent that beats the commercial 
devices by a very large margin. The primary obstacles are in development, specifically, the 
integration of all the functional components into a single device, the capacity for massive 
multiplexing and the broad availability of appropriate assays. Many excellent reviews on 
microfluidics are available in the literature, including (Arora et al., 2010; Bhagat et al., 2010; 
Chan, 2009; Chang & Yang, 2007; Cho et al., 2010; De Volder & Reynaerts, 2010; Di Carlo, 
2009; Gossett et al., 2010; Huh et al., 2009; Hwang & Park, 2011; Kim & Ligler, 2010; Kist & 
Mandaji, 2004; Kuswandi et al., 2007; Lange et al., 2008; Lenshof & Laurell, 2010; Mogensen 
& Kutter, 2009; Mukhopadhyay, 2005; Pamme, 2006; Pamme, 2007; Salieb-Beugelaar et al., 
2010; Sun & Morgan, 2010).  Consequently, in this work, we will focus on the new directions 
that will reduce resource consumption, improve adaptability and expand breadth while 
increasing diagnostic value within the framework of a single device. 
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2. Requirements for spacebound devices 

Diagnostics in space must be stingy with resources, such as volume, mass, power and rea-
gent consumption. Ideally, biomedical devices should be highly adaptable to meet evolving 
needs of space medicine, biomedical research, plant, cell and animal biology, and 
environmental monitoring. Devices and their supporting reagents and additives must 
sustain performance during a multi-year lifetime in a low-gravity environment, 
characterized by radiation, low humidity and the lack of refrigeration. Efforts to reduce 
additives, expand capability, amplify ruggedness and simplify controls will ultimately be 
beneficial for all next-generation medical devices, whether for use on earth or in space.   

2.1 Resource consumption 
In 2010, a prototype microfluidic device purified water and mixed it with salt crystals on 
orbit to deliver medical-grade saline solution in an approach described by (Niederhaus et 
al., 2008). This technique could maintain the availability of saline for medical or lab use on 
the Space Station, while eliminating the need to consume limited storage space in resupply 
vehicles. But in general, additives, including reagents, buffers, and clean water, are very 
limited. No dedicated hardware can be expected for cleaning or storage. Every pipette, 
lancet, cleansing wipe, and other supplies used for device operation or maintenance must be 
considered as part of an assay system’s resource “load” and scrutinized for potential 
savings. From the standpoint of resource efficiency, the microdevices fabricated by 
embedding polymer microchannels on paper by Whitesides and co-workers are noteworthy 
(Martinez et al., 2010).  A droplet of blood is applied to a snippet of paper, which uses 
capillary action to draw the sample through the device to colorimetric sensor pads. The 
overall system is extremely small, requires no power or other infrastructure for qualitative 
measurement, and can easily perform several blood tests simultaneously. Expanding its 
capabilities to dozens or hundreds of tests per sample is a major challenge, but this direction 
is progressing through the use of multi-layer microsystems (Martinez et al., 2010). However, 
this approach is unlikely to provide cell counts without major redesign.  
One fundamental design choice is the use of a disposable cartridge, which accepts the 
sample and contains the microfluidic network necessary for processing the sample, versus a 
reusable system, which would ideally reuse all of the microfluidic infrastructure.  In the 
latter case, only the sample itself and supporting additives would remain as biological 
waste. Those additives include the fluids required for flushing or cleaning the reusable 
device to remove all detectable traces of the sample and reagents. In contrast, the disposable 
cartridges encapsulate the biosample within its borders, simplifying the process of disposal 
while potentially eliminating the risk of cross-contamination. And, certainly, the disposable 
components could be designed to be more resource-conscious than current commercial 
designs. But even so, systems based on disposable cartridges will likely require more 
upmass for resupply than a reusable system would require. (“Upmass” is a term used to 
describe the mass occupied by something placed in a spacebound vehicle.) Close 
examination of the resources required by the device, the availability of flushing fluids and of 
upmass, the tolerance for risk, and the diagnostics requirements of the mission will 
determine the best approach for any specific space mission.  
A device designed for reusability can be more easily re-engineered to operate with a 
disposable, bioencapsulating cartridge than vice versa.  Consequently, in this work, we will 
examine the less studied problem of a reusable biomedical analyzer.        
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There are many avenues for scaling down a biodiagnostic system’s footprint:   
 Reduce the scale at which the device operates. Operating volumes on the scale of several 

hundred nL have been proven. The need for effective pre-filtering is however essential. 
 Include onboard sensors and fluidics.  Optical and electrochemical detection are at this 

point reasonably mature.  Fluidic components such as micropumps and valving can be 
integrated with electronics for speedy communication and improved ruggedness. 

 Exploit shared resources, such as a PC for signal processing and display. USB ports can 
also be used to supply power that is adequate for well-designed systems.     

 Scale back the size of the disposable portion.  Examples include a disposable insert for 
sample retrieval following separation by capillary electrophoresis (Mohanty et al., 2006) 
or portions of a microperistaltic pump (Liu et al., 2003).   

 Incorporate  modularity, introduced into the system virtually through dynamic 
programmability, or physically by using quick disconnects or swapping out chips for 
different sample types or detection strategies (see §2.2). 

 Use systems that can perform massive multiplexing, i.e., process dozens to hundreds of 
diagnostic tests from a single sample (see §2.2 and §4.2).     

2.2 Flexibility, adaptability and modularity 
For space biodiagnostics, we would like to perform garden-variety blood and urine analysis, 
as well as more specialized tests. All testing will  involve counting particulates, such as cell, 
platelet, bacterial, and crystal counts, as well as detecting concentrations of dissolved 
substances in the sample, including gases, electrolytes, small molecules, and a range of large 
and small proteins (see §4.2). Due to the sheer number of assays to be processed, one key 
requirement will be the capacity for massive multiplexing on an individual sample. 
(“Multiplexing” simply refers to the capability of performing multiple measurements on the 
same sample.) The multiplexing should avoid “hard coding” an assay suite to the system to 
permit adaptability. Finally, we would like to extend the range of sample types to more 
broadly address the needs of physiological, biological and environmental analysis. 
Mix-and-match modules with simple connection strategies are one way to embed flexibility 
into a resource-conscious assay system. In one example, the development of “Zero Insertion 
Force” sockets allowed reconfiguration of the fluidic and electrical connectivity with up to 
60 independent electrical connections joined to a variety of microfluidic systems (Dalton & 
Kaler, 2007). For space diagnostics, a module for cell separation and counting could be 
coupled to a serum analysis module. The latter could be designed to operate on nL-scale 
volumes of well-filtered fluid. The blood pre-processor for cell separation and analysis could 
then be swapped out with a urine pre-processing stage, which would separate out solids 
content, while sending well-filtered urine on to the nanoscale detection device.  
Alternatively, dynamic flow control could be used to route the sample through different 
pathways to appropriate processing stations onboard a single chip. The basic principles of 
programmability that have become so integral to information technology are available for 
fluidic networks as well. In this case, the assay suite and the flow path can be specified at 
runtime, which can be effective at conserving reagents and streamlining operations. The 
rudiments of a Java interface were developed for operations on arbitrary portions of one 
biochip design, including metering, transporting, mixing, and purging (Urbanski et al., 2006). 
A device for studying protein precipitation included a Labview-driven system for quickly 
creating complex mixtures using 32 stock reagents in a 5 nL reactor (Hansen et al., 2004). The 
metering precision of 83.4± 0.6 pL ensured minimal reagent consumption. These approaches 
could add significant capability to a resource-conscious, adaptable biodiagnostic system. 



 
Design Principles for Microfluidic Biomedical Diagnostics in Space 

 

135 

Both of the strategies discussed above assume that reconfiguration requires the sample to 
access different sets of fluidic pathways, such as various reagent reservoirs, mixing devices, 
incubation chambers and/or detection stages.  In §4.2, we will discuss other approaches to 
massive multiplexing through assay design. 

2.3 Lifetime 
Devices and their supporting consumables must remain viable in a space habitat for years in 
an environment characterized by radiation exposure and low humidity, without dedicated 
hardware for sterilization or guaranteed access to refrigerated storage. This is a significantly 
higher bar than the requirements on shelf life for earthbound devices.  Moreover, little or no 
supply chain will exist for maintenance or replenishment. Therefore, NASA must find a 
solution with the right combination of physical and biochemistry, device and sensor design, 
and materials and fabrication choices to operate under the demanding conditions of long-
duration spaceflight.   
Like most commercial systems, the widely used i-STAT blood analyzer employs single-use 
assay cartridges. Its cartridges are rated by the manufacturer at a 4-6 month shelf life when 
refrigerated at 2-8˚C. NASA researchers found that some of the more common assays for 
blood chemistry retained their effectiveness for up to 12 months (Smith et al., 2004). No such 
testing is available for the single-assay cTNl cartridge, which detects troponin. This is 
problematic since the biochemical reagents in immunoassays are less stable over time than 
chemical reagents. Additional packaging to reduce the effects of gas diffusion and radiation 
exposure is likely to be the maximum effort that NASA could reasonably consider to extend 
the lifetime of commercial devices. See §4.2 for further discussion on assay design. 
Few studies explore the impact of long-term exposure to space radiation on shelf life. One of 
the only studies to address this issue is considered in a preliminary fashion by (Fernandez-
Calvo et al., 2006).  High doses of low-energy gamma radiation were not found to be 
significantly deleterious on antibody activity, which was contained in stabilizing solutions. 
However, the duration of exposure was not reported in this work, and shelf life was not 
addressed. Furthermore, the study does not address the type of radiation of most concern, 
i.e., that of large energetic particles, such as high-energy protons and neutrons emitted in 
solar flares. More work in this area would be valuable.  
Biochips must maintain geometric stability over their lifetime in space. Polymer chips are easy to 
manufacture, but are softer than silicon and glass, and may be more vulnerable in this regard. 
Cleaning and maintenance functions also impact this aspect of chip lifetime, particularly if 
disassembly is involved (Xie et al., 2005). Another concern is the degradation of seals, coatings, 
and sensing components, such as electrodes. Shelf life is certainly an issue for microscale 
electrodes (Shen et al., 2007; Zhang et al., 2007). Degradation could also affect overall 
containment in addition to sensing performance, and it could introduce fouling contaminants 
into the microfluidic network. The latter is of most concern when the contaminant is 
introduced downstream of filtration. One solution is to use techniques that isolate degradable 
sensors like electrodes from contact with fluids in the device (Nikitin et al., 2005). 
Operational lifetime will be a function of the underlying (bio)chemistry, the biochip design, 
and the environment in which the sensor operates. In the literature on biochips, operational 
lifetime is occasionally reported, particularly for reusable immunoassays with expensive 
antigens or other biological recognition elements, since binding kinetics can degrade with 
cycling. Some studies report adequate function with some reusability  (Chen et al., 2003; 
Yuan et al., 2007), depending on storage conditions. In spaceflight, devices must be stable 
for several years with hundreds to thousands of uses. 
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2.4 Gravitational independence 
Mars exploration requirements prompted the development of biochip-based solutions for 
detection of organic acids using capillary electrophoresis (Skelley et al., 2005), which 
integrated power, pneumatic control and optics. Some microdiagnostics for biology have 
been tested in specially outfitted aircraft in parabolic flight campaigns. In this reduced 
gravity environment, a sequence of roughly 40 parabolic trajectories are traversed.  At the 
peak of each parabola, 20-25 seconds of microgravity can be attained.  Such testing provides 
insight into behavior on the Space Station, in which the net quasisteady acceleration is 
typically on the order of a few μg (where 1 μg=1x10-6g), although there can be much larger 
vibrational and transient disturbances (Nelson, 1994). Microfluidic devices that have 
undergone parabolic flight testing include electrophoretic separation of amino acids in an 
aqueous environment (Culbertson et al., 2005), an immunoabsorbent assay (Maule et al., 
2003), and more recently, a blood analyzer on a reusable microfluidic platform (Chan et al., 
2011). 
We should not expect large variations in biochemistry (e.g., the biokinetic constants that 
describe binding processes) over short periods in reduced g. However, we should anticipate 
altered heat and mass transport due to differences in fluid behavior. Gravity and other 
accelerations act on density differences to drive processes such as sedimentation, bubble 
migration and natural (buoyancy-driven) convection. As we decrease the size of fluidic 
channels, we create a system with an increased surface-to-volume ratio, which in turn 
changes the relative importance of the forces that drive fluid transport. Macroscale systems, 
such as separation of plasma from whole blood through centrifugation, are governed by 
volumetric forces such as gravity and centrifugal acceleration acting through density 
variation to produce the separation. In microfluidics, surface forces, such as friction and 
surface tension, become more important. Nevertheless, we must also consider the altered 
competition of intermolecular forces leading to observed binding kinetics between 
neighboring surfaces and the bulk liquids in microfluidics devices. Both molecular 
orientation changes and direct molecular attraction/repulsion through surface coatings 
could potentially influence overall assay results if bulk transport is affected in microgravity.   
In microgravity, particles are less likely to sediment in any static system, but bubble 
management can become more challenging. Processes that require large liquid/vapor 
interfaces to generate bulk flows in liquid will operate in an even less intuitive manner in 
microgravity. In space, surface-tension forces dominate liquid/vapor interface behavior 
without the application of other forces, creating blobs of liquid in unconfined space, or fully 
wetted surfaces with an interior bubble in enclosures.  To be prudent, processes that can 
create bubbles must be analyzed for microgravity operation before use in space. In some 
cases, bubble generation is fundamental to the technique (Satoh et al., 2007; Furdui et al., 
2003) and in other cases, bubbles can be an unintended consequence, e.g., of hydrolysis 
(Lancaster et al., 2005). Metabolic processes or biochemical reactions can create dissolved 
gases. Temperature and/or pressure variation can thermodynamically drive dissolved gases 
out of solution. Over time, liquid evaporation and gas diffusion through seals or porous 
materials can cause gaseous pockets to form in a liquid-filled device. Wherever there is a 
discontinuity in the fluid path, the potential for bubble generation exists.  The location at 
which the sample meets the microfluidic device is one such juncture.   
These considerations are of interest because bubbles can effectively clog the pathways of a 
microfluidic device and/or interfere with the detection process. The consequences are more 
serious for a device in space because bubbles are less inclined to migrate to specific 
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locations, such as the top of the device, for easy removal. One strategy is to prime the 
biochip system on earth so that all bubbles are removed before leaving for space. For short-
term usage in carefully designed systems, this may provide adequate bubble control, but for 
long-duration flight, it is probably insufficient. Application of a large pressure gradient is a 
brute-force method to clear the fluidic channels of bubbles. As the channel dimensions 
decrease in size, the pressure gradients needed to drive bubbles out of the device increases, 
particularly for microfluidic channels with torturous geometry. A recent parabolic flight 
experiment demonstrated that a net pressure difference of about 10 kPa was sufficient to 
clear even large bubbles of air through channels with a cross-section of 200x120 m2 (Chan 
et al., 2011), although this device was intentionally designed to avoid channel features that 
could become bubble traps. Wetting properties in microchannels can be affected by 
surfactants, which can reduce the resistance to flow caused by bubbles (Fuerstman et al., 
2007). Another strategy is to propel bubbles out of the system through the use of gradients 
in wetting properties of the walls, created through active control of an electrical field 
(§3.2.1). For our purposes, unless a device employs electrowetting for other purposes, it is 
not worth including it if application of pressure is adequate. 
While the density ratio of most vapors to aqueous solutions is on the order of 1000:1, the 
density variation between typical biological liquids and particles is just a few percent, so the 
effect of gravity is less significant than for bubbly liquids. However, even at the scale of 10-
100 m, buoyancy and drag can affect particle behavior in electromagnetic sorting (Furlani, 
2007) and microvortex cell trapping (Hsu et al., 2008), indicating that microgravity 
sensitivity should be examined during the design of biodiagnostics.   

3. Hardware design 

This section focuses on chip design, flow actuation, separation, mixing, and transport to the 
detection stage for space applications. To operate in the real world, devices must respond to 
the properties of real samples, so we begin with a discussion of sample properties. 
 

 
Fig. 1. Length scales of components commonly found in blood and urine samples. 

3.1 Sample characteristics 
Blood is a mixture of ~55% plasma by volume with ~45% solids content, comprised of  
red blood cells (erythrocytes), white blood cells (leukocytes) and platelets (thrombocytes, 
which are the least dense type of cell). The number density of leukocytes is typically 100-800 
times less than that of erythrocytes. These cells form the raw material for measurement  
of hematocrit (volumetric fraction of erythrocytes in blood), counts of erythrocytes, 
leukocytes, platelets and hemoglobin content. Leukocytes are further distinguished into  
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 Shape size (m) 
deform-
ability 

density 
(kg/m3) 

count 
(number/L) 

suscepti-
bility (SI) 

erythrocytes biconcave, 
discoid 

diameter 
~8.5  

thickness 
~2.3

high 1100 3.5-5.5x106 -9.22x10-6 * 
-3.9x10-6 ** 

leukocytes Spherical diameter 
~6-15 low 1070 3.5-11x103 -9.2x10-6 

platelets platelike or
irregular 1-3 high lower 1.5-4.5x105  

Table 1. Properties of blood cells.  Data from (Furlani, 2007) and (Wikipedia, 2011). 
*deoxygenated, **oxygenated 

five basic subtypes. The number density of these white blood cell subtypes vary widely in 
the blood, as do their size and structure. The least populous subtype, basophils, are found in 
concentrations of 40-900 cells/L (Wikipedia, 2011), so that the required sample volume 
may be larger than a single drop of blood to derive meaningful statistics. More detailed 
subtyping on rarer white blood cells can provide even more specific diagnostic information, 
such as the presence of particular cancers or other pathologies. There is much diagnostic 
value in such information, so significant effort is placed on separating white blood cells and 
specific subtypes from whole blood. Fortunately, blood cells differ significantly in size, 
shape, deformability and electrical properties, as shown in Table 1 for healthy adults. As a 
rheological fluid, the viscosity of whole blood is a function of shear rate and other 
environmental factors. Its viscoelastic behavior derives primarily from erythrocyte 
deformability. Blood viscosity is also dependent on its composition and can be correlated to 
hematocrit and fibrinogen content. Depending on shear rate, the mean whole blood 
viscosity in healthy people varied from 3.2 to 5.5 mPa·s in one study.  With blood cells 
removed, plasma viscosity decreased to 1.4 mPa·s (Rosenson et al., 1996). As with whole 
blood, plasma viscosity can be correlated to composition, specifically to fibrinogen, total 
serum protein and triglycerides (Rosenson et al., 1996). Plasma is primarily composed of 
water, but also contains essential salts; ionic species such as calcium, sodium, potassium and 
bicarbonate; and larger molecules such as amino acids, lipids, and hormones and other 
proteins. Serum is produced from blood plasma by adding anticoagulant, such as 
ethylenediaminetetraacetic acid (EDTA). Serum is desirable for most assays, with some 
exceptions such as clotting assays (Hansson et al., 1999). 
Platelets are normally platelike in shape, but when activated, they become rounder and long 
filaments protrude from their surface (Fig. 2(b)). In this state, platelets readily clump 
together, or aggregate, forming connections via two key proteins, fibrinogen and von 
Willebrand Factor (vWF). The latter is contained in endothelial cells of blood vessel linings 
as well as in granules inside platelets. The combination of shear stress and vWF are key 
players in platelet activation. Shankaran and co-workers identified two stages: one in which 
the presence of high fluid shear and vWF sensitize the platelet to shear. At later times, 
platelets can become activated at much lower shear stresses and without the presence of 
vWF (Shankaran et al., 2003). The process is only weakly dependent on local platelet 
concentration, indicating that it is fluid shear acting on individual cells, and not cell 
collisions, that govern the process.  Following exposure to a threshold fluid shear stress  
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= 75 dynes/cm2, they found that a suspension of isolated platelets with viscosity  
=1.1 mPa·s was significantly more likely to become activated (similarly for whole blood at 
=83 dynes/cm2, =3.8 mPa·s). Even a few seconds of exposure can be sufficient to sensitize 
platelets (Dayananda et al., 2010). The viscosity of the fluid medium is important because it 
is the shear stress, not the shear rate reported in many studies, that governs the behavior.  
(In a homogeneous fluid, shear stress is the shear rate multiplied by viscosity.) Clearly, the 
microfluidic design must avoid such levels of shear stress. But given the dependence on 
shear stress history, the sample should avoid wall proximity to limit the potential for 
adhesion. This is a strong argument for rigorously avoiding fluid separations (recirculating 
flow cells), which may occur near sharp bends, corners, and steps. It also suggests that 
sample dilution can be beneficial by lowering fluid viscosity and reducing protein and cell 
concentration.     
 

 
Fig. 2. Solids found in blood and urine samples: (a) blood cells; (b) erythrocyte, activated 
platelet, and leukocyte; (c) urinary erythrocyte cast; (d) calcium oxalate crystals (arrows)  
(e) uric acid crystals; (f) triple phosphate crystals with amorphous phosphate.   
(a)-(b) reprinted from the National Cancer Institute, Frederick, Md.; (c)-(f) reprinted from 
the National Institutes of Health Clinical Center Department of Laboratory Medicine, 
Bethesda, Md. 

Urine separation presents a different set of challenges. Although the solids content is far 
less than blood, the size and other properties of the particulates vary more widely. These 
can include cells, casts (which include blood and tissue cells that have passed through the 
renal system, retaining the renal tubule’s shape, Fig. 2(c)), proteins, and a wide array of 
crystals (Fig. 2(d)-(f)). Size, electromagnetic properties, rigidity, and staining propensities 
are also quite variable. Obtaining well-filtered urine should be straightforward with 
branching techniques (§3.2.2). Examination of urinary sediment can also yield critical 
diagnostic information, but it is somewhat more challenging to accommodate in a 
microfluidic context. Typically, a urine sample of 10-15 mL is centrifuged at ~2000-3000 
rpm for five minutes to concentrate the solids content. Pure fluid is withdrawn until ~0.2-
0.5 mL remains. A drop of this fluid is then examined under a microscope (Simerville et 
al., 2005). To examine urinary sediment in the space environment, an effective 
microfluidic concentrator would be required as well as a means of staining and imaging 
the concentrated sample.    
Saliva is of interest to space biodiagnostics because of its ready availability and marginal 
invasiveness to the astronaut, particularly since wound healing proceeds more slowly in 
space (Delp, 2008). Saliva’s non-Newtonian viscoelastic behavior is a result of its high mucin 
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concentration, which makes it a challenging fluid for microfluidic applications.  In one 
study, pre-processing the saliva via filtration through a 0.2 m membrane was found to 
remove 92% of total proteins and 97% of the mucins, so that treated saliva could be analyzed 
in a microfluidic sensor (Helton et al., 2008). However, sensor fouling still remained an 
issue. Another study used a commercially available sorbent within a microdevice as a 
preparatory stage for microscale capillary electrophoresis to concentrate hydroxyl radicals 
while removing undesirable saliva components (Marchiarullo et al., 2008). While these pre-
processing stages are not compatible with reusability, they may provide an avenue to pre-
processing saliva for use in a reusable device.     
Other sample types of interest include examination of potable water for toxin and bacterial 
content, animal fluids and cell cultures, for which the strategies discussed above are 
applicable.  Throughout the rest of this document, the term “analyte” or “target” refers to 
the component of the sample that is to be analyzed. An “assay” is simply a test performed 
on a sample to yield information on the desired target. 

3.2 Chip design 
For a reusable device, the potential for cross-contamination is a major concern.  Designs 
should therefore minimize residence time of the sample near the walls to minimize the 
opportunity for adsorption.  In general, channels of uniform height without sharp bends, 
steps, expansions or contractions will have less opportunity to form stagnation zones that 
could increase sample residence time near the walls.  A continuous, uniform flow rate also 
limits the potential for fluid eddies that could bring the sample into contact with the wall. 
(On the other hand, devices with unavoidable and persistent stagnation zones could benefit 
from periodic disruption by pulsatile flow (Corbett et al., 2010.)) Unless a competing design 
presents substantial advantages and minimal compromises in operation and lifetime, this 
should be the baseline design of a reusable microfluidic device.   
In general, passive processes are preferred for space applications in order to reduce power 
consumption. The most robust system will have no moving parts, simple geometries, and 
simple flow controls. Meeting this goal may involve relatively simple design tradeoffs in 
separation and mixing processes (§3.2.2), but it is more difficult for flow actuation (§3.2.1). 
From §3.1, it is clear that for reusable microfluidics, it is advantageous to avoid sample 
contact with walls. Consequently, droplet-based processing will not be included in this 
discussion. Sheathing, which surrounds a sample by flowing streams of inert liquid such 
as buffer, is one means of separating the sample from the chamber walls. This strategy is 
routinely employed in flow focusing (§3.3). If the sheathing fluid does not mix effectively 
with the sample, one study showed that the sheathing fluid could even be recycled in an 
automated fashion (Hashemi et al., 2010). Another microfluidic device encapsulated plugs 
of aqueous analyte in oil to prohibit sample contact with the biochip surface (Urbanski et 
al., 2006). Oil and water are examples of two fluids that are immiscible, i.e., they do not 
mix, but instead maintain a sharp interface.  

3.2.1 Flow actuation and control 
Fluids handling requires effective means of actuating (initiating) flow, priming, pumping, 
metering, separating, mixing, and flushing. There are many options for initiating fluid 
motion in microfluidics. Capillary forces are sufficient to draw blood into a glass 
micropipette. While this technique could be used to introduce blood into the device, it is 
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generally insufficient to pump fluid through a microfluidic device (with some notable 
exceptions (Martinez et al., 2010).) Mechanically, the simplest way to drive flow is through a 
hydrodynamic pressure difference, produced by connecting the inlet and exit ports to fluid 
reservoirs of different heights (Shevkoplyas et al., 2005; Simonnet & Groisman, 2006).  A 1-m 
difference in water column height between two reservoirs translates to an overall pressure 
drop of 10 kPa, which is sufficient to drive flow in an uncomplicated microdevice. This 
might also be an option on the lunar and Martian surfaces, after taking into account their 
reduced gravity to roughly 1/6th and 2/3rd earth gravity, respectively. 
Pressure-driven flow can also be actuated with syringe pumps.  Although they represent  
an unacceptable penalty on mass, volume and power resources for space diagnostics,  
they provide reliable, precise control over the flow rate on earth.  A manually operated 
syringe for driving flow is feasible for space operations, but flow control would be more 
difficult. 
Mechanical micropumps include centrifugal, peristaltic, reciprocating and rotary pumps. 
Displacement pumps apply forces to move boundaries, which in turn move fluid.  One 
example of this class is peristaltic pumping, in which three or more pumping chambers are 
squeezed in a deliberate sequence with an actuating membrane.  Reciprocating pumps 
initiate flow in a pressure chamber through actuation of a diaphragm. Rotary pumps move 
fluids by means of rotating, meshing gears.  All of these standard techniques for actuating 
fluid have counterparts at the microscale, but there are also additional options available.  
Below we describe some of the more intriguing microfluidic flow actuators that could be 
suitable for space. 
Microfluidic networks built on a rotating disk can operate without internal moving parts, 
using centrifugal force as the sole means of flow actuation (Madou et al., 2006). Many such 
systems conform to the size of compact discs and can even be used in a conventional CD 
drive. The current convention is a disposable “lab-on-a-CD” with single-use membranes 
acting as valves, but this design could conceivably be made reusable with appropriate 
valving, extraction and flushing functions.  Recent innovations with such devices on larger-
scale samples (Amasia & Madou, 2010) could make this technique a design choice worth 
considering for urinary solids concentration. 
Bubbles can be used as a type of displacement pump, since they displace liquid during 
controlled growth. Hydrolysis can be used to generate bubbles with precision to drive flow 
in a microfluidic channel (Furdui et al., 2003). Deliberate creation of bubbles within a 
microfluidic device for space, however, should be considered with caution, since bubble 
management is not a trivial matter. 
Other electrically based methods include electrocapillary or electrowetting micropumps, 
which use an electrical field to dynamically modify the surface charge, thereby controlling 
the local surface tension. Surface-tension gradients can be generated in a manner that 
mimics peristaltic pumping.  Electrokinetic pumps use electrophoresis and electroosmosis to 
drive flow. All can be effective in microdevices, since they can be designed to operate at low 
power and without moving parts.  There are a variety of commercial and research-level 
micropumps and microvalves based on these principles.  These techniques represent a 
viable alternative to micromechanical actuation, but bubble control, surface stability and 
gravitational independence must be demonstrated over a long lifetime.   
Timing, valve control, and well-controlled mixing over a long lifetime are going to be 
essential features of a successful device.  If tight precision on metering, mixing and splitting 
is needed, one solution with easy computer interfacing may be found using solenoid 
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actuators that pneumatically control elastomeric valves. One such device reliably 
manipulated sample volumes down to 5.7 nL (Urbanski et al., 2006).   

3.2.2 Microfluidic channel design 
The microfluidic network must accept the sample and supporting fluids, perform sample 
pre-processing such as separation or concentration, provide a means of mixing the sample 
and reagents or other additives, and transport the fluid to the detection region.  For reusable 
devices, they must also have associated flushing operations performed in them.  
Mixing can be achieved passively by introducing texture to walls, placing obstacles in the 
flow, splitting and recombining fluid streams, or introducing curvature. When two miscible 
fluid streams are introduced into a single microfluidic channel, the fluids will mix spontan-
eously via molecular diffusion as they traverse downstream. However, this can require a 
very long distance because diffusion is a very slow process. Complete mixing over a shorter 
length can be achieved if additional incentives are introduced, such as convective motion. 
Convective mixing is added through geometry by channel bending, twisting, and flattening 
(MacInnes et al., 2007). However, these convoluted flow paths come at the price of increased 
flow resistance, which imposes increased power requirements (Hsu et al., 2008).   
Modification of wall geometry was used to improve immunoassay performance through 
mixing enhancement (Golden et al., 2007). In this case, antibodies were immobilized at the 
bottom sensor surface. The target protein was captured from the sample stream as it 
bound with the antibodies, resulting in a layer of increasingly target-poor solution next to 
the sensor downstream. By adding grooves at the top of their channel, they promoted 
mixing over the entire cross-section of the channel. Increased mixing resulted in better 
delivery of fresh analyte to sensor surface. Other studies have examined in detail the 
effect of such surface modifications on flow profiles (Howell et al., 2005). Surface 
patterning can provide effective mixing, but it adds complexity to the fabrication process, 
and may slightly increase the necessary driving force to move fluid through the system. 
Most critically for reusable devices, they must be evaluated for fouling potential in the 
vicinity of the patterning.   
Diamond-shaped obstacles force the flow to break up and recombine, providing good 
mixing at low power over a broad range of flow conditions (Bhagat et al., 2007). The sharp 
leading edge acts to separate the fluid streams.  The design also provides a potential location 
for a stagnation zone just downstream of the sharp corner at the widest portion of the 
diamond.  In the laminar flows that are typical of microfluidics, such expansions can 
generate flow separations if the expansion angle exceeds 7° (Panton, 1984). Substituting a 
slimmer biconvex shape could reduce this proclivity, but it would also reduce the intensity 
of mixing.  The mixing becomes less vigorous by decreasing the span of the obstruction and 
hence the amount of fluid lateral motion. By eliminating the separated zone next to the 
obstacle, we have limited the region of increased mixing to strictly downstream of the 
obstruction. This option increases geometric complexity only slightly, although it introduces 
new walls into the system. For reusable systems, the fouling potential must be evaluated on 
the surfaces of the obstruction and weighed against gains in mixing efficiency. 
Another technique for passive mixing without tortuosity, splitting, obstructions or surface 
roughness is through the introduction of curved channels.  As fluid rounds the bend, 
centrifugal forces drive Dean flow, evidenced in secondary flow structures in the form of 
two counter-rotating vortical structures along the flow direction that span the channel 
cross-section. Frictional drag on a given particle is proportional to its effective radius in 
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the flow direction and the net acceleration acting on the particle.  Through this 
mechanism, the mere presence of the curved channel can serve to drive size-based particle 
separation (Di Carlo, 2009). Any relative motion between the particle and its carrier fluid 
should also serve to provide additional fluid mixing. This design is attractive for 
reusability because it enhances mixing without requiring geometric features that 
introduce fouling potential. In a recent example, a spiral architecture was a core design 
principle of a reusable blood analyzer prototype for space (Chan et al., 2011).  
Electrokinetics-based techniques in mixing (Chang et al., 2007) generally require more 
attention to lifetime for space applications, since their function is dependent on surface 
properties and treatments, which can degrade over time (Mukhopadhyay, 2005). Valve 
functions can be lost due to contamination during usage, although surface geometry can be 
an aid in this regard (Nashida et al., 2007).  Finally, these techniques may not have the same 
level of control as micromechanical metering (Urbanski et al., 2006).  
Careful filtration reduces the likelihood of introducing fouling contaminants to the system, 
which minimizes clogging and simplifies post-test cleaning.  Filtration may be necessary at 
multiple length scales in sequential stages, based on the constituents in the sample and the 
assay under consideration. By removing unnecessary components from the sample, it can 
have the added benefit of improving the signal-to-noise ratio due to nonspecific response in 
the detection stage. On the other hand, filtration could also remove large molecules, such as 
some proteins, that may be the target of a particular assay.  
Filtration techniques range from brute-force mechanical trapping to elegant biomimetic 
capture. For filtration in reusable devices, continuously flowing techniques are preferred to 
mechanical trapping. All separations exploit variations in size, density, deformability, 
biokinetic and electromagnetic properties among the blood components. In the systems in 
Fig. 3, blood cells are preferentially directed into specific channels, but are not trapped nor 
are they subjected to vigorous mechanical forces that could cause cell lysis, or rupture.   
Plasmapheresis is the process by which plasma is separated from whole blood. Fig. 3(a) 
demonstrates the utility of simple bifurcations to extract pure plasma (Yang et al., 2006). 
Processing time could be reduced by adding pulsatile flow (Devarakonda et al., 2007), but 
the increased complexity and fouling potential may be of concern for space diagnostics. 
Another design option is to send the entire fluid stream through a constriction followed 
by an expansion. In this case, a cell-free layer develops next to the downstream walls, the 
extent of which is a function of the length and width of the constriction, as well as the 
flow rate (Faivre et al., 2006). Gentle contraction and expansion flows may serve to further 
segregate the cells from the walls while providing a plasma-rich region nearer to the wall 
close to the branch points.   
Prototypes for separation often use inorganic analogs for blood cells as a starting point.  
Although a reasonable analog for leukocytes can be found in appropriately sized and 
weighted rigid spheres, erythrocytes are neither spherical nor rigid. Studies that carefully 
design geometries and flow rates to separate out differently sized spherical particles are 
likely to miss the mark when extrapolating to real-life blood cell separation. Dense 
suspensions of rigid particles in flowing fluid tend to have a high concentration of the 
smallest particles immediately adjacent to the boundaries. However, hydrodynamic forces 
acting on deformable, biconcave erythrocytes drive them to the fastest-moving region of 
flow, although they are smaller than leukocytes. Consequently, in bifurcating flow  
(Fig. 3(b)), erythrocytes preferentially choose the higher velocity bifurcation (Yang et al., 
2006).   
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Fig. 3. Continuous flow separation techniques: (a) plasmapheresis through branching 
channels, (b) erythrocytes exhibit a preference for the faster moving stream, (c) detail of 
branching technique for leukocyte enrichment from whole blood using the network of (d) 
leukopheresis geometry for 34x enrichment; (e) leukopheresis geometry for 4000x 
enrichment. (a)-(b) reproduced with permission from (Yang et al., 2006), copyright 2006, The 
Royal Society of Chemistry; (c)-(d) reproduced with permission from (Shevkoplyas et al., 
2005), copyright 2005, American Chemical Society; (e) reproduced with permission from 
(VanDelinder & Groisman, 2007), copyright 2007, American Chemical Society. 

Blood flow exhibits Poisseuille (parabolic) velocity profiles in microchannels. Erythrocytes 
favor the faster-moving flow at the center of the channel rather than the slower-moving 
fluid near the walls. As these cells migrate to the center of the channel, cell/cell collisions 
tend to drive leukocytes toward the channel walls. The design in Figs. 3(c) and (d) ensured 
that all of the collisional energy among blood cells was dedicated to driving leukocytes to 
the walls, providing efficient locations for siphoning off cells (Shevkoplyas et al., 2005). This 
clever biomimetic technique operated effectively without sample dilution and with simple 
process control for minimal resource consumption. The lack of dilution and the reliance on 
collisions may impact fouling potential, however.  
Excellent performance in leukocyte separation from whole blood was demonstrated in the 
device in Fig. 3(e), without fouling over an hour in continuous use (VanDelinder et al., 
2007). In a single pass, the ratio of white to red blood cells at the outlet showed a 4000-fold 
increase. The simpler design shown in Fig. 3(d) showed more modest leukocyte enrichment 
of 34 times (Shevkoplyas et al., 2005). However, both designs beat “buffy coat” preparation 
produced by single-spin centrifugation, which provides 10-20 times enrichment. The 
geometrically complex design of Fig. 3(e) features channels of varying height which 
intersect at right angles, and requires flow control. Contrast this to Fig. 3(d) which exhibits 
uniform height, minimal branching at gentle angles, and is driven by a single pressure drop 
over the entire system. Either design provides adequate enrichment for simple leukocyte 
differentiation. Space biodiagnostics favors devices that provide adequate function with 
minimal resources and simple geometries.  
Another common method of enrichment uses an array of micropillars strategically placed in 
the channel (Chang et al., 2005). The physical obstructions preferentially slow down leuko-
cytes without stopping them completely, thus providing enrichment. Many other separation 
techniques also rely on hydrodynamic principles to separate cells from blood. Electrokinetic, 
electroosmotic, dielectrophoretic and magnetic forces can also be used for active separation, 
discussed in depth elsewhere (Lenshof et al., 2010; Salieb-Beugelaar et al., 2010).  
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3.2.3 Materials choices and fouling considerations 
Most prototype biochips are created from materials that are easy and inexpensive to 
manufacture, particularly polydimethylsiloxane (PDMS). However, such polymers readily 
absorb small molecules that can interfere with fluorescence measurements (Toepke & 
Beebe, 2006) as well as nonspecific proteins (Mukhopadhyay, 2005). To mitigate this 
unfortunate property, surface treatments such as plasma exposure can be used to create a 
hydrophilic surface. This treatment also improves surface bonding. A great deal of effort is 
devoted to design of low-fouling surface coatings, but they may not survive in 
microdevices requiring use over a long lifetime (Balagadde et al., 2005; Mukhopadhyay, 
2005). In addition, the non-negligible permeability of polymers to gases imposes the need 
for good strategies for fluids priming, flushing and bubble control, since liquids within a 
polymer device will evaporate over time.   
More promising materials include silicon and glass, which are less surface-active and less 
permeable to gases. They maintain integrity over a longer lifetime, and geometric details can 
be more tightly controlled, especially with silicon. They are, however, more expensive to 
manufacture (Han et al., 2003). In order to use a glass biochip safely on the Space Station, it 
must have containment that filters particulates down to 50 m (International Space Station, 
2002). Silicon presents some unusual design possibilities by providing bounding walls that 
can be dynamically charged to change wetting and adsorption properties. In one design, 
which also included a low-fouling polymer layer, a controlled electrostatic attraction pulled 
proteins from solution onto the wall reversibly (Cole et al., 2007). This technique could 
potentially be used to concentrate urinary protein for detection, filtration, or flushing (with 
the usual caveats for addressing lifetime and cross-contamination issues).  
Regardless of materials choice, it is beneficial to minimize contact between the sample and 
the wall or sensor to reduce the potential for fouling.  To avoid wall interaction entirely, one 
strategy is to encapsulate the aqueous sample in an immiscible fluid (Urbanski et al., 2006).   
Aside from fabrication challenges and gas permeability, another concern is the degradation 
of biochip  components, such as electrodes (Chen et al., 2003; Shen & Liu, 2007; Shen et al., 
2007; Zhang et al., 2007), which may interfere with detection performance, release 
contaminants into the device, or affect containment. In some cases, electronics can be placed 
outside of the channel to prohibit contact between the sample and the sensor (Nikitin et al., 
2005). Processes that employ electrical or magnetic fields to drive, mix or separate fluid 
streams can also be designed to avoid contact of the control elements with the sample.  
Materials choices, surface treatments and coatings, the type of reagents and samples can all 
influence device lifetime and performance.  Silicon and glass are good working materials for 
producing a long-lived, reusable microfluidic device.  Polymers are less suitable candidates 
for space diagnostics due to higher gas permeability, greater potential for fouling, and 
reduced geometric integrity. Electrodes and other biochip components must not degrade 
over a lifetime of several years and hundreds to thousands of uses. 

3.3 Detection strategies 
The primary functions of biodetection are to count particles, detect and/or quantify 
concentrations of dissolved compounds and visualize particulates. Detection techniques can 
be based on direct sensing or may require an intermediate step for labeling, binding, or 
chemical reaction.  To minimize reagent usage, reduce sample residence time and fouling 
potential, reusable design has a strong bias towards detection schemes requiring short 
incubation periods, fast reaction kinetics, and short detection times.  
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Since there are many comprehensive reviews cited in §1 and elsewhere that cover the field 
in great depth, we will focus on optifluorescent detection, which provides great versatility in 
designing assays using a single detection modality, for both cell counting and massively 
multiplexed biomarker detection. The popularity of this technique has prompted 
development of multi-channel laser systems, which increase the multiplexing potential.  The 
capability to differentiate many targets simultaneously is enhanced by recent developments 
in assay development, discussed in §4.2.     
An impressive differentiation of all 5 leukocyte subtypes was recently achieved by Tai 
and co-workers (Shi et al., 2011).  Their approach is based on strategic choice of three 
fluorescent dyes which stain proteins, nucleic acids, and cytoplasm contents. The 
resultant fluorescent signatures are sufficient for a two-channel laser detection system to 
discriminate among all the cell types.  This approach was tested on 5L human blood 
samples, spiked with purified basophils due to their rarity in whole blood. The 
differences in the cell’s internal structures cause the uptake of the dyes to be 
proportionally different for each cell type. A scatter plot of red vs. green fluorescence 
intensity produces 5 distinct regions, which correlate to the 5 cell types. Data points in 
each cluster are counted to enumerate the number of cells in each category.  The resulting 
measurement agreed well with a commercial assay system in terms of cell subtype 
percentages as well as overall leukocyte count. In operation, the blood sample will be 
acquired through a needle integrated with a disposable cartridge, which interfaces with 
their portable microcytometer. They deliberately designed the system to avoid the need 
for diluents, which keeps the chip size small.  By encapsulating the sample within the 
chip, the biohazardous waste from sample acquisition and processing is contained and the 
possibility for cross-contamination minimized or eliminated.   
In some cases, visual examination of microstructural detail can add enormous insight into 
the physical, biological and physiological processes of interest. The International Space 
Station hosts the Light Microscopy Module, which can perform high-resolution color video 
microscopy, brightfield, darkfield, phase contrast, differential interference contrast, 
spectrophotometry, and confocal microscopy.  Options include custom-designed laser 
tweezers for sample manipulation and remote control from earth at NASA Glenn Research 
Center. Experiments using the device began in March 2011 as this is being written. No 
results are yet available, but human blood will be one of the early samples examined. These 
capabilities bring the power of a state-of-the-art terrestrial imaging facility to the Space 
Station, continuing NASA’s shift in focus from ground-based analysis of space-exposed 
samples to in situ analysis in microgravity. 
To facilitate ease of use and expand capabilities for bioanalysis, Todd and co-workers are 
developing an observation platform to interface with the Light Microscopy Module, which 
adds a substage illuminator and epi-illumination (Todd, 2009). Onboard controllers and 
actuators can be used to exchange fluids between two small chambers on the platform to 
initiate a process, fix biological samples or retrieve suspended cells. This device could be 
used for cell counting and detailed visual examination of cell and plant cultures, animals 
and human blood, urine, and water samples.  

4. Operational design 

To function effectively in a space habitat as a general-purpose laboratory, a reusable 
microfluidics-based biodiagnostic must include strategies for sample acquisition (§4.1), 
incorporation of new assays (§4.2), and effective flushing/cleaning operations (§4.3). 
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4.1 Sample acquisition and transport to the microfluidic device 
As with any biological diagnostics, protocols for sample acquisition must be established to 
ensure reliable, repeatable measurements, including skin cleansing to remove potential 
contaminants as well as efficient, non-contaminating sample acquisition and transport to the 
microfluidic channels of the biochip. To reduce invasiveness to the astronaut, acquisition of 
capillary blood is preferred to a venous blood draw. Resource-conscious fingerprick devices 
for space are under development (Chan, 2009). Biohazardous waste from sharp needles can 
be reduced through the use of microneedles, which are also better at reducing invasiveness 
and pain. But they require a means of transporting the sample to the chip in a sterile, bio-
contained fashion.  For our purposes, the flow driver for sample transport could be 
integrated into either the lancet/needle side or the device side of the system, depending on 
which design is most compact or practical. Actuation drivers can be placed on the 
biodiagnostic device, acquisition device, or both, to supplement capillary forces in bringing 
the sample onto the biochip. Since there is a discontinuity in the fluid path at the junction of 
the sample transport device and the chip, acquisition is a key element in device design for 
bubble-free operation.  
Acquisition and transport of a urine sample in space can be a messy procedure. From the 
standpoint of reusables, the best option would be integration of sample collection with the 
urine collection system on the spacecraft. Since urine has a much lower solids content than 
blood, acquisition of a well-filtered fluid sample should be simpler than for blood.  
Examination of urinary sediment would require a means of concentration. Branching 
techniques as used for plasmapheresis in §3.2.2 could be considered. More efficient 
concentration could be achieved with micro- (or milli-) centrifugation (Amasia et al., 2010). 
Following sample acquisition, any nondisposable components will require cleaning to 
return it to a clean state.  It may be impractical to clean some components, particularly those 
at the smallest scale. In this case, the next best goal is to minimize the disposable part of the 
system. 

4.2 Assay design 
Assay development is going to be one of the limiting factors in realizing the full capabilities 
of a massively multiplexed biodiagnostic device.  Techniques that require no additional 
staining, labeling or binding agents are particularly attractive for space use, but a general-
purpose system will not be able to avoid the use of additives. For example, opportunities  
to exploit autofluorescence are only available for a few targets. The biokinetics of  
some immunoassays are reversible in principle, but performance degrades after a number  
of binding and unbinding cycles, although gains have been recently made (Choi & Chae, 
2009). The least attractive option for space diagnostics is to introduce single-use reagents 
into the system, but it is unavoidable considering the need for a reasonable range on the 
assay suite.   
The sensitivity and specificity of a given assay will be a function of (bio)chemistry, sensing 
modality, design and calibration standards, and the fluid matrix in which the target is 
embedded (Vesper et al., 2005a; Vesper et al., 2005b), as well as the fabrication process.  In 
designing a system that can be used for blood, urine and other sample types, some system 
efficiencies can be realized through the existence of common assays.  For example, 
measurement of glucose is specified in the crew health requirements for both urine and 
blood.  Moreover, from a medical standpoint, diagnostic value may be improved when both 
serum and urine data are available, e.g., for osmolality (Pagana & Pagana, 2005).   
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When reagents are needed, wet chemistry is the most widely used approach for blood 
analyzers. Stability can be improved by reconstituting dried reagents at runtime (Chen et al., 
2005), microencapsulation techniques (Sahney et al., 2006), and stabilizers, particularly in the 
case of immunoassays (Guire, 1999; Park et al., 2003). Dry chemistry is likely to have the best 
payoff in the stability of biological recognition elements, such as antibodies. This is the 
approach taken in urinalysis test strips, e.g., Chemstrips, that have a shelf life of one year 
after opening the package. Reconstitution of soluble reagents or tethered molecules at 
runtime is unlikely to present any microgravity-related issues.    
Aptamers are bioengineered molecules, usually based on nucleic acids, which may have 
similar binding affinity to the more conventional antibody. These biorecognition elements 
may be more stable than antibodies, and have great potential for assay design through the 
ability to place chemical agents at highly specific binding sites (Cho et al., 2009). Work is 
progressing rapidly in this area, in part through the support of NASA (Yang, 2008), but 
these reagents are much less broadly available than antibodies.    
Magnetic beads are functionalized by immobilizing antibodies or other biorecognition 
elements on the bead surface.  When exposed to the target, there is a strong affinity for 
binding.  This technique can be used to separate components from the bulk fluid efficiently.  
These processes can be exquisitely sensitive and are well-suited to sorting rare cell types; 
and they are discussed comprehensively elsewhere (Furdui & Harrison, 2004; Pamme, 2006).  
With beads as a reagent carrier, the microfluidic system becomes much more adaptable and 
resource-conscious. The same microfluidic channels can be re-used, and the set of micron-
scale beads introduced at runtime determine which assays are performed. The ability to 
discriminate among assay signals at the detection stage then becomes the chief bottleneck. 
At this time, 8-color fluorescence systems have become available commercially, which 
expands capacity greatly if appropriately fluorescing compounds can be matched to targets. 
Recent work moves towards expanding the number of fluorescing sensing stations on each 
magnetic bead, which can also increase capacity (Chan, 2009; Hu et al., 2011). Unfortunately, 
much of the current work is geared to genomics and proteomics. 
Nanostrips are ingenious new reagents that are conceptually similar to the standard 
urinalysis test strip, but the strip is shrunk a billion-fold down to the micron scale (Chan, 
2010).  As with urinalysis test strips, each nanostrip can have multiple sensor locations, each 
of which responds to a different target. The embedded reagents may be antibodies or 
aptamers tagged to fluorescent molecules that are designed for protein detection, or 
fluorescent dyes that react with other targets in the sample, such as electrolytes. These small, 
rectangular nanostrips are similar in size to blood cells, simplifying detection and analysis 
protocols. A dual-channel laser system measures the fluorescence signatures of both 
nanostrips and blood cells. For the nanostrips, one channel is dedicated to identifying the 
strip, so that the system can determine which set of targets is being measured. Essentially, 
the concentration of dye on each sensor pad creates a bar code for identifying the strip type. 
The other channel is used for the actual measurement.  Quantitative measurements are 
obtained through analysis of fluorescence intensity at each sensor location. Since the 
identification channel can easily discriminate many levels of fluorescence intensity to add 
further differentiation, a set of 5-part nanostrips could theoretically measure thousands of 
targets from a single sample. At present, nanostrips of up to 7 parts have been fabricated. As 
with the other systems discussed, a major bottleneck is assay development. Some effort in 
nanostrip delivery and data analysis techniques will also be needed. But the beauty of this 
approach is that another limiting factor may become the user’s ability to take advantage of 
nanostrip capacity.  
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4.3 Flushing and cleaning protocols 
The first step in developing flushing protocols is to define what constitutes an adequately 
clean device. Sterility is a very high standard, especially in an environment like the Space 
Station without access to an autoclave or common sterilizers, such as bleach or glutar-
aldehyde. But sterilization between each blood sample is probably unnecessary. High-
throughput systems for blood analysis, such as the Shenzhen Mindray Bio-Medical 
Electronics Co. BC-2800, can run continuously for several days before its tubing and other 
components must undergo even a routine cleaning with an enzymatic detergent. However, 
there are few commercial examples of a reusable portable device for guidance in developing 
cleaning protocols. The simplest strategy for cleaning a microdevice is to flush the system 
with saline. To assess effectiveness, quantitative measures can be used for comparison, such 
as fluorescence or color, against pre-test levels (Balagadde et al., 2005) or to some specified 
reduction, such as 10-6 times the reference signal (Verjat et al., 1999).  
For a reusable multipurpose analyzer, we must also think in terms of the assays we require 
the device to handle, the sample components that could be fouling agents, and estimated 
concentration levels for the sample. The presence of some nonspecifically adsorbed protein 
X on the wall may not matter much if we are counting cells. We are neither measuring 
protein X, nor is the attachment or detachment of protein X from the wall likely to interfere 
significantly with the cell counting. It could compromise the measurement entirely if the 
target of interest is protein X or if the target is a rare protein Y, which adsorbs to the wall, or 
displaces protein X, or protein X desorbs independently and has the unfortunate ability to 
add noise to the measurement of protein Y.  In other words, the standards for cleaning the 
device must be more exacting for measurement of a rare protein than for, say, albumin, 
which is the most common protein in blood. 
Recently, the subject of reusability in biomicrofluidics has received more attention in the 
literature. Microfluidic devices have begun to report reusability, with applications from the 
culturing of human lung carcinoma cells with a few re-uses (Jedrych et al., 2010) to the 
detection of pathogens in livestock with up to 75 assays (Kwon et al., 2010). Self-assembled 
monolayers can be deposited on the channel wall as capture agents for proteins. Although 
the binding of proteins to these monolayers is reversible, the degradation of performance 
with multiple binding/unbinding events has been substantial.  Recent efforts in this area 
have reported that the use of densely packed, short-chain monolayers in conjunction with 
controlled surface roughness can increase device lifetime to 50 uses (Choi & Chae, 2009). 
Another fascinating development has been in the area of Surface Acoustic Wave devices, in 
which an acoustic wave propagates along a solid/liquid interface for detection of binding 
events. In a device that was designed to produce a wave with a substantial surface-normal 
component, the force resulting from the surface oscillation was sufficient to remove non-
specifically bound proteins from the surface.  Also, the steady streaming motion in the fluid 
driven by the oscillating boundary prevented reattachment (Sankaranarayanan et al., 2010). 
Another recent work describes the use of nanomechanical resonant sensors in reusable 
microfluidic channels for the simultaneous detection of interleukin-8 and vascular 
endothelial growth factor in serum (Waggoner et al., 2010). Continuing efforts in promoting 
reusability are yielding insights, but much work remains to be done in this area. 
Finally, the cleanliness requirements may also vary depending on the end user. Diagnostic 
data used to treat an individual for a medical condition may require higher standards than 
biological or biomedical research. All of these areas are ripe for further exploration.  
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5. Conclusions 

In this work, we have explored the principles that can guide the design of a reusable 
biomedical device for space. The requirements that drive development for space demand far 
more attention to resource-conscious operation than a similar system designed for earth. 
However, the efficiencies provided by these considerations can also be of benefit to 
terrestrial devices by driving down costs and opening up new applications through  
reduced resource consumption, improved ruggedness, breadth of capability and enhanced 
adaptability. Some of the essential features for reusability are: 
 Continuous flow through the device to minimize sample residence time  
 Simple geometries without sharp bends, steps or expansions that could create 

separation zones or act as bubble traps  
 Minimization of sample contact with the wall through low-fouling surfaces and 

coatings, sample encapsulation, and dilution to reduce sample concentration.  
Operation in the extreme environment of space leads to additional design considerations: 
 Dry chemistry offers substantial advantages to meet the extended reagent shelf life 

needed for Exploration class missions 
 Bubble control and solids behavior may be different in a reduced gravity environment 

relative to earth and must be assessed for any spacebound device 
 The load on mission resources can be reduced by minimizing the mass, volume, power, 

and consumables of the system through hardware miniaturization, using shared 
resources, dynamic reconfiguration capabilities, and the flexibility to accommodate a 
range of assays on an array of sample types. 

Reusable devices are coming closer to maturity for some areas of biological and biomedical 
research, but there are few examples that are targeted towards a fully integrated blood and 
urine analyzer for routine medical diagnostics, as well as for a wide range of biomedical 
research needs. Nevertheless, the basic technology for such a device exists right now.  The 
primary stumbling blocks are integration of sample processing and onboard detection in a 
single device, the capacity for massive multiplexing and the availability of a broad assay 
suite. Optifluorescent detection methods are well-suited to reusable design and can 
accommodate a wide range of assays. Nanostrips can provide massive multiplexing while 
maintaining a simple, reusable geometry. These approaches hold genuine promise for 
reaching the much sought-after Holy Grail for portable biodiagnostics: a self-contained, 
robust, general-purpose assay system for analysis of bodily or environmental fluids.   
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1. Introduction 

This chapter concerns a new concept of innovation in healthcare technology. ISIFC is the 
internal engineering school of University of Besançon (France) and is accredited by the 
French Ministry of National Education. The « Institut supérieur d’ingénieurs de Franche-
Comté » (ISIFC) graduates 216 biomedical engineering students since 2004 for the 
prevention, diagnosis and treatment of disease, for patient rehabilitation and for improving 
health.  Its originality lies in its innovative course of studies, which trains engineers in the 
scientific and medical fields to get both competencies. The Institute therefore collaborates 
with the University Hospital Centre of Besançon (CHU), biomedical companies and 
National Research Centres (CNRS and INSERM). The teaching team consists mainly in 
lecturer-researchers and researchers as well as biomedical and health industry professionals. 
It’s an innovative engineering French school, which tries to understand the expectation of 
the specific healthcare and medical devices markets. It trains engineers in 3 years (2400 
hours per student) with a double culture, medical and technical, who will work for 80% in 
biomedical industry, 10% in healthcare centre and 5% in research laboratory. They master 
all the life cycle of a medical device from the idea to the launch of the market. They can lead 
to improve product functionality, usability, safety and quality. We prepare our students to:  
• Medical and biological instrumentation in general, with a special interest for 

Microsystems. The course’s main targets are design enhancement and the development 
of equipment for clinical, medical and biological investigation (biochips, automated 
devices for biological analysis, probes, endoscopes, artificial organs and systems for 
physiological assistance etc…).  

• The analysis, design and development of biomechanical systems. They thus receive 
special training on mechanical design, manufacturing engineering, and special training 
on materials used in surgery (metal, polymer, ceramic, composite…) as well as their 
different use in biological environments, ie tissues and human organs 
(biocompatibility). The main applications are orthopaedics (prosthesis and orthesis). 

Our students play a significant role in emergence of combination products (e.g. biologic and 
device or drug and device). 
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1.1 11 months’ work experience 
Training periods and projects in laboratories, in health services or in companies enable 
ISIFC trainees to acquire practical experience, and to communicate with all the actors of the 
biomedical sector. 
During the second year, all the students are invited to have a 6 weeks work experience 
(February and March) at the hospital. It enables future engineers to fully grasp the 
integration of biomedical equipments within a health service, from a technical and human 
point of view. 
During their third year (master degree), students are challenged through a development 
project. It lasts 3 months (December to February), and the project is addressed individually. 
Projects may be done at a private company or at a public research department. 
A working period in a company premises concludes the 3-year course. It lasts from 16 weeks 
up to 24 weeks (March to September). Industrial trainee engineers take on missions that are 
usually assigned to junior engineers within a firm. 
The ISIFC engineers’ specificities are their good knowledge in regulatory affairs and in the 
quality aspects of the technologies of health, their analysis of benefits/risks for the patient 
and the pre clinical investigations they can manage. In it is added strategies of tradition 
from Franche-Comté as mechanical/biomechanical, medical instrumentation and 
microtechniques.  
ISIFC engineers master regulatory and clinical affairs. At the end of the training, they are 
able to elaborate the technical file indispensable for the CE mark and FDA and so for the 
launch of the European and American market. They can design and create medical 
devices.  
In fact, ISIFC School is an important partner for medical device technology development 
and evaluation process. ISIFC is also a tool of effectively surveying prospective device users. 
These users are healthcare professionals, patients, elderly people or people with disabilities, 
researchers and industrials. 

1.2 Why Biotika®? 
To stimulate greater academia/business interactions, in 2006, ISIFC created Biotika®, a 
virtual company (without legal status) specialized in design engineering of innovative 
medical devices. ISIFC created an environment for innovation in healthcare to stimulate 
commercialization of new medical device, to reduce costs and to deliver faster. Marketing, 
regulatory and clinical affairs, service support, accounting and inventory are concerned (no 
manufacturing and no production engineering). This company was built on the basis of a 
training module at the end of 2nd year (75 hours per student) and in the beginning of the 
third and last year (100 hours per student). It’s not only an educational entrepreneurship 
exercise to encourage students during their university programme. The purpose is to make 
discover to the pupils engineers the various facets of their future job with a real professional 
overview and to establish real new innovative businesses enhancing the research academic 
researchers or supporting real start up activities. Biotika® is guaranteeing quality 
throughout its organization and is systemising quality within the organization (according 
ISO 13 485). The idea is to sensibilize the students to the innovation, the entrepreneurship, 
the quality approach, and the project management with specific angles to the regulatory 
affairs, clinical investigations, the financing of the innovation, the industrial and intellectual 
properties and the market studies. 
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The goal of this chapter is to show how was built inside ISIFC a “catalyst” and performing tool 
for the innovation and the partnership research. Biotika® is in fact a cell of pre incubation of 
technological projects for the health, stimulating proof of concept and development of new 
ideas arising from patients, physicians, surgeons, universities and industrials. 
An experience feedback of 5 years will be described. The virtual company works on 
development projects and transfers of medical devices, and is in fact real cell pre incubation. 
The chapter describes its collaboration in the creation of start up Cisteo MEDICAL 
(incubator Franche-Comté). It gives three examples, financial supported by OSEO and 
Besançon University valorisation maturing process. Different applications domains are 
concerned: maxillofacial surgery, dental surgery, oncology, palliative care, gastroenterology 
and cardiovascular diagnosis. Very recently, Biotika® obtains financial support from the 
French Agency of Research (ANR program Emergence) with innovative saliva substitute 
technique for maxillofacial surgery.  

2. General Biotika® principle 

The nature of this innovative concept is based on the originality of the ISIFC School. It’s the 
heart of an innovative process to accelerate device deployment in the market. It’s required 
strong interactions among academia, life sciences, technology, engineering and industry. 
The pupils-engineers recruited in Biotika® (about 20 a year) work one-two days a week on 
real projects and according ISO13485 standard. Three permanent members pilot the virtual 
company. They are punctually assisted by university experts, secretary finance and by a 
technician in electronics. The CEO of Biotika® is guiding in reality ISIFC and is also 
associate professor in optoelectronics. The Human Resources manager is in fact an associate 
professor in electronics and educational responsible of this training unit. The QA and 
regulatory affairs manager is a half time teacher but also Quality manager in a biomedical 
industry Statice Santé, ISIFC partner. The director of CIC-IT (Clinical Investigation Center-
Innovation Technology) of Besançon Hospital collaborates regularly with Biotika®. 
Every year, a new project is developed. The students participate with the staff to the choice 
of the new maturation. This general brainstorming (4 hours) is just after their six weeks 
hospital internship. 
Different scenarios are possible:  
• development of a medical device new to the market 
• major upgrade of an existing medical device after a regulatory affairs modifications or 

after device deployment in the market and first users feedbacks  
• re-design of a device prototype  and regulatory affairs optimisations. 

3. Biotika® partnership arrangement and network 

Biotika®, pre-incubation cell of technology projects for the health of the ISIFC is in fact a tool 
catalyst for innovation and research partnerships. All of partners are important and we have 
a complementary network. They need to interact with and to learn from each other. 
The three permanent members of the ISIFC Biotika® (CEO, Director human resources and 
Director Quality / Regulatory Affairs) are full time university assistant professor. The 
director of the Besançon CIC IT, physician of CHU, participates regularly for validation and 
clinical trials.  
The three categories of general customers are: patients, healthcare professionals (nurses, 
biomedical hospital engineers, physicians and clinical researchers) and industrials.   
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Four categories of customers have significant influence in the decision to innovate in the 
company. Firstly there are ISIFC students. The second category is prescribers (physicians, 
manage care organization and hospitals). The third category consists of the payers and 
policy makers. The last but not least category is the Biotika® permanent staff (teacher and 
researcher). 
Biomedical engineering students recruited Biotika® work every year on real projects, 
detected during hospital internship and serving clinicians and patients. It’s in close 
collaboration with research laboratories of the UFC and businesses Franc-Comtois. 
Due to ISIFC links to established research laboratories in the field of engineering, micro-
technologies or health (about 30 laboratories and research centres are worldwide known and 
associated to National Research Centres such as CNRS and INSERM), each student benefits 
from the most recent scientific and technological innovation and  has access to up to date 
equipment available in these units. We work particularly with the scientific group 
specialized in engineering and innovative method for health (GIS) [FEMTO-ST 6174 CNRS 
Institute (with the French label Carnot “ability to conduct research with industrial partners), 
IFR 133 INSERM institute and LIFC informatics research laboratory].  
The University of Franche-Comté established a Valorisation Administration in 1997 in order to 
develop in the institution a culture of partnership with the socio-economic environment, and 
to support laboratories in the valorisation process of their research results. To support this 
move, a SAIC (Department of Industrial and Commercial Activity), which is a valorisation 
management tool, was set up in 2004. An annual maturation process, called “Maturation 
Franche – Comté” was set up at the University of Franche-Comté thank to the ANR 2005 
program. Biotika® has succeeded 5 times to benefit of this kind of financial process (Fibrotika 
in 2006, Physiotika® in 2008 and 2009, S-Alive in 2010, AgiMilk in 2011). 
The Clinical Investigation Centre – Technological Innovations of Besançon (INSERM CIT 
808) is located in and managed by Besancon University Hospital and INSERM as co-
manager. The Clinical Investigation Centre is approved by INSERM and the DHOS for two 
activities: biotherapies (CIC-BT approved in 2005 and reconducted in 2010) and 
Technological Innovation (CIC-IT approved in 2008). The CIC-IT is already implied in 
medical devices development through ANR and OSEO programmes and translational 
research. The institute collaborates with the environmental platform MicroTech-hosted by 
the Health institute of technology transfer of Franche-Comte (Institut Pierre Vernier).  
 

 
Fig. 1. MicroTech platform principle 
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Our virtual firm collaborates with the incubator in Franche Comté. Christophe Moureaux, a 
senior engineer, joined the incubator in December 2009 to set up a company (Cisteo 
MEDICAL) dedicated to the development and manufacture of new medical devices 
combining established material, associated motor units, sensors and embedded energy, in 
partnership with the ISIFC and Biotika® and the University Hospital of Besançon. This start 
up is now supported by OSEO. The further development of the devices pre incubated by 
Biotika® will be provided later with Cisteo MEDICAL by consortium.  
Biotika®, virtual firm, develops real active partnerships with industrial actors: Cisteo 
MEDICAL but also Alcis, Covalia, Statice and Technologia. This industrial partnerships’ list 
is undergoing constant. Franche-Comté lies at the heart of Europe, a region in the east of 
France.  The border between Franche-Comté and Switzerland is 230 km long. It’s an 
important factor of our biomedical industrial network’s success. 

4. Virtual company structure 

The "virtual company" works with French collective agreements 3018 but without legal 
status. The legal status is in fact a university status. The activity is only on 2 days per week 
and only during 7 months per year. It’s in fact an innovative educational concept with focus 
on real medical devices’ conception. The trademarks are INPI registered. 
In 2006, students enrolled and whose names are designated in part N°16 in thanks, created 
all together and in total autonomy (but after validation of management) all communication 
tools. For example, they create their company name and logo (fig. 2) which were INPI 
registered in 2007. Now, it’s the same process for new products’ names. Physiotika® in 2008, 
S-Alive® in 2009 and Agimilk® in 2010 names were INPI registered. 
 

 
Fig. 2. Logo of our virtual company is INPI registered 

The Biotika®’s website is http://biotika.adeisifc.fr/ 
The webmaster is a student. 

5. Management principle 

5.1 Innovative principle  
Further to the hospital training course (6 weeks), the new members of Biotika® decide 
together on new projects they want to develop. The objective is to innovate, that means to 
develop at least one innovative medical device per year. Since its creation, 8 projects were 
pre incubated. We want essentially to work for patients who are affected in terms of their 
quality of life and a significant reduction in their disability. 

5.2 Steps principle 
Principle is described on figure below. We have five steps and two phases during half year 4 
and half year 5: 
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1st phase : half year 4 

 
 
2nd phase : Half year 5 

 
Fig. 3. Management principle during the two semesters, half year 4 and 5 

Mission
Form Mission 

Form 

Mission
Form
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• Detection of needs (after hospital internship) Definition of functional specifications, 
bibliographic research, relevant economic and clinical benefit / risk  

• Research evidence, experiments and simulations of feasibility, design demonstration 
models of preclinical protocols and files for CE marking, removal of the first scientific 
obstacles  

• Research funding, confidentiality agreements and partnership  
• Launch of joint development and validation of preclinical  
• Transfer to real companies in the manufacture of prototypes and pre-industrial to 

industrial  

6. Organizational structure  

Biotika® team for 2006 was initially made up of thirteen people, including eleven ISIFC 
engineering students (see list in Part 16, Acknowledgements). Every year, Biotika® staff is 
completely renewed. All the posts (except management) are attributed to the new pupils-
engineers of the 2nd year of ISIFC. They are really interviewed by professional people.  
In 2007, the team organization changed. It consisted of eighteen people, including fourteen 
engineering students ISIFC sometimes with double missions. A department Quality / 
Regulatory Affairs / Marketing / Communication was created. Technical Director (half part 
time Human Resources Director) droved three different projects (CP 1-3) and the purchasing 
manager logistics. Most of them worked in project team (a team leader with R&D engineers 
by project). Some of them worked with transverse missions or with specific responsibilities 
(purchase, communication, regulatory affairs, quality, marketing, supplier quality 
assurance, clinical investigations).  
 

 
Fig. 4. Biotika® 2008 team  
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In 2008, the Biotika®’s team (Fig. 4) was composed of 30 persons, including twenty-one 
students ISIFC engineers. The direction of Biotika® included additional permanent 
members: a doctor of hospital university CIC-IT department (Dr. Lionel Pazart) as director 
clinical investigations (DIC), four project managers (DP1 to DP4, Georges Soto Romero, 
Fabrice Richard, Sébastien Thibaud and Sébastien Euphrasie are all teachers and researchers 
of FEMTO-ST CNRS laboratory). Each tutorial provides a close with the respective project 
manager. The new interviews of the virtual firm are outsourced over Statice Santé Company 
and Témis Institute. It tooks place in Besancon in April 2008 to allocate to each its place 
within the virtual company and to fill a number of new missions related to the following 
positions:  
• Four project leaders, CP1 to CP4  
• Research and Development Engineers,  
• Logistics & Purchasing Manager, RAL  
• Communications project manager, RCP  
• Communication / Marketing, RCM  
• Quality Manager, RQ  
• Regulatory affairs Manager, RAR 
• Quality assurance manager with suppliers, RAQF  
• Product qualification engineer, IQP 
• Information system engineer-collaborative platform and internal communication, 

ISIC 
• Clinical testing and validation engineer, IEVC.  
The offices of Biotika® are located in the premises of ISIFC in Besançon. Their members 
have access to the technological and logistical resources of FEMTO-ST, University of 
Franche-Comté, ISIFC, Besancon Hospital and CIC-IT. A platform of engineering 
collaborative allows a technical partnership with schools of Morteau and Dole. We work 
nearby the IUT (University Institute of Technology) in mechanical engineering as well as the 
AIP Primeca of Besançon. Thus, all pieces are manufactures in Franche Comté region.  
A PLM tool is used to share the different documents generated by the students during the 
R&D process.  
 

`   

Fig. 5. ISIFC/Biotika® building located on TEMIS Park and managing revue meeting 

Now, managing director uses a cross matrix described bellow.  
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The legend is for the permanent staff:  
NB : N. Butterlin, GSR : G. Soto Romero, FG : F. Guyon, LP : L. Pazart, ST : S. Thibaut, SE : S. Euphrasie, 
JD : J. Duffaud, FR : F. Richard, [CG] : C. Garcia. 
The general organization is composed of permanent staff and there is one project manager by project. 
All the others functions are assumed by students. Their number depends on complexity and project. 
There are mechanical and electronical R&D engineers’ teams. 

Fig. 6. Crossed matrix, organization chart functional 
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7. Innovative active training  

7.1 Missions of the training module 
This is, in a virtual firm, to create and maintain a dynamic coaching and collaborative work 
that gives students opportunities for implementation of academic knowledge in biomedical 
engineering. The purpose is to provide students and this during their training, a scenario 
first real experience "tutored" and participative management style. They discover in their 
future learning progressive industrial activities.  
This allows students in terms of autonomy, initiatives and recovery: 
- To highlight their individual skills (know-how and skills: passion for work and for 

other people especially patients….),  
- To correct their shortcomings and provide a true assessment of skills  
- To involve them fully in the development of image with:  

• Companies in the biomedical sector, 
• Hospital centres,  
• Local, regional, national and international institutions of higher education or 

secondary technical and regional operators,  
• Students from Faculty of Medicine, 
• Patients associations. 

- To have ideas for innovation  
- To be able to develop innovative medical devices 
After the module, they know that innovation takes a lot of time, a lot of energy, a lot of 
creativity and needs strong interactions between mentors, mentees and many others. 

7.2 Resources available  
This module is expected late in the second year (semester N°4) and the beginning of the 
third (semester N°5). It is built on a base of 7 European Credit Time System (ECTS) or 175 
hours in terms of teaching model. It is divided into two parts: a form of 3 ECTS in 
semester 4 (Number of Hours: 8 h classes, Individual Project Time 67h) and 4 ECTS in 
semester 5 (Number of Hours: 8h classes, Individual project Time 92h). These hours are: 
controlling and monitoring of the "virtual firm", the organization and implementation of 
recruitment in offshore locations, the organization of "events" such as progress meetings, 
quality audits technical and internal customer visits and / or suppliers, participation in 
trade shows ...), organization and implementation of talks progress and interviews. It 
must include a plan for internal training in innovation, clinical trials, programming 
microcontrollers or finite elements, internal auditing, first aid, .... 
The "budget schedule" of compensation for the part of teachers entrepreneurship varies 
from year to year: it partly depends on the training plan (action contractors) and 
"consulting" done by specialists from Biotika®. A "system standby" (on the model of 
hospital guards) is being implemented for the management team and rewarded accordingly. 
The "maximum budget" available for payments of permanent staff and / or individual 
contractor is calculated on the basis of  
1 group / 24 students and 1 group TP / 5 students.  
A teaching group of at least 6 people for the management team and technical supervision is 
necessary for steering Biotika®. It consists of permanent members of the ISIFC who are at least 
one specialist in quality (DQ), a specialist in research and R & D (PDG), a human resources 
manager himself a technical expert (DRH and DT) and a specialist in investigations clinical 
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DIC. The four students project managers (P1 to P4) act as intermediaries between students 
recruited technical and management Biotika® staff. The support by "consultants" in optics, 
mechanical and electronic designs, marketing and business plan (participation of university 
companies’ management school of Besançon), medicine allows students to have recruited ad 
hoc support. The supervision of the training module Biotika® Entrepreneurship is thus a 
specific and custom framing increased. It’s a real experimental innovative educational 
program. 

7.3 Activities associated with the module 
For each project developed, it is:  
Design and implement a technology demonstration vehicle (or functional model) of a 
biomedical device. So get models' skills students ISIFC "for trade shows, national day" 
Celebrate Science "forum of students, JPO ...  
Introduce a quality approach in designing a medical device in collaboration with technicians 
and / or operators, according to the standard ISO 13485. 
Conduct a market analysis and research prior art product.  
Conduct a comprehensive study in order to obtain the CE mark.  
Conduct research and transfer of technological device designed to a manufacturing process 
in collaboration with secondary schools, technical platforms and / or regional IUT.  
Implement corrective action following audits to ensure the quality policy of the company.  
Learn self-assessment and / or evaluate its partners know how to respond to questioning 
skills assessments.  
Learn to understand the needs of businesses in terms of qualifications, with a good-looking 
management of the student's career. 

8. Building the appropriate team and managing people 

Every year, Biotika® renews its staff (excluding permanent management) and no period of 
recovery is possible! A real campaign is organized. The process is conducted with multiple 
conversations between individuals. It’s after Internet publication by firm’s website posting. 
The candidates are selected by pre-processing of curriculum vitae and cover letters in 
French and English. Lasting about one month, ten recruiters are necessary for the 
recruitment operation. This year, 47 candidates are examinated for 23 jobs. Between 
recruiters, they are: manufacturers (and in fact also ISIFC engineer graduated), consultants, 
permanent Biotika®’s staff. The recruitment locations are offshore (business partners or 
local business incubator). All aspects of a job interview are discussed and a response to each 
application is made (the call to service or not, positive / negative). The final allocation of 
posts is based on current skills but also detected (refining the professional project of the 
student). This is the moment to initiate a real active support success.  
In March as is explained in Figure 3, each student turnover, innovative projects are 
proposed and discussed by staff Biotika® (permanent and students). Then, the final choice 
is made by all staff but with a constraint: only one has to be new and innovative. The other 
projects will be developed in continuity with the previous team and with at least one of 
them, specifically oriented biomechanics.  
House training specific to programming microcontroller is available to all. A second phase 
of internal training is then carried out by Internal Audit. 
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Individual interviews with each student assessments, both technical and position are made 
in late June and late November by the N +1 and permanent managers. The rating and 
credits obtained allow validation as an engineer graduated from ISIFC. A review of 
activities, such general meeting and open house, are presented every year in late November 
to the major partners. 
 

 
Fig. 7. Managing revue meeting.  

9. Patenting, trademarks and copyrights 

The patenting and intellectual properties are very important for the general manager of 
Biotika®. The university valorisation framework supports Biotika®’s projects by different 
processes: 
• Negotiating and writing the consortium agreements,  
• Implementing conventions (recruitment, managing expenditure and receipts, sub-

contracting),  
• Following ANR programme implementation  
• Closing conventions and producing administrative items justifying expenses.  
Valorisation University Department ensures in particular that the results of the project are 
protected, if necessary by submitting a patent, as well as commercial valorisation by 
identifying the partners likely to take out user licenses.   
The INPI is the national institute for intellectual and industrial properties registrations. The 
original and innovative concept of our “ISIFC’s virtual firm” can’t patent. But the mark and 
logo of Biotika® are INPI registered on four classes: N° 09, 10, 41 and 42 with specifications 
detailed bellow: 
• Class N° 09: Devices and instrumentations for scientific research in biomedical 

engineering domain. 
• Class N° 10: Devices and instrumentations for surgeons, physicians and biomedicines. 

Beds for healthcare, endoscopes, fibro scopes, saliva automatic distributors…. 
• Class N° 41: teaching and professional training services for biomedical engineering 

students. 
The community law requires a use of the brand «in the life of the business" that means 
according to the community case law «the exercise of an economic activity ", " the offer of 
the goods and the services on a market " or " the exercise of a commercial activity aiming at 
an economic advantage ". The name of the class 41 thus asks question: does the training 
service proposed by the ISIFC raise of the life of the affairs? Yes, because we consider that 
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the training is paying and that there is a "market" of engineering schools (competition to 
recruit the bests "pupils-customers") 
• Class N° 42: Scientific and technologic services for biomedical engineering domain 

(medical devices, instrumentation). Research studies and developments services are 
included. 

Biotika® INPI registered 4 Soleau letters and 3 marks and worked on 4 anteriority studies. 

10. Documentary and communications system  

Within Biotika®, which remains a young company, all the staff is involved in the 
communication strategy of the company. By this approach, the management team expects 
from every student that he learns to communicate with various interlocutors (MD, senior 
engineers and customers). But also, because of the renewal of all the staff from one year to 
the next, the written traceability of all the activities, the technical choices on each project and 
the whole life of the company must be guaranteed by each staff member. 
External communication:  

This requirement justifies our choice of using, more than a web domain (biotika-
isifc.com) in which we can store our website, a new communication and networking 
platform, Agora Project. We found in it a reliable an easy handling tool for collaborative 
engineering. 
Agora project allows sharing all useful information with our different partner, such as 
Morteau and Dole schools (mechanical drawings, printed circuits board designs). In 
that case, Agora is used as a powerful external communication tool. 

Internal communication:  
Agora project is also an internal communication tool, used as same as an intranet. 
Memorandums, agendas and meeting reports are uploaded and shared with all the staff. 
The quality system of Biotika® requires a lot of data records. We can use Agora Project as a 
distant storage server, and a HR resource tool (for new staff members, holidays planning, 
etc). 
Best results : 
This network based communication system help to increase our productivity. Also, our 
students were able to contribute on scientific production (papers, posters) related with each 
project and with the firm. In the other hand, they could participate on several meetings like 
Micronora (3 times since 2006) and MEDTEC France (2 times since 2010).  

11. Quality management system 

11.1 Quality policy  
In addition to train students for the workplace, Biotika® has its own goals as a company 
whose virtual goal is to improve the lives of patients:  
- Develop and implement innovative medical devices,  
- Establish a quality system for the company according to ISO 13485,  
- Conduct a technical file on each product,  
- Assume the investigations and clinical trials for a CE  
- Ensure internal / external communication of the company, market analysis  
- Managing the company in its entirety: budget, employment contracts, quality audit, 

meetings with industry, intellectual property, ...  
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- To transfer the concept to an academic or industrial partner able to guarantee 
production (mission partnership, quality file) or create a real business. 

The quality process unfolds within any organization Biotika® (structure documentary 
records in relation to the requirements of ISO 13485). Every years, actions are validated 
through an internal audit carried out in the end of annual activity. 
 

 
Fig. 8. Quality policy of Biotika® 

11.2 Processes and mapping 
At the beginning, the main important step was to identify the customers and their 
expectations. It was not simple to define the main customers to satisfy. The direction 
decided to satisfy in first the student themselves. 
One of the first actions initiated by the student was also to identify the processes which 
would have an impact of the customer’s satisfaction. For them, there were 2 main 
activities: 
- Communication : in order to become known Biotika® 
- Design : in order to develop the innovative medical device chosen 
To monitor these 2 processes, a management process is there to define the policy, to engage 
the corrective and preventive actions, to audit the system in place and to review at an 
adequate frequency the aptitude of Biotika® to meet customer’s requirements during 
managing review. 

Quality Policy of Biotika® BIOTIKA® aims at developing medical devices and improving the industrial and academic partnership. Also Biotika® makes a commitment: 
- To implement a case study  
- To reach the missions defined at the beginning of the project 
- To give a new approach of the entrepreneurship 
- To implement the engineer’s sciences learned during the year 
- To allow the students to integrate the industry dimension 
- To transfert the knowledge to the following promotion and so to maintain a dynamic within ISIFC 
- To facilitate the professional insertion  
- To implement the partnership with local schools 
- To insure the recognition of BIOTIKA® by the professional of the biomedical area and by the local authorities As managing director, me, Nadia Butterlin, I make a commitment to give all the resources necessary for the good functioning of BIOTIKA®. In order to meet all biomedical industry aspects, I named a quality manager who is in charge of the Quality Management System according to the ISO 13485 standard.   Nadia Butterlin Managing Director 
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And to support the realization processes, some activities were precised as: 
- Documentation management 
- Purchasing actions 
- Incoming inspection  
- Measuring instruments monitoring 
- Regulatory survey 
The students after the processes identification decided to map them in order to define the 
interfaces between each process. 
Another important action was to define the documentation (describe all the procedures of 
the quality system) and the record necessary to prove that the activities are implemented 
according the quality system in place. 
An internal audit is performed every year and two management reviews are led to insure 
that the system of quality management is conform to the ISO13485 standard. The 
implemented actions are reviewed and also the objectives. The evaluation of the 
“employees” validates the obtaining of the engineering degree of ISIFC.  
You can find below the map which is also in the Quality Manual 
 

 
Fig. 9. Quality Map 
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12. Maturing projects’ story 

Within Biotika®, two products were developed in 2006: a bed voice-activated and an 
automated flexible endoscope. This year, there are five different projects. 
 

 
Fig. 10. Manufacturing plans exhibited at Micronora 2006 
 

 
Fig. 11. Working model exhibited at Micronora 2006 
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12.1 Hospital bed with voice recognition  
The concept is based on the instrumentation of a motorized hospital bed to a patient or the 
caregiver to control the position of the bed by voice recognition. Instructions, recorded in 
advance, allow engines to operate the corresponding control. Possible instructions are "up" 
and "down". They can then be combined with "whole", "head" and "feet". To ensure the 
functionality of the bed, an alternative means by remote control manual has been planned.  
A working model shown in Figure 10 and based on the principles outlined above was 
performed.  

12.2 Automated flexible endoscope  
The concept is based on remote instrumentation, using a joystick and miniature motors, 
displacement of the head of a video endoscope (a variety of flexible endoscope) which is 
used in the exploration of some cavities body and the taking of samples. To date, this shift is 
based on mechanical action at the end of an endoscope through knobs. A wheel provides the 
lateral movement of the endoscope head and the other the vertical displacement, which 
makes the system cumbersome. However, this system has many disadvantages for the user. 
Originally intended to be manipulated with one hand (while the second deals with the 
insertion and withdrawal of the endoscope), this is not the case in reality. Indeed, it is found 
to be extremely difficult to use simultaneously, with ease and precision, the two control 
knobs with one hand. 
There are two solutions to the practitioner:  
- Use both hands to control, requiring the presence of a third hand for insertion and 

withdrawal of the endoscope (nurse)  
- Or use only one of two dials (most accessible) with one hand and rotate the 90 ° 

endoscope to access the other direction.  
 

 
Fig. 12. (a) Head of the endoscope control ,(b) Model of the proposed handle with joystick, 
(c) handle being designed  

(a) 

(b)

(c) 
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If, to maintain total control of the procedure, experienced practitioners have mastered the 
second method presented above, this is not true of young interns who need lots of practice 
before they can act alone. This problem of handling the endoscope, it is clear: an increase in 
the time of the intervention, a greater risk of irritation or perforation of the walls for patients 
(especially during this period of learning internal) and an increase in the learning period of 
the endoscopic technique.  
This study on improving the ergonomics of flexible endoscopes has led to Biotika® proposes 
as a solution to automate the order. 
A feasibility study was undertaken in partnership with the Division of Gastroenterology 
CHU Besançon and Dr. Stéphane Koch. A first demonstrator has been realized in 2006. 
In 2007, the new team has developed the product automated endoscope, Fibrotika renamed, 
and worked in parallel on two new projects: Visiotika, a device for visual control interface 
for controlling the environment for people paralyzed and S-Alive dispensing device of 
artificial saliva for patients with xerostomia (destruction of the salivary glands). 

12.3 Fibrotika: Following the project automated flexible endoscope  
In 2007, Biotika® decided to continue the project renamed Fibrotika automated flexible 
endoscope. The goal is to move from a demonstration model named by students 
Simulscopie at a pre-prototype used for preclinical trials. The tests are scheduled at the 
University Hospital in late 2008 (R&D internship, L.Debar). Contacts with companies 
specialized in the design and manufacture of endoscopes have been established. The ability 
to add sensors at the end of the sheath of the endoscope to create a force feedback on the 
action of the command, and the development of a simulator test to measure efficacy are 
studied. Anteriorities’ research results and the important fund needs are the two major 
reasons to stop the maturation process of Fibrotika inside Biotika®. 

12.4 S-Alive ® 
This project involves the development of a new distributor of artificial saliva for patients 
with Xerostomia (dry mouth sensation) and / or Asialia or oral dryness (lack of or decrease 
in production of saliva). These patients can not produce saliva following a destruction of the 
salivary glands usually secondary to radiation therapy. The result is pain everyday that 
degrade the live of these patients. There are currently sprays and gels to fill the lack of 
saliva, but these solutions do not allow the patient to receive the saliva continuously.  
The anticipated benefits for patients are: greater autonomy, improved quality of life, 
particularly in the context of social life and greater discretion with respect to the other 
people and finally an increased efficiency on oral complications and comfort due to direct 
and regular administration of the substitute on the oral mucosa and dental tissue. 
The main investigator of this project is Dr. Edouard Euvrard (INSERM CIT 808 - IBCT 
INSERM UMR 645). The hospital coordinator manager is Professor Christophe Meyer. He 
supervises research program and he’s Head of the Department of Oral and Maxillofacial 
Surgery at the University Hospital of Besançon. They are responsible for the definition of 
specifications (including the physiopathologic aspects) and the surgical acts during pre-
clinical studies in animals. They are responsible for writing up intermediary reports and the 
final report. The study will take place in the department of maxillo-facial surgery of 
Besançon CHU. The CIC-IT will carry out the necessary administrative steps (writing and 
submitting a file to the committee for the protection of persons in the East of France, for 
example), conducting the study and the statistical analysis of the results. 
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In 2007, project begun with an ISIFC hospital internship. In 2008 and 2009, several steps 
were taken by Biotika®: defining specifications and technical, pre-record risk analysis, 
designing a virtual model in CAD with SolidWorks and SpaceClaim, then building a 
demonstrator incorporating a miniature peristaltic pump alarm with a battery and for filling 
(PCB feasibility demonstrator, see bellow). 
 

 
Fig. 13. Feasibility experimental demonstrator 

A first patent search (December 2006) led to the submission of a Soleau envelope (Dr. 
Edouard Euvrard INPI N°305818, December 6, 2007). Recently, with new patent search of 
March 2010 (ARIST), five competing patents were identified: they are mostly North 
American with one from France. These patents were not considered a threat to our device by 
ARIST. Such a device is not currently on the market and the priority analysis shows that 
freedom to operate and patentability is possible for our idea.  
Before the S-Alive ANR project, which has just started, the valorisation framework had 
already contributed to the realisation of a pre-study, with en amount of 25.000 € through an 
innovating project maturation fund in 2010. This OSEO-Maturation project names 
“Substitution of the insufficiency or absence of saliva in patients suffering from xerostomia” 
and is coordinated between ISIFC/Biotika®, Besancon University Hospital, Department of 
Maxillo-Facial Surgery, CIC-IT, EA4267 Biologic separative sciences and pharmaceutics 
laboratory and Vetagro-Sup animal’s school and its external providers (Cisteo MEDICAL 
and Statice Santé firms). A market analysis is also planned for, as well as the realisation of 
prototype tests on animals to evaluate the risks associated with using this type of device. 

12.5 Visiotika  
This project aims to enable completely paralyzed patients, such as those suffering from 
Locked-In Syndrome, to regain some autonomy by giving them the ability to control their 
environment through their eyes. Currently, such solutions exist but are extremely expensive. 
Biotika 2007 has made such a device at low cost by simply using common materials. Thus, 
Visiotika consists of a webcam connected to a laptop quite commonplace, free software easy 
to use and infrared connections for connecting the PC to control the elements. The 
motivation is to enable patients to purchase this device for their home. The eye movements 
of patients captured by the camera can act on the software as you would with a computer 
mouse. The information is then sent via IR wavelengths to different parts of the patient's 
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environment. Visiotika can control a TV and the hospital bed set up by previous team. It can 
be easily adapted to other applications, such as the opening of electric shutters, turn on and 
off the lights...This project is in stand by for the moment. 

13. Physiotika® project ‘s description  

Physiotika®, was developed to measure pulse wave velocity, a strong predictor of 
cardiovascular risk. This innovative device measures pulse wave velocity by using two 
infra-red probes, placed on two artery sites.  
Increased arterial stiffness is associated with an increased risk of cardiovascular events. For 
example, in patients with chronic renal disease, this risk appears to be far greater than in the 
general population. Several methods are available to determine arterial stiffness, and pulse 
wave velocity (PWV) appears to be the most accurate. The current gold standard to measure 
PWV is through applanation tonometer (AT).  
Non-invasive and predictive of adverse cardiovascular outcomes, this device is technically 
challenging and expensive. However, Physiotika®, a non-invasive method, uses the 
principle of reflectance PhotoPlethysmoGraphy to detect cardiovascular pulse waves. This is 
a common optical technique used to monitor peripheral pulsation. 
The Physiotika® device described bellow is composed of  
• specialized software program (1) 
• housing containing a microcontroller (convert the analogical signal into a numeric 

signal) (3) 
• USB cable to connect the housing to the laptop (2) 
• two infra-red probes (carotid and radial) (4 and 5) 
• neck support to secure the carotid probes (6) 
• wrist support to secure the radial probe (7) 
 

 
Fig. 14. The Physiotika® device 
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Three different Biotika® teams (managed firstly by J.Imbert, secondly by C.Soulaine and 
V.Journot and lastly by B.Jacob) have shown that this new device is able to measure a valid 
index of PWV, as compared to the AT technique in healthy subjects. This project has been 
technically established but requires continued validation in a clinical population. This year, 
we decide to extract this project from Biotika® and to transfer 3 prototypes to researcher 
partners for new international experimentations (in Venezuela and Colombia) and new 
campaigns of data’s collect. 

14. Pre-clinical validations process and regulatory affairs 

In fact, Biotika® is able to conduct: 
• Technical and preclinical studies  
• Technical and preclinical trials 
• Technical and preclinical validations 
An important vigilance is conducted in these phases. 
When we are developing or modifying a medical device, it needs to perform clinical but also 
animal trials to obtain scientific datas that demonstrate the safety and effectiveness of the new 
device. When the device is a class I or class IIa classification, it’s possible to prove these by 
bibliographic data. Biotika®’s team can demonstrate scientific and technical concepts and also 
it can clinical validate the device with simulations and animals trials. We use medical and 
computing data Center and data research Bases of the University. The clinical investigation 
works out a contractual arrangement with the teaching and research Hospital of Besançon 
University (Centre d’Investigation Clinique, CIC).  The CIC sponsor (Doctor Lionel Pazart) is 
responsible for selecting investigators, submits research protocol and human care assurance.  

14.1 Example of Physiotika® Investigations 
This example of investigations are conducted by a student, J.Picouley, during her 3 months 
R&D intership. It was just after Biotika 2009 exercise and a previous 2008 R&D internship 
(N.Mathias). 
It was located in the Clinical Renal Investigation Unit at the Kingston General Hospital 
Satellite Dialysis Clinic, in Kingston (Canada). Trisha Parsons, Assistant Professor, School of 
rehabilitation therapy at Queen’s University was the tutor of this intership. It’s an important  
collaboration with Nicolas Tordi, general coordinator of Physiotika® project. N.Tordi is 
professor at the University of Franche-Comté and works with ISIFC. The purpose of this 
study was to determine the test-retest reliability on healthy volunteers and to perform a 
pilot assessment of the response to change during dialysis. Preliminary results suggest that the 
Physiotika® device may offer a reliable, low-cost alternative for the clinical assessment of 
PWV. 
Renal failure is associated with an increased prevalence of cardiovascular morbidity and 
mortality. Arterial stiffness, as determined by pulse wave velocity, is predictive of adverse 
cardiovascular outcomes such as left ventricular hypertrophy, heart failure, hypertension, 
and cardiovascular related mortality in the population with kidney disease. 
The current gold standard method for assessing arterial stiffness is through the use of 
applanation tonometry. This method is highly skill dependent and results in difficulty 
pooling data from different examiners. Given the logistic considerations with subject 
recruitment, it has been postulated that an alternative method of determining pulse wave 
velocity using infra-red technology, may provide greater inter-tester reliability.  
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14.2 S-Alive example 
The animals’ laboratory, Vetagro Sup in Lyon, works with us for animals trials. If the trial 
doesn’t involve significant risk for patients, a patient consent forms is only necessary to 
collect clinical datas for human use. The trials and validations campaign conduct to the risk 
management report in accordance with regulatory expectations. 
 

 
Fig. 15. Professor C.Meyer, Doctors E.Euvrard and L.Pazart , S-Alive mean coordinators and 
Biotika®’s partners. First tests on animal monitored by Vetagro Sup. 

S-alive project is an active implantable medical devices [AIMD] requiring surgery. Our 
device will be part of the class IIb Rule 8 (EC Directive 2007/47).  Sole responsibility of 
AIMD’s manufacturer is subjected to obtaining the CE mark in "essential conformity" with 
health and safety requirements set by EU directives (93/42 / CE for medical devices 
90/385/EEC). And in this context, the most complex issue in order to obtain the CE mark 
will remain "the risk management analysis" according to EN ISO 14971:2007 which is 
mandatory provision. Biotika®’s team participates to the product development with 
Hospital of Besançon and Cisteo MEDICAL company. The ANR’s purposes program is to 
qualify "the risk / benefit ratio" by referencing all possible risks associated with the physical 
characteristics of the device, its use before and during manufacture, predictable external 
influences, medical or surgical procedures, ionizing radiation (sterilization due to radiation), 
a fault or aging of the device.  

15. Conclusion 

In the scope of a new module, the ISIFC launched in May 2006 its own virtual company, 
named by students Biotika®. Virtual means that this company has no real legal status. It is a 
sort of pedagogic model but on the other hand, the situation scenario for the ISIFC student 
engineers is itself indeed real. They are currently working-in real conditions-on the 
development of new medical devices or on modernization of medical products. The needs 
of these innovative medical devices were identified by the students during their second-year 
(6 weeks) work experience in hospital. Every year, this activity takes place between March 
to December. The end-year students were recruited following an imitation job interview and 
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each of them was entrusted with a mission (engineer or project manager) in one of the 
company’s four departments; R&D, Quality-regulatory affairs, Clinical investigations and 
Public relations-marketing. Every two days per week and for seven months, the personal of 
Biotika® works on development of innovative medical devices and on the preparation of CE 
marking or FDA. Biotika® developed eight products since 2006. 
Biotika® works on medical devices development projects and on research for patients and 
clinicians. It became in 5 years a real academic pre incubation cell. Firstly, Biotika® was 
awarded a financial prize of 15.000€ by the OSEO Agency and Valorisation Department of 
the Besançon University (maturation funds). It was in June 2006. The youth chamber JCE 
allowed to our virtual firm participating in European competition for the innovative 
company in category INNOVACT Community (Reims, October 2006). We participate every 
year to industrial meetings such as MEDTEC FRANCE and MICRONORA. 
We obtained: 
- In 2009 a real partnership with Besançon University Hospital’s CIC-IT 
- In 2010 a real partnership with Cisteo MEDICAL, start-up created in Besançon  
- By 5 times, financial support given by OSEO/UFC Valorisation Department 
These supports in maturation of innovative projects were intended for the pain and salivary 
disorders treatment, and for the gastroenterology and cardiovascular diagnosis.  
- 5 clinical trials 
- 9 R&D and hospital ISIFC internships  
Recently, the selection to the ANR (National Agency for Research) is going to allow 
developing industrial prototypes of technical substitution of saliva for the maxilla facial 
cancer research with Besançon University Hospital,  EA 4267 Laboratory, Cisteo MEDICAL 
start up and Lyon animals’ school. For this 2010 ANR campaign, only 30 projects are 
selected and obtained 2 years financial support for 271 national candidates. 
For the moment, no Biotika®’s product is still marketed. Two patents are in the course of 
writing, 4 Soleau Letters are INPI registered. The main difficulty is not due to unavailability 
of the students, in contrary! They are principally due to their irregular presence 
(discontinuity in the time) and by students coming from different promotion. And for the 
development of innovative projects, it needs real industrial partnership for a potential 
transfer. Furthermore because the staff is completely renewed, the transfer between the 2 
teams is a critical process and requires a documentary system exemplary.  
Very recently, we obtain funds from Franche Comté Economic Chamber (Intelligence 
Agency) and from University for a real LNE/GMED ISO 13 485 certification. The first audit 
will be in November 2011. 
Three options are selected for Biotika® 2012:  
- keep our original and innovative ISIFC’s university Biotika® virtual company concept 

and move every year new ideas and technology to other partner companies (for 
conventions). 

- actually create a company with the status “Thurs Young Enterprise University” 
(Biotika® 2011 engineering students involved will graduate in July 2012). 

- create a “junior company”with 1901 association legal status and for convention with the 
engineering school ISIFC which currently has 144 students. 

Biotika® is in fact a university structured process for helping patients, clinicians and 
researchers turn a good idea into a viable medical device business.  
Biotika® is not a real firm but it’s a real innovative education program for graduate excellent 
biomedical engineers able to develop real innovative medical device. 
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1. Introduction 

The latest research in the area of polymeric materials focus on the design of increasingly 
complex devices that have a specific objective (Dubé et al., 2002). The knowledge of a world 
beyond our simple fire vision of research that, in turn, have generated a more complete 
knowledge about the surrounding environment and the development of new sciences that 
attempt to explain the behavior of micro scale. 
Among the new sciences of the XXI century are to nanotechnology, which is still being 
developed. The transition from micro to nano scale will provide significant improvements in 
the understanding of matter and its applications (Katime et al., 2004). Nanotechnology is the 
study, design, creation, synthesis, manipulation and application of materials, devices and 
functional systems through control of matter at the nano scale and the exploitation of 
phenomena and properties of matter at the nano scale. 
Nanotechnology requires a new interdisciplinary approach to both research and in 
fabrication processes (Katime, 1994). We consider two routes: the first is the miniaturization 
of microsystems and the second mimics nature by building structures from atomic levels 
molecular (Thomson, 1983). Because of the latter need emerges nanotechnology to 
biomedicine, science that is now channeled to the study of biological systems, largely based 
on the science of polymers to achieve this goal (Mendizábal et al., 2000). 
One of the areas in the twentieth century has been supplemented to the science of polymers 
is biomedicine within it, biomaterials have the most diverse types of devices, and that 
demonstrate the advantages over other materials traditionally used (Lee et al., 1996). 
Because of its versatility, polymeric hydrogels are a special type of biomaterials whose use 
has expanded rapidly in many areas of medicine (Lee & Wang, 1996). When designing a 
synthetic polymer is generally aimed at satisfying a need, in other words, it seeks to confer a 
characteristic end product that helps solve the problem for which it was designed. 
There is a direct relationship between the properties of a hydrogel (or a polymer in 
general) and its structure, so that both features cannot be considered in isolation, since the 
method of synthesis has a decisive influence on them. Therefore, when evaluating the 
properties of the hydrogels is to be referred to the structural parameters that condition 
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them8. In the field of polymers, the term biocompatibility concerns two different aspects, 
but those are directly related: (a) The high tolerance have to show the tissues to the 
foreign agent, mostly when the polymer is to be implemented, and (b) chemical stability, 
and especially physics polymer material during the time that is in contact with the body. 
There is no single definition of smart polymer; however we can say that is one that to an 
external stimulus undergoes changes in its physical and/or chemical. The first time I 
coined the term "smart polymer" was in a newspaper article of the year 1998 (Nata & 
Yamamoto, 1998). This paper described how a group of researchers from the University of 
Michigan using Electro-rheological fluids (ER) to create smart materials. These fluids have 
the potential to change viscosity almost instantly in response to an electrical current. The 
fact revealed the existence of a new type of material with the ability to modify its 
properties in a given time and adjust to changes in conditions. Two years later, in 1990, 
Hamada et al., Published an article in which phase transitions glimpsed a photo-induced 
gel (Mamada et al., 1990). A year later in 1991 appeared a review article on functional 
conducting polymers, which envisioned its potential application as intelligent materials 
(Kwon et al., 1991). 
Currently there are several processes which can yield polymeric nanoparticles with a high 
yield of reaction, however, which allows the production of nanoparticles with high control 
of its features is the microemulsion polymerization. Microemulsion polymerization is a 
method with interesting perspectives and a type of polymerization alternative to existing 
processes to produce polymer latex of high molecular weight but with particle sizes smaller 
than those obtained in emulsion, which vary from 10 to 100 nm (Escalante et al., 1996; 
Candau & Buchert, 1990). 
Microemulsions are fluid phases, microstructure, isotropic, optically transparent or 
translucent, at thermodynamic equilibrium, containing two immiscible fluids (usually water 
and oil) and surfactants (Candau & Zekhinini, 1987). Unlike emulsions are milky, opaque 
and thermodynamically unstable. The biggest difference between emulsion and 
microemulsion is given by the amount of surfactant needed to stabilize the system, which is 
much higher for the case of microemulsions ( 10% of the total mass). This restricts the 
potential use of microemulsions in most applications due to the requirement of a 
formulation as cheap as possible, characterized by a high proportion monomer/surfactant 
(Katime et al., 2001). 
Hoar and Schulman were the first to introduce the concept of microemulsion and to 
postulate the first mechanism for the formation of a microemulsión (Corkhill et al., 1987). 
The reason for the formation of a stable microemulsion is to be found in the analysis of the 
energies present in dispersion, a fact which can be expressed in terms of Gibbs free energy 
necessary for the formation of a microemulsion (Hoar & Schulman, 1943). 
The nano-hydrogels commonly exhibit volume changes in response to changing 
environmental conditions (Katime & Mendizábal, 1997). The polymer network can change 
its volume in response to a change in the environment such as temperature, pH, solvent 
composition, electrical stimulation, the action of electric fields, etc (Bokias et al., 1997). The 
combination of molecular interactions such as van der Waals forces, hydrophobic 
interactions, hydrogen bonds and electrostatic interactions, determine the degree of swelling 
of hydrogel at equilibrium. If a gel contains ionizable groups, is a pH sensitive gel, since the 
ionization is determined by the pH in terms of equilibrium ionization (Kurauchi et al., 1991). 
The variation of pH of the swelling induces changes in the degree of ionization of 
electrolytes and, therefore, a change in the degree of swelling of the hydrogel. Moreover, the 
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temperature is one of the most significant parameters affecting the phase behavior of the 
gels. Recent studies show that it is possible to produce hydrogels with a particular transition 
temperature or even develop hydrogels with various transition temperatures (Kurauchi et 
al., 1991). 
One of the most studied polymers, which respond to temperature changes in the external 
environment, is poly (N-isopropyl acrylamide) (PNIPA). This polymer undergoes a strong 
transition in water at 32°C, from a hydrophilic state below this temperature to a 
hydrophobic state above it. Currently the development of polymeric complexes have 
bioactive properties, that are able to interact with cellular mechanisms has grown 
considerably because of the many applications that can take the coupling of biological 
receptors within the polymer matrices. One of the biological receptor that has attracted 
interest from the scientific community is folic acid receptor Saunders & Vincent, 1999. The 
protein encoded by this gene is a member of the folate receptor family (FOLRF). The 
members of this family of genes have a high affinity for folic acid and reduction of various 
folic acid derivatives, in addition to mediate the delivery of 5-methyl tetrahydrofolate inside 
cells. This gene is composed of 7 exons, exons 1 to 4 encode the 5 'UTR and exons 4 through 
7 encode the open reading frame. Due to the presence of 2 promoters, there are multiple 
transcription start sites and alternative splicing of exons, there are several variants of the 
transcript derived from this gen (Choi et al., 1988). 
The importance of folate receptor is that in various diseases this gene is overexpressed on 
the cell surface that makes it easy to capture through the cellular process of receptor-
mediated endocytosis RME (Tannock & Rotin, 1989). Folic acid, in addition to high 
specificity towards the tumor tissue, offers potential advantages, including its small size, 
which carries favorable pharmacokinetics, reduced immunogenicity allowing repeated 
administration, high availability and safety (Vert, 1986). Devices for controlled release of 
drugs are an especially important application that exploits the collapse-swelling properties 
of the polymers in response. In this field are particularly important hydrogels containing 
poly (N-isopropyl acrylamide) (PNIP), which generate matrices that can exhibit thermally 
reversible collapse above the LCST of the homo polymer is taken as base (Stubbs et al., 
2000). 
The collapse in the structure of the matrix is accompanied by loss of water and any co-
solute, as it may be a therapeutic agent or active ingredient. Drug expulsion and loss of 
water takes place at the initial stage of gel collapse, followed by a slower release of drug that 
diffuses from the gel visibly shrunken and physically compacted (Rivolta et al., 2005). A 
useful synthesis allows delivery systems be prepared to respond to a pre-designated value 
of pH and/or temperature to release some kind of drug. For drug delivery applications the 
response of the nanogels should be nonlinear with different levels of expectation and 
response, that is where the key is to develop materials that should show strong transitions to 
a small stimulus or change in the environment. One way to accomplish this is by defining 
the structures of micro and nano-scale. 

2. Nano-engineering of nanometric systems 

One of the main challenges in designing a delivery system directed or specific control 
variables is necessary for the device you are thinking about getting this necessary features 
for use depending on which system to be used. The case of the current treatments for cancer 
therapy devices required to recognize a biological marker on the surface of tumor cells, so 
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that this device can act as a mechanism Tipi "Trojan horse", which tumor cell invaginates the 
vehicle as if it were a necessary nutrient for cellular functions. Having recognized the 
growing problem: How can the vehicle be able to release their cargo within the cell 
cytoplasm? To answer this question it is necessary to consider some facts: a) new research 
has shown that folic acid specific ligand is over expressed in cancer cells and can be also 
referred to as a tumor marker. Also, as already mentioned in this work that the folate 
receptor is one of the 25 receptors that mediate the endocytosis process mediated by 
receptors (Mathur & Scranton, 1996) (previously described), b) the pH inside the tumor cell 
has a decrease to a value of 4.5 (Katime et al., 2009) and c) the average body temperature is 
near 36°C (Katime et al., 2008). 
Focusing on these facts we can say that the design of a nanostructure that can be used to 
treat diseases like cancer must submit specificity, sensitivity to pH and temperature. 

2.1 pH-sensitivity 
If a gel contains ionizable groups, is a pH sensitive gel, since the ionization is determined by 
the pH in terms of ionization equilibrium. The variation of pH of the swelling induces 
changes in the degree of ionization of electrolytes and, therefore, a change in the degree of 
swelling of the hydrogel. Table 1 shows the functional groups that can induce changes in the 
polymer network to changes in pH.  
 

Stimulus Hydrogel Type Release Mechanism 
pH Acidic or basic hydrogel Change in pH-swelling-release of drug 

Ionic Strength Ionic hydrogel 
Change in ionic strength-change in 

concentration of ions inside the gel-change 
in swelling-release of drug 

Chemical species Hydrogel containing 
electron-accepting groups 

Electron-donating compounds-formation of 
charge-transfer complexes-change in 

swelling-release of drug 

Thermal Thermo-responsive 
hydrogel 

Change in temperature-change in polymer-
polymer and water-polymer interactions-

change in swelling-release of drug 

Enzyme substrate Hydrogel containing 
immobilized enzymes 

Substrate present-enzymatic conversion-
product changes swelling of gel-release of 

drug 

Electrical Polyelectrolyte hydrogel 
Applied electric field-membrane charging-
electrophoresis of charged drug-change in 

swelling-release of drug 

Magnetic Magnetic particles 
dispersed in microspheres 

Applied magnetic field-change in pores in 
gel-change in swelling-release of drug 

Table 1. Effect of Different External Stimuli on the release of Bioactive Molecules from Smart 
Nanohydrogels (Katime 2010). 

Therefore, the understanding to the sensitivity to a change in pH for drug transport 
vehicle is based on the incorporation of ionizable groups within the polymer matrix. 
These groups will be responsible for ensuring, through its characteristics, the change in 
size in the pores of the polymer network with some variation of pH. Studies by Katime 
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and colleagues (2009) show that depending on the type of ionizable structure, a polymer 
gel can change their swelling properties - collapse before a stimulation of pH, specifically 
the gels with more basic properties studied in recent years are those who owe their acid-
base properties to the presence of pyridine rings in its structure molecular (Katime et al., 
2005). 
Pyridine is a cationic ionizable group has a pKa value of 5.2, so this functional group 
appears to be a strong candidate to obtain pH-sensitive cationic gels having a pH of swelling 
(pHs) around 5 (Figure 1). 
 

 
Fig. 1. Ionizing process of the pyridine ring. 

One way to achieve the inclusion of pyridine functional groups is the copolymerization with 
vinyl monomers derived from the ionizable group, as is the case of 4-vinylpyridine (4VP) 
and 2-vinylpyridine (2VP). Polymerization and crosslinking leads to the obtaining of 
intersecting networks pyridine ring and ortho position respectively, with the carbonate 
skeleton of the network.  
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Fig. 2. Synthetic procedure proposed by Katime and coworkers to obtain microgels with 
ionizable pyridine groups. 

Loxley and Vincent (1997) synthesized microgels by copolymerizing 2-vinylpyridine and 
styrene, and found its swelling at pH values lower than 4531, while Fernandez-Nieves et al. 
(2000) studied the volume phase transition of microgels obtained from the direct 
polymerization of 2 vinyl pyridine, finding a pH of swelling of 4.032. Snowden et al. for 
their part, have been studied extensively in recent years cationic copolymer microgels of P 
(NIPA-co-4VP), and have found pH-sensitive properties of swelling with pH change 5.5. 
These microgels 4VP derivatives, obtained by different synthesis methods have also been 
recently studied by Vincent et al. (2005), also found pH-sensitive properties, although the 
pH of swelling were determined to be lower ( pH 3.5-4.0). More recently, several studies 
show that 4-aminomethyl pyridine (4AMP) coupled in post polymerization reactions to a 
crosslinked polymer network, can govern the collapse-swelling transition at a pH of 4.53-36 
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(Figure 2), by use of molecules with "good leaving groups" allowing the incorporation of 
4AMP within the polymer network (Guerrero-Ramírez, 2008). 
 

 

Fig. 3. Schematic procedure proposed by Katime et al. (2010) for the synthesis of amine-
based monomers. 

Katime et al. (2010) have proposed the synthesis of vinyl monomers from amines for 
potential use in modification reactions that result in the ownership of pH sensitivity for 
polymeric gels (Agüero et al., 2010). The synthesis of monomers is a simple procedure that 
involves a nucleophilic substitution reaction by the use of a "good leaving group (Figure 3). 
Such reactions have a yield above 80%, which generates a good alternative to the inclusion 
of these compounds to drug transport vehicles. 

2.2 Temperature sensitivity 
Temperature is one of the most significant parameters affecting the phase behavior of the 
gels. Recent studies show that it is possible to produce hydrogels with a particular transition 
temperature or even develop hydrogels with various transition temperatures (Guerrero-
Ramírez et al., 2008). One of the most studied polymers, which respond to temperature 
changes in the external environment, is poly(N-isopropyl acrylamide) (PNIPA). This 
polymer undergoes a strong transition in water at 32°C, from a hydrophilic state below this 
temperature to a hydrophobic state above it. Above the phase transition, as shown 
schematically in figure 4, is based on the entropic gain associated water molecules to the 
side chain isopropyl substituent. 
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The temperature at which this happens (called lower solution critical temperature or 
LCST) corresponds to the region in the phase diagram in which the enthalpic contribution 
of water bound to the polymer chain is less than the entropic gain of the system as whole 
and, therefore, depends largely on the ability to form hydrogen bonds and the chemical 
nature of constituent monomer units. Consequently, the LCST of a polymer can be 
adjusted to measure the variation in the content of hydrophilic or hydrophobic co-
monomers. 
 
 

 
Fig. 4. Temperature behavior of typical pNIPA hydrogel. 

3. Synthetic mechanisms 

A nanogel is polymer network that is ranged between 10 to 100 nm of particle size. The 
nanogeles can present well defined structures as a spherical structure or heterogeneous 
structure (non-defined structure). The synthesis of nanohydrogels besides the usual 
elements in any polymerization such as solvent, monomer or monomers and the initiator, it 
requires a crosslinking agent, who will be responsible for the crosslininked structure 
(Hervias et al., 2008; Guerrero-Ramírez et al., 2008; Guerrero-Ramírez et al., 2008; Bruck & 
Mueller, 1988; Agüero et al., 2010).  For this purpose the synthetic procedure can be done 
using a large number of monomers that are classified divided in three different categories 
(Murray & Snowden, 1995): a) Monomer with no lateral ionizing groups, b) Monomers with 
ionizable functional groups and, c) Zwitterionic monomers. 
There are several methods for preparing crosslinked hydrogels. One of this methods that is 
widely use is by a chemical reaction, this method is a copolymerization and crosslinking 
reaction between one or more monomers and multifunctional monomers which is present in 
very small quantities. Initiation systems that can be used are those used in conventional 
polymer synthesis: thermal decomposition of an initiator, temperature, ionic initiators, 
gamma radiation or redox. 
Also it is possible to obtain crosslinking by the polymerization of a concentrated solution 
which can cause self-crosslinking through the elimination of hydrogen atoms in the polymer 
backbone, followed by combinations of radicals. The choice of the crosslinking agent is 
essential to optimize the properties of the hidrogel (Orrah et al., 1988). 
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There are different ways to reach a successful synthetic procedure: within which are 
precipitation polymerization, emulsion, microemulsion and nanoemulsion. Each is aimed at 
obtaining polymeric materials with different characteristics. 
Among these, the microemulsion polymerization is offered more versatility because through 
it is possible to obtain very small particles (10-150 nm) by synthetic variation of different 
parameters within which we can find the surfactant system The oil phase, the aqueous 
phase, monomer ratio, the amount and type of crosslinking agent, the amount and type of 
initiator and the addition of compounds capable of reducing ionic micellar space. 
Recently there have been reports of the synthesis of microgels using a new polymerization 
technique, microemulsion polymerization, which allows for smaller particle sizes (15-40 nm) 
than those obtained by emulsion polymerization (Zhang et al., 2002).  
Microemulsion polymerization is an alternative to existing processes to produce latex 
containing polymer of high molar mass but with particle sizes smaller than those obtained 
by emulsion polymerization (Kudela, 1987; Krane & Peppas, 1991). Microemulsions are fluid 
phases, microstructured, isotropic, optically transparent or translucent, at thermodynamic 
equilibrium, containing two immiscible fluids (usually water and oil), contrary to emulsion 
which are milky, opaque and thermodynamically unstable. An important difference 
between emulsion and microemulsion is that the amount of surfactant needed to stabilize 
the micromulsions (> 10% wt) is much greater than that used in the emulsions (1 to 2% wt). 
This greatly restricts the potential use of microemulsions in most applications, since it is 
required to use a formulation as cheap as possible (Franson & Peppas, 1991). However, since 
by microemulsion polymerization it is possible to obtain monodisperse spherical microgels 
with diameters less than 50 nm (Downey et al., 1999; Tanaka et al., 1984; Osada et al., 1989) 
there is a promissory future for this technique. 
The most important part of a microemulsion is the surfactant. Usually mixtures of surfactants 
are used to take advantage of each of them and their sinergy (Pelton, 2000). Surfactants are 
organic compounds that are amphiphilic because they have hydrophobic groups (tails) and 
hydrophylic groups (heads). Therefore, they are soluble in both organic solvents and water. 
There are four types of surfactants:  a) Anionic, b) Cationic, c) Non ionic and, d) Amphoteric. 
Increasing the concentration of surfactant causes the formation of microstructures, which 
are aggregates of colloidal dimensions that exist in equilibrium with individual surfactant 
molecules. The concentration at which these microstructures (micelles) are formed is the 
critical aggregation concentration (CAC). 
The micellization phenomena is a cooperative process in which a large number of surfactant 
molecules associate to form a closed aggregate. When forming the micelles, the critical 
aggregation concentration is called critical micelle concentration (CMC). The critical micelle 
concentration depends on the number, length, type, branching or substitution of the 
hydrophobic chain and the nature of the polar group. The effects favoring micellization 
produce a decrease in the critical micelle concentration and viceverse. 
The type of micelles that are formed depends on the properties of the surfactant and 
dissolution. The micellization is a cooperative process in which a large number of surfactant 
molecules associate to form a closed aggregate in which the nonpolar parts of the surfactant 
are separated from the water. The micellization process occurs through a series of 
conflicting effects: 1) effect that tend to favor the formation of a micelle and the hydrophobic 
effect, which increases with the size of the hydrocarbon chain of surfactant, and 2) effect that 
tend to oppose the formation of a micelle, as the repulsion between the hydrophilic groups, 
particularly important in ionic surfactants. 
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The presence of alcohol, which is sandwiched between the surfactant molecules at the 
interface, or the addition of electrolytes to produce a screen effect that reduces the 
intermolecular electric field, reduces the repulsive forces favoring the micelización (Zhu et 
al., 1989). 
The critical micelle concentration depends on the number, length, nature, saturation, 
branching or substitution of the hydrophobic chain and the nature of the polar group. The 
effects that favor the micellization produce a decrease in critical micelle concentration and 
vice versa. 
When is added to the medium a salt or an ionic monomer, latex stabilization is achieved 
(Antonietti & Bremser, 1990). It is known that the addition of an electrolyte to an aqueous 
solution produces a variation in the cloud point, i.e. the point at which the solubility 
changes. When this addition causes a migration of surfactant molecules into the oil phase, 
increasing the packing of it at the interface, it favors the formation of the microemulsion, 
due to an increase in the solubility by the presence of salt (salting out). If instead there is a 
decrease in the cloud point, there is a decrease in solubility by the presence of the salt 
(salting in). These phenomena are usually related to changes in the water structure 
around the ions which modify the interactions between water and the surfactant (Funke et 
al., 1998). Ions such as Na+ and K+ decrease the of the surfactant polar head, while ions 
such as SCN-and I-, favor the solvation of the surfactant making it more water soluble 
(Kazakov et al., 2002). In general, the introduction of an electrolyte with salting out effect 
causes a change in the hydrophilic-lipophilic (HLB) balance of the surfactant, shifting the 
optimum HLB to form a microemulsion towards higher values. Regarding the preparation 
method, there is a difference between these two types of dispersions, which focuses on the 
order of addition of components.  In the emulsion case the addition order is very 
important, contrary to what happens in the formation of microemulsions, where it is not 
important. 

3.1 Inverse microemulsion polymerization 
The inverse microemulsion polymerization is based on training, pre-polymerization, 
microemulsion system of water in oil, which include micromicelas containing monomers to 
react. Within this group, with globular structure and those with bicontinuous structure. 
The inverse microemulsion polymerization of monomers soluble in water is a particularly 
suitable method for preparing high molecular weight polymers and fast reaction rates (Nata 
& Yamamoto, 1998), due to high local concentration of monomer within each particle as the 
growth of radical separate particles prevents termination by combination. 
According to studies by Candau, throughout the reaction there is an excess of surfactant 
stabilizing micells (Candau & Leong, 1985). Two populations are shown as typical colloidal 
aggregates: a particle with a diameter of about 50 nm and a micelle. It has also been 
observed that the number of particles increases continuously throughout the polymerization 
reaction due to excess surfactant, which makes the amount of micelles is at all times well 
above the particle, allowing for entry of radicals nucleation into micelles. According to the 
kinetic mechanism for the inverse microemulsion polymerization is depicted in figure 5, the 
radicals are absorbed into the micelles. They react with the monomer to spread and form a 
polymer particle. This particle is growing due to the contribution of monomer from other 
micelles that act as reserve deposits. Eventually the system is reduced to two populations of 
polymer particles and a water swollen micelles.  
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Fig. 5. Kinetic mechanism for the inverse microemulsion polymerization. 

4. Bioactive nanosystems 

Currently the development of polymeric complexes have bioactive properties, i.e. that are 
able to interact with cellular mechanisms has grown considerably because of the many 
applications that can take the coupling of biological receptors within the polymer matrices. 
Among these recipients are: acetylcholine receptor, cytokine receptor, insulin receptor T cell 
receptor, recipient of transforming growth factor beta, receptor phosphotyrosine 
phosphatase, receptor guanylyl cyclase, muscarinic receptor, M1 muscarinic receptor, 
muscarinic receptor M2, muscarinic receptor M3, M4 muscarinic receptor, nicotinic receptor, 
mineralocorticoid receptor. 
But a biological receptor that has attracted interest from the scientific community is folic 
acid receptor (Candau & Zekhinini, 1986). The protein encoded by this gene is a member of 
the folate receptor family (FOLRE). The members of this family of genes have a high affinity 
for folic acid and reduction of various folic acid derivatives, in addition to mediate the 
delivery of 5-methyl tetrahydrofolate inside cells. This gene is composed of 7 exons, exons 1 
to 4 encode the 5 'UTR and exons 4 through 7 encode the open reading frame. Due to the 
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presence of 2 promoters, there are multiple transcription start sites and alternative splicing 
of exons, there are several variants of the transcript derived from this gene. 
The importance of folate receptor is that in various diseases this gene is overexpressed on 
the cell surface that makes it easy to capture through the cellular process of receptor-
mediated endocytosis EMR (Bleiberg et al., 1998). Folic acid, whose chemical structure is 
shown in figure 6, is a natural vitamin required for transfer reactions in many metabolic 
processes and is now a promise in the vectorization of anticancer drugs. Several 
investigations in recent decades have concluded that folic acid receptors have a preferential 
expression in ovarian, endometrial, lung, kidney, colon, among others, but are very limited 
in the normal tissues (Boggs et al., 1996; Castro et al., 2005; Alléman et al., 1993; Coney et al., 
1991). This specific folate-cancer cell has been used for the design of anticancer using folic 
acid as the ligand molecule to the director of their tumoral cells (Weitman et al., 1992; Garin-
Chesa et al., 1993; Ross et al., 1994; Anderson et al., 1992). 
 

 
Fig. 6. Molecular structure of folic acid. 

Folic acid, in addition to high specificity towards the tumor tissue, offers potential 
advantages, including its small size, which carries favorable pharmacokinetics, reduced 
immunogenicity allowing repeated administration, high availability and safety. Moreover, 
folic acid is stable at very different temperatures and in a variety of solvents, and in slightly 
acidic or basic media, unlike antibodies that require careful handling to avoid distortion. 
Another point to note is that it is cheaper than the aforementioned monoclonal antibodies. 
All this, combined with its relatively simple chemical conjugation, makes it an interesting 
and promising molecule specific antitumoral therapies (Bronstein, 2004). 
To determine at which pH these folate conjugates are subject to when passing into the 
intracellular environment, in studies it has been measured indirectly the pH of individual 
endosomes containing folate conjugates and it was found that although this value can vary 
considerably (4.7-5.3), the average pH is 5.0 (Brannon-Peppas, 1997; Tannock & Rotin, 1989; 
Vert, 1986; Stubbs et al., 2000; Katime et al., 2006). This pH is markedly different of the 
physiological pH of the blood stream and of any healthy tissue (pH = 7.4). 

5. Membrane cell transport: receptor-mediated endocytosis (RME) 

Endocytosis is a cellular process by which the cell introduces large molecules or particles, 
and does so by including them in an invagination of the cytoplasm membrane, forming a 
vesicle that eventually breaks off and enters the cytoplasm. When endocytosis leads to the 
capture of particles is called phagocytosis, and when only portions of liquid are captured is 
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called pinocytosis. Pinocytosis traps substances indiscriminately, while receptor-mediated 
endocytosis only includes those molecules that bind to the receptor being this type of 
endocytosis very selective. The RME allows cells to take specific macromolecules called 
ligands, such as proteins that bind insulin (a hormone), transferrine (a protein that binds to 
iron), cholesterol carriers and low density lipoproteins. 
1) The RME requires specific membrane receptors to recognize a particular ligand and link 
to it, 2) ligand-receptor complexes migrate along the surface of the membrane structures 
called coated pits. Just inside the cytoplasm, these pits are lined with a protein that can 
polymerize into a cage-shaped structure (membrane vesicle), and 3) The vesicles move 
within the cytoplasm, taking the ligand from the extracellular fluid to within the cell. The 
materials bound to the ligand, such as iron or cholesterol, are introduced into the cell, then 
the empty ligand returns to the surface. 
Devices for controlled release of drugs are an especially important application that exploits 
the collapse-swelling properties of the polymers in response. In this field are particularly 
important hydrogels containing poly (N-isopropyl acrylamide) (PNIPA), which generate 
matrices that can exhibit thermally reversible collapse above the LCST of the homopolymer 
is taken as base (Mathur & Scranton, 1996). 
The collapse in the structure of the matrix is accompanied by loss of water and any co-
solute, as it may be a therapeutic agent or active ingredient. Drug expulsion and loss of 
water takes place at the initial stage of gel collapse, followed by a slower release of drug that 
diffuses from the gel shrunk visibly and physically compact. 
When the polymer matrix has been incorporated into a co-monomer to respond when the 
polymer changes state, swelling of the gel can be exploited as a release mechanism to 
change as a result of the expansion of the polymer. The smart nanogels have the potential to 
be used with a variety of drug loading and release of active ingredients as well as features 
and release can be adapted to a wide range of different environments (Bruck & Mueller, 
1988; Alléman et al., 1993; Bleiberg et al., 1998). 
A useful synthesis allows delivery systems be prepared to respond to a pre-designated 
value of pH and/or temperature to release some kind of drug. For drug delivery 
applications the response of the nanogels should be nonlinear, i.e., with different levels of 
expectation and response, that is where the key is to develop materials that should show 
strong transitions to a small stimulus or change in the environment. One way to accomplish 
this is by defining the structures of micro and nano-scale. 

5.1 Smart nanocarriers 
Smart copolymeric nanoparticles can be synthesized using a microemulsion polymerization 
process using a reported method (Guerrero-Ramírez et al., 2008). The microemulsion 
solution was introduced in a mechanical reactor at 25 ± 1°C operated at 131 rpm and 
nitrogen was bubbled to maintain an inert atmosphere during the whole reaction. The 
monomers N (4-methyl pyridine) acrylamide (NPAM) and tert-butyl 2 acrylamidoethyl 
carbamate (2AAECM) are not commercial products, they were synthesized by a nucleophilic 
substitution reaction from the precursors, modified 4AMP and BOC, respectively. To obtain 
NPAM monomer, 4AMP reagent was previously prepared and reacted with acryloil 
chloride at -5°C under vigorous stirring to produce a nucleophilic substitution by the amino 
functional group and releasing HCl to the average reaction. The 2AAECM synthesis 
procedure involves several steps: the first was to obtain a di-tert-butyl dicarbonate (BOC) 
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modified by reaction with ethylenediamine at -19°C using dichloromethane as a reaction 
medium and when all the BOC reactive was added the reaction was maintained for 16 hours 
at 25°C. Then, dichloromethane was evaporated and the diprotected amine formed as a 
secondary product was separated due is insoluble in water, so water was added to 
precipitate system. Diprotected amine was separated by filtration and the resulting solution 
was saturated with NaCl and extracted with ethyl acetate. Then the solution was dried by 
adding anhydrous sodium sulphate and the final product was obtained by rotoevaporation. 
Finally, the resulted product of the reaction was reacted with acryloil chloride to produce an 
active monomer (2AAECM). 
This kind of particles can be used to load, transport and deliver active drugs. These 
characteristics permits that smart nanocarriers be use against different diseases including 
cancer or tuberculosis.  
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Fig. 7. Polymerization kinetics for COP23 sample obtained using a gravimetric method.  

In the case of anti-cancer therapies it is also necessary the functionalization with folic acid, 
as it has been described, this director molecule is widely used as a biological cellular marker 
due to it is overexpressed in a number of human tumors, including cancer of lung, kidney 
and blood cells. 
Dissolution of folic acid is prepared by mixing it with 1-(3-dimethylaminopropyl)-3-ethyl 
carbodiimide hydrochloride (EDC) and tryethylamine, at 25°C, using magnetic stirring for 
one hour to produce activated folic acid. This mixture is dropped into a dispersion of 
nanogels in water to incorporate the guide molecule. The purification and the isolating 
procedure of the final product is carried out by dialysis using a phosphate buffer solution of 
pH = 7.4, and then distilled water. All of this procedure is performed in a dark environment 
to avoid degradation of the folic acid molecule. 
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The total reaction time for obtaining this type of system is estimated at an average of 3 
minutes. Figure 7 can be seen that reaction times higher than the 3 minutes are not a 
significant change in conversion rate. As low curing times, with conversions above 97%, 
produce nanoparticles more efficiently. 
An important fact is that in samples where the amount of initiator used in the synthesis is 
increased, decreased reaction time. For this system has not been given this trend, because as 
mentioned, the average reaction times for all cases are set at 3 minutes. 
The particle size of several samples of smart nanogels have been synthesized, for all 
formulations, small particle sizes. Table 1 shows this behavior, in the same way, the 
remarkable effect of initiator concentration on particle size has a tendency that increasing 
the initiator concentration, particle size decreases. On the other hand, the particle size of the 
nanogels synthesized with different concentrations of crosslinking agent and different 
amounts of salt added, show that the particle diameter decreases nanogel depending on the 
content of crosslinking agent. As can be seen when the concentration of crosslinker 
increases, the particle diameter decreases. However, there is a concentration limit, both as 
crosslinking initiator, from which particle size can not decrease nanogel more.  
 

Sample code %crosslinker %initiator %KNO3 Dp (nm) 

COP20 5 1 0 45 
COP21 5 2 0 43 
COP22 5 3 0 40 

COP23 5 4 0 38 

COP24 5 5 0 36 

COP25 4 5 0 40 

COP26 3 5 0 42 

COP27 2 5 0 41 

COP28 1 5 0 41 

COP29 5 3 0 42 

COP30 5 3 0 40 

COP31 5 3 0 42 

COP32 5 3 0 41 

COP33 5 3 0 40 

COP34 5 3 2 35 

COP35 5 3 4 33 
COP36 5 3 6 30 

COP37 5 3 8 28 

COP38 5 3 10 28 

Table 1. Particle sizes of smart nanogels obtained by QELS. 
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The addition of a soluble salt such as potassium nitrate (KNO3) produced a reduction of 
space inside the micelles because the salt creates a series of charges in the continuous phase. 
They produce a reduction in size of the micelle by the action of electrostatic forces external 
to that micelle, thereby limiting the size of the particles. This effect can be seen in the same 
table, so that when the concentration of KNO3 increases, the particle size is reduced, and 
when the concentration of KNO3 is greater than or equal to 5% (based on the total amount of 
monomers). Particle size has no appreciable change and remains constant. 
The micrograph of a nano-synthesized samples is presented in figure 8, this figure shows 
the spherical nature of the obtained nanoparticles. 
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Fig. 8. Variation of particle size of the nanogels. Samples COP25(6), COP26 (7), COP 28 (8) 
and COP29 (9). 

Moreover, when these particles are subjected to changes in pH values can be clearly seen as 
the inclusion of molecules ionizing groups within the skeleton of the system allow the 
nanogel have an answer "smart" to these variations. This can be seen in Figure 8, which 
shows that at pH values lower than 4.5 the nanogel is in the swollen state while values close 
to 5 the gel collapses. 
Because these nanoparticles are designed primarily for use in cancer therapy, the choice  
of the active ingredient can be transported by this system must comply with the  
desired characteristics of an anticancer drug. For this reason we have chosen the  
5-fluorouracil (5FU). 5FU is a drug that blocks the methylation reaction of acid to convert 
deoxyuridylic thymidylic acid, by inhibiting an enzyme that is important for the synthesis 
of thymidine. 
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Fig. 9. Chemical structure of 5-fluorouracil (5FU). 

5-fluorouracil is involved in DNA synthesis and inhibits the formation of RNA. Both actions 
are combined to promote a metabolic imbalance that ultimately kills the cell. The inhibitory 
activity of the drug, by analogy with uracil nucleic acid affect the growth of neoplastic cells, 
preferably taking advantage of the molecule of uracil for nucleic acid biosynthesis. The 
effects of DNA and RNA deprivation are more affected cells grow and multiply without 
control over the normal. Its effectiveness is that it binds irreversibly to the enzyme 
thymidylate synthase, essential for the synthesis of thymine nucleotides. Thymine is one of 
four nitrogenous bases that make up the DNA, and lack means that DNA cannot replicate, 
which inhibits cell division and therefore tumor growth. 5FU structure shown in figure 9. 

6. Study of the release kinetics measured by HPLC 

To keep track of the release rate of 5FU from the NIPA copolymer nanogels NPAM-
2AAECM-HPLC was previously required a calibration with standards of 5-FU. 5FU 
standards were prepared at concentrations of 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 ppm, 
and injected into a liquid chromatograph, using the method described in the experimental 
section. After obtaining the chromatograms of standards, chromatographic peaks were 
integrated to obtain the area under the curve, the data obtained for this calibration is shown 
in table 2. 
 

STD Concentration (ppm)
Peak area 

(A.U.) 

Retention 
time TR 

(minutes) 

1 100 37366 6,58 

2 90 33256 6,58 

3 80 30749 6,56 

4 70 26572 6,55 

5 60 22294 6,53 

6 50 17353 6,51 

7 40 14176 6,51 

8 30 11406 6,51 

9 20 7615 6,51 

10 10 3751 6,51 

Table 2. Data obtained for calibration standards of 5-FU. 
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Before performing the action for the release of 5FU, the nanogels of NIPA-NPAM-2AAECM 
were loaded with the drug. Recall that the swelling of our nanogels depends on the pH of 
the medium in which it is, so a simple yet effective to carry the burden of these the nanogels 
is to introduce a known amount of nanogel in a concentrated solution of 5FU (known 
concentration) to a pH below 4.5 which guarantees that the nanogel will be swollen in the 
middle. The set is kept under constant magnetic stirring for 2 hours. After the loading time, 
changing the pH of the medium to a value greater than 6, which ensures that the nanogel 
will be collapsed. Thus, when the nanogel collapses, 5FU is retained in the polymer network 
and water solution ejected from the macromolecular matrix. 
To quantify the total burden of nanogels was necessary to take a sample of the remaining 
load, as the difference in concentration, both initial (before loading) and final (after loading), 
will indicate the amount 5FU retained in the nanogel. 
In the first instance, two experiments were conducted 5FU release two different pH values. 
The first experiment was performed at pH 7.4, in a release time of 2 hours. In this 
experiment, there should be no release from the nanogel, since, as mentioned above,  
the nanogel above a value of 5 on the pH scale is collapsed. However, in this experiment  
we can see that there is little sign of 5FU in the chromatogram obtained by HPLC, which 
indicates that in the release medium are molecules of 5FU. This can be attributed to  
the release of 5-FU molecules absorbed on the surface of nanogel, since the concentration  
at which 5FU is in the release medium is very small. This behavior can be seen in  
figure 10. 
Furthermore, this experiment was to perform the release at pH 4 during a time of 2 hours, 
which in our case ensures that the polymer network is in a swollen state, allowing the 
contents within the nanogel 5FU out release to the environment by diffusion effects. As 
expected, the chromatogram of this test presents a significant peak of 5FU in a retention 
time of 6.7 minutes, characteristic of this compound. The chromatogram of this test is shown 
in figure 11. The total area of this peak has a value of 16,890 A.U. 
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Fig. 10. Chromatogram of a sample of nanogel after 2 hours of release at pH 7.4. 
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Fig. 11. Chromatogram of a sample of nanogel after 2 hours of release at pH 4. 

7. Conclusions 

We have synthesized a new pH- and T-responsive smart copolymeric nanohydrogel by 
inverse microemulsion polymerization. The size particle was determinate by QELS showing 
an average value of 33 nm. The success of the synthesis was confirmed by FTIR, 1H NMR 
and DSC. A versatile and successful synthetic strategy to obtain potential nanodevices for 
targeted drug delivery has been designed. NPA-based copolymeric microgels have been 
employed as reactive substrate for specific derivatization that led to a smart biomedical 
function. These precursor microgels were easily chemically modified by aminolysis reaction 
with amino derivatives to achieve two purposes: firstly, to introduce linkage sites for 
bonding with the tumor guiding molecule folic acid, which is coupled to the folate receptors 
in the surface of tumor cells and once internalized by receptor-mediated endocytosis, swell 
as result of the difference of pH and secondly, to get a specific swelling behavior that 
determines the capability of the microgels for intelligent therapy. The functionalization with 
4-MP leads to an interesting pH-driven swelling transition. This pH-selective swelling 
potentially leads to an exclusive release of antitumoral drug into the cancer cells. The 
networks drastically swell when external pH varies from neutral to pH values around 5. 
There are some facts that influence this swelling behavior, such as copolymer composition. 
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1. Introduction  

Nanoparticles and nanotechnology have been increasingly used in the field of cancer 
research, especially for the development of novel approaches for cancer detection and 
treatment (Majumdar, Peng et al. 2010; Davis, Chen et al. 2008). Magnetic iron oxide (IO, i.e. 
Fe3O4, γ-Fe2O3) nanoparticles (NPs) are particularly attractive for the development of 
biomarker-targeted magnetic resonance imaging (MRI) contrast agents, drug delivery and 
novel therapeutic approaches, such as magnetic nanoparticle-enhanced hyperthermia. 
Given the unique pharmacokinetics of nanoparticles and their large surface areas to 
conjugate targeting ligands and load therapeutic agents, biodegradable IO nanoparticles 
have many advantages in targeted delivery of therapeutic and imaging agents. IO 
nanoparticles possess unique magnetic properties with strong shortening effects on 
transverse relaxation times, i.e., T2 and T*2, as well as longitudinal relaxation time, i.e., T1, at 
very low concentrations, resulting in contrast enhancement in MRI. Together with their 
biocompatibility and low toxicity, IO nanoparticles have been widely investigated for 
developing novel and biomarker-specific agents that can be applied for oncologic imaging 
with MRI. In addition, the detectable changes in MRI signals produced by drug-loaded IO 
nanoparticles provide the imaging capabilities of tracking drug delivery, estimating tissue 
drug levels and monitoring therapeutic response in vivo. With recent progress in 
nanosynthesis, bioengineering and imaging technology, IO nanoparticles are expected to 
serve as a novel platform that enables new approaches to targeted tumor imaging and 
therapy. In this chapter, we will review several aspects of magnetic nanoparticles, 
specifically IO nanoparticles, which are important to the development and applications of 
tumor-targeted imaging and therapy. An overview of general approaches for the 
preparation of targeted IO nanoparticles, including common synthesis methods, coating 
methodologies, selection of biological targeting ligands, and subsequent bioconjugation 
techniques, will be provided. Recent progress in the development of IO nanoparticles for 
tumor imaging and anti-cancer drug delivery, as well as the outstanding challenges to these 
approaches, will be discussed. 



 
Biomedical Engineering – From Theory to Applications 204 

2. Preparation of IO nanoparticles 

Typical IO nanoparticles are prepared through bottom-up strategies, including 
coprecipitation, microemulsion approaches, hydrothermal processing and thermal 
decomposition (Figure 1) (Gupta and Gupta 2005; Laurent, Forge et al. 2008; Laurent, 
Boutry et al. 2009; Xie, Huang et al. 2009). The advantages and disadvantages of these 
conventional nanofabrication techniques are important and need to be taken into account in 
designing and developing a nanoparticle construct for specific cancer models and 
applications. 
 

 
Fig. 1. (A) Fe3O4 NPs synthesized by coprecipitation method, the scale bar is 30 nm;  
(B) Fe3O4 NPs prepared by thermal decomposition of iron oleate Fe(OA)3.  
(Reproduced with permission from Kang, Y. S., S. Risbud, et al. (1996).  
"Synthesis and characterization of nanometer-size Fe3O4 and gamma-Fe2O3 particles." 
Chemistry of Materials 8(9): 2209-2211and Park, J., K. J. An, et al. (2004).  
"Ultra-large-scale syntheses of monodisperse nanocrystals." Nature Materials 3(12):  
891-895. 

Coprecipitation is the most commonly used approach due to its simplicity and scalability. It 
features coprecipitating Fe(II) and Fe(III) salts in the aqueous solution by adding bases, 
usually NH4OH or NaOH (Massart 1981). The resulting IO nanoparticles are affected by 
many synthetic parameters, such as pH value, concentrations of reactants, reaction 
temperature etc. In addition, small molecules and amphiphilic polymeric molecules are 
introduced to enhance the ionic strength of the medium, protect the formed nanoparticles 
from further growth, and stabilize the colloid fluid (Kang, Risbud et al. 1996; Vayssieres, 
Chaneac et al. 1998). Though this method suffers from broad size distribution and poor 
crystallinity, it is widely used in fabricating IO-based MRI contrast agents (such as dextran-
coated IO nanoparticles), because of its simplicity and high-throughput (Sonvico, Mornet et 
al. 2005; Muller, Skepper et al. 2007; Hong, Feng et al. 2008; Lee, Li et al. 2008; Agarwal, 
Gupta et al. 2009; Nath, Kaittanis et al. 2009). A modification of the coprecipitation method 
is the reverse micelle method, in which the Fe(II) and Fe(III) salts are precipitated with bases 
in microemulsion (water-in oil) droplets stabilized by surfactant. The final size and shape of 
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the nanoparticles can be precisely tuned through adjusting the surfactant concentration or 
the reactants concentration (Santra, Tapec et al. 2001; Zhou, Wang et al. 2001; Lee, Lee et al. 
2005; Hong, Feng et al. 2009). The disadvantages of this method are its low yield and poor 
crystallinity of the product, which limit its practical use. A hydrothermal method is also 
considered a promising synthetic approach for IO nanoparticles towards biomedical 
applications, which is performed in a sealed autoclave with high temperature (above solvent 
boiling points) and autogenous high pressure, resulting in nanoparticles with narrow size 
distribution (Daou, Pourroy et al. 2006; Liang, Wang et al. 2006; Taniguchi, Nakagawa et al. 
2009). 
High quality IO nanoparticles with perfect monodispersity and high crystallinity can be 
fabricated by the state of the art thermal decomposition method. Iron precursors, usually 
organometallic compounds or metal salts (e.g. Fe(acac)3, Fe(CO)5, and Fe(OA)3), are 
decomposed in refluxing organic solvent in the presence of surfactant (e.g. oleic acid, and 
oleic amine) (Hyeon, Lee et al. 2001; Sun and Zeng 2002; Park, An et al. 2004; Sun, Zeng et al. 
2004; Park, Lee et al. 2005; Lee, Huh et al. 2007). In this method, the size and morphology of 
the nanoparticles can be controlled by modulating the temperature, reaction time, surfactant 
concentration and type of solvent. Using smaller nanoparticles as growth seed, Hyeon and 
co-workers prepared 1-nm IO nanoparticles through additional thermal decomposition 
growth (Park, Lee et al. 2005). The obtained nanoparticles are usually hydrophobic, 
dispersible in organic solvent, which requires further phase transfer procedures to make 
them water-soluble. Recently, several studies have demonstrated that directly thermal 
decomposing iron precursors in strong polar solvents (e.g. DMF, 2-pyrrolidone) resulted in 
hydrophilic IO nanoparticles, which could be readily dispersed in water, as preferred in 
biomedical applications (Liu, Xu et al. 2005; Neuwelt, Varallyay et al. 2007; Wan, Cai et al. 
2007). 
Coating materials play an important role in stabilizing aqueous IO nanoparticle suspensions 
as well as further functionalization. Appropriate coating materials can effectively render the 
water solubility of the IO nanoparticles and improve their stability in physiological 
conditions. The coating of IO nanoparticles can be achieved through two general 
approaches: ligand addition and ligand exchange (Gupta, Gupta 2005; Xie, Huang et al. 
2009). In ligand addition, the stabilizing agents can physically adsorb on the IO nanoparticle 
surface as a result of various physico-chemical interactions, including electrostatic 
interaction, hydrophobic interaction, and hydrogen bonding, etc. Besides physical 
adsorption, coating materials with abundant hydroxyl, carboxyl, and amino groups can 
readily and steadily absorb on the surface of the bare IO nanoparticle core, as the active 
functional groups are capable of coordinating with the iron atoms on the surface to form 
complexes (Gu, Schmitt et al. 1995). Even for nanoparticles with pre-existing hydrophobic 
coating, newly added amphiphilic agents could also stick on the surface physically or 
chemically to complete phase transfer. Various materials, including natural organic 
materials (e.g. dextran, starch, alginate, chitosan, phospholipids, proteins etc.) (Kim, 
Mikhaylova et al. 2003; Peng, Hidajat et al. 2004; Kumagai, Imai et al. 2007; Muller, Skepper 
et al. 2007; Nath, Kaittanis et al. 2009; Zhao, Wang et al. 2009) and synthetic polymers (e.g. 
polyethylene glycol (PEG), poly(acrylic acid) (PAA), polyvinylpyrrolidone (PVP), poly(vinyl 
alcohol) (PVA), poly(methylacrylic acid) (PMAA), poly(lactic acid) (PLA), 
polyethyleneimine (PEI), and block copolymers etc.) (Lutz, Stiller et al. 2006; Narain, 
Gonzales et al. 2007; Mahmoudi, Simchi et al. 2008; Hong, Feng et al. 2009; Yang, Mao et al. 
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2009; Yang, Peng et al. 2009; Hadjipanayis, Machaidze et al. 2010; Huang, Bu et al. 2010; 
Namgung, Singha et al. 2010; Vigor, Kyrtatos et al. 2010; Wang, Neoh et al. 2010) have been 
demonstrated to successfully coat the surface of IO nanoparticles through ligand addition. 
Alternatively, ligand exchange refers to the approach of replacing the pre-existing coating 
ligands with new, higher affinity ones. One such example is that of dopamine (DOP)-based 
molecules, which can can substitute the original oleic acid molecules on the surface of IO 
nanoparticles, as the bidentate enediol of DOP coordinates with iron atoms forming strong 
bonds (Huang, Xie et al. 2010; Xie, Wang et al. 2010). Dimercaptosuccinic acid (DMSA) and 
polyorganosiloxane could also replace the original organic coating by forming chelate 
bonding (De Palma, Peeters et al. 2007; Lee, Huh et al. 2007; Chen, Wang et al. 2010). After 
ligand addition and ligand exchange, surface-initiated crosslinking might be performed for 
further coating stabilization, yielding nanoparticles with great stability against 
agglomeration in the physiological environment (Lattuada and Hatton 2007; Chen, Wang et 
al. 2010). 

3. Surface modification and functionalization of IO nanoparticles 

Surface modification and functionalization play critical roles in the development of any 
nanoparticle platform for biomedical applications. However, the capacity of the 
functionalization may be highly dependent on the diversity and chemical reactivity of the 
surface coating materials as well as the functional moieties used for biological interactions 
and targeting. Commonly used functional groups, i.e., carboxyl -COOH, amino -NH2 and 
thiol –SH groups, are ideal for covalent conjugation of payload molecules or moieties. 
However, there is an increased application of non-covalent interactions, such as 
hydrophobic and electrostatic forces, to incorporate the payload molecules.  
Recently developed theranostics IO nanoparticles, i.e., multifunctional nanoparticles capable 
of both diagnostic imaging and delivery of therapeutics, often consist of small molecules 
(e.g, chemotherapy drugs, optical dyes) or biologics (e.g., antibodies, peptides, nucleic acids) 
to achieve effective targeted imaging and drug delivery. These functional moieties have 
high affinity and specificity for biomarkers, such as cell surface receptors or cellular 
proteins, which can enhance specific accumulation of IO nanoparticles at the target site. 
Major techniques for the functionalization of IO nanoparticles include the selection of 
biomarker-targeting ligands and the conjugation of targeting ligands on the nanoparticle 
surface (Figure 2). Targeting moieties can be obtained via screening of synthetic 
combinatorial libraries and subsequent amplification through an in vitro selection process 
(Yang, Peng et al. 2009; Hadjipanayis, Machaidze et al. 2010; Lee, Yigit et al. 2010). The 
selection process usually starts with a random moieties library generated through chemical 
synthesis, and polymerase chain reaction (PCR) amplification or cloning of the identified 
targeting moiety through transfected/infected cells. Purification is acheived by incubating 
the library with target molecules or target cells, so that the high affinity moieties can be 
captured, separated from those unbound moieties, and eluted from the target molecule or 
cells. In addition, counter selection might be performed to enhance the purity of the isolated 
targeting moiety. Amplification via PCR or cloning throguh transfected/infected cells will 
result in new libraries of targeting moieties enriched with higher affinity ones. The selection 
process may be repeated for several rounds, and the targeting moieties with the highest 
affinity to the target can be obtained for further functionalization of magnetic IO 
nanoparticles. 
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Fig. 2. (A) A schematic example of the selection process of targeting moieties. (B) 
Conjugation of IO nanoparticles with targeting ligands through maleimide reactions. 

An active targeting approach in nanomedicine involves the direct conjugation of targeting 
ligands to the surface of nanoparticles rather than adsorption encapsulation. A variety of 
bioconjugation reactions have been developed by the incorporation of functional groups 
(e.g. carboxyl group, and amino group, thiol group) at the IO nanoparticle surface and in the 
targeting ligands. Besides affinity interactions, click chemistry, and streptavidin biotin 
reactions (Yang, Mao et al. 2009; Cutler, Zheng et al. 2010; Vigor, Kyrtatos et al. 2010), 
bioconjugation can be achieved by using linker molecules with carboxyl-, amine- or thiol-
reactive groups, such as glutaraldehyde, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
hydrochloride (EDC), N-hydroxysuccinimide (NHS), succinimidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (SMCC), N-succinimidyl-3-(2-pyridyldithio)-
propionate (SPDP), etc. (Lee, Huh et al. 2007; Lee, Li et al. 2008; Bi, Zhang et al. 2009; Yang, 
Mao et al. 2009; Yang, Peng et al. 2009; Hadjipanayis, Machaidze et al. 2010; Kumar, Yigit et 
al. 2010; Vigor, Kyrtatos et al. 2010; Yang, Park et al. 2010). For example, Yang et al. 
conjugated amphiphilic polymer-coated IO nanoparticles with amino-terminal fragment 
peptides via cross-linking of carboxyl groups to amino side groups through an EDC/NHS 
approach (Yang, Peng et al. 2009). The well developed bioconjugation methodologies 
advance the surface engineering of IO nanoparticles and expand the functionalities of IO 
nanoparticles. 

4. Recent progress using IO nanoparticles for tumor imaging and therapy 

With the emphasis on personalized medicine in future clinical oncology practices, the 
potential applications of biomarker-targeted imaging and drug delivery approaches are well 
recognized.  Tumor-targeted IO nanoparticles that are highly sensitive imaging probes and 
effective carriers of therapeutic agents are the logical choice of a platform for future clinical 
development. Increasing evidence indicates that the selective delivery of nanoparticle 
therapeutic agents into a tumor mass can minimize toxicity to normal tissues and maximize 
bioavailability and cell killing effects of cytotoxic agents. This effect is mainly attributed to 
changes in tissue distribution and pharmacokinetics of drugs. Furthermore, IO nanoparticle-
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drugs can accumulate to reach high concentrations in certain solid tumors than free drugs 
via the enhanced permeability and retention effect (EPR). However, the EPR facilitates only 
a certain level of tumor targeting, while actively tumor-targeted IO nanoparticles may 
further increase the local concentration of drug or change the intracellular biodistribution 
within the tumor via receptor-mediated internalization.  

4.1 Targeted IO nanoparticles for tumor imaging 
Passive targeting of tumors with  IO nanoparticles via the EPR effect plays an important role 
in the delivery of IO nanoparticles in vivo and can be used for tumor imaging. However, the 
biodistribution of such IO nanoparticles is non-specific, resulting in insufficient 
concentrations at the tumor site, and thus low sensitivity and specificity. The development 
of tumor-targeted IO nanoparticles that are highly sensitive and specific imaging probes 
may overcome such problems. 
Various genetic alterations and cellular abnormalities have been found to be particularly 
distributed in tumors rather than in normal tissues. Such differences between normal and 
tumor cells provide a great opportunity for engineering tumor-targeted IO imaging probes. 
Antibodies, peptides and small molecules targeting related receptors on the surface of 
tumor cells can be conjugated to the surface of IO nanoparticles to enhance their imaging 
sensitivity and specificity. Many studies have reported using targeted IO nanoparticles for 
tumor imaging in vitro and in vivo, and such nanoparticles may have the potential to be 
used in the clinic in the near future. 
Antibodies are widely used for engineering tumor targeted IO nanoparticles for in vivo 
tumor imaging due to their high specificity. The conjugation of antibodies to IO 
nanoparticles can maintain both the properties of the antibody and the magnetic particles. 
Monoclonal antibody-targeted IO nanoparticles have been well studied in vivo (Artemov, 
Mori et al. 2003; Serda, Adolphi et al. 2007; Kou, Wang et al. 2008; Chen, Cheng et al. 
2009).  
One well-known tumor target, the human epidermal growth factor receptor 2 (Her-2/neu 
receptor), has been found overexpressed in many different kinds of cancer such as breast, 
ovarian, and stomach cancer. Yang et al (Yang, Park et al. 2010) conjugated the HER2/neu 
antibody (Ab) to poly(amino acid)-coated IO nanoparticles (PAION), which have abundant 
amine groups on the surface. After conjungation, the diameter of PAION-Ab was 31.1 ± 7.8 
nm, and the zeta-potential was negative (−12.93 ± 0.86 mV) due to the shield of amine 
groups by conjugated Her-2 antibodies.  Bradford protein assay indicates that there are 
about 8 HER2/neu antibodies on each PAION. The T2 relaxation times showed a significant 
difference between the PAION-Ab-treated (37.7 ms) and untreated cells (79.9 ms) in positive 
groups (SKBR-3 cells, overexpressing HER-2), while no significant difference was founded 
in T2-weighted MR images of negative groups (H520 cells, HER-2 negative). The results 
demonstrated that HER2/neu antibody-conjugated PAION have specific targeting ability for 
HER2/neu receptors. Such HER2/neu antibody-conjugated PAION with high stability and 
sensitivity have potential to be used as an MR contrast agent for the detection of HER2/neu 
positive breast cancer cells. Herceptin, a well-known antibody against the HER2/neu 
receptor, which has been used in the clinic for many years, can also be conjugated to the IO 
nanoparticles for breast cancer imaging. Using such herceptin-IO nanoparticles, small 
tumors of only 50 mg in weight can be detected by MRI (Lee, Huh et al. 2007).  
However, the relatively large size of intact antibodies limits their efficient conjugation because 
of steric effects. The specificity of antibody-conjugated IO nanoparticles may also decrease due 
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to the interaction of antibody with Fc receptors on normal tissues. In addition, the expensive 
cost of intact antibodies further limits the application of antibody-targeted IO nanoparticles. 
Recently, more and more studies have reported engineering targeted IO nanoparticles using 
single chain antibodies (scFv) or peptides with small molecular weight and size. Compared 
with intact antibodies, there are many advantages of using scFv as tumor targeting ligands, 1) 
relatively small molecular weight and size; 2) no loss of antigen binding capacity; 3) no 
immune responses due to lack of Fc constant domain; 4) low cost and easily obtained.   
The epidermal growth factor receptor (EGFR) signaling pathway is involved in the regulation 
of cell proliferation, survival, and differentiation, and it has been found overexpressed in 
many different kinds of cancer such as breast, ovarian, lung, head and neck cancer. By using 
a high-affinity single-chain anti-EGFR antibody (scFvB10, KD = 3.36 × 10−9 M), Yang et al. has 
developed a EGFR-targeted amphiphilic triblock polymer coated IO nanoparticle for in vivo 
tumor imaging (Yang, Mao et al. 2009) (Figure 3). ScFvEGFR was conjugated to IO 
nanoparticles by crosslinking carboxyl groups to amino groups of the ScFvEGFR proteins 
mediated by ethyl-3-dimethyl amino propyl carbodiimide (EDAC). The in vitro results 
showed that the ScFvEGFR IO nanoparticles specifically bind to EGFR, which was 
demonstrated by Prussian blue staining and MRI (Figure 4). The EGFR-targeted or non-
targeted IO nanoparticles were administrated via the tail vein to nude mice bearing 
orthotopical human pancreatic cancer xenograft. The results showed that the ScFvEGFR-IO 
nanoparticles could selectively accumulate within the pancreatic tumors, which was 
evidenced by a decrease in MRI signal in the tumor site and confirmed by histological 
examination of the pancreatic tissue, while non-targeted IO nanoparticles did not cause MRI 
signal changes in tumor. 
A high affinity scFv reactive to carcinoembryonic antigen (CEA), sm3E, was covalently 
conjugated to superparamagnetic iron oxide nanoparticles (SPIONs), and the functionalized 
SPIONs could bind specifically to CEA while unmodified SPIONs did not show any binding 
ability. The ability of the targeted-SPIONs to specifically target and image CEA was further 
demonstrated by using the colorectal cancer cell line LS174T (CEA-expressing) and adherent 
melanoma cell line A375M (CEA negative). MR images showed 57% reduction in T2 values 
compared with the 11% reduction induced by non-targeted SPIONs (Vigor, Kyrtatos et al. 
2010). 
Peptides that target specific receptors on the tumor cell surface can be used for engineering 
targeted IO nanoparticles for tumor imaging due to their small size and molecular weight. 
The urokinase plasminogen activator receptor (uPAR) is expressed in many different human 
cancers, and may play important roles in the tumor metastasis. The amino-terminal 
fragment (ATF) of urokinase plasminogen activator (uPA) can bind to uPAR on the cell 
surface, thus the ATF peptide is ideal for constructing uPAR-targeted IO nanoparticles for in 
vivo tumor imaging. Yang et al. purified the ATF peptide and conjugated it to amphiphilic 
polymer-coated IO nanoparticles (Yang, Mao et al. 2009). These uPAR-targeted IO 
nanoparticles showed selective accumulation at the tumor mass in orthotopical xenografted 
human pancreatic cancer model. More importantly, such uPAR-targeted IO nanoparticles 
could be internalized by both uPAR-expressing tumor cells and tumor-associated stromal 
cells, to further increase the amount and retention of the IO nanoparticles in a tumor mass, 
which increased the sensitivity of tumor detection by MRI. Pancreatic tumors as small as 1 
mm3 could be detected by a 3T clinical capable MRI scanner using the targeted IO 
nanoparticles. After labeling the ATF peptide with the near infrared (NIR) dye Cy5.5, the 
targeted IO nanoparticles enabled the detection of  a 0.5 mm3 intraperitoneal pancreatic 
cancer lesion by NIR optical imaging. Further study showed that NIR optical imaging 
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detected tumor cell implants with only 1 × 104 tumor cells while MRI detected tumor cell 
grafts containing 1 × 105 labeled cells (Figure 5). 
 

 
Fig. 3. ScFvEGFR-conjugated IO nanoparticles show high  specificity to EGFR-overexpressing 
tumor cells and induce MRI signal changes in IO nanoparticle-bound tumor cells in vitro. A) 
ScFvEGFR-IO nanoparticle construct consists of uniform IO nanoparticles (10 nm core size) 
coated with amphiphilic copolymers modified with short PEG chains. ScFvEGFR proteins 
were conjugated to the IO nanoparticles mediated by EDAC. B) Prussian blue staining 
confirmed the specific binding of the ScFvEGFR-IO nanoparticles to tumor cells with EGFR 
overexpression . C) T2 weighted MRI and T2 relaxometry mapping showed significant 
decreases in MRI signals and T2 relaxation times in the cells bound with ScFvEGFR-IO 
nanoparticles but not with GFP-IO nanoparticles or bare IO nanoparticles.  MDA-MB-231 
breast cancer cells and MIA PaCa-2 pancreatic cancer cells have different levels of EGFR 
expression and different levels of T2 weighted contrast. A low T2 value correlates with a higher 
iron concentration (red color), indicating higher level of specific binding of ScFvEGFR-IO 
nanoparticles to tumor cells. D) Multi-echo T2 weighted fast spin echo imaging further 
confirmed the fastest T2 value drop in MDA-MB-231 cells after incubation with ScFvEGFR-IO 
but not with control GFP-IO nanoparticles. Reproduced with permission from Yang, L., H. 
Mao, et al. (2009). "Single chain epidermal growth factor receptor antibody conjugated 
nanoparticles for in vivo tumor targeting and imaging." Small 5(2): 235-43. 
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Fig. 4. Examination of target specificity of ScFvEGFR-IO nanoparticles by MRI using an 
orthotopic human pancreatic xenograft model, the areas of the pancreatic tumor were marked 
as pink dash-lined circle. Right is the picture of tumor and spleen tissues, showing sizes and 
locations of two intra-pancreatic tumor lesions (arrows) that correspond with the tumor 
images of MRI. Reproduced with permission from Yang, L., H. Mao, et al. (2009). "Single chain 
epidermal growth factor receptor antibody conjugated nanoparticles for in vivo tumor 
targeting and imaging." Small 5(2): 235-43. 

The approach of using optically sensitive small dye molecules along with MRI-capable IO 
nanoparticles not only provides a potential multi-modal imaging capability for future 
application but also a way to validate and track the magnetic IO nanoparticles to investigate 
tumor targeting and biodistribution of nanoparticle constructs in animal models.   
Underglycosylated mucin-1 antigen (uMUC-1) is overexpressed in more than 50% of all 
human cancers and is located on the surface of tumor cells. The EPPT1 peptide, which is 
able to specifically bind to uMUC-1, has been synthesized and used by Moore et al. to 
fabricate uMUC-1-targeted superparamagnetic IO nanoparticles with dextran coating, their 
results showed that such targeted CLIO nanoparticles could induce a significant T2 signal 
reduction in uMUC-1-positive LS174T tumors compared with that of uMUC-1-negative U87 
tumors in vivo (Moore, Medarova et al. 2004). 
The luteinizing hormone releasing hormone (LHRH) (Chatzistamou, Schally et al. 2000) is a 
decapeptide, and more than half of human breast cancers express binding sites for receptors 
for LHRH. Leuschner et al synthesized LHRH-SPIO nanoparticles, and both in vitro and in 
vivo data showed that the IO nanoparticles selectively accumulated in both primary tumor 
cells and metastatic cells. The LHRH-conjugated SPIO nanoparticles may have potential to 
be used for detecting metastatic breast cancer cells in vivo in the future (Leuschner, Kumar et 
al. 2006).  
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Fig. 5. Examination of sensitivity of in vivo tumor imaging. (A) uPAR-targeted MRI of an 
orthotopic pancreatic cancer. Tumor is marked as pink dotted circle. Prussian blue staining 
revealed the presence of IO nanoparticles in the tumor lesion with strong staining in tumor 
stromal areas. (B) NIR optical imaging and (C) MRI of injected labeled cells and nonlabeled 
cells in mouse pancreas. Reproduced with permission from Yang, L., H. Mao, et al. (2009). 
"Molecular imaging of pancreatic cancer in an animal model using targeted multifunctional 
nanoparticles." Gastroenterology 136(5): 1514-25. 
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In contrast, cost effective but high affinity small molecule targeting moities are not widely 
available or well tested. One exception is folic acid (FA), which targets the folate receptor, 
which is overexpressed on the surface of many human tumor cells and can thus be used as a 
target for tumor imaging. The vitamin FA has low molecular weight and has been widely 
studied as a targeting ligand. There are many advantages of using FA as a targeting ligand 
for synthesizing IO nanoparticles, 1) high binding affinity for its receptor (Kd = 10−10 M), 2) 
low cost and easily obtained, 3) easy to be conjugated with the imaging agents, 4) lack of 
immunogenicity (Low, Henne et al. 2008). Sun et al constructed the FA-IO-nanoparticles, the 
in vitro experiments showed that FR-positive HeLa cells could uptake1.410 pg iron per cell 
after incubated with FR-targeted IO nanoparticles for 4 hrs, which was 12-fold higher than 
those cultured with non-targeted IO nanoparticles, and the increased internalization could 
be inhibited by increasing free FA concentration, and such targeting specificity of the FR-
targeted IO nanoparticles could be further demonstrated by using FR-negative Human 
osteosarcoma MG-63 cells. The T2-weighted MR phantom images of HeLa cells cultured 
with FR-targeted IO nanoparticles showed significantly lower T2 values (23.5–14.2 ms) than 
those incubated with non-targeted IO nanoparticles (80.2–49.3 ms)(Sun, Sze et al. 2006). 
Another study also showed FA-targeted IO nanoparticles could selectively accumulate in 
human nasopharyngeal epidermoid carcinoma (KB) cells both in vitro and in vivo, which 
resulted in significant MRI signal changes (Chen, Gu et al. 2007).  
Given the concerns regarding the delivery of fairly large nanoparticle constructs directly 
into the tumor, targeted imaging and drug delivery into the tumor vasculture, which is 
often associated with tumor angiogenesis, appears to be a feasible approach.  Angiogenesis 
is essential for the development of tumors. As a marker of angiogenesis, the v3 integrin 
locates on the surface of the tumor vessels and can be directly targeted via blood. The Arg-
Gly-Asp (RGD) peptide, which can bind to the αvβ3 integrin receptor, has been well studied 
as a tumor vessel-targeted ligand. One study using RGD-USPIO nanoparticles for tumor 
vessel imaging showed that RGD-USPIO nanoparticles could target to the tumor vessels and 
resulted in a change in T2 relaxation detected at the field strength of 1.5 T with a clinical MRI 
scanner, and the signal changes were correlated to the αvβ3 integrin expression level (Zhang, 
Jugold et al. 2007).  
On the other hand, targeted delivery of biomarker-specific nanoparticle constructs to brain 
tumors needs to overcome the challenge of penatrating the intrinsic blood-brain barrier. 
Efforts have been made to identify the appropriate design of nanoparticle constructs for 
targeting brain tumors. It has been reported that matrix metalloproteinase-2 (MMP-2) is 
overexpressed in gliomas and other related cancers, and facilitates cancer invasion 
(Soroceanu, Gillespie et al. 1998; Deshane, Garner et al. 2003; Veiseh, Gabikian et al. 2007). 
The chlorotoxin (Cltx) is a small peptide (36-amino acid) which can recognize and bind to 
the MMP-2 endopeptidase,  one study showed that Cltx-conjugated IO nanoparticles could 
be taken up in 9L glioma cells at significantly higher concentrations than that of their non-
targeted counterpart, which further resulted in a significant difference in R2(1/T2) relaxivity 
between Cltx-targeted IO nanoparticle- (5.20 mm-1s-1) and non-targeted IO nanoparticle- 
(0.22 mm-1s-1 ) treated tumor cells, and such R2 change was also observed by MRI in vivo 
(Sun, Veiseh et al. 2008). One alternative and potential solution for overcoming the blood-
brain barrier to deliver therapeutic IO nanoparticles is the use of conventional enhanced 
delivery, in which a magnetic IO nanoparticle suspension can be slowly infused into the 



 
Biomedical Engineering – From Theory to Applications 214 

tumor site via a minimally invasive procedure (Hadjipanayis, C. G., R. Machaidze, et al. 
(2010)). 
There are still many issues that need to be addressed in the study of IO nanoparticles for 
tumor imaging, and which must be throughly investigated in future studies. These include: 
1) the optimal coating of the IO nanoparticles, which may avoid non-specific binding to 
normal cells, prolong the blood circulation time, and make the IO nanoparticles more stable 
in physiological conditions; 2) quantification of the density of targeted ligand on the surface 
of IO nanoparticles, which may affect the binding and internalization of IO nanoparticles, as 
well as their in vivo biodistribution; 3) the long-term fate and toxicity of targeted IO 
nanoparticles in vivo. Until now, most tumor-targeted IO nanoparticles have only been 
applied in vitro or in small animal models for tumor imaging, and are not yet ready for 
clinical use. The development of tumor-targeted IO nanoparticles with high specificity and 
sensitivity in vivo for early stage detection of tumors, monitoring of tumor metastasis and 
response to therapy is greatly needed. 

4.2 Tumor-targeted IO nanoparticles as selective drug delivery vehicles 
The selective delivery of therapeutic agents into a tumor mass may enhance the antitumor 
efficacy while minimizing toxicity to normal tissues (Brigger, Dubernet et al. 2002; Maillard, 
Ameller et al. 2005; Shenoy, Little et al. 2005; Bae, Diezi et al. 2007; Gang, Park et al. 2007; 
Lee, Chang et al. 2007). While the delivery of small molecule drugs to the tumor is often 
limited by fast secretion, drug solubility and low intra-tumor accumulation, nanoparticle 
delivery vehicles can alter the pharmacokinetics and tissue distribution profile in favor of 
tumor specific accumulation. It is widely considered that nanoparticle-drugs can accumulate 
to higher concentrations in certain solid tumors than free drugs via the enhanced 
permeability and retention effect (EPR). In addition, actively tumor-targeted nanoparticles 
may further increase the local concentration of drug or change the intracellular 
biodistribution within the tumor via receptor-mediated internalization. With magnetic IO 
nanoparticles, the imaging capability allows for monitoring and potential quantification of 
the IO nanoparticle-drug complex in vivo with MRI. 
Therapeutic entities, such as small molecular drugs, peptides, proteins and nucleic acids, 
can be incorporated in the IO nanoparticles through either loading on the surface layer or 
trapping within the nanoparticles themselves. When delivered to the target site, the 
loaded drugs are usually released by 1) diffusing; 2) vehicle rupture or dissolution; 3) 
endocystosis of the conjugations; 4) pH-sensitive dissociation, etc. Such delivery carriers 
have many advantages, including 1) water-soluble; 2) low toxic or nontoxic; 3) 
biocompatible and biodegradable; 4) long blood retention time; 5) capacity for further 
modification. Futhermore, these therapeutic IO conjugations enable the simultaneous 
estimation of tissue drug levels and monitoring of therapeutic response (Lanza, Winter et 
al. 2004; Atri 2006). 
Conventional anti-cancer agents, such as doxorubicin, cisplatin, and methotrexate, have 
been conjugated with tumor-targeted IO nanoparticles to achieve effective delivery. 
Recently Yang et al (Yang, Grailer et al. 2010) developed folate receptor-targeted IO 
nanoparticles to deliver doxorubicin (DOX) to tumor cells. As shown in Figure 6, the 
hydrophillic IO nanoparticles were encapsulated in the multifunctional polymer vesicles in 
aqueous solution, the long hydrophilic PEG segments bearing the FA targeting ligand 
located in outer layers, while the short hydrophilic PEG segments bearing the acrylate 
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groups located in inner layers. The anticancer drug (DOX) was conjugated onto the 
hydrophobic polyglutamate polymer segments via an acid-cleavable hydrazone bond, and 
could release at low pH value. The loading efficacy of DOX was about 14 wt %. The  
FA-conjugated SPIO/DOX-loaded vesicles demonstrated higher cellular uptake  
and cytotoxicity compared with FA-free vesicles due to folate receptor-mediated 
endocytosis. 
 
 

 
Fig. 6. Synthetic scheme of the amphiphilic triblock copolymers and the preparation  
process of the SPIO/DOX-loaded vesicles with cross-linked inner hydrophilic PEG layers. 
Reproduced with permission from Yang, X., J. J. Grailer, et al. (2010). "Multifunctional  
stable and pH-responsive polymer vesicles formed by heterofunctional triblock copolymer 
for targeted anticancer drug delivery and ultrasensitive MR imaging." ACS Nano 4(11): 
6805-17. 

Cisplatin (DDP) is one of the most widely used chemotherapy drugs in the treatment of 
cancers,  including head and neck, testicular, bladder, ovarian,  and  non-small lung cancer. 
However, the major dose limiting toxicity of DDP is cumulative nephrotoxicity; severe and 
irreversible damage to the kidney will occur in about 1/3 of patients who receive DDP 
treatment. The selective delivery of DDP to tumor cells would significantly reduce drug 
toxicity, improving its therapeutic index. Recently, IO nanoparticles have been used as DDP 
carriers for targeted therapeutic applications. Sun’s group (Cheng, Peng et al. 2009) reported 
DDP porous could be loaded into PEGylated hollow NPs (PHNPs) of Fe3O4 by using the 
nanoprecipitation method (Figure 7), which resulted in 25% loading efficacy. Herceptin was 
covalently attached to the amine-reactive groups on the Pt-PHNP surface, and such 
conjugation did not change the Herceptin activity. Results showed that DDP could release 
from the Her-Pt-PHNPs in the acidic endosomes or lysosomes after internalization by cells, 
and could significantly increase the cytotoxicity of DDP.  
Methotrexate (MTX) can be used as both a targeting molecule for folate receptor (FR) and a 
therapeutic agent for cancer cells overexpressing FR on their surface. Its  carboxyl end 
groups provide the opportunity to be conjugated on the IO nanoparticles with amine 
groups. Kohler et al. have demonstrated that the uptake of MTX-IO nanoparticles by FR-
overexpressing cancer cells was significant higher than that of FR-negative control cells. This 
system showed high drug loading efficiency, about 418 MTX molecules could be loaded 
onto each IO nanoparticle with a core size of 10 nm diameter. Loaded MTX was only 
released inside the lysosomes at low pH condition after internalization by the targeted cells, 
and the drug delivery system could be monitored in vivo by MRI in real-time (Kohler, Sun 
et al. 2005).  
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Fig. 7. Schematic illustration of simultaneous surfactant exchange and cisplatin loading into 
a PHNP and functionalization of this PHNP with Herceptin. Reproduced with permission 
from Cheng, K., S. Peng, et al. (2009). "Porous hollow Fe3O4 nanoparticles for targeted 
delivery and controlled release of cisplatin." J Am Chem Soc 131(30): 10637-44. 

RNA interference (RNAi) has become a promising molecular therapeutic tool due to its high 
specificity. One of the big challenges for its in vivo application is that small interfering RNA 
(siRNA) cannot reach the target tissue at sufficient concentrations due to RNase degradation 
and inefficient translocation across the cell membrane. IO nanoparticles are expected to be 
applicable for delivering siRNA and monitoring the efficacy of therapy because of their 
unique characteristics as described above. It has been reported that BIRC5 could encode the 
antiapoptotic survivin proto-oncogene, and can be used as a good target for tumor therapy. 
The knockdown of BIRC5 by RNAi may mediate a therapeutic effect by inducing 
necrotic/apoptotic tumor cell death. Kumar et al (Kumar, Yigit et al. 2010) synthesized a 
novel tumor-targeted nanodrug (MN-EPPT-siBIRC5), which consists of 1) peptides (EPPT) 
that specifically target the antigen uMUC-1; 2) IO nanoparticles; 3) the NIR dye, Cy 5.5 and 
4) siRNA that targets the tumor-specific antiapoptotic gene BIRC5 (Figure 8). Systemic 
delivery of MN-EPPT-siBIRC5 to nude mice bearing human breast adenocarcinoma tumors 
showed significant decrease of T2 relaxation time of the tumor, which remained significantly 
lower than the preinjection values over time, suggesting that the concentration of nanodrug 
within the tumor tissue could be maintained. While this demonstrated that it is feasible to 
follow the accumulation and retention of drug-IO nanoparticles in vivo with MRI, the in 
vivo data also showed that MN-EPPT-siBIRC5 therapy can led to a 2-fold decrease in the 
tumor growth rate compared with the MN-EPPT-siSCR-treated group. The efficacy of MN-
EPPT-siBIRC5 in the breast tumors was evaluated by H&E staining and TUNEL assay, 
which showed a 5-fold increase in the fraction of apoptotic nuclei in tumors in MN-EPPT-
siBIRC5 treated mice via the MN-EPPT-siSCR group. 
Tumor-targeted IO nanoparticles can also be used to “rescue” some anticancer drugs which 
show severe toxicity, low solubility or low antitumor efficacy in vivo. One example is the 
targeted delivery of noscapine, an orally available plant-derived anti-tussive alkaloid which 
shows antitumor activity by targeting tubulin, however, related preclinical studies did not 
exhibit significant inhibition of tumor growth even using high dosage (450 mg/kg), which 
may result from the shorter circulation time and lower drug uptake by tumor cells. Abdalla 
et al (Abdalla, Karna et al. 2010) have developed uPAR-targeted IO nanoparticles for 
selective delivery of noscapine to prostate cancer by conjugating the human ATF to the IO 
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nanoparticles, and encapsulated about 80% of noscapine onto the uPAR-targeted 
nanoparticles via the interaction between the hydrophobic noscapine molecules and the 
hydrophobic segment of the amphiphilic polymer coating of nanoparticles. Their data 
showed the nanoparticles were uniformly sized and stable at physiological pH, while 
about 80% of drug molecules were efficiently released at pH 4 due to the onset of polymer 
degradation at lower pH, the breakage of hydrophobic interactions between polymer and 
drug molecules or hydrogen bonding. The hATF-Cy5.5-IO-Nos nanoparticles could 
significantly inhibit the proliferation of uPAR-positive human prostate carcinoma PC-3 cells 
compared with the nontargeted IO-Nos and free drug at the same concentration (10 μM). 
The uPAR-targeted NPs also delivered a significantly higher concentration of noscapine to 
the receptor positive cells, which led to a 6-fold enhancement in cell death compared to the 
free drug. 
 
 

 
Fig. 8. A, flowchart of the synthesis. B, nanodrug characterization. The nanodrug consisted 
of dextran-coated MNs triple labeled with Cy5.5 dye, EPPT peptides, and synthetic siRNA 
duplexes. C, gel electrophoresis showing dissociation of siRNAs from the nanoparticles 
under reducing conditions. D, representative precontrast and postcontrast T2-weighted 
images (top) and color-coded T2 maps (bottom) of tumor-bearing mice injected i.v. with 
MN-EPPT-siBIRC5 (10 mg/kg iron). The tumors (outlined) were characteristically bright  
(T2 long) before contrast. At 24 h after injection, there was a loss of signal intensity  
(T2 shortening) associated with the tumors, indicative of nanodrug accumulation. E, 
quantitative analysis of tumor T2 relaxation times. T2 map analysis revealed a marked 
shortening of tumor T2 relaxation times 24 h after nanodrug injection, indicating 
accumulation of MN-EPPT-siBIRC5.Reproduced with permission from Kumar, M., M. Yigit, 
et al. 2010 "Image-guided breast tumor therapy using a small interfering RNA nanodrug." 
Cancer Res 70(19): 7553-61. 

Although much progress has been made in the development of tumor-targeted IO 
nanoparticles for the delivery of anticancer agents, there are still many obstacles to be 
overcome. First, the conjugation process during the synthesis of nano-drugs may induce a 
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change in the chemical properties of the drugs or a loss in magnetization of the core 
magnetic material. Second, the drug loading efficiency is not high as expected for most 
nano-drugs. Third, controlling the drug release at the proper compartment within the tumor 
is still quite challenging, since most of the loaded drugs in nanoparticles release either 
prematurely or at a low rate from the nanoparticles. In this regard, novel strategies such as 
the development of magnetic IO nanoparticles for hyperthermia treatment and heating-
induced drug release are under investigation and are expected to provide solutions for 
future clinical applications. 

5. Conclusions and perspectives 

Intensive investigations and the development of magnetic IO nanoparticles in the past 
decade have led to the much better understanding of the biological significances and 
potential biomedical applications of IO nanoparticles and a wide range of novel IO 
nanoparticle constructs designed for tumor targeted imaging and drug delivery. However, 
when constructing magnetic nanoparticles for tumor imaging and drug delivery, there are 
several goals that remain challenging to achieve, such as 1) specific accumulation in the 
tumor but minimal uptake in normal tissue and organs by selecting ideal tumor-targeted 
ligands; 2) modification of the surface and control of the size and charge of nanoparticles for 
adequate delivery; 3) regulation of blood circulation time; 4) stability of IO 
nanotherapeutics; 5) construction of smart tumor-targeted IO nanoparticles such that loaded 
drugs release only within tumor cells.  
Recently, increasing concerns are focused on the safety of IO nanotherapeutic delivery 
systems. Although many animal studies have not shown visible toxicities, most of the 
available data come from mice with only a few studies conducted in rats, dogs and 
monkeys, and the sub-chronic and chronic toxicity studies for most IO nanoparticles have 
yet to be performed. Little is known about the long-term fate of IO nanoparticles and the 
pharmacokinetic/pharmacodynamic (PK/PD) changes in IO nanotherapeutics in vivo. The 
EPR effect constitutes only part of the drug targeting mechanism, and accumulating 
evidence has shown that tumor-targeted nanotherapeutics can internalize into tumor cells to 
a significantly higher concentration than their non-targeted counterparts. The majority of 
nanotherapeutic delivery systems are non-targeted, thus intensive studies using tumor-
targeted nanoparticles as drug delivery carriers are needed.  
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1. Introduction 

Scientific research largely depends on technological tools. If molecular biology allowed to 
manipulate the genome of complex organisms to investigate gene function, today 
nanotechnologies allow to synthesize objects at the same size scale as that of biological 
molecules, permitting the exploration of biological phenomena and dynamics at single 
molecule scale with unprecedented spatial precision and temporal resolution. Thanks to 
their superior physico-chemical and optoelectronic properties, colloidal semiconductor 
nanocrystals (NC), such as Quantum Dots (QD) and Quantum Rods (QR) have become 
attracting for investigators of different scientific fields. Their employment spans from 
electronics (tunable polarized lasers and organic–inorganic hybrid solar cells) (Hu et al., 
2001; Huynh et al., 2002), to biology and medicine (biosensors, imaging and diagnostic 
contrast agents) (Alivisatos et al., 2005; Bruchez et al., 1998; Medintz et al., 2005). Recent 
advances in NC engineering, from synthesis to biofunctionalization, are being exploited to 
produce innovative nanodevices for drug delivery, gene silencing, hyperthermia treatments. 
However, their great potential to revolutionise basic and applied research founds its major 
concern in the lack of knowledge about their effects on biological systems, ranging from 
single cells to whole animals (Maynard et al., 2006). Nanocrystals size compares to that of 
biological molecules (nucleic acids, proteins, enzymes) and might interfere with the 
physiology/behaviour of the target living cell/animal, leading to unpredictable effects .  
Among the factors to consider to predict the interaction of metal based nanocrystals with 
biological materials the core and the shell composition, the size and the surface charge of 
NC play crucial roles (Jiang et al., 2008). At the nanoscale, materials display properties 
profoundly different form their corresponding bulk chemicals, which may induce peculiar 
cellular responses, elicit several pathways of internalization, genetic networks, biochemical 
signalling cascades (Auffan et al., 2009; Choi et al., 2008; Demir E, 2010). The metal based 
core may adversely affect cell viability, unless properly shielded by surface coatings. 
Currently, increasing data addressing this important question relies on cell culture systems, 
and are focussed on the identification of the physicochemical parameters influencing the 
exposed cells (Hoshino and Yasuhara, 2004; Lewinski et al., 2008; Lovric et al., 2005b). 
Although cultured cells represent valid models to describe basic interactions with 
nanomaterials, they do not fulfil the in vivo response complexity. 
It is a priority of the scientific community to evaluate the impact of novel nanostructrured 
materials in vivo, at level of whole animals (Fischer and Chan, 2007), and invertebrates 



 
Biomedical Engineering – From Theory to Applications 

 

226 

represent valuable models for many reasons: they have a relatively short life span, with 
definite and reproducible staging for larval progression; the adult individual bodies are 
small and often transparent; the tests are quick, cost-effective and reproducible thanks to 
reliable standardized protocols, which makes them valuable systems for toxicity studies 
(Baun et al., 2008; Cattaneo, 2009).  
In this chapter I will summarize some studies on the freshwater polyp Hydra vulgaris, a 
primitive organism at the base of metazoan evolution, to test NCs of different chemical 
composition, shell and surface coatings. The body structural complexity, simpler than 
vertebrates, with central nervous system and specialized organs, but much complex compared 
to cultured cells, makes Hydra comparable to a living tissue which cells and distant regions are 
physiologically connected. I will first generally describe the animal structural anatomy and 
physiology to allow non specialist readers to understand the mechanisms of tissue dynamics, 
reproduction, regeneration, on whose toxicity tests are relied. In the following sections I will 
describe the elicitation of different behaviours, internalization routes, toxicity effects, in 
response to different NCs, highlighting the advantages of using Hydra for fast, reliable assays 
of NC effect at whole animal level. Through the description of our studies using functionalized 
CdSe/ZnS QDs, unfunctionalized CdSe/CdS QRs, ultrasmall CdTe QDs, I will show that 
Hydra, up to now used mainly by a niche of biologists to study developmental and 
regeneration processes, have great potential to inspire scientists working in field of 
nanoscience, from chemists to toxicologists demanding new models to assess nanoparticle 
impact on human health and environment (Fischer and Chan, 2007), and to decipher the 
molecular basis of the bio-non bio interaction.  
I would like to point out that all the data described in this chapter result from the 
interdisciplinary work with researchers in the field of nanomaterial science, which I 
sincerely thank. The continuous discussions and knowledge’s exchanges between the 
different disciplines (chemistry, material science, biology, physiology), hided beyond each 
study, laid the foundations of an interdisciplinary platform for the smart design, testing and 
safe assessment of novel nanomaterials.  

2. Hydra vulgaris: An ancient model system 

Hydra belongs to the animal phylum Cnidaria that arose almost 600 million years ago 
(Lenhoff et al., 1968). Its body plan is very simple, consisting of a single oral–aboral axis 
with radial symmetry. The structures along the axis are a head, a body column and a foot to 
anchor to a substrate. The body has a bilayered structure, made of two unicellular sheets 
(ectoderm and endoderm) continuously dividing and migrating towards the animal oral 
and aboral extremities to be sloughed off. A third cell lineage, the interstitial stem cells 
lineage, is located in the interstices, among the epithelial cells of both layers (Fig. 1). These 
interstitial cells are multipotent stem cells that give rise to differentiated products: neurons, 
secretory cells, gametes, and nematocytes, phylum- specific mechano-sensory cells that 
resemble the bilaterian mechano-sensory cells in virtue of their cnidocil. Upon stimulation 
this cnidocil leads to the external discharge of an intracellular venom capsule (the 
nematocyst or cnidocyst), involved in the prey capture. Despite the simplicity of its nervous 
system, organized as a mesh-like network of neurons extending throughout the animal, the 
complexity of the mechanisms underlying neurotransmission resemble those of higher 
vertebrates, including both classical and peptidergic neurotransmitters (Pierobon et al., 2001; 
Pierobon et al., 2004). This makes Hydra an ideal system to study the behavioural response 
of a whole animal to an external stimuli, i.e. bioactive nanomaterials. 
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Fig. 1. Anatomical structure of Hydra vulgaris 

Picture of living Hydra. a) The animal is shaped as a hollow tube with a head at the apical 
end, and a foot, or basal disc at the other. The head is in two parts, the hypostome (mouth) 
at the apex, and below that the tentacle zone from which a ring of six-eight tentacles 
emerges. The picture shows an adult animal with two buds emerging from the gastric 
region, facing two opposite parts. Scale bar 100 m. b) Schematic representation of the 
bilayered structure of the animal: the body wall is composed of two self renewing cell 
layers, an outer ectoderm and an inner endoderm, separated by an extracellular matrix, the 
mesoglea. The arrows on the left side indicate the direction of tissue displacement. c) Along 
the animal body both ectoderm and endoderm layers are composed of epitheliomuscular 
cells, while interstitial stem cells and their intermediate and terminal derivatives (neurons, 
nematocytes and secretory cells) are interspersed among the two layers. Modified from 
(Tino, 2011). 
Hydra polyps reproduce both sexually and asexually. Massive culturing is achieved thanks 
to fast mitotic reproduction, warranting a large number of identical clones (Loomis, 1956). 
The epithelial cells structuring the body continuously divide and contribute to the formation 
of new individuals, budding from the gastric region, and detaching from the mother in 
about 3 days (Figure 1A) (Galliot et al., 2006). Growth rate of Hydra tissue is normally 
regulated by a balance between epithelial cell cycle length, phagocytosis of ectodermal cell 
in “excess”, and bud formation (Bosch and David, 1984). Environmental factors, such as the 
presence of pollutants or the feeding regime, can affect this balance. Thus, the population 
growth rate is an indirect measure of the Hydra tissue growth rate and cell viability. 
Another peculiar feature of Hydra physiology is the remarkable capacity to regenerate 
amputated body parts. Polyps bisection at gastric or subhypostomal level in two parts 
generates stumps able to regenerate the missing parts (see Figure 2). Morphogenetic processes 
take place during the first 48 h post amputation (p.a.), followed by cell proliferation to restore 
adult size (Bode, 2003; Holstein et al., 2003). This highly controlled process relies on the spatio-
temporal activation of specific genes and is object of wide investigations (Galliot and Ghila, 
2010; Galliot et al., 2006). Moreover it can be adversely affected by the presence of organic and 
inorganic pollutants and specific assays have been developed to quantify this effect (Karntanut 
and Pascoe, 2000; Pollino and Holdway, 1999; Wilby, 1990).  
Hydra is very sensitive to environmental toxicants and it has been used as biological 
indicator of water pollution. The responsiveness to different environmental stressors varies 
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among different species, but it is always quantifiable by standardized protocols in terms of 
median lethal concentration and median lethal time (LC50 and LT50). For this reason short 
term (lethality) and long-term (sub-lethality) tests based on the evaluation of polyp 
morphology, reproductive activity and regeneration efficiency, can be used to test the 
potential toxicity/teratogenic effect of any kind of medium suspended compound. 
Beside the effects detectable at macroscopic level, the availability of the genome sequence 
makes it possible to study the molecular mechanisms and gene pathways activated by the 
addition of external (chemical or physical) stressors. One of the main outcomes of the genomic 
sequencing projects of cnidarian species (corals, anemones, jellyfish and Hydras) (Chapman et 
al., 2010; Putnam et al., 2007) is the recognition that many genes, including those associated 
with diseases, are conserved in evolution from yeast to man (Steele et al., 2011). Remarkably, a 
surprisingly complexity was found in cnidarian genomes, in the range of higher vertebrates, 
while other invertebrates routinely used as model organisms, such as the fruit fly Drosophila 
melanogaster or the flatworm Caernorabditis elegans, have lost during speciation many genes 
belonging to the common eumetazoan primitive ancestor. In Hydra, the key pathways 
underlying development, regeneration and re-aggregation have been identified and their 
characterization showed the presence of almost complete gene repertoires: the canonical and 
non canonical Wnt pathways for maintaining and re-establishing apical organizer activity and 
for cellular evagination processes, respectively; the BMP/chordin pathway for axis patterning; 
the MAPK– CREB pathway for head regeneration; the FGF pathway for bud detachment, and 
the Notch pathway for differentiating some interstitial cell lineages (reviewed by Galliot, 2010; 
Galliot and Ghila, 2010).  
 

 
Fig. 2. The regeneration process in Hydra vulgaris 

Hydra body column has a high capacity for regeneration of both the head and foot. Because of 
the tissue dynamics that take place in adult Hydra, the processes governing axial patterning are 
continuously active to maintain the form of the animal. Following amputation at mid-gastric 
level, the two polyp halves immediately initiate an asymmetric process at the wound site: the 
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upper half undergoes foot regeneration in about two days, whereas the lower half initiates the 
head regeneration process, which is completed in three days. Biochemical, cellular and 
molecular analyses showed that these two regions immediately undergo different 
reorganization to become foot and head regenerating tips, respectively. Cell proliferation and 
differentiation during the late stages allow adult size to be restored. 

3. In vivo interactions between semiconductor nanocrystals and Hydra 
3.1 GSH functionalized QDs target specific cell types in Hydra 
The tripeptide glutathione (g-L-glutamyl-L-cysteinylglycine, GSH) has been well-known to 
biochemists for generations. Both the reduced form (GSH) and its oxidized dimer (GSSG) have 
been implicated in a variety of molecular reactions throughout the animal kingdom. Although 
it is best known for its role as a free radical scavenger, GSH also performs a number of other 
functions in cell survival and metabolism, including amino acid transport, detoxification of 
xenobiotics, maintenance of protein redox state, neuromodulation, and neurotransmission. 
Almost 50 years ago, Loomis and Lenhoff  suggested a role of GSH in signal transduction in 
Hydra (Loomis, 1955). A class of binding sites for GSH has been described (Bellis et al., 1994; 
Grosvenor et al., 1992), providing the basis for the behavioural response. However, up today, 
the GSH receptors have not been isolated. With the aim to identify in vivo GSH 
receptor/binding proteins we synthesized GSH functionalized fluorescent semiconductor 
quantum dots and analysed in vivo the elicitation of a behavioural response together with the 
localization of GSH targeted cells (Tortiglione et al., 2007). The choice of QD arose from the 
great advantages offered by these new nanotechnological probes over conventional ones 
which are revolutionising biology and medicine (Medintz et al., 2005). Colloidal 
semiconductor QD probes have unique photophysical properties, such as size-tuneable 
emission spectrum, narrow emission peak, broad absorption profile, and high brightness; they 
are much more stable to the permanent loss of fluorescence than conventional organic 
fluorophores (Michalet et al., 2005) becoming powerful investigation tools for multicolour, 
long-term, and high-sensitivity fluorescence imaging. QD functionalization with GSH was 
obtained by several reaction steps: core/shell CdSe/ZnS QDs were first water solubilized by 
the addition of an amphiphilic polymer coating (PC), then stabilized by Polyethylene Glycole 
(PEG) molecules, and finally covalently bound to GSH (Figure 3).  
 

 
Fig. 3. Schematic representation of a GSH-QD conjugate. 
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Polymer-coated CdSe/ZnS core shell quantum dots were first conjugated to diamino-
modified PEG molecules and then to GSH through amide bond formation. The resulting 
bioconjugated were extensively characterized to confirm the presence of the surface 
functionalizations (Tortiglione et al., 2007).  
Both PEG-QDs and PEG-GSH-QDs were supplied to living polyps at different 
concentrations and then observed by fluorescence microscopy. A biological response 
consisting in mouth opening and QD entry into the gastric cavity was elicited by GSH-QDs. 
The elicitation of this behaviour, although slightly different from the classical feeding 
response (consisting of tentacle writhing and mouth opening) and occurring in a small 
percentage of animals (15%), was specific for GSH coated QDs, and indicated the bioactivity 
of the new GSH abduct. Fluorescent QD targeted cells were found within the inner 
endodermal cells, which internalized the QD upon mouth opening (see Figure 4) 
(Tortiglione et al., 2007). 
 

 
Fig. 4. In vivo fluorescence imaging of Hydra polyps treated with 300 nM GSH-QDs 
(emission max: 610 nm).  
a) Bright field image of Hydra treated with GSH-QDs showing animal basic structure. The 
foot is on the lower part of the panel, while a crown of tentacles surrounds the mouth. b) 
Image taken 24 h after treatment: an intense fluorescence is distributed all along the gastric 
region. c) Cellular localization of QDs in Hydra cross sections. The whole Hydra was treated 
with 300 nM GSH-QDs for 24 h, fixed in 4% paraformaldehyde, and included for 
cryosectioning. Images were collected using an inverted microscope (Axiovert, 100, Zeiss) 
equipped with fluorescence filter sets (BP450-490/FT510/LP515). Endodermal cells(en) are 
separated from ectodermal cells (ec) by an extracellular matrix, the mesoglea (m), indicated 
by the arrow. Red fluorescence corresponds to GSH-QDs located specifically into 
endodermal cells. Scale bars: 500 m in a, b; 200 m in c 

The fluorescence pattern and intensity lasted unaltered until the animals were fed again, 
after which the signal started to fade slowly and was diluted throughout the emerging buds 
(Figure 5).  
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Fig. 5. Tracking QD fluorescence under normal feeding regime 
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GSH-QDs do not undergo degradation into the endodermal cells. They follow cell turnover 
and migration towards the animal ends and the developing bud. Hydra treated with GSH-
QDs were fed on alternate days. After three feeding cycles GSH-QDs were found diluted 
among the endodermal cells, continuously diving. The orange fluorescent punctuated 
pattern decreases uniformly as new buds are formed on the mother (see lower panel, 
representing an adult with an emerging bud). Scale bars are 200 m in all pictures. 
The uptake of GSH-QDs was an active endocytotic process, as shown by its inhibition when 
performing the incubation at 4 °C. Tissue cryosection and dissociation of whole treated polyps 
into single cell suspensions confirmed the presence of QDs into cytoplasmic granular vesicles. 
In conclusion this first work showed that GSH-QDs alone can stimulate a response, although 
in a small percentage (15%) of the treated animals. Possible reasons for this low percentage 
could be a low concentration of the GSH molecules conjugated to the QD surface or the 
modified stereochemical conformation of the bound GSH molecules, which does not allow for 
correct interaction with the protein target. Although the bioactive GSH-QDs could target 
specific cells, as shown by the fluorescence of the endodermal layer, the nature of the GSH 
binding protein (as GSH receptor, GSH transporters...) remain to be determined. An important 
clue emerged from this study was the capability of PEG-QDs to be also internalized by 
endodermal cells, upong chemical induction of mouth opening. The uptake rate was lower 
compared to GSH-QDs, indicating different internalization routes and underlying mechanism 
for the two types of QDs. Considering the multiple roles played by glutathione in metabolic 
functions, and in particular in the nervous system of higher vertebrates, GSH functionalized 
nanocrystals prepared and tested in this work represent promising tools for a wide variety of 
investigations, such as the elucidation of the role played by GSH in neurotransmission and the 
identification of its putative receptor. Beside these considerations, the capability of PEG-QDs 
to be up taken by Hydra cells prompted us to investigate more in detail the mechanism of 
internalization of QDs, the role played by the surface ligand, the surface chemistry and charge, 
which underlies any bio-non –bio interaction. 

3.2 Unfunctionalized Quantum Rods elicit a behavioural response in Hydra vulgaris 
The capability of Hydra to internalize, upon chemical induction of mouth opening, PEG-QDs 
into endodermal cells suggested that also unfunctionalized nanocrystals can play active 
roles when interacting with living cells. Noteworthy attention should be paid to the 
chemical composition of surfactant-polymer-coated nanoparticles not only in determining 
their stability in aqueous media but also in investigating their interaction with cells and 
intracellular localization. With the aim to test the impact of a new kind of semiconductor 
nanocrystal on Hydra vulgaris, we demonstrated that specific behaviours might be induced 
by exposure of whole animals to unfunctionalized nanocrystals and that a careful 
investigation of the impact of the new material on living cells must be carried out before 
designing any nanodevice for biomedical purposes (Malvindi et al., 2008).  
The nanocrystals under investigation were fluorescent CdSe/CdS quantum rods (from here 
named QRs). In addition to QD properties, such as bright photoluminescence (PL), narrow 
emission spectra, and broad UV excitation, QRs have larger absorption cross-sections, which 
might allow improvement to certain biological applications where extremely high 
brightness and photostability are required. QRs of length and diameter 35  2 nm and 4.2  
0.4 nm, respectively, were synthesised according to a newly developed procedure (Carbone 
et al., 2007), and transferred to aqueous medium by using the same methodology described 
above for QDs (Pellegrino, 2004; Sperling, 2006; Williams, 1981). The resulting highly 
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fluorescent PEG coated QRs (Figure 6) were challenged to living polyps, which were 
monitored over progressive incubation periods.  
 

 
Fig. 6. A schematic representation of the CdSe/CdS rods used in this study  

The scheme shows the asymmetrical shape derived from the synthesis procedure (Carbone 
et al, 2007). The method involves coinjecting Cd2+ and S2- precursors and preformed 
spherical CdSe seeds into an environment of hot surfactants, well suited for the anisotropic 
growth of the second shell-material (CdS) on the first underlying core (CdSe). Resulting QRs 
are transferred from chloroform to water by wrapping them within an amphiphilic polymer 
shell (blue shell in the figure). To these polymer-coated QRs, polyethylene glycol (PEG) 
molecules (red shell) can be bound by using an EDC catalyzed cross linking scheme. The 
rod samples are an average of 35nm in length and 4 nm in diameter as confirmed by b) the 
TEM image of the corresponding sample (generously provided by Dr.A.Quarta, Italian 
Institute of Technology, Lecce, Italy)  
Unlabelled cells were detectable by fluorescence microscopy, indicating that QRs were not 
uptaken by Hydra ectodermal cells. However, an unexpected animal behaviour was 
observed which consisted of an intense tentacle writhing, i.e. contractions and bending 
along the axial length of each tentacle, as shown in Figure 7. 
 

 
Fig. 7. Elicitation of tentacle writhing by QRs.  

The test was initiated by adding CdSe/CdS core/shell QRs to each well containing six 
polyps and motor activity was monitored by continuous video recording using a Camedia-
digital camera (Olympus) connected to a cold light Wild stereo microscope a) Hydra polyp 
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in physiological condition show extended tentacles. b) Within seconds of addition of QRs to 
the culture medium the polyp’s tentacle begin to writhe, bending toward the mouth. 
Contractions are not synchronous for all tentacles and lasted for an average of ten minutes 
(Malvindi et al., 2008). 
The elicitation of this behaviour over an average period of ten minutes was dependent on 
the presence of calcium ions into Hydra medium, as shown by the inhibition of such activity 
by the calcium chelator EGTA. Interestingly, Hydra chemically depleted of neuronal cells 
were unresponsive to QRs, indicating that excitable cells are targeted by QRs. The 
mechanisms underlying neuron excitation are still under investigation, but the shape 
anisotropy has been shown involved in the elicitation of the activity, as nanocrystals of the 
identical chemical composition, but shaped as dots were ineffective. We suggested that 
CdSe/CdS QRs, regardless of surface chemical functionalization, may generate local electric 
fields associated with their permanent dipole moments that are intense enough to stimulate 
voltage dependent ion channels, thus eliciting an action potential resulting in motor activity. 
Results from a geometrical approximation (Malvindi et al., 2008) showed that a QR voltage 
potential of sufficient intensity to stimulate a voltage gated ion channel can be produced at 
nanometric separation distances, i.e. those lying between cell membranes and medium 
suspended QR, regardless of its orientation at the cell surface, thus it is theoretically possible 
for QRs to elicit neuronal activity. This hypothesis is currently under investigation in 
vertebrate model systems. In particular, we have preliminary data on the modulation of the 
electrophysiological properties of mammalian brain slices by QRs, (unpublished data) 
which indicate that QR response is not specific to our experimental model. Considering the 
challenges encountered in the design and synthesis of electrical nanodevices for neuronal 
stimulation (Pappas, 2007) we propose biocompatible, soluble QRs as a novel resource for 
neuronal devices, for diagnostic and therapeutic applications where non invasive probing 
and fine tuning of neuronal activity is required.  
The peculiarities of our biological model system, such as the low-ionic-strength culture 
media and the presence of excitable cells directly facing the outer media, allowed us to 
highlight the neuronal stimulation by a nanometric inorganic particle, which might be 
difficult to study in vivo in a more complex whole organism. Avoiding the difficulties in 
investigating vertebrate brain behaviour in vivo, our cnidarian model organisms provided a 
simple, reliable, and fast system for screening nanoparticle activity in vivo on a functionally 
connected nerve net.  

3.3 Unfunctionalized Quantum Rods reveals regulated portal of entry into Hydra cells 
The complexity of the molecular interactions underlying the endocytosis suggests that a 
great evolutionary effort has been spent to regulate the cellular response to a variety of 
different environmental stimuli. In multicellular organisms the endocytic and secretory 
pathways evolved to control all aspects of cell physiology and intercellular communication 
(neurotransmission, immune response, development, hormone-mediated signal 
transduction). In this scenario, the emerging nanomaterials, variable in size (from 2 to 100 
nm), chemical composition (gold, cadmium telluride, cadmium selenide, iron oxide) and 
physical properties (charge, spectral profile, colloidal stability, magnetism) represent a new 
class of compounds interacting with biological systems, which underlying mechanisms need 
to be carefully investigated. When studying the impact of CdSe/CdS QRs on Hydra 
(Malvindi et al., 2008), beside the detection of a specific behavioural response, an accurate 
microscopy analysis was performed in order to assess the putative internalization of the 
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QRs into Hydra cells. At neutral pH, QR uptake was never detectable at the concentrations 
(7nM) eliciting biological activity. By contrast, using the same concentration of CdSe/CdS 
QRs, but changing the pH of the Hydra medium toward mild acidic values (pH 4.5- 4), an 
intense fluorescence was observed (Tortiglione et al., 2009). The labelling pattern as soon as 
30 minutes post incubation with QRs appeared like a uniform red fluorescence staining all 
around the animal (Figure 8a). In the following hours membrane bound nanocrystals 
appeared compacted within cytoplasmic granular structures, easily detectable as red spots 
at level of the tentacles first (Figure 8b), and then throughout the body (Figure 8c). 
 

 
Fig. 8. In vivo fluorescence imaging of Hydra vulgaris exposed to QRs for different periods 
a) In vivo image of two Hydra, 30 minutes post incubation (p.i.): QR red fluorescence labels 
uniformly all body regions. A second Hydra is placed horizontally below b) In vivo image of 
a polyp 2h p.i. with QRs. A strong punctuated fluorescence labels the mouth, the tentacles 
and at a lower extent the animal body. c) Later on, in most of the animals, the punctuated 
fluorescence is evident also in body column. 

Tissue cryosections made from treated animals allowed to detect not only the ectodermal 
localization of the internalized QRs, but also the dynamic of the labelled cells, at various 
time after incubation (Figure 9). 
 

 
Fig. 9. Tissue localization of QRs in Hydra tissue sections.  
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Intact Hydra were treated with QRs at acidic pH for 4 h, and 24 h later fixed and processed 
for cryosectioning. The green colour is due to tissue autofluorescence, while the red staining 
indicate the QR presence. Serial longitudinal tissue cryosections obtained at level of the 
head ( a, b and c ) and body (d) show QRs located into the ectodermal cells, but also inside 
endodermal cells lining both the tentacles and gastric region. A transversal section (e) 
confirms the tissue distribution. The labelling pattern before sectioning is shown in (f). Scale 
bars: 200 m (a-e), and 500 m (f). 
Remarkably, 24 h post treatment, fluorescent material appeared also into the endodermal 
cells lining the gastric cavity and the tentacles. At the tentacle base, the fluorescence draws a 
well defined strip along the tentacle length, shown by cross sections to be localised inside 
the endodermal cells and not in the tentacle lumen (Figure 9a, 9b, 9c). This cell dynamic, 
from ectoderm to endoderm, has never been described using conventional organic 
fluorophores and highlights the importance of using the innovative fluorophore to probe 
biological processes. The high photostability of the QRs allowed to study with 
unprecedented brightness and resolution endocytotic processes  in Hydra and to track these 
phenomena over long periods. The same dynamic was observed also during regeneration of 
treated animals and it probably depends from autophagocytosis process occurring during 
head regeneration (Tortiglione et al., 2009). Beside these results, we determined the factors 
involved in the capability of Hydra to uptake QRs at acidic but not neutral pH and 
investigated the roles played by the nanocrystal surface at one side and by Hydra 
membranes at the other. QRs used in this study where stabilised by the addition of amino-
PEG coating. Zeta potential measurement showed that at acidic pH QRs were positively 
charged, while at neutral pH their surface net charge was neutral or negative. Modifying the 
amounts of amino-PEG molecules present on QR surface we were able to tune the QR net 
charge and thus the up taking process. At acidic pH, the protonation of the PEG amino 
terminal groups (NH3+) contributes to increase the positive charges while the protonation of 
the carboxyl groups of the amphiphilic polymer shell causes a reduction of the negative 
charges (COO2-) at the nanoparticle surface and indeed the sum of the two effects results in 
a net positive surface of the QR (Figure 10). The different amounts of PEG molecules 
attached at the same QR surface account for the different behaviours displayed by diverse 
nanorod samples, independently from their size and shape. QRs presenting positive zeta 
potential bind to negatively charged membrane lipids, and stimulate endocytosis processes. 
A scheme of the QR protonation occurring at acidic pH is shown in Figure 10. 
 

 
Fig. 10. Protonation/de-protonation state of the QRs.  
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A schematic view of the functional groups at the nanoparticle surface responsible for the 
switching of the surface charge. At basic pH, the carboxy groups are negatively charged and 
the amino groups are not protonated. At acidic pH, the carboxy and the amino groups are 
both protonated, which account for a positive zeta potential value measured. At neutral pH, 
the zeta potential measured in all cases is negative. The blue colour indicates the CdS/CdS 
core, while the amphiphilic polymer and PEG coatings are pink coloured. Modified from 
(Tortiglione et al., 2009).  
We also investigated the biological factors involved in the internalization of QRs at acidic 
pH, and found the involvement of a peculiar protein displaying a pH dependent behaviour, 
named Annexin (ANX) (Moss and Morgan, 2004). ANXB12 is a Hydra protein belonging to 
the annexins superfamily, able to insert into lipidic membranes and to form ion channels at 
acidic but not neutral pH (Schlaepfer et al., 1992a; Schlaepfer et al., 1992b). As Hydra 
treatment with anti-ANX antibody prevented QR uptake, we suggest that ANX mediates 
the interaction with positively charged QRs, organizing membrane domains and uptake 
processes, probably throughout the specie-specific amino terminal domain. In presence of 
anti-ANX antibody, the endocytosis machinery is blocked, likely due to impairment of 
functional or structural important ANX extracellular domains. 
In conclusion, the combined effect of nanorod positive surface charge and structural 
properties of cell membranes, at acidic pH, resulted in the active internalization of the 
fluorescent nanoparticles into specific cell types and according to a precise temporal 
dynamic. The availability of beautifully illuminated animals led to track fluorescent cells 
during developmental and regeneration processes, and to describe, beside known migration 
events, new cell dynamics and inter-epithelial/intercellular trafficking phenomena, which 
intriguing meaning lays the foundations for further investigations. Thus, we provide an 
example of how, probing cell and animal biology with nanosized compounds, we can 
uncover novel biological phenomena, aware of our capability of finely tuning and 
controlling this interaction for specific purposes. 
The two examples of Hydra/QR interaction described in the two sections above show two 
biologically relevant responses induced by the same nanocrystal, determined in one case by 
the QR intrinsic shape dependent electrical properties, and in the other one by the QR 
positive surface charge. These studies show that presentation of chemical information at the 
same size scale as that of cell surface receptors may interfere with cellular processes, 
eliciting unexpected responses, such as the activation of a behavioural responses, or cell 
uptake, and that a simple experimental change, such as the pH of the medium used in the 
bioassay, may determinate dramatic difference in the evoked response. Thus, the 
interactions occurring at the interface bio-non bio are complex and depending on both 
players, which need to be fully characterized when designing nanodevices targeting 
biological systems. 

3.4 Cadmium telluride QDs induce cytotoxic effects in Hydra vulgaris 
The freedom to design and modify NCs to accomplish very specific tasks is currently 
being realized. However, their unique properties, not present in conventional bulk 
materials, such as enhanced magnetic, electrical and optical properties, have potential 
implications in NC toxicity, such as elemental composition, charge, shape, surface area 
and surface chemistry/derivatization. Several data of the inherent toxicity of some NCs 
are available and indicate that they can affect biological behaviour at the organ, tissue  
and cellular levels, and activate changes in the expression of stress-related or apoptotic 
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genes (Choi et al., 2008; Rivera Gil et al., 2010). The great amount of data collected up  
to today regards different materials, biological systems, and are strictly dependent on the 
cell lines tested (Lewinski et al., 2008). This may be a result of interference with  
the chemical probes, differences in the innate response of particular cell types, as well  
as depending upon the different protocols used by different laboratories for the 
nanoparticle synthesis and characterization, giving rise to not identical nanomaterials. 
Therefore, for a single nanocrystal, the biological activities of NCs should be assessed by 
multiple cell-based assays and should more realistically rely on animal models (Fischer 
and Chan, 2007).  
A primary source of QD toxicity results from cadmium residing in the QD core. Toxicity of 
uncoated core CdSe or CdTe-QD has been discussed in several reports and is associated, in 
part, with free cadmium present in the particle suspensions or released from the particle 
core intracellularly (Derfus, 2004; Kirchner et al., 2005; Lovric et al., 2005a). Free radical 
formation induced by the highly reactive QD core might also play crucial roles in the 
cellular toxicity. Encapsulation of the CdSe-QD with a ZnS shell or other capping materials 
has been shown to reduce toxicity, although much work remains to be completed in this 
field. However, to accurately assess safety of shell or capped particles, the degradation of 
the shell or capping material, along with its cytotoxicity must also be considered since 
several groups have found increased toxicity associated to capping materials such as 
mercaptoacetic acid and Topo-tri-n-octylphosphine oxide (TOPO) (Smith et al., 2008). Taken 
together, these reports suggest that the integrity of shell and capping materials, as well as 
toxicity, needs to also be more thoroughly assessed and that shell/capping materials must 
be assessed for different QD preparations.  
Based on these considerations long term studies of effects on both cell viability and signal 
transduction are needed, and surely the animal studies are definitely required for proper 
assessment of QD toxicity. To date, rats have been used as model organisms for 
pharmacological studies, and only recently the use of invertebrates to test Cd based QDs is 
adding valuable informations in this field. For example, the freshwater macroinvertebrate, 
Daphnia magna, has been used to evaluate toxicity characteristics of CdSe/ZnSe in relation 
to surface coatings (Lee, 2009).  
Cnidaria are sensitive to many environmental stressors and may become valuable indicators 
of exposure to disruptive chemicals and other stressors, such as nanomaterials. During 
animal evolution, an array of gene families and pathways (also known as “environmental 
genes”) have evolved to face physical, chemical, and biological stressors. While the immune 
system responds to biotic stressors such as pathogens (Miller et al., 2007), another set of 
genes named “chemical defensome” (Goldstone, 2008), has been identified to sense, 
transform, and eliminate potentially toxic chemicals.  
Hydra is sensitive to a range of pollutants and has been used to tests on water 
contamination by heavy metals (Holdway et al., 2001; Pascoe et al., 2003; Pollino and 
Holdway, 1999). Metal pollutants such as copper, cadmium and zinc have been tested 
against different Hydra species, and the relative toxicity based on the median lethal 
concentration (LC50) for all species was ranked from copper, the most toxic, to cadmium, 
with zinc least toxic (Karntanut and Pascoe, 2002; Karntanut and Pascoe, 2005). Drugs and 
pharmaceuticals targeted at mammalian receptors have also been shown to adversely 
affects Hydra (Pascoe et al., 2002), showing the feasibility to use this aquatic invertebrate 
to accurately assess the potential toxicological effect of any kind of molecule added to the 
animal culture medium.  
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In light of this knowledge we evaluated the possibility to use Hydra for nanotoxicology 
purposes. We addressed the toxicological effects of fluorescent CdTe QDs, presenting 
different chemical coatings on Hydra using several bioassays: 1) alteration of 
morphological traits, measurable as morphological median score values 2) alteration of 
reproductive capabilities, measurable as population growth rates 3) alteration of 
regeneration or pattern formation. These three phenomena are schematically drawn in 
Figure 11. 
 

 
Fig. 11. Different developmental potentials available in the adult polyp. 

The toxic effects of organic and inorganic pollutants, i.e, CdTe QDs, can be measured 
using Hydra, due to its unique developmental potentials. The toxicant under investigation 
can be added to the medium bathing living polyps and the effects on morphology, 
reproductive and regeneration capabilities can be quantified by standardised protocols. 
Upper panel: alteration of morphological traits can be measured by assigning numerical 
scores to progressive morphological changes (Wilby, 1988)(see below). Middle panel: 
upon regular feeding, the animals undergo asexual reproduction through budding: the 
number of buds produced by a single polyp over two weeks can be expressed as 
reproductive rate, which is altered in presence of toxicants. Lower panel: initially reported 
by A.Trembley (Trembley, 1744), Hydra polyps can regenerate any missing part after 
bisection of the body column performed at any level, and the presence of toxicants can 
irreversibly affect this capability.  
CdTe nanocrystals are the most successful example of the colloidal quantum dots directly 
synthesized in aqueous solution. In Figure 12 a schematic representation of the synthesis of 
TGA-capped QDs is shown. The methodology was first described by Gao (Gao M, 1998) and 
it is routinely employed in many laboratories, although modifications have been further 
developed to increase photoluminescence, quantum yields, or for specific applications in 
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various fields ranging from light harvesting and energy transfer to biotechnology (Gaponik 
and Rogach, 2010). The water-soluble CdTe QDs we analysed using Hydra were surface-
capped with thioglycolic acid (TGA) or stabilized by glutathione (GSH), synthesized as 
described (Rogach and Lesnyak, 2007) and present a mean diameter of 3.1nm and 3.6nm, 
respectively .  
In our previous studies using CdSe/ZnS QDs or CdSe/CdS QRs evident toxicity signs 
were not detected, even at the highest QD dose tested (300nM) (Tortiglione et al., 2007). In 
those cases, nanocrystal synthesis was accomplished by burying a CdSe inner core into a 
ZnS or CdS shell, then wrapping the metal core/shell by an amphiphilic polymer, further 
stabilised by conjugation to PEG molecules. The CdTe QDs are sized only a few 
nanometres and differ not only in chemical composition, but also in the synthetic route 
(directly in aqueous solution) employing different compounds (thioglycolic acid or 
glutathione...) as stabilising molecules. These differences drove our comparative toxicity 
studies using CdTe QDs and testing different concentrations and exposure times (Tino et 
al., 2011).  
 

 
Fig. 12. Schematic representation of TGA capped QDs 

The basics of the aqueous synthesis of thiol-capped CdTe NCs. In a typical standard 
synthesis, Cd(ClO4) salts are dissolved in water, and an appropriate amount of the thiol 
stabilizer is added under stirring, followed by adjusting the pH by dropwise addition of 
NaOH. Under stirring, H2Te gas is then passed through the solution together with a slow 
nitrogen flow. CdTe NC precursors are formed at this stage; formation and growth of NCs 
proceed upon refluxing at 100°C under open-air conditions with a condenser attached (from 
(Rogach and Lesnyak, 2007). 
When challenging living polyps to CdTe QDs, adverse effects on animal behaviour and 
morphology were immediately observed. In Figure 13 the pictures of polyps carrying 
progressive damages are shown. These different damages have been annotated using a 
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scoring system ranging from 10 (healthy polyps) to zero (disintegrated animals) (Wilby, 
1990), and already used for toxicological studies in Hydra. This system can be efficiently 
adopted to compare toxicity of diverse compounds or the sensitivity of different species to a 
given substance.  

 
 

 
 

Fig. 13. Score system to assess toxic effects on Hydra 

Examples of morphological alterations induced by treatment of living Hydra with CdTe 
QDs. Animals were incubated with TGA-QDs and observed by a stereomicroscope over a 
period of 72h. Images show progressive morphological changes scored from 10 down to 0, 
according to the scoring system previously developed (Wilby, 1988)  
By fluorescence microscopy we observed intense staining in animals treated with the 
highest tested QD concentration (300nM), indicating QD uptake (Figure 14). At lower 
concentrations, the low fluorescent staining did not allow imaging. 
Elemental analysis by Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-
AES) confirmed the internalization of the CdTeQDs (Ambrosone et al, unpublished). 
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Fig. 14. In vivo fluorescence image of Hydra treated with 300nM TGA-QDs 

Polyps were challenged with CdTe QDs and imaged after 2 hours of incubation. The polyp 
appears contracted, the tentacles clubbed, shortened. The fluorescence is uniform all along 
the animal (body and tentacles), drawing straight lines perpendicular to the main oral-
aboral axis, and corresponding to membranes belonging to adjacent cells aligned during 
contraction. Granular structures are also present, indicating the initial uptake of QDs by 
ectodermal cells.  
We performed acute toxicity tests (by exposing the animals for two hours to QDs and then 
monitoring the morphological scores), and chronic toxicity tests performing continuous 
incubation with the QDs (Ambrosone et al, unpublished). Under both acute and chronic 
treatment the median score values decreased with progressive exposure time, indicating 
toxic effect (see Figure 15A). After 72 hr of continuous incubation with 25nM QDs, all 
animals showed score value equal to zero, meaning that were all fully disintegrated. In 
Figure 15B, the distribution of the different scores among the treated animals is shown at 
each time point. Untreated animals showed always score 10 (blue bar, highlighted by the 
upper red arrow), while treatment with QDs causes a decrease in the score values, more 
pronounced for the higher QD concentration tested (25nM). In this latter case after 72 hr of 
continuous incubation all animals were fully disintegrated, as highlighted by the red arrows 
of Figure 15B. 
The toxicity of CdTe QD to Hydra was further evaluated using a different method, based on 
mortality. The number of death animals was used for survival statistical analysis, and the 
Karber-Spearmann (Hamilton, 1977) method used to determinate the median lethal 
concentration and the median lethal scores, as shown in Figure 15C.  
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Fig. 15. Methods used to evaluate the toxicity of CdTe-QDs on Hydra 

Two different methods can be used to assess the toxicity of a given compound on Hydra. The 
first method (used in A and B) is based on the evaluation of animal morphological traits, 
while the second one (C) is based on survival rates. In A the time response toxicity curves to 
equivalent TGA-QD concentrations are compared to the curves obtained by two different 
concentrations of Cd salts. 25 Hydra were treated with the indicated compound and 
morphological scores were monitored over 24, 48 and 72hr. In B the number of the animals 
presenting different scores are reported for each time point in the three graphs (24, 48, 72hr). 
The red arrows highlights that the score values decreasing from ten (untreated animals) to 
zero obtained with 25nM concentration, after 72hr of incubation. In C the median lethal time 
and median lethal concentration were calculated using the Sperman-Karber method.  
In this way sub-lethal doses were determined and used for assessing the potential long-
term toxic effects induced by CdTe QDs on Hydra reproductive capabilities (Ambrosone et 
al., 2011; Tino et al., 2011). Growth rate of Hydra tissue is regulated by the epithelial cell 
cycle, which normal length (about 3 days) is controlled by environmental conditions, i.e., 
the feeding regime (Bosch and David, 1984). Thus, for a given feeding condition, the 
growth rate is an indirect measure of the Hydra tissue growth and cell viability. The 
number of individuals generated by an adult polyps over two-three weeks can be used to 
calculate the growth rates constant (k), which is the slope of the regression line using the 
standard equation of logarithmic growth: ln (n/n°) = kt (where n is the number of 
individuals at the time t, and n° is the number of the founder polyps). Representative 
growth rate curves determined for QD treated and untreated animals are shown in the 
graph of Figure 15, and indicate k values lower for QD treated animals compared to 
control. These differences were found significant by statistical analysis of repeated 
experiments (Ambrosone et al, unpublished).  
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Regeneration efficiencies were also estimated bisecting the animals and allowing 
regeneration in presence of QDs. During the first 48-72hr post amputation a great 
percentage of animals treated with the highest QD concentration were unable to regenerate 
a head and were found as stumps without tentacles (stage 0).  
Moreover, about 30% of the bisected animals died, demonstrating the high QD toxicity (see 
Figure 16, upper panel). 
 

 
 

 
Fig. 16. Impact of CdTe QDs on regeneration efficiency and growth rates 

Upper panel: representative histogram showing the impact of QDs on Hydra head 
regeneration. The regeneration stages are classified as in Fig.2. Basically, stage zero indicate 
the complete inhibition of regeneration (zero tentacles); stage 1, indicates heads with 
aberrant tentacles (one or two), while stage 2 indicates normal regeneration (tentacles from 
four to six at this time). The lowest QD concentration tested, 10nM, does not impair head 
regeneration, while the 25nM dose inhibits the whole process, and furthermore, causes 
lethality. Lower panel: influence of the QD treatment on Hydra population growth rate. 
Population growth test started with a population of four full-grown Hydra, incubated 24h 
with the indicated dose of QD, washed out and monitored every day for bud detachment. 
The logarithmic growth rate constant (k) is the slope of the regression line using the 
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standard equation of logarithmic growth: ln (n/n0) = kt. In this representative graph the 
regression line is not drawn. Polyps treated with the highest QD concentration were 
impaired in the reproductive capabilities, as shown by the altered ratio n/n° along the 
monitored period (Ambrosone et al, unpublished). 
We also compared the effects of thioglycolic acid capped QDs (TGA-QDs) and glutathione 
capped QDs (GSH-QDs), by using the same approaches and observed that although both 
nanocrystals were toxic, the most severe effects were induced by TGA capped QDs (Tino et 
al., 2011). This confirms the importance of the nanocrystal surface chemistry in the 
interaction with living cells. 
The availability of a Hydra whole genome sequence allowed us to study the nanoparticle-
induced cellular changes at three levels: non-genomic, genomic and epigenetic. The genes 
selectively involved in the apoptosis or in the necrosis process, as diverse as the Hymyc 
transcription factor, Caspase 3, Superoxide dismutase, Hsp70 have been analysed by 
quantitative real time PCR, and compared to the expression of animals treated with free 
cadmium salts (Ambrosone et al, unpublished). Aside from genotoxic effects, as 
nanoparticles could cause more subtle changes to living cells, such as long-term effects on 
gene expression, after the QD signal has been removed, epigenetic effects are being 
addressed. At the current stage of investigation, the elucidation of the possible molecular 
pathways activated by CdTe QDs appears rather complex, and it may concern universal 
stress response genes, Cd specific response genes or novel unidentified signalling cascades, 
initiated by the QDs at the cell surface. 
In conclusion, by using different approaches, from in vivo evaluation of morphological traits to 
the impact on growth rate and regeneration, to the molecular analysis of the genes potentially 
involved in the QD response, we determined animal behaviours and toxicological effects 
played by CdTe QDs, and proposed Hydra as a valuable model for nanotoxicology studies. 
 

 
Fig. 17. Methodological approaches for nanotoxicology using Hydra as model system 

The impact of nanoparticles on a living organism can be assessed by using the freshwater 
polyp Hydra. This system allows to evaluate in vivo, ex vivo and in vitro the responses of a 
whole animal to short or long exposures of any organic and inorganic compound, unless 
unstable in Hydra culture medium. 

4. Hydra as a widely applicable tool for high-throughput screens of 
nanoparticles biocompatibility and (eco)toxicity 

The use of simple model organisms to dissect complex biological processes has permitted 
biology to advance at an impressive pace, and the knowledge generated by integrating 
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genetic and biochemical studies has allowed scientists to begin to understand the molecular 
basis of complex diseases such as cancer and diabetes. Several pharmaceutical companies 
developed research programs that use simple organisms to identify and validate drug 
targets. Since the production of newer engineered nanomaterials and their applications has 
exponentially increased, high-throughput screens (HTS) are required to evaluate their 
impact on human and environmental health. In the above sections I gave some examples 
demonstrating the use of Hydra as valuable model system for the dissection of biological 
processes evoked by metal based nanocrystals. Because of the small size, short generation 
time, high fecundity and cost effective maintenance, it can also be used for HTS of 
nanoparticle biocompatibility, environmental and animal impact. Standard microtiter plates 
can be used for whole animal assays to assess toxicity and identify the underlying 
mechanisms by simply changing multiple experimental conditions in adjacent wells, such as 
medium composition, pH, presence of specific inhibitors/competitors/agonists, and the 
trials can all be run in parallel, in large scale enabling statistical treatment of the data.  
In addition, the new genomic resources open the way to the molecular toxicology field. 
Several gene families that defend against chemical stressors have been identified in other 
cnidarians and include oxidases, various conjugating enzymes, ATP-dependent efflux 
transporters, oxidative detoxification proteins, as well as various transcription factors 
(Goldstone, 2008; Goldstone et al., 2006). The modulation of their expression in Hydra 
exposed to the new class of stressors, i.e. nanomaterials, may easily help to dissect the 
mechanisms underlying nanoparticle toxicity, and to identify those shared by other stressors 
and those unique to the nanomaterial under investigation.  
Considering the key role played by cnidarians in freshwater, estuarine and reefs 
environments, the obtained results would be of invaluable importance for ecotoxicological 
studies as well. As nanoparticles may enter natural waters through sewage effluent and 
landfill leakages and present unknown risk to aquatic species, invertebrate testing may be 
used not only to advance the level of knowledge in nanoecotoxicology, but also for 
investigating behaviour and bioavailability of engineered nanoparticles in the aquatic 
environments. 

5. Conclusion  

Since the first publication on Hydra challenged with functional QDs (Tortiglione et al., 2007), 
the scientific community caught the advantages offered by this simple model to address 
nanotechnological issues, and many groups involved in the synthesis of nanomaterials 
demanded to test their synthetic products on Hydra. A picture of living polyps exposed to 
different nanoparticles is shown in Figure 18. We are currently investigating for each 
material the cell and molecular bases of interaction with Hydra, from the internalization 
route relying on the chemistry surface properties, to the molecular machinery activated by 
these nanosized objects. These results would be of valuable help when designing 
nanodevices to be interfaced with eukaryotic living cells. Once established the rules 
governing such interactions we will move toward the functionalization of the nanoparticles, 
combing the new size dependent physical properties to the specificity of the bioactive 
conjugated moiety to achieve targeted functioning.  
Despite the initial studies limited to fluorescent semiconductor nanocrystals (QDs and QRs) 
for imaging purposes, the wide arrays of physical properties offered by nanoparticles of 
different materials supplies a corresponding wide repertoire of new tools to probe biological 
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phenomena. Superparamagnetic nanoparticles (FexOy) could be employed for local heat 
generation (magnetic hyperthermia) under an alternating magnetic field, and thus exploited 
for selective cell destruction. Up to date, magnetic hyperthermia has been studied for cancer 
treatment but not applied to basic research, i.e. to obtain loss of function by cell ablation. 
Similarly, the property of some nanomaterials to strongly absorb NIR irradiation for 
conversion into thermal energy has been tested for phototherapy in cellular models, but not as 
universal tool for cell/animal biology. Nowadays nanotechnology allow to revisit traditional 
methodologies and extract yet unobserved or inaccessible information in vitro or in vivo. Only 
the cross-talk between different disciplines (biologists /chemists/physics) can bridge separate 
expertises, develop innovative tools and successfully apply them to modern research.  
 

 
Fig. 18. Labelling Hydra with nanocrystals 

In vivo imaging of polyps incubated with different nanocrystals, whose interaction with 
Hydra in terms of biocompatibility and toxicology is currently in progress. Upper left panel: 
picture of a living Hydra incubated with bifunctional conjugates (Fe2O3-OTF) based on the 
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linkage of inorganic Fe2O3 nanoparticles to organic oligothiophene fluorophores (OTFs). 
Nanoparticle core diameter: 8nm; emission max= 605nm (Quarta et al., 2008). The presence 
of the fluorophore allows to track nanoparticle cell uptake, while the magnetic properties 
can be exploited for magnetic separation of the labelled cells. Upper right panel: Hydra 
labelled with fluorescent rod shaped nanocrystals, PEG coated CdSe/ZnS QRs. 
Nanoparticle diameter: 3,5nm, lenght 34nm; emission max= 592 nm. These two type of 
nanocrystals were a precious gift from Dr. Teresa Pellegrino (Italian Institute of Technology, 
Genova, Italy). Lower left panel: CdTe QD amino stabilised, by cysteamine, (emission 
max= 510nm, diameter: 2.6nm) were added to the medium bathing living Hydras and 
imaged after 4 hr. These nanocrystals were a generous gift from Dr. Andrey Rogach, City 
University of Hong Kong, Hong Kong, SAR. Lower right panel: Hydra treated with PEG 
coated gold nanoparticles (diameter: 14nm) These nanocrystals were surface modified to 
introduce positive charges on the surface (de la Fuente et al, unpublished) and are 
internalized at high rate by Hydra ectodermal cells. These nanocrystals were supplied by Dr. 
Jesus de la Fuente, University of Zaragoza, Spain. At the bottom representative TEM images 
of the samples above described were generously supplied by the corresponding providers. 
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1. Introduction 

A suitable design of an implant material is aimed to provide an essential functionality, 
durability and biological response. Functionality and durability depend on the bulk 
properties of the material, whereas biological response is governed by the surface chemistry, 
surface topography, surface roughness, surface charge, surface energy, and wettability 
(Oshida et al., 2010). The implants biocompatibility has been shown to depend on 
relationship with biomaterials, tissue, and host factors, being associated with both surface 
and bulk properties.  
Research area of thin and nano-structured films for functional surfaces interests to enhance 
the surface properties of materials. Thin films are an important and integral part of 
advanced material, conferring new and improved functionalities to the devices. Also 
processing of thin coatings with reproducible properties is a major issue in life-time of 
implanted biomaterial. 
Currently in the implantology, hydroxyapatite (HA), alumina (Al2O3) and titanium nitride 
(TiN) have been widely chosen as thin biofilms to be coated on metal implants such as 
titanium materials and surgical 316L stainless steel.  
HA coatings on titanium implants have been proposed as a solution for combining the 
mechanical properties of the metals with the bioactive character of the ceramics, leading to a 
better integration of the entire implant with the newly remodelled bone. HA has drawn 
worldwide attention as an important substitute material in orthopaedics and dentistry 
because of its chemical and biological nature similar to that of bone tissue (~70%) (de Groot, 
1983; Kohn & Ducheyne, 1992; LeGeros & LeGeros, 1993; Elliot, 1994), its biocompatibility, 
bioactivity and osteoconductivity (Hench, 1991).  
Al2O3 for its excellent wear resistance (Husmann et al., 1998) high chemical inertness under 
physiological conditions and TiN for its chemical stability are also commonly used as 
biomaterials (Staia et al.,1995). This last one interlayer plays a role as a diffusion barrier and 
it exhibits excellent mechanical properties and chemical stability (Iliescu et al., 2004).  
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Titanium materials (commercially pure titanium ASTM Grades 1 through 4 or Ti-based 
alloys) are considered to be the most biologically compatible materials to vital tissue 
(Oshida et al., 2010). Their more recent applications are in maxillofacial, oral and 
cardiovascular-surgery, as well as in orthopaedics indicating a superiority of titanium 
materials compared to stainless steel, Co-Cr-Mo alloys (Kasemo, 1983). However, they have 
no bioactivity as bone-substitute implant materials. These results in mechanical bonding 
rather than direct chemical bonding between the titanium implant material and the host 
bone tissue (Long & Rack, 1998). According to various in-vitro and in-vivo tests, HA 
implant coatings have shown an improved bone apposition as compared to uncoated 
implants in the first several weeks after operation (Tisdel et al., 1994). 
Surgical AISI 316L stainless steel is widely used in orthopaedic implantology, although 
biological complications may result from its insufficient mechanical and tribological 
properties (Bordji et al., 1996). 316L contains enough chromium to confer corrosion 
resistance by passivity. Nevertheless the passive layer is not enough stable and because of 
poor corrosion resistance of 316L stainless steel under high stressed and oxygen-depleted 
regions, it is suitable to use it in temporary implant devices or coated with bioinert films.  
Nowadays there are numerous thin film deposition techniques; most common are 
molecular beam epitaxy, plasma spray (PS), dipping, electro-codeposition, sol-gel-derived 
coating, magnetron sputtering (MS) and pulsed laser deposition (PLD) methods that have 
been developing rapidly during the last decades. Between them, MS and PLD are very 
powerful process, which are employed successfully in biomedical, functional and 
protective films. MS and PLD processes allow the control of the interface layer between 
the substrate material and the thin film, which in turn can be used to substantially 
improve the film adhesion to substrate. They are useful method for making thin films of 
functional biomaterials. A considerable amount of researches has been devoted to develop 
techniques for coating HA on titanium (Long & Rack, 1998) such as plasma spraying 
(Yang, 1995; Weng et al.,1995), dipping (Li et al., 1996), electro-codeposition (Dasarathy et 
al., 1996), PLD (Cotell, 1994), sputtering (Yang et al., 2005) and sol-gel-derived coating 
(Carradò & Viart, 2010).  
Moreover, PLD (Pelletier et al., 2011) and MS (Carradò et al., 2010) can make thin TiN 
coatings, favourable for high fatigue resistance. In addition, TiN films should have good 
mechanical properties, i.e. a very strong adherence to the substrate, and hardness, Young 
modulus, stiffness and mechanical wear similar to those specific to human bone. Also a 
large variety of deposition techniques like PS (Liu et al. 2003), PLD (Carradò et al., 2008), MS 
(Trinh et al., 2008; Carradò et al., 2008), dipping and spinning (Babaluo et al., 2004) and sol-
gel (G. Ruhi et al., 2008) have been approached for obtaining these oxides (Al2O3).  
We reported some example of bioinert alumina, titanium nitride and bioactive 
hydroxyapatite coated on titanium and stainless steel substrates and we investigated the 
micro-structural and mechanical characteristics of these bioceramic coatings on their 
substrates. Among the different methods to obtain ceramic coatings that we have chosen 
PLD and MS due to their versatility and controllability, the aptitude to synthesize and 
deposit uniform films, with an accurate control of the stoichiometry and crystallinity. 
Various microscopic observations and mechanical characterisations by nanoindentation 
and scratch tests were used in order to connect the mechanical response to the 
microstructure of the coatings. Our studies revealed that the pulsed-laser deposition and 
magnetron sputtering technique appear as extremely versatile technologies in biomedical 
applications. 



Nanocrystalline Thin Ceramic Films Synthesised by Pulsed Laser  
Deposition and Magnetron Sputtering on Metal Substrates for Medical Applications 

 

255 

2. Ceramic thin films for biomedical 

Many commercial replacement materials now have been developed as biomaterial for thin 
films, including metal, natural and synthetic polymers, corals and its derivatives and 
synthetic ceramics. These last ones can be divided roughly into three main types governed 
by the tissue response. In broad terms:  
1. bioinert (alumina, titanium nitride, titanium dioxide, zirconia) materials have no or 

negligible tissue response;  
2. bioresorbable (tricalcium phosphate (TCP), Ca3(PO4)2) materials degradable and 

absorbed by the body;  
3. bioactive materials (hydroxyapatite (HA), Ca10(PO4)6(OH)2), bioactive glasses (CaO–

SiO2–P2O5–Na2O), and glass ceramics), encourage bonding to surrounding tissue with, 
for example, new bone growth being stimulated, or porous for tissue in growth (HA 
coating, and bioglass coating on metallic materials) (Hench, 1991; Cao & Hench, 1996; 
Hench, 1998). 

2.1 Bioactive ceramic films 
Hydroxyapatite (HA) forms a real bond with the surrounding bone tissue when implanted. 
Even so, due to the poor mechanical properties of bulk HA ceramic, it cannot be used as 
implant devices to replace large bony defects or for load-bearing application as was 
described by Hench (Hench & Wilson, 1993). Koch (Koch et al., 1990) presented HA has low 
mechanical strength, but very good osteointegration and biocompatibility. The use of HA 
coatings on titanium alloys leads to a structure that has good mechanical strength and good 
osteointegration properties at the surface (Lacefield, 1998). It has also been demonstrated 
that the bond between HA and bone is better than the bond between titanium and bone 
(Radin & Ducheine, 1992; Filiaggi et al., 1993).  

2.2 Bioinert ceramic films  
Alumina (Al2O3) is a highly inert material (Chiba et al., 2003) and resistant to most corrosive 
environments, including the highly dynamic environment that is the human body. Under 
physiological conditions, it is also extremely unreactive and is classed as nearly inert, 
eliciting little if any response from surrounding tissues and remaining essentially 
unchanged after many years of service. Due to its ability to be polished to a high surface 
finish and its excellent wear resistance, Al2O3 is often used for wear surfaces in joint and hip 
replacement prostheses (Hatton et al., 2002). Nevertheless, the body recognizes it as a 
foreign material and does attempt to isolate it by forming a layer of non adherent fibrous 
tissue around the implant where possible.  
Titanium nitride (TiN) is known for its high surface hardness and mechanical strength. It 
was also reported that the dissolution of Ti ions is very low (Tamura et al., 2002). TiN 
coatings are often employ for improving the tribological performance in industrial 
applications due to its mechanical (Leng et al., 2001) and chemical properties including high 
hardness, low wear coefficient (Holmberg & Matthews, 1994). It is biologically inert and 
tolerated by living tissues (Kao et al., 2002). Moreover, the TiN interlayer produces 
improvement of HA film mechanical performances, by increasing its bond strength and 
adherence (Nelea et al., 2002; Ducheyne et al., 1993). 
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3. Deposition techniques 

3.1 Magnetron sputtering (MS) 
Magnetron sputtering (MS) is a very powerful technique which is used in a wide range of 
applications due to its excellent control over thickness and uniformity, excellent adherence 
of the films and its versatility in automatization (Wasa et al. 2003). 
A strong potential difference is applied in a gas, generally of argon, with possibly reactive 
gases (O2, N2, etc.). It causes the ionization of the gas atoms and the creation of plasma. 
These ions are accelerated by the potential difference and strike the target surface. Target 
atoms are then ejected by mechanical action and condense on the substrate. Target electrons 
are also ejected and enter in collision with gas atoms, which causes their ionization and 
allows the maintenance of plasma (Fig. 1). Two types of power supply can be used: alternate 
radio frequency (RF) or direct current (DC). RF is used to deposit insulators, indeed in DC 
one uses a stronger tension to compensate for the resistivity of the target. 
 

 
Fig. 1. Schematic principle of magnetron sputtering (MS) and picture of MS apparatus 

3.2 Pulsed Laser Deposition (PLD) 
Pulsed laser deposition (PLD) is for many reasons a versatile technique. Since with this 
method the energy source is located outside the chamber, the use of ultrahigh vacuum as 
well as ambient gas is possible (Krebs et al., 2003) (Fig. 2). Combined with a stoichiometry 
transfer between target and substrate this allows depositing all kinds of different materials 
(e.g. oxides, nitrides, carbides, semiconductors, metals and even polymers) can be grown 
with high deposition rates. The preparation in inert gas atmosphere makes it even possible 
to tune the properties (stress, texture, reactivity, magnetic properties...) by varying the 
kinetic energy of the deposited particles. All this makes PLD an alternative deposition 
technique for the growth of high-quality thin films (Fernandez-Pradas et al., 1998; Jelínek et 
al., 1995; Mayor et al., 1998; Fernández-Pradas et al., 2002; Arias et al., 1997).  
Because of its capability to restore complex stoichiometry and to produce crystalline and 
adherent films, PLD stands for a challenge to plasma spraying that for the moment is the 
only commercially available technique for HA coatings deposition used in bone 
implantology (Zeng & Lacefield, 2000; Chen et al., 1997; Feng et al., 2000). However, it is 
generally accepted nowadays that plasma spraying produces porous films with poor 
crystallinity, exhibiting a low adherence to the metallic substrate (Carradó, 2010). PLD is an 
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alternative method to coat metal substrates with HA in order to improve both the chemical 
homogeneity and the mechanical properties of calcium phosphate coatings (Nelea et al., 
2006). PLD has successfully produced HA coatings with various compositions and 
crystallinity (Arias et al., 2002). Moreover, PLD can synthesize thin HA coatings, adequate 
for high fatigue resistance.  
 

 

Fig. 2. Schematic principle of Pulsed laser deposition (PLD) 

4. Experimental details  

4.1 Bioinert Al2O3 interlayer 
Al2O3 was deposed on stainless steel (grade 304L, Table 1) substrate— square pieces 
(1×1×10 mm3). Al2O3 was applied as an inert interlayer to improve the adhesion of bio-
ceramic films to the metallic substrate. The surgical stainless steel substrate was 
mechanically polished and then cleaned with methylene chloride and methanol. A 
dynamical pressure of O2 was stabilized inside the PLD chamber and maintained during 
the whole deposition cycle. During the deposition, the stainless steel substrate was kept at 
200 °C.  
Prior deposition the substrates of stainless steel were mirror-polished and then cleaned 
ultrasonically in CH2Cl2 and CH3OH. The studied alumina coatings were deposited onto 
these substrates by PLD and MS.  
 

 
Alloy composition 

[wt%] 
 C max Si max Mn max S max Cr Ni N Cu 

316 L 0.03 1.0 2.0 0.03 17.5/19.5 8.0/10.0 0.045 ≤0.11 

Table 1. Chemical composition in wt of surgical 304L stainless steel 

Magnetron sputtered samples were prepared at low substrate temperature (200 °C) by 
reactive (O2) direct current sputtering on a planar magnetron. The deposition parameters are 
summarized in Table 2. Before deposition, the surface of the substrates was cleaned by a 30 
minutes plasma etching. 
PLD coatings were produced using an excimer laser KrF* emitting at λ= 248 nm, by 20 ns 
pulses at 10 Hz and a sintered alumina target. As for MS samples, the substrates were 
maintained at 200 °C during the deposition time. Prior to the deposition, the pressure in the 
chamber was 5×10-6 Pa. Table 3 sums up the deposition parameters. 
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Sample MS
Target Al

Substrate temperature [°C] 200
Dynamical pressure [Pa] 0.4 with Ar 15 sccm and O2 8 sccm 

IDC [mA] 600
P [W] 180

Deposition time [h] 17.5
Coating thickness [µm] 1.0

Table 2. Experimental conditions for MS Al2O3 coatings 
 

Samples PLD 4 PLD 5 PLD 6 
Fluency [J/cm2] 1.5  

Dynamical pressure [Pa] 6×10-5 5 Pa with O2 10 sccm 1 Pa with O2 10 sccm 
Deposition time (hours) 4.5  
Coating thickness (µm) 1.2 0.6 1.2 

Pulse duration (ns) 20  
Pulse repetition rate (Hz) 10  

Number of pulses 150,000 150,000 180,000 
Substrate temperature (°C) 200  

Ra (m) 0.01 0.03 0.04 

Table 3. Experimental conditions for Pulsed Laser Deposition Al2O3 coatings 

The coatings surface morphology was investigated using a field emission microscope JEOL 
JSM-6700F. The chemical analysis of the thin films was investigated using an energy 
dispersive X-ray analyzer (Oxford Instruments). The crystal structure of the films was 
studied with a Selected Area Electron Diffraction (SAED) of Transmission Electron 
Microscopy (TEM) with a Topcom EM 002B microscope equipped with a small dose 
sensitive camera and a Si/Li detector. 

4.2 Bioactive hydroxyapatite coatings: experimental details 
An UV KrF* laser source (λ = 248 nm, τ = 10 ns), placed outside the irradiation chamber, was 
used. The laser radiation was focused with a an anti-reflection coated MgF2 cylindrical lens 
with a focal length of 30 cm and was incident at 45° onto the target surface. The targets were 
mounted in a special holder which was rotated and/or translated during the application of 
the multi-pulse laser irradiation in order to avoid piercing and to continuously submit a 
fresh zone to laser exposure. A multi structure of the type HA/Ti/ was grown on a titanium 
substrate. A multi-target carousel was used to facilitate the target exchange, in order to 
avoid exposition of growing films to open air. Commercial titanium (Ti grade 4), and 99.98% 
pure HA targets have been subsequently used.  
Two Ti Grade 4 substrates (Ø = 15 mm, thickness = 2 mm) were prepared with a final 
polishing by silicon carbide sandpaper (1200#) and finally treated chemically. The chemical 
etching consisted in a pre-treatment by specimen immersion in 1 M sodium hydroxide and 
0.5 M hydrogen peroxide at 75 °C for 10 minutes for cleaning and decontaminating the 
titanium surface from embedded particles and machining impurities. After 10 minutes of 
treatment in 0.2 M oxalic acid at 85°C to produce a microporous surface and a final 
immersion in nitric acid for final passivation was done. The Ti interlayer was interposed 
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between the initial titanium substrate and the HA film, to minimize interface stresses. 
Finally, one sample was kept as it was (HA-2, Table 4) and the second was treated for 6 
hours in an atmosphere enriched in water vapours (HA-1, see Table 4) in order to improve 
the HA crystallinity status and to restore the loss of OH groups from the HA molecule. The 
deposition conditions are collected in Table 4. 
 

 Target Temperature [°C] Pression [Torr] Pulses Water vapours treatment 
HA-1 Ti RT 10-6 40000

 HA 400 10-6 500
 HA 400 0.35 H2O 30000 *

HA-2 Ti RT 10-6 40000
 HA 400 10-6 500
 HA 400 0.35 H2O 30000 without treatment 

Table 4. Experimental conditions of HA films with and without water vapours 

5. Structural and microstructural characterisation 

Preliminary X-ray diffraction was performed for detecting the crystalline phases of the 
coatings. Only the characteristic peak pattern of austenitic Fe corresponding of 33-0397 
JCPDS was displayed. Consequently the alumina coatings seem to be amorphous. 
Nonetheless, in case of MS Al2O3 films grown at 200 °C, selected area electron diffraction 
(SAED) reveals a fine crystallization in the γ-Al2O3 phase (Fig. 3b). The SAED pattern 
corresponds to the tetragonal γ-Al2O3 polycrystalline structure, with reticular parameters a = 
b = 0.57 nm and c = 0.79 nm. The MS film deposited shows the characteristic 311, 400, 511, 
440 and 444 rings of polycrystalline aluminium oxide and the continuity of the rings in the 
first selected area diffraction indicates the presence of randomly oriented grains of very fine 
dimension (Fig. 3a). Whereas, as clearly shown in PLD Al2O3 films at 200 °C (Fig. 3c) 
samples is generally amorphous with a reduced number of small grain (Carradò et al., 2008).  
Laser deposited coatings have a smooth surface (Fig. 4a), with alumina particulates 
deposited on the film or embedded into the film. These particulates generally are either 
spherical, with a diameter between several hundreds of nanometers and one micrometer, or 
discoidal, with a diameter usually exceeding one micrometer (Fig. 4b,c). MS samples exhibit 
a smooth surface which follows closely the topography of the substrate. Spherical alumina 
particulates with approximately 100 nm diameter lay on top of the alumina film. They are 
generally agglomerated in structures resembling coral (Fig. 4d). 
 

 
Fig. 3. High-resolution TEM (HRTEM) plan-view image or Bright field of MS film (a) and 
SAED patterns of MS2 (b) and of PLD5 (c) 
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These structures are spread on areas up to 60 µm diameter. EDS measurements demonstrate 
that the coatings have a chemical composition close to stoichiometric Al2O3 (Al: 34%, O: 
66%, for MS coatings, and Al: 38%, O: 62%, for PLD coatings). 
 

 
Fig. 4. (a-c) Typical SEM micrographs of an Al2O3 film consisting evidencing a smooth film 
with embedded droplets. (a) PLD4  sample, without O2; (b) PLD 5 working pressure of 5 Pa, 
with O2 10 sccm. The scale bar is 1 µm (c) PLD 6 coatings deposed with working pressure of 
1 Pa, with O2 10 sccm. (d) MS coatings deposed with working pressure of 0.4 with Ar 15 
sccm and O2 8 sccm 

In Fig. 5 some typical SEM micrographs of the PLD HA film are given. The surface is compact 
and well-crystallized and exhibits an irregular morphology principally due to the chemical 
etching of the substrate. Some grain-like particles and droplets were observed on the surface of 
the film, characteristic to PLD coatings (Cottel, 1994). The morphology of the droplets suggests 
that they might be a result of target splashing in liquid phase (Fig. 5b, insert), since the droplet 
diameter is much smaller than the particle size of the powder used to prepare the HA target.  
SAED-TEM image (insert in Fig. 6) reveals a polycrystalline structure of the ceramic film, 
consisting of nanometric crystalline HA domains. The desired formation of a graded layer of 
about 20–25 nm thickness can be clearly observed. Atomic plane of grains are visible in 
some regions, demonstrating the polycrystalline structure of the HA layer. 
 

 
Fig. 5. (a) SEM micrograph of a HA film (HA-2, without water treatment). Particles of 
various sizes are visible with the larger ones been porous in (a) and smooth and vitreous in 
(b, HA-1, with water treatment) 
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Fig. 6. HRTEM image of the HA/Ti interface. The presence of the graded layer is evidenced  

6. Mechanical and tribological characterization 

As described before, bioceramics such as Al2O3 and HA are currently used as biomaterials 
for many biomedical applications partly because of their ability to form a real bond with the 
surrounding tissue when implanted (Cao et al, 1996). However, usually the main weakness 
of this material lies in their poor mechanical strength that makes them unsuitable for loads 
bearing applications.  
Our study is focused on understanding the mechanical characteristics and the tribological 
behaviour of a bioinert Al2O3 and a bioactive HA according to their micro-structural 
features processed by MS or PLD under several deposition conditions. The micro hardness,  
H, and elastic modulus, E, of the layers were measured using a nanoindentation system and  
a nano scratch experiments were employed to understand their wear mechanisms.  
The literature devoted to mechanical properties of bioceramics is not sufficiently exhaustive 
and this section intends to give some clarifications.  

6.1 Nanoindentation  
The mechanical properties of the Al2O3 and HA bioceramics coated by MS or PLD were 
analysed by nanoindentation technique using a Nanoindenter XP developed by MTS Systems 
Corporation. In this technique, a diamond tip (Berkovich indenter) was drawn into the surface 
under very fine depth and load control. The reaction force (P) was measured as a function of 
the penetration depth (h), both during penetration (loading phase) and during removal 
(unloading phase), with high load and displacement resolutions (50 nN and 0.04 nm 
respectively). H and E were deduced from the recorded load-displacement curve using the 
Oliver and Pharr procedure (Oliver et al. 1992). The force required to indent for a particular 
applied load (and its corresponding penetration depth) gives a measure of the hardness of the 
material, while the response of the material during removal indicates the apparent elastic 
modulus. Due to the low thicknesses of the coatings (500 to 1200 nm), the indentation tests 
were performed at shallow indentation depth to avoid or limit the effect of the substrate. 
Moreover, to follow the evolution of H and E values (in accordance to the indentation depth 
during loading phase) several partial unloading phases were introduced in order to estimate 
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the different contact stiffnesses. Consequently, the substrate effect on nanoindentation 
measurements was deduced. Prior to test, the Berkovich triangular pyramid was calibrated 
using the fused-silica samples following the Oliver and Pharr procedure (Oliver et al., 1992). 
Fig. 7 illustrates the experimental load-displacement curves obtained from the different 
bilayer Al2O3/304L systems (samples MS and PLD 5) whereas Fig. 8 shows the evolution of 
H and E, estimated on the 304L substrate as a function of the applied load (P) and the 
corresponding penetration depth (h).  
 

 
Fig. 7. Load-displacement curves obtained on Al2O3/304L systems processed by (a) MS and 
(b) PLD 5 

To obtain the H of a coated film, the indentation depth should be about ten times smaller 
than the film thickness, in case of a harder film deposited on a soft substrate (Buckle, 1973). 
Nevertheless, it mainly depends on (i) the mechanical properties of the film and of the 
substrate (ratios Hf/Hs  and Ef/Es), (ii) the indenter shape and (iii) the interface adhesion 
(Sun, 1995). Basically, the substrate effect on the determination of the Hf and Ef by 
nanoindentation is directly related to the expansion of the elastically and plastically 
deformed volume underneath the indenter during the loading phase. This critical depth 
normalized by the film thickness (hc/t) may vary between 0.05 and 0.2. The evolution of the 
composite hardness with indentation depth was predicted by various methods and models.  
 

 
Fig. 8. (a) Hardness and (b) elastic modulus as function of penetration depth determined 
from the 304L substrate without coating 
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In our study, due to the deposition of a hard film on a softer substrate, the analytical 
expression of Eq. 1 (Korsunsky, 1998) was used to extract the true Hf and Ef for the MS and 
PLD Al2O3 films: 
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where k is a fitting parameter. Here again, the contact depth is determined according to the 
Oliver and Pharr procedure (Oliver, 1992).  
Fig. 9 shows the evolutions of the composite hardness as a function of the indentation contact 
depth normalized to the coating thicknesses of the samples PLD 4, PLD 5 and PLD 6 and it can 
be seen that the previous equation can successfully described the shape of these curves.  
 

 
Fig. 9. Evolution of the harness according to the ratio (hc/t) for the sample (a) PLD 4, (b) 
PLD 5 and (c) PLD 6 

Using the same fitting equation (Eq. 1) the hardness of the MS sample was measured. Figure 
10 shows MS sample hardness measured values compared to PLD 4. The values of Hf, Hs 
and Ef are reported in Table 5. To determine the elastic modulus Ef of a film deposited on a 
substrate, a model should also be used to account for the substrate effect (Saha and Nix, 
2002). But, in a first approach, the average of elastic modulus is obtained by the plateau 
region of the curves (see Fig. 10 and Fig. 11). From these curves, an average value of Ef was 
obtained and reported in Table 5, assuming a Poisson coefficient of υ = 0.3 and υ = 0.25 for 
the 304L substrate and for the coatings respectively.  
 

 
Fig. 10. Hardness and elastic modulus evolutions as function of the penetration depth (ht) of 
MS  and PLD 4 samples 
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Sample Hf [GPa] Hs [GPa] Ef [GPa] 
MS 12.10 ± 1.23 2.60 ± 0.30 158 ± 13 

PLD 4 11.29 ± 0.35 2.34 ± 0.30 180 ± 15 
PLD 5 7.50 ± 0.25 2.29 ± 0.10 150 ± 20 
PLD 6 10.27 ± 0.25 1.95 ± 0.30 178 ± 13 

Table 5. Mechanical properties of Al2O3 films determined by nanoindentation (using Eq. 1) 

Fig. 9 illustrates a small difference between the experimental data and the fitting curves that 
could be explained by fracture phenomenon around the tip, defined by the physical 
meaning of the k parameter. In fact, SEM observations of the residual imprints (Fig. 12) 
show the formation of cracks in the contact zone for MS and PLD 5 layers. These cracks are 
related to the local microstructure and are predominately present on sample processed by 
MS and PLD5. They indicated the fragility of Al2O3 films compared to other ones which 
seem more ductile. Furthermore, it could also be linked to the smaller thickness of the Al2O3 
coating in case of PLD 5 (0.5 µm) compared to PLD 4 and PLD 6 (1.2 µm). 
It appears clearly that nanoindentation was relevant to extract the mechanical properties of 
the bioceramics films combined with microstructural observations showing the fragility 
aspects of the MS and PLD 5 films. For all samples, Hf and Ef values were in good 
agreements with those found by Ahn (Ahn, 2000) or Knapp (Knapp, 1996) for Al2O3 
deposited by Radio Frequency sputtering or pulsed laser deposition respectively.  
 

 
Fig. 11. Evolution of the elastic modulus for composite systems PLD 4, PLD 5 and PLD6 

 

 
Fig. 12. SEM observations of the residual imprints for indentation test performed at  
hT = 0.5 µm (first line of images) and hT = 1 µm (second range of images) 
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Nanoindentation experiments on bioactive hydroxyapatite layer (HA-1 and HA-2) PLD 
coated on massive Ti substrate were carried out and treated as described in this section. Due 
to the high porous and heterogeneous HA morphology (Fig. 5) a high scattering data was 
shown. Indeed, at low load, the scattering is related to the surface roughness and the surface 
morphology. Using a linear approximation, it was further possible to estimate the H and E 
values at the penetration depth of 100 nm that corresponds to several percent of the film 
thickness and thus to the intrinsic values of the mechanical properties of the tested HA 
coatings. Table 6 summarizes the obtained results. 
 

Sample H [GPa] E [GPa] 
HA-1 2.5 ± 0.5 80 ± 20 
HA-2 1.7 ± 0.5 65 ± 20 

Table 6. Experimental values of H and E for HA coatings determined by nanoindentation 

The values of nanohardness and elastic modulus experimentally determined in this study 
are in good agreements with the literature (Nieh, 2001; Deg, 2009). Most of them reported 
values of E and H determined by nanoindentation technique with a Berkovich indenter for 
plasma sprayed HA coatings on Ti ranging from 83 to 123 GPa and 4 to 5 GPa, respectively 
(Zhang, 2001). 

6.2 Nanoscratch  
In recent years, scratch testing has become a more popular and meaningful way to address 
coating damage and seems able to overcome the deficiencies found in other more subjective 
test methods. It involves the translation of an indenter of a specified geometry subjected to a 
constant or progressive normal load across a surface for a finite length at either constant or 
increasing speed. At a certain critical load the coating may start to fail. The beginning of the 
scratch can be taken as truly representative of the resistance of the investigated materials 
towards penetration of the indenter before scratching. The critical loads can be confirmed 
and correlated with observations from optical microscope. Fig. 13 schematically describes 
the scratch tester.  
The scratch testers measure the applied normal force, the tangential (friction) force and the 
penetration and the residual depth (Rd). These parameters provide the mechanical signature 
of the coating system. Using this general protocol, it becomes possible to effectively replicate 
the damage mechanisms and observe the complex mechanical effects that occur due to 
scratches on the surface of the coating. 
A typical scratch experiment is performed in three stages: an original profile, a scratch 
segment and a residual profile (Fig. 13). The actual penetration depth (hT) of the indenter 
and the sample surface are estimated by comparing the indenter displacement normal to the 
surface during scratching with the altitude of the original surface, at each position along the 
scratch length.  
The original surface morphology is obtained by profiling the surface under a very small 
load at a location where the scratch is to be performed. Figure 13 defines the different steps 
of a classical scratch procedure. Roughness and slope of the surface are taken into account in 
the calculation of the indenter penetration.  
The parameter commonly used to define the scratch resistance of the material, when 
fracture is involved, is the critical load. This parameter is the load at which the material first 
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fractures. LC1 and LC2  are the critical load values which correspond, respectively, to failure 
and detachment of the coating. The fracture events can be visible on both the microscope 
view and the penetration curves. 
All scratch experiments were performed with a spherical indenter with a tip radius R = 5 µm 
and at a constant sliding velocity of Vtip = 10 µm s-1. The parameters used for these 
experiments are reported in Table 7. 
 
Scratch Starting load [mN] Maximum load [mN] Loading rate [mN/s] Scratch length LR [µm] 

#1 1 16 0.3 500 
#2 10 25 0.3 500 
#3 20 40 0.4 500 
#4 40 80 0.4 1000 

Table 7. Scratch parameters  
 

 
Fig. 13. Schematic description of a typical scratch procedure: step 1, original surface 
morphology, step 2, penetration depth during scratch, step 3, residual depth of the scratch 
groove. 

Scratch experiments are known to be a more qualitative method compared to 
nanoindenation, and it is especially applied to compare the tribological response to friction 
of the tested surface during the same experimental procedure. In particular, scratch testing 
is widely used to determine the critical parameters for failure, such as the critical load which 
can be clearly seen when discontinuities appear on the different curves hT versus FN or FT 
versus FN. A further parameter of importance for tribological behaviour of films is the 
friction coefficient, defined as the ratio FT/FN. 
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In our study, residual scratch tracks were observed by SEM and compared to the experimental 
load-displacement curves during scratch to get access to the tribological properties of the 
deposited bioceramics in function of the used processes of elaboration (MS or PLD).  
As observed for MS and PLD 5 samples, the failure and then detachment of the Al2O3 
coating result in a abrupt changes in load-displacement curves, shown in Fig. 14(a-b), that 
show that critical load were reached. This is characteristic of an important release of an 
elastic energy during the propagation of cracks into Al2O3 films and then in the interface 
between the film and the underlying substrate, yielding to delamination. By contrast for the 
PLD 6 sample (Fig. 14c), no change in the hT versus FN curves is observed, proving that no 
ductile-brittle transition occurs for the tested normal load range. Same trend was observed 
for the PLD 4 sample but not presented here. 
 

 
Fig. 14. Penetration depth as a function of the applied load during scratch measurements 
numbered 1 to 4 for (a) MS and (b-c) PLD 5 and PLD 6 samples. 

SEM observations (Fig. 15), showing the scratch morphologies, clearly indicate that the 
initiation of failure occurs at the beginning of the scratch experiments for sample PLD 5 
where partial cone track is initiated at the trailing edge of the spherical indenter, rapidly 
followed by delamination process of the Al2O3.  
 

 
Fig. 15. SEM micrographs of the residual groove of scratch experiments 4 for the MS and 
PLD Al2O3 coatings 
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For MS sample, failure events can be seen with cracks perpendicular to the scratch direction 
that appear on the bottom of the groove. These cracks are essentially due to the tensile stress 
at the trailing edge of the contact during friction. Furthermore, others cracks are visible on 
both sides of the scratch (Fig. 15). In contrast, PLD 4 and PLD 6 samples show no evidence 
of failure and a rather ductile behavior as seems to indicate the allure of the load-
displacement curves for these samples (Fig. 14). 
As mentioned with nanohardness measurements, the mechanical properties of PLD 6 are 
higher. It is important to note that the harder film (PLD 6) appears to be tougher than the 
softer (PLD 5), as determined by nanoindentation experiments exposed in the above section. 
However, failure processes are dependent on the deposition routes through residual stresses 
generated at the interface between film and substrate and also on the adhesion energy 
which can explain that MS sample (which shows the higher hardness compared to any PLD 
samples) is subject to cracking under nanoscratch. We can, however, notice that in 
comparison to PLD 5, these failure events appear with some delay and for a higher load. 
Using the same tribological experimental conditions scratch tests were performed on the HA 
samples. Some results are given in Fig. 16 with increasing load from 0.75 to 15 mN (realized 
in three steps) at the sliding speed of 10 µm·s-1 (length scratch was 500 µm). 
The HA tribological behaviour is opposed to one of Al2O3 layer. It is due to the surface 
morphology of this last one which is a dense, homogeneous and with weak roughness. 
Opposite tribological performance of the PLD HA on Ti substrate is conditioned by its 
topography presenting a high roughness due to the presence of droplets of different 
diameters and nanoaggregates. This can de described by the high level of oscillations in the 
penetration curves. The HA-1 and HA-2 analysis of curves cannot clearly show a distinct 
mechanical behaviour within the tested range of load.  
 

 
Fig. 16. Resistance to Penetration curves determined by scratch experiments on (a) HA-1 and 
(b) HA-2 

7. Conclusions 

Morphological, structural, nanoscratch and nanoindentation studies were performed to 
evaluate the composition, crystallinity status and mechanical properties of Al2O3/304L and 
HA/Ti structures synthesized by PLD and MS. We compared the characteristics of the 
substrates and their coatings deposited in different conditions. Alumina nanostructured 
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films had a smooth surface, with few alumina particulates deposited on. They were 
stoichiometric, partially crystallized with an amorphous matrix. The obtained values of 
hardness and elastic modulus of the studied films are in good agreements with those found 
in literature. Different mechanical behaviours were observed in relation to different 
parameter of deposition (with or without working pressure in O2). By nanohardness and 
wear measurements, the mechanical properties of PLD 6 are higher. The harder PLD 6 film 
appears to be tougher than the softer films MS and PLD 5, as determined by nanoscratch 
experiments and validate by tribological tests. We also compared the characteristics of the  
HA synthesized with (HA-1) and without (HA-2) a post-deposition heat treatment in water 
vapour showing a well-crystallized, polycrystalline structure and an irregular HA 
morphology due to the chemical etching of the substrate and the presence of some HA 
particles and droplets, characteristic to PLD coatings.  
Tribological behaviour of HA samples is mainly conditioned by the surface morphology as 
detected by the numerous oscillations on the scratch penetration curves. During scratching, 
the plastic strain is the leading deformation mechanism without failure event, at least in the 
tested load range. 
These studies reveal that the pulsed-laser deposition and magnetron sputtering techniques 
appears extremely versatile technology and good candidates in tribological applications. 
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1. Introduction  

Currently, mechanistic and biological phenomena within the cellular level are not well 
understood (Bao & Suresh, 2003) and the evolution of those during disease or treatment is 
also unclear. Cells are complex structures with nuclei and organelles, whose dimensions 
require the development of micro and nanotechnologies for effective manipulation and 
monitoring. Indeed, sizes of nuclei vary from 3 to 7 µm for differentiated cells. In embryos, 
nuclei are not surrounded by a membrane although the genetic material is mostly 
compounded in a 9µm diameter region. Other organelles, with specific functions in 
eukaryotic cells like mithocondria, can have smaller sizes (1 µm). In addition, histologists 
know that important parameters such as pH or Ca/Na/K concentration can greatly vary 
locally within the cytoplasmic region. Recently, Weibel (Weibel et al., 2007) argued the need 
for microbiology to evolve into a quantitative field. The argument predicted the 
development of microsystem tools to enable individual cell manipulation, growth, and the 
study of subcellular organization, while mechanisms of differentiation and communication 
between cells would be unveiled. Indeed, current research efforts aim at investigating the 
genetic, biochemical, and behavioural differences among cells. On-going development of 
microstructures to quantitatively study parameters within single cells will lead to a 
thorough understanding of subcellular activity, including pathogenesis with an 
unprecedented level of detail. In addition, these efforts will pave the way for highly-
effective, cell-tailored, drug delivery. The problems are  of course how to effectively 
manipulate cells, how to position a sensor at specific locations within the cell, and even how 
to penetrate the different organelles, as depicted in Figure 1. This chapter will review 
current concerns on cell manipulation and recent developments in micro and 
nanofabrication technologies aiming at the increased functionality of cellular tools. 

2. Microfabrication technologies for cellular handling 

A first step in the study of cells inevitably starts by designing tools and protocols for cell 
handling, as the manipulation of the uttermost external membranes in life cells are likely to 
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introduce perturbations in the system that could ultimately impact either the sub-cellular or 
intercellular processes to be elucidated. Pipettes are typically pulled and thinned by pullers, 
cut to the appropriate inner diameter by microforging techniques, and polished. Human 
fertility scientists identified earlier (Huang et al., 1996) the difficulties around tool preparation, 
and the importance of appropriate cell handling  during in vitro fertilization (IVF) procedures. 
Following this line of thought, and in view of the traditional manufacturing approach 
currently active in the trade, technologists have pondered whether cell handling is hindered 
by rudimentary-manufactured manipulators (Campo et al., 2009 a and b).  
 

 
Fig. 1. Schematic describing functionalities of intracellular manipulator.  
After Kometani et al., 2005b1. 

Conventional pipettes consist of borosilicate glass capillaries that are subsequently thinned, 
cut, and polished to achieve appropriate tip geometries with adequate dimensions. Figure 2 
shows commercially available glass capillaries whose difference in geometry has been 
controlled by a puller with a combination of axial tension and thermal treatment (Sutter 
Instruments, 2008). In recent years, cell microinjection has become a crucial procedure in cell 
and reproductive biology. Microinjection of cells is routinely used in various biotechnological 
and biomedical applications such as reproductive cloning of animals by nuclear transfer 
(Kishigami et al., 2006), production of transgenic animals by DNA injection into embryos 
(Ittner and Götz 2007) or in vitro fertilization of oocytes by intracytoplasmic sperm injection 
(ICSI) (Palermo et al. 1992; Yoshida and Perry 2007). Higher cell survival rates have been 
reported to result from minimized microinjection damage when high quality pipettes are used. 
With common-practice microinjection methods, 5-25% of mouse oocytes lyse during ICSI 
(Lacham-Kaplan & Trounson, 1995) and 20-30% of mouse embryos lyse after pronuclear 
microinjection of DNA (Nagy et al. 2002). With all, experimental evidence suggests that crucial 
conventional pipette manufacturing procedures involve tedious artisanal methods that are 
prone to failure (Yaul et al., 2008; Ostadi et al., 2009).  
                                                 
1 Reprinted from Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with 
Materials and Atoms, Vol. 232, No. 1-4, Kometani, R.,Hoshino, T., Kanda, K., Haruyama, Y., Kaito, T., Fujita, 
J., Ishida, M., Ochiai, Y., & Matsui, S. , Three-dimensional high-performance nano-tools fabricated using 
focused-ion-beam chemical-vapor-deposition, pp. (362-366), 2005, with permission from Elsevier 
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Despite the absence of a thorough bio-mechanistic explanation to pipette-cell interaction, 
trial and error-based initiatives have accumulated a wealth of specifications applicable to 
tools and piercing techniques in different scenarios. Figure 2 shows electron microscopy 
images of pre-processed pipettes (top) and optical microscopy images of conventionally 
processed pipettes to different geometries. In particular, for most applications involving 
oocytes and embryos, injection pipettes must be bevelled and often spiked at the tip (Yaul et 
al. 2008; Nagy et al. 2002). Bevelled spiked tips (as those shown in Figure 3) favour 
penetration through a thick zona pellucida and an elastic plasma membrane.  
 

 
 

 
Fig. 2. Electron and optical microscopy images of pre-processed (top) and conventionally 
processed capillaries.  

The different geometries achieved by forging and polishing techniques have some 
versatility to accommodate for different piercing scenarios. Microinjection protocols for 
sperm injection, particularly those used for injecting mouse oocytes, occasionally need flat-
end micropipettes to first “core” through the zona pellucida and then through the oolemma 
using minute vibrations from a piezo device. Pipettes used with a piezo drill require a clean 
90-degree break at the tip (amenable to be produced by a microforge) and a bevel or spike at 
the tip is not needed to assist perforation. The inner diameter of these pipettes must be 
carefully controlled for the pipette to be most effective. The pulled pipette is usually cut on a 
microforge to the appropriate diameter (Sutter Instruments, 2008). Figure 3 shows SEM 
images of tips from glass pipettes, revealing rough edges in pre-processed pipettes and 
polished edge in a conventionally-used pipette in human ICSI; where smooth edges and a 
bevelled tip with a spike assist during perforation. 
Indeed, edge finish is an important factor in pipette quality. Abrasion, acid and fire 
polishing are common techniques to remove morphological irregularities from pipette 
edges.  In a recent study, Yaul and coworkers (Yaul et al., 2008) investigated the impact of 
different gas chemistries during fire-polishing of IVF pipettes. Typically in IVF industry, 
glass micro tools are drawn from hollow glass capillaries of 1 mm diameter (Yaul et al., 
2008). These thinned capillaries are cut manually to a length of 100 mm from hollow glass 
rods resulting in sharp and chipped edges, similar to those shown in Figure 3 (left). 
Resulting sharp and uneven edges are known to easily pick up debris, rendering them 
ineffective for IVF treatments. Yaul’s experiments involved analysis of fire polishing process 
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using candle, butane, propane, 2350 butane propane, and oxyacetylene gas flames to find the 
appropriate gas chemistry, the optimum distance of the capillary relative to the flame, and the 
optimum heating and cooling times as the tip morphology is modified by the glass phase 
transition. The results show that the temperature range in 2350 butane propane gas (between 
925–1,015°C) is optimum for fire polishing of borosilicate glass capillaries, as the softening 
point of borosilicate glass is 820°C and the working temperature lies between 1,000 to 1,252°C.  

 

 
Fig. 3. Electron microscopy images of unpolished glass pipette (left) and commercially-
polished (Humagen, Virginia) pipette  (right).  

The uneven pattern in heat radiance from a non-punctual heating source was also 
tentatively addressed by exposing capillaries to the top, middle, and bottom section of the 
flame, as shown in Figure 4. Inspection of edge roughness was conducted by optical 
microscopy and discussion was only provided in a qualitative manner.   
 

 

 
Fig. 4. Optical microscopy images showing the effects of pipette exposure to candle flame 
(above) and to 2350 Butane Propane (below) at different sections in the candle flame.  
(after Yaul et al., 2008)2 

                                                 
2 With kind permission from Springer Science+Business Media: Biomedical Microdevices, Evaluating the 
process of polishing borosilicate glass capillaries used for fabrication of in - vitro fertilization (iVF) 
micro-pipettes, Vol. 10, No. 1, (2008), pp. (123-128), Yaul, M., Bhatti, R., & Lawrence, S. Figures 8 and 9. 
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Reportedly, fire-polished capillaries were tested in IVF clinics in the UK, with great 
acceptance over pipettes with non-fired polished edges. Although fire polishing seems to 
have an impact on pipette performance, there is still a lack of quantitative measure of both 
thermal parameters (for automation) and effects of this treatment on edge roughness. 
At this time, it is unclear what levels of roughness are acceptable for adequate cell handling. 
A number of questions arise as the importance of the edge surface to be atomically flat for 
cell handling or even for organelle perforation. Incidentally, Malboubi and coworkers 
(Malboubi et al., 2009) unequivocally correlated pipette surface roughness (in the order of 
nanometers) with giga-seal formation in patch clamping, providing semi-quantitative 
evidence of improved roughness based on the resolution provided by electron microscopy 
images. Commonly used characterization techniques to measure roughness in 
microelectronics, such as atomic force microscopy (AFM) are amenable to be deployed in 
the context of tools for the biological sciences. This is possibly the most sensible step looking 
forward in the process to understand edge roughness and its consequences on cellular 
manipulation.   
To this effect, a number of efforts to introduce current microtechnologies into the context of 
pipette processing (Kometani et al., 2005-2008; Malboubi et al., 2009; Campo et al., 2010a) 
and piercing techniques (Ergenc & Olgac, 2007) have appeared in the literature. In 
particular, the use of focus ion beams and electron microscopy may have opened a new 
avenue to the generation of improved or even, altogether new, tools in the biomedical 
sciences. In the next sub-sections we will review the functionalities of focus ion beams and 
the incipient efforts to apply those to the life sciences. 

2.1 Micro-nano fabrication using focus ion beam technologies  
In the last few decades, technological advancements in computing capacity, vacuum pumps, 
and differential vaccumm columns among others have had a large impact on electron and 
ion microscopy. Scanning electron microscopes (SEMs) can now operate in dry vacuum or 
wet mode, possibilitating imaging of hydrated specimens in their native environment. To 
the myriad of developments, it is worth emphasizing the revolutionary contribution of dual 
focus ion beam systems (FIBs), where the usual single electron gun in SEM is now 
complemented with a gallium ion gun. The complementary gun keeps a coincidental point 
with the electron gun, and their intersecting angle depends on the manufacturer. In 
addition, the systems are usually complemented with in situ gas sources. The action of a 
focus beam of gallium ions is schematically depicted in Figures 5 and 6.  
Gallium ions are larger and heavier than electrons. When accelarated, they (brown spheres 
in Figure 5) impinge on a surface and their interaction with the outmost atoms on the 
substrate will result in atomic ionization and breaking of chemical bonds. As a result, outer 
atoms in the substrate are sputtered away, as seen in the grey spheres in Figure 5. The 
availiability of gas injectors in the FIB chamber can actually assist the atom ejection process 
by first adsorbing, and then chemically etching the targeted surface (blue spheres in Figure 
5). The use of gases can acelarate milling in large regions and facilitate etching through deep 
trenches. In addition, gallium ions are likely to be unintentionally implanted during etching. 
Unintentional gallium ion implantation could have deleterious effects over the applicability 
of biomedical tools, as will be discussed later.  
The other-less known- functionality adscribed to FIB is the gas-assisted deposition of metals 
and insulators, as seen in Figure 6. In this scheme, the combined action of gallium ions 
(brown spheres) and gas molecules (blue and green sphere-coplexes) emerging from the in 
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situ sources, results in the adsorption of gas molecules to the substrate, which leads to a 
thermally-driven gas molecule disocciation. Finally, the unwanted dissociated species are 
sputtered. Similarly to milling, implantation of both gallium ions and dissociated species are 
likely to occur during deposition.  
The reader is directed to the monograph on Focus Ion Beams by Lucille Giannuzzi and Fred 
Stevie (Giannuzzi & Stevie, 2005) for a thorough and rigorous description of the technique.  
 

 
Fig. 5. Schematic describing atomic processes during ion beam-promoted sputtering. 

 

 
Fig. 6. Schematic describing atomic porcesses during ion-beam assistend gass deposition.  

2.2 FIB micro-nano fabrication for customized pipettes 
Fabrication of microinjection pipettes and micromanipulators with finely-controlled 
piercing angles, nanometer polishing, and versatile tip geometries is the next step to 
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improve cell manipulation efficiency. Microsystem-based technologies hold the promise to 
mass-manufacture such highly functional tools with highly customized tips. This high 
customization is likely to have an impact on both current and future cell handling and cell 
probing. In particular, FIB micromachining has been receiving some attention lately in this 
application context. Indeed, FIB is rapidly becoming useful in diverse environments, serving 
multiple applications. Some of which differ greatly from the initial aims of FIB towards, for 
example, identification of failure mode analysis in the semiconductor industry or the 
thinning of lamellas (Gianuzzi and Stevie, 2005) for transmission electron microscopy 
inspection in materials science. 
The pervasive nature of FIB capabilities, combined with the increasing cross-talk between the 
physical and the life sciences have been conducive to the pursuit of FIB as means of pipette 
customization. Some of the first evidence in this effort came from Kometani and coworkers, 
who retrofitted conventional glass pipettes (glass capillaries) by building nanostructured 
nozzles (Kometani et al., 2005a). The process is depicted in Figure 7 (Kometani et al., 2005b), 
where a conventional pipette is subjected to pulling (for thinning purposes), gold coating (to 
minimize electrical charing during electron and ion beam bomdardment),  and FIB 
customization by chemical vapor deposition (CVD) and further milling. 
 

 
Fig. 7. Pipette microfabrication sequence in FIB. After Kometani et al., 2005b3. 

CVD deposition refers to the gas deposition process described in the previous section. 
Phenanthrene gas (C14H10) is well known for yielding three-dimensional diamond-like 
carbon (DLC) when used as a precursor in FIB-assisted CVD. Reportedly, this precursor is 
a good choice for either filling predetermined voids or for growing a fill tube directly 
above a fill hole (Biener et al. 2005). Other precursor gases are readily available on 
conventional commercial FIBs, such as tungstene (W) and silicon oxide (SiO2), opening up 
the materials space to applications with  conductivity and structural requirements 
(Kometani et al., 2007). 
                                                 
3 Reprinted from Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with 
Materials and Atoms, Vol. 232, No. 1-4, Kometani, R.,Hoshino, T., Kanda, K., Haruyama, Y., Kaito, T., Fujita, 
J., Ishida, M., Ochiai, Y., & Matsui, S. , Three-dimensional high-performance nano-tools fabricated using 
focused-ion-beam chemical-vapor-deposition, pp. (362-366), 2005,  with permission from Elsevier 
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In this scheme, nozzle structures were first fabricated on silicon substrates (Kometani et al., 
2003). Irradiation of selected areas in the surface under a constant phenanthrene gas flow was 
performed following a scanning sequence dictated by a function generator. This function 
generator specified the pathway of the ion beam which determines the local DLC deposition, as 
depicted in Figure 6, with nanometric presicion. The pathway is not only being dictated on the 
x-y plane perpendicular to the tip by the usual lateral scanning action of beams. It also suffers 
modification on the vertical z axis, parallel to the pippette axis, presumably by varying the focal 
depth of the ion beam. The convolution of both lateral scanning and vertical height variation, 
would produce a helix trayectory, as shown in the schematic of Figure 8 top, which summarizes 
the synthesis of nozzle structures by DLC deposition. Nozzle fabrication is followed by spot 
milling of the inner channel, and tip customization by sectioning at specific angles. 
Figure 8 (middle row) shows the progression of nozzle building with final inner and outer 
channels of 150 nm and 1580 nm at tip and base, respectively. The post-fabrication cross-
section images (as seen in the last images in middle and bottom row) suggests even 
deposition and absence of voids, although the DLC surface has probably been 
unintentionally polished during FIB cross-sectioning. Further discussion would be needed 
to clarify the structural quality of as-grown DLC in these architectures.  
 

 

 

 
Fig. 8. FIB sequence for pipette micromanufacturing through vapor deposited DLC.  After 
Kometani et al., 20034. 

                                                 
4 This material is the reproduction from . Japanese Journal of Applied Physics, Vol. 42, No. 6B, (February 
2003), pp. 4107-4110,  Nozzle-Nanostructure Fabrication on Glass Capillary by Focused-Ion-Beam 
Chemical Vapor Deposition and Etching, 2003, Kometani, R., Morita T., Watanabe, K., Kanda K., 
Haruyama, Y., Kaito, T., Fujita, J., Ishida, M., Ochiai, Y., & Matsui, S. 
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Similarly, nozzle architectures can be implemented on pipette surfaces (Kometani et al., 
2003). Again, by combining etching and deposition FIB capabilities, a final nozzle of 220 nm 
tip inner diameter can be tightly sculpted on the edges of a commercial glass pipette, as seen 
in Figure 8 (bottom row). In this process, an initial polishing of the edges takes place to 
subsequently facilitate a smooth deposition. The function generator designed for sculpting 
this nozzle tapered a cone-like shell, from 1500 nm to 480 nm outer diameters and from 870 
nm to 220 nm inner diameters. A cross-section view of the structure shows the sharp 
interface between glass and DLC. Although values of interface strength were not reported 
along with fabrication methodology, this approach could be sound for cellular handling. 
We have mentioned earlier how the versatility of FIB milling and deposition is not only due 
to the high position ability of the ion beam itself, but also to the high programmability of the 
scanning lenses (magnetic fields). Coupled with design software, sophisticated 3-
dimensional patterns can be sculpted at pipette edges, as seen in Figure 9 (Kometani et al., 
2005a, and 2006). Nanonets could be sculptured at the edges of pipettes (Kometani, 2005b) 
(not shown), offering a singular approach to collecting 2µm polystyrene spheres submerged 
in an aqueous environment. 
 

 
Fig. 9. SEM images of nozzle architectures, after Kometani et al., 2005a5, and 20066. 

                                                 
5 Reprinted with permission from Journal of Vacuum Science & Technology B: Microelectronics and Nanometer 
Structures, Vol. 23, No. 1, pp. (298-301), Performance of nanomanipulator fabricated on glass capillary by 
focused-ion-beam chemical vapor deposition, Kometani, R., Hoshino, T., Kondo, K., Kanda, K., Haruyama, 
Y., Kaito, T., Fujita, J., Ishida, M., Ochiai Y., & Matsui, S. (2005) American Vacuum Society. 
6 Reprinted from Microelectronic Engineering, Vol. 83, No. 4-9, , Kometani, R., Funabiki, R., Hoshino, T., Kanda, 
K., Haruyama, Y., Kaito, T., Fujita, J., Ochiai, Y., & Matsui, S., Cell wall cutting tool and nano-net fabrication by 
FIB-CVD for subcellular operations and analysis, pp. (1642-1645), (2006), with permission from Elsevier 
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The nanonet design serves as a proof of concept conducive to manipulation and analysis of 
subcellular organelles. Design possibilities go beyond passive components and an 
electrostatically-active manipulator has also been demonstrated, as shown in Figure 9 (top) by 
a 4-finger nanomanipulator, clampling 1µm-diameter latex microspheres. The scenario to 
selectively capture subcellular organelles of a specific size in a cell of choice was explored by 
constructing a multi-component tool. The multicomponent tool consisted of a cell wall-cutting 
needle and a nano-net of a pre-defined mesh size (Figure 9 bottom). Chloroplasts in an Egeria 
densa leaf were selectively captured by size-filtration in a nanonet. Filtration was activated by 
the naturally-occurring capillary suction at the tip of the pipette (Kometani 2006). Indeed, the 
filtering tool was manipulated to approach a specific cell (Kometani 2006), and the needle was 
inserted into the cell wall with the assistance of an external micromanipulator. Filtering of 
smaller organelles took place, leaving chloroplasts in the cell cutting component, also acting as 
a surgical scoop. Reportedly, this process was completed in 7 s, and the filtered chloroplasts 
from the cell of interest are shown in Figure 9 (bottom right). 
The wealth of examples provided by Kometani and co-workers has paved the way for a 
radical approach to pipette design and manufacturing, opening a whole new perspective in 
procedures for biological handling at the cellular and subcellular level. Following the initial 
stages of proof of concept, a few questions arise regarding reliability; such as the mechanical 
properties of the ensemble. As-deposited FIB DLC shows a large Young’s modulus  
(600 GPa-Kometani 2003 and references therein), yielding a stiffness comparable to  
other ceramics such as SiC and WC. In addition, the nanomanipulators did survive tests 
involving microsphere manipulation and chloroplast filtration. However, a more detailed 
analysis of mechanical durability of these structures in the relevant context applications is 
necesary. 
Albeit, questions regarding toxicity and biocompatibility need urgent attention (Campo et 
al., 2011). It is worth emphasizing that gallium ions are likely to be implanted during both 
milling and deposision in FIB. Further studies are needed to address the impact of ion 
implantated tools on cellular activity. The next section will describe the work by Campo and 
co-workers who  milled conventional glass pipettes at specific angles (Campo et al., 2010a) 
by FIB, yielding extremely polished edges with high precision. Tests during mouse embryo 
piercing, correlated increased penetration rates with decreased pipette angle. In addition, 
optimum embryo development after manipulation revealed little impact of residual 
implanted gallium ions, suggesting biocompatibility. It was also observed that  milled 
pipettes maintain structural integrity after repeated piercing. Micromachining of glass 
pipettes by FIB could be amenable to mass production, presenting a promising avenue for 
future, increasingly demanding, cell handling. 

2.3 FIB microfabrication for cell handling: Piercing and biocompatibility 
Recapitulating, prior sections have described how manufacturing embryo injection pipettes 
is a delicate task. Typically conducted manually, trial-and-error pulling and heating control 
the inner and outer diameters as well as the length of the taper (Nagy et al., 2002).    In FIB, 
areas can be milled selectively by gallium ions, as discussed earlier. In this section, we will 
describe how careful choice of time and current in the ion beam allows for high-quality 
polishing, providing qualitatively smooth, regular tapers. The high spatial selectivity in FIB 
has been effectively used to design sharp pipette tips, creating highly customized capillaries 
(Campo et al., 2010a). In this context, customization involved controlled bevelled angles as 
well as regular taper finishes. In an attempt to address the usability of FIB-customized 
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pipettes in an impactful application context and also to partially address biocompatibility, 
mouse oocytes and embryos were used in piercing tests. Mouse embryos pose an ideal test 
bench for initial assessment of biocompatibility since small perturbations at the initial 
developmental stages are likely to impact embryonic development.  
Important technological advances have taken place on oocyte and embryo microinjection 
recently. Oocyte and embryo microinjection can be performed with flat-ended pipettes 
which are easier to fabricate but often require piezoelectric-driven drilling to mechanically 
advance the pipette tip through the zona pellucida and plasma membrane (Yoshida & Perry, 
2007). Piezo-driven drilling has been key to the success of experimental procedures 
involving microinjection of mouse oocytes in processes such as ICSI. The high elasticity of 
mouse oocyte plasma membrane complicates manual perforation without rupture using 
conventional bevelled and spiked pipettes, systematically requiring piezo-drilling. Although 
not strictly necessary, piezo-driven drilling greatly simplifies mouse embryo piercing. In 
this scheme, a small amount of mercury is typically loaded in the micropipette to minimize 
lateral vibrations, preventing cell damage (Ediz & Olgac, 2005). However, the additional 
cost of piezo-drills and, more importantly, toxicity issues arising from the use of mercury, 
have limited the use of piezo-assisted microinjection to just a few species (Yoshida & Perry, 
2007; Ergenc et al., 2008).  
Following this line of research and given the increasing need to improve current cell piercing 
(Ergenc & Olgac, 2007) and pipette quality (Yaul et al. 2008; Ostadi et al. 2009), Campo and 
coworkers (Campo et al., 2010) have sharpened conventional glass capillaries by FIB and 
tested them in mouse embryos.  For the first time, the effect of sub-nanometer pipette 
polishing on zona pellucida and plasma membrane piercing is investigated. In addition, in 
vitro development of injected embryos was monitored, providing an early assessment on 
damage and toxicity from FIB-processed pipettes.  A total of three capillaries were sharpened 
at 30, 20, and 15° (capillaries number 1,2, and 3, respectively), with profiles shown in Figure 10. 
The resulting edges were smooth after successive polishing. The insert in Figure 10a 
(previously shown in Figure 3 right) shows a commercial glass pipette used in human ICSI 
(Humagen, Virginia) featuring a sharp spike that, according to commercial specifications, has 
an angle between 25 and 30°. This angle is similar to those of pipettes number 1 and 2. Table 1 
lists the different capillaries describing the final angular features.  
 

 
Fig. 10. SEM images of pipettes (left) 1, (centre)  2 , and (right) 3, sharpened at 30˚, 20˚, and  
15˚, respectively and showing beveled cut. Insert in (a) top left shows a commercial ICSI 
pipette. Inserts in (a), (b), and (c) top right show side-views of the milled pipettes.7 

                                                 
7 With kind permission from Springer Science+Business Media: Biomedical Microdevices, Focus  Ion  Beam  
Micromachined  Glass  Pipettes  for  Cell  Microinjection.,  Vol.  12,  No.2,   2010,  pp.  (311–316), Campo,  E.M.,  
Lopez-Martinez,  M.  J.,  Fernández,  E.,  Barrios,  L.,  Ibáñez,  E.,  Nogués,  C.,  Esteve,  J.,  &  Plaza,  J.A. 
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Capillaries number 1, 2, and 3 were used to pierce zona pellucida and plasma membrane of 
mouse embryos at the one cell stage (Figure 11). When successful, once inside the 
perivitelline space, the sharp tip was positioned to deform the plasma membrane and pierce 
it, penetrating within the cytoplasm. This process was conducted with a micromanipulator; 
applying pressure manually, in the absence of piezo-drilling. 
A total of 20 embryos were used to test the injection efficiency of each pipette and the results 
are summarized in Table 1. Successful penetration of both the zona pellucida and the 
plasma membrane was achieved with all pipettes tested, with varying efficiencies and rates 
of embryo lysis. Pipette number 1 went through the zona pellucida in 60% of the tested 
embryos, leaving 40% unperforated. Further plasma membrane penetration was achieved 
with a 45% success rate, applying high pressures that resulted in extensive embryo 
deformation, possibly promoting lysis.  All of the tested embryos were perforated with 
pipette number 2, totaling 75% penetration rate of both the zona pellucida and the plasma 
membrane. Pipette number 2 failed to perforate the plasma membrane in only 25% of the 
tested embryos. Finally, zona pellucida and plasma membrane penetration was achieved in 
100% of the embryos punctured with pipette number 3.  
 

Pipette 
number 

Beveled 
angle [º] of 

micropipette

Number of 
embryos 

used 

Penetration
of ZP and 
PM (%)* 

Penetration of 
ZP only (%)** Lysis (%)b 

1 30 20 9 (45)a 3 (15)a 3 (33.3)a 
2 20 20 15 (75)a 5 (25)a 7 (46.7)a 
3 15 20 20 (100)b - 6 (30)a 

* ZP: zona pellucida; PM: plasma membrane 
** Number (percentage) of embryos that lysed after successful penetration of both ZP andPM 
a–b Values with different superscripts within the same column differ significantly (p < 0.05). 

Table 1. Injection efficiency and rates of lysis in mouse embryos penetrated with capillaries 
beveled at different angles.8 

Lysis was observed only in embryos in which both the zona pellucida and the plasma 
membrane penetration was successful. Rates of embryo lysis were 33%, 46.7%, and 30% for 
capillaries number 1, 2, and 3, respectively. Pipettes were structurally sound, as no chips or 
fractures developed after piercing multiple embryos. Embryos that survived 
micromanipulation with pipette number 3 (n=14) were kept in culture for 96 h, and their 
development was assessed every 24 h, as seen in Table 2. These will be referred to as 
micromanipulated embryos throughout this discussion. An additional collection of embryos 
that were cultured in parallel with the micromanipulated embryos but without going 
through micromanipulation was used for comparison. We will refer to these as control 
embryos (n=23). In vitro embryo development results are summarized in Table 2. Control 
and micromanipulated embryos cleaved at similar rates (86.9% and 92.8%, respectively) and 
developed to the blastocyst stage (see Figure 12) also at similar rates (82.6% and 78.6%, 
respectively).  
                                                 
8 With kind permission from Springer Science+Business Media: Biomedical Microdevices, Focus  Ion  Beam  
Micromachined  Glass  Pipettes  for  Cell  Microinjection.,  Vol.  12,  No.2,   2010,  pp.  (311–316), Campo,  E.M.,  
Lopez-Martinez,  M.  J.,  Fernández,  E.,  Barrios,  L.,  Ibáñez,  E.,  Nogués,  C.,  Esteve,  J.,  &  Plaza,  J.A 
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Fig. 11. Optical images of injection with pipettes number (a) 1 (b) 2, and (c) 3. The images 
were acquired at different stages in the piercing process. The observed embryo deformation 
is not indicative of the penetration depth prior to piercing.9 

 
 

Group of embryos 
 Embryos (%) developed to 

Number of 
embryos 2-cell 4-cell Monula Blastocyst 

Micromanipulated 14 13 (92.8) 13 (92.8) 13 (92.8) 11(78.6) 
Control 23 20 (86.9) 20 (86.9) 20 (86.9) 19 (82.6) 

Table 2. In vitro development of mouse embryos successfully penetrated with pipette  
number 3.10 

Summarizing, only pipette number 3 could penetrate the zona pellucida and the plasma 
membrane with 100% success and avoid lysis with 70% success. Piercing with pipettes 1 and 
2 resulted in a more difficult plasma membrane penetration, as summarized in Table 1. 
Penetration rates increase with a decreased pipette angle. However,  some lysis was 
unavoidable for all three pipettes. The correlation between sharpness and lysis is unclear, as 
sharper tips do not appear to minimize damage during piercing or decrease lysis. The finish 
in the pipette surely has an impact both in the piercing effect and in embryo development. 
Indeed, roughness and chipped edges in pipette tips are thought to be responsible for 
introducing contaminants into the oocyte, therefore inhibiting fertilization (Yaul et al., 2008). 
Some additional work has also been done assessing the effect of FIB- taper finish on 
penetration and damage (Campo et al., 2009b), although only in a qualitative fashion. These 
results show that capillary number 3 with 15°-sharp, smooth, finished tips by FIB could 
penetrate the zona pellucida and the plasma membrane efficiently, in good agreement with 
classic piezo-assisted drilling (Nagy et al., 2002).  
                                                 
9 With kind permission from Springer Science+Business Media: Biomedical Microdevices, Focus  Ion  
Beam  Micromachined  Glass  Pipettes  for  Cell  Microinjection.,  Vol.  12,  No.2,   2010,  pp.  (311–316), 
Campo,  E.M.,  Lopez-Martinez,  M.  J.,  Fernández,  E.,  Barrios,  L.,  Ibáñez,  E.,  Nogués,  C.,  Esteve,  J.,  
&  Plaza,  J.A. 
10 With kind permission from Springer Science+Business Media: Biomedical Microdevices, Focus  Ion  
Beam  Micromachined  Glass  Pipettes  for  Cell  Microinjection.,  Vol.  12,  No.2,   2010,  pp.  (311–316), 
Campo,  E.M.,  Lopez-Martinez,  M.  J.,  Fernández,  E.,  Barrios,  L.,  Ibáñez,  E.,  Nogués,  C.,  Esteve,  J.,  
&  Plaza,  J.A. 
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Biomedical Engineering – From Theory to Applications 

 

288 

 

 
Fig. 12. Optical images of previously injected embryos showing development to the 
blastocyst stage.11 

Survival rates during the in-vitro development of embryos previously manipulated with 
pipette number 3 were similar to survival rates of control, non-manipulated embryos (Table 
2). All 14 embryos pierced with pipette number 3 were monitored for in-vitro development, 
noting the survival rates at the two-cell, four-cell, morula, and blastocyst stages.  Most 
micromanipulated embryos successfully developed to the two- and four-cell stages as well 
as at morula. The survival rate at all these stages was constant at 93%. Similarly, control 
embryos maintained a constant 87% survival rate at the same intervals. Only one of the 14 
micromanipulated embryos remained arrested at the one-cell stage. This phenomenon was 
also observed in control embryos, suggesting that causes inhibiting division might be 
unrelated to micromanipulation factors.  
Gallium ions (unintentionally implanted during pipette milling) did not appear to affect 
development of mouse embryos to the blastocyst stage. While more detailed analyses are 
needed to fully address biocompatibility, these preliminary results are encouraging and 
could ultimately lead to improved piercing and survival rates during cell handling.  

3. Sub-cellular monitoring, drug-delivery and manipulation 

The prior section reviewed recent developments in technologies aiming at improving the 
funtionalities of celllular tools (mostly manipulators and injectors) and addressing the 
quality of finishes in injection pipettes.  In the spirit of completeness, in this section we will 
describe in a cursory manner, some of the current landscape for subcellular technology.  

3.1 Monitoring and drug-delivery by sub-cellular smart particles 
The idea of targeting specific areas within the cell for detailed study is not new. Dyed 
biocompatible polymeric nanoparticles have been used for apoptosis imaging (Kim et al., 
2006), and morphology of intracellular polymeric systems have been studied to address bio-
compatibility along with their suitability as imaging markers and as drug delivery carriers 
(Nishiyama, 2007). Carrier morphology studies suggest that particles of specific sizes are 

                                                 
11 With kind permission from Springer Science+Business Media: Biomedical Microdevices, Focus  Ion  
Beam  Micromachined  Glass  Pipettes  for  Cell  Microinjection.,  Vol.  12,  No.2,   2010,  pp.  (311–316), 
Campo,  E.M.,  Lopez-Martinez,  M.  J.,  Fernández,  E.,  Barrios,  L.,  Ibáñez,  E.,  Nogués,  C.,  Esteve,  J.,  
&  Plaza,  J.A. 
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required to prevent deleterious interaction with cell organelles. On those lines, vehicle 
morphology studies concluded that phagocitic cells responded differently to micelles 
(assemblies of hydrophobic/hydrophilic block-copolymers) of different sizes (Geng et al., 
2007). Walter et al. examined polymeric spheres that were phagocited for drug delivery 
(Walter et al., 2001) and Akin et al. (Akin et al., 2007) used microbots (nanoparticles attached 
to bacteria) to deliver therapeutic cargo to specific sites within a cell. Microbots delivered 
nanoparticles of polystyrene carrying therapeutic cargo and DNA into cells by taking 
advantage of invasive properties of bacteria. Recently, Kataoka’s group (Mirakami et al., 
2011) has sucessfully delivered chemotherapeutic drugs to the nuclear area of cancerous 
cells using micelles carriers. The specific delivery to the nuclear region is believed to have 
played a role in inhibiting the development of drug-resistance tumors.  
Within the subcellular domain, different approaches have aimed at manufacturing devices 
to interact with organelles. Some groups have contemplated the possibility of constructing 
micro total analysis stystems (µTAS) suitable for biological applications (Voldman et al., 
1999), where the mechanisms to extract information out of the cellular entity are 
challenging.  However, few attempts have been made to address viability and functionality 
of standard microtechnology processed systems. Recently, our group has reported silicon 
microparticles embedded in live cells, suggesting an outstanding compatibility between 
conventional microtechnology devices and live systems down to the cellular level 
(Fernandez-Rosas et al., 2009; Gomez-Martinez et al., 2010). In terms of sensing, initial 
functionality mechanisms have identified apoptosis. These revolutionary findings constitute 
a paramount paradigm shift on cellular metrology, histology, and drug delivery; which are 
likely to have a profound impact in future research lines.  

3.2 Manipulation by biomimetics 
Another approach to sub-cellular exploration is inspired by nature. Indeed, understanding, 
mimicking, and adapting cellular and molecular mechanisms of biological motors in vitro 
has been forecast to produce a revolution in molecular manufacturing (Dinu et al., 2007, and 
Iyer et al., 2004).  Biomolecular motors are biological machines that convert several forms of 
energy into mechanical energy. During a special session at Nanotech 2004 in Boston, MA, 
DARPA commissioned-overview by Iyer argued that functions carried out within a cell by 
biomolecular motors could be similar to man-made motors (i.e. load carrying or rotational 
movement). Researchers have already pondered about ways to transport designated cargo, 
such as vesicles, RNA or viruses to predetermined locations within the cell (Hess et al., 
2008). Professor Hess during his keynote lecture at SPIE Photonics West ( January 2008)  also 
proposed biomolecular motors as imaging and sensing devices. Biomolecular motors such 
as the motor protein kinesin have been suggested as efficient tractor trailers within the cell. 
Efficiency of these systems could generate useful tools (conveyor belts and forklifts) as 
nanoscale bio-manufacturing tools. Kinesin moves along a track and is responsible for 
transporting cellular cargo such as organelles and signaling molecules. However, a detailed 
explanation of this walking mechanism is still missing (Iyer et al., 2004), currently inhibiting 
spatial and temporal control of kinesin molecular motors.  

3.3 Monitoring and manipulation by FIB and microfluidics 
Trends to intracellular manipulation also revolve around scaling down conventional 
pipettes. This trend is facilitated by microfluidics. Microsystem technologies have produced 
in the last decade an array of microfluidic devices (Verpoorte & De Rooig, 2003) that could 
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potentially probe the subcellular domain.  By combining our prior experience learned in FIB 
glass pipettes (Campo et al. 2010a) with microfluidics (Lopez-Martinez et al. 2008 and 2009), 
micropipettes have been milled and tested in live embrios (Campo et al., 2009a and b). In 
this approach, micropipettes dimensions are comparable to some organelles and the sharp 
tips are likely to induce less damage on external cell walls. Details  on  the  bottom-up  
microfabrication  squeme  can  be  found  elsewhere (Lopez-Martinez et al., 2009). Similar 
experiments to those with glass pipettes (described in Section 2.3) revealed that silicon oxide 
(SiO2) FIB-sharp nozzles successfully pierced mouse oocytes and embryos, without 
prejudice to the  embryo and without producing structural damage to the nozzle. 
Lack of structural damage is an important concern in FIB-modified structures as puncture 
devices reside on mechanical strength. Ideally, micronozzles will be sturdy enough to 
perforate zona pellucida and membrane without curving the tip of the micropipette or causing 
any other structural damage such as cracking or fragmentation. The tested micropipettes 
mantained their structural alumina layer, which provided sturdier structures. Figure 13 shows 
the structural layer (darker filler) surrounded by the silicon oxide channel. The tips did not 
show signs of mecanical failure during puncturing, as seen in Figure 14, or after repeated 
puncturing. Success from this initial assessment on mechanical strength and sucessful piercing 
has led to further work on hollow, fully microfluidic-functional micropipettes (Lopez-Martinez 
& Campo-under preparation). In addition, a study to assess viability and the adequate angular 
range for embryo piercing is underway. A better understanding of this procedure could 
eventually lead to commercial production and set pattern in cell handling. 
 
 

 
Fig. 13. SEM image of a 2 µm-wide silicon oxide nozzles FIB-sharpened at 5º (after Lopez-
Martinez et al. 2009).12 

Scaling down further to nanofluidics has also been achieved by ingenious building of carbon 
nanopipettes on conventional glass pipettes (Schrlau et al., 2008). Compared to conventional 
glass pipettes, these structures have suggested enhanced performance for intracellular delivery 
and cell physiology due to their smaller size, breakage and clogging resistance. Carbon 
nanopippettes have been reportedly used for concurrent injection and electrophysiology. 
                                                 
12 Reproduced with permission from IOP: Journal  of  Micromechanics and Microengineering, Versatile  
micropipette  technology  based  on  Deep  Reactive  ion Etching  and  anodic  bonding  for  biological  
applications, .  (2009), Vol. 19, No. 10,  pp. 105013, Lopez-Martinez, M.J. , Campo, E. M., Caballero, D., 
Fernandez, E., Errachid, A., Esteve, J., &  Plaza,  J.A 
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3.4 Smart materials in the sub-cellular domain 
Materials science also has an important role in the development of cellular tools. Indeed, 
development of biocompatible smart materials with novel functionalities could provide the 
needed non-incremental advancement for sub-cellular monitoring and manipulation. 
Historically, there is a large presence of polymers in biomedicine. In fact, liquid crystal 
elastomers have been proposed as artificial muscles under the heating action of infrared 
lasers (Shenoy et al., 2002 and Ikeda et al., 2007), and an early proof-of-concept observed 
liquid crystal elastomers “swimming away” from the actuating light (Camacho-Lopez et al.,  
2004). This rudimentary motor was submerged in water and the source was an Ar+ ion laser 
(514 nm). Despite their potentially large application space, photoactuating materials have 
not been used in the broader context of biological systems (Campo et al., 2010b), posing an 
unique research opportunity for innovative functionalities.  
 

 
Fig. 14. Optical images of piercing test progress, (left) microdispenser nozzle outside a 
embryo, (centre) nozzle trying to penetrate embryo and (right) nozzle inside the embryo. 
(After Lopez-Martinez et al., 2009)13 

4. Conclusions and future directions 

An engineering analysis of the currently restrictive designs, finishes, and probing methods 
of glass pipettes and micromanipulators, suggests that those suffer from limited 
functionality and often damage cells; ultimately resulting in lysis. With all, the physical 
parameters that identify a high-quality pipette for a specific application need of a more 
quantitative description. In particular, the finishes of a pipette seem to be lacking a 
quantitative measure that could be provided by commonly-used characterization techniques 
in microsystem technologies, such as atomic force microscopy. 
There seems to be plenty of leeway in advancing the state of the art in pipette design, 
manufacturing and piercing techniques. The great flexibility posed by microsystem 
technologies in the context of microfluidic devices and micromanufacturing with ion beams, 
present an unique opportunity in the biomedical sciences. In this scheme, tools for cell 
handling and monitoring can be tailored to specific tasks with unprecedented level of detail. 
Indeed, the possibility of affordable custom-made tools opens the door to improved sucess 
rates in common cellular procedures such as cell piercing. Highly-customized tools can also 
be designed to accomplish subcellular manipulation that would be, otherwise, unattainable 

                                                 
13 Reproduced with permission from IOP: Journal  of  Micromechanics and Microengineering, Versatile  
micropipette  technology  based  on  Deep  Reactive  ion Etching  and  anodic  bonding  for  biological  
applications, .  (2009), Vol. 19, No. 10,  pp. 105013, Lopez-Martinez, M.J. , Campo, E. M., Caballero, D., 
Fernandez, E., Errachid, A., Esteve, J., &  Plaza,  J.A 
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with the limitted functionalities of conventional pipettes. The use of ion beams for surface 
finishes can possibly alivieate some of the tedious work often involved in finishing 
capilaries. Ion beam polishing could also contribute to the characterization of roughness and 
finishes in a quantitative manner. In fact, ion beam milling is a useful tool to reverse 
engineer the morphology of pipettes altogether by sequential polishing and further image 
reconstruction (Ostadi et al., 2009). These tomographic capabilities could prove useful in 
quality control assessment of current and upcomming cellular tools.  
Kometani et al. have provided a wealth of examples in highly customized micromanipulators, 
pending application in relevant cellular and subcellular scenarios. Future experiments should 
aim at inseminating mouse oocytes with  FIB-polished glass pipettes, as initial tests by Campo 
et al.  merely addressed piercing feasibility, i.e. mechanical sturdiness,  sharpness,  and early 
indication of biocompatibility. However, the real application scenario has not yet been 
demonstrated since no injection tests have been performed to show functionality. Similarly, 
FIB-sharpened microfluidic-pipettes are pending injection testing. In addition, microfulidic-
pipettes manufacturing is ameanable to exploring materials other than silicon oxide, that could 
be of interest to complementary applications such as electrophysiology.  Similarly to glass 
pipettes,  microfluidic pipettes could be fitted with additional components, either by bottom-
up or top-down microtechnologies. Resulting structures from the addition of sensors and 
actuators with different functionalities need to be tested in adequate scnearios and further  
assess biocompatibility. 
We have discussed in detail how FIB with the assistance of gallium ions and carbon 
deposition, has gone well beyond proof of concept in terms of innovative design and 
micromanufacturing. Future directions in the microtechnology applications to the life 
sciences are likely to build upon FIB capabilities and also explore upcomming ion-bem 
microscopies. Looking forward, building upon FIB capabilities could be explored in the 
materials space, as well as in the functionality space of ion beam-produced tools. On the 
materials front, most FIB manufacturing for cellular tools has exploited the structural 
robustness of DLC. However, a number of chemistries are available in commercial FIB, with 
increasingly purified sources (Botman et al., 2009). Deposition of gold (Au), paladium (Pd), 
and platinum (Pt) could be specially interesting for devices requiring electrical conduction, 
such as those used in electrophysiology. Tipically, higher purity nanostructures are 
deposited by ion beam than by electron beam-assited deposition (Utke, 2008). However, 
further work will need to assess the effects of source purity on chemistry and mechanical 
characteristics of ion beam-deposited structures.  
Amongst emergent  novel micromachining and micromanufacturing technologies ameanable 
to contributing to cellular tools, Helium Ion Microscopy (HIM) is possibly the most relevant. 
Seminal papers describe this novel microscopy that serves both as a characterization (Scipioni 
et al., 2009) and a manufacturing tool (Postek et al., 2007, Maas et al., 2010) in micro-nano 
systems. With the use of hellium (He) ions and, smilarly to FIB, highly customizable milling 
capabilities,  HIM could have a possitive impact on the pending biocompatibility assessment. 
Adequate biocompatibility studies are needed to assess ion dose implantation on tools and 
devices and the effects at the subcellular and cellular levels, as well as in vivo. These will be 
critical parameters that could hinder the implementation of ion-beam technologies in the life 
sciences. In all likelihood, these strategies will need to be developed by multidisciplinary 
teams. In fact, assembly of highly multidisciplinary teams, encompassing bio-medical 
scientists and microsytem technologists, are surely needed to fully explore the possibilities of 
impactful task–specific tools in the context of subcellular manipulation. 
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It is also crucial to develop a mechanistic understanding of how design, manufacturing, and 
piercing techniques affect cellular structures. Indeed, the impact of pipette parameters on 
handling is unclear, as mechanisms responsible for different failure modes during conventional 
piezo-assisted piercing only recently have been subject of investigation (Ediz et al., 2005). 
Mechanistic studies would establish a much-needed correlation between the (quantifiable) 
physical parameters of pipettes and piercing techniques with cellular response in the context of 
elasticity theory and biology. In terms of operator training and quantification of the exerted 
force, the advent of haptics in the context of robotics could provide quantification of cell 
injection force and also to improve success statistics in piercing and other operational 
procedures. There is already enough evidence suggesting that the combination of haptic and 
visual feedback improves handling (Pillaresetti et al., 2007). Further development of these 
technologies will, most likely, make them available to the bio-medical community at large. 
Novel piercing technologies have also appeared in the recent literature, such as Ross-Drill, 
promoting a rotational approach to cell piercing, rather than  tangential (tipical of piezo-assited 
drilling) and claiming decreased training effort for operators. The possibility of combining Ross-
Drill with FIB-polished pipettes has already been sugested (Campo et al., 2010a).  
 

SPECIALTY APPLICATION CITATION 

CELL INJECTION ROTATIONAL OSCILLATION-DRILL ERGENC, EDIZ & 
OLGAC 

CELL INJECTION 
MICROMANUFACTURING OF 

CUSTOMIZED TIPS IN GLASS CAPILARIES 
AND MICROFLUIDIC PLATFORMS 

CAMPO & PLAZA 

CELL INJECTION 3-D STUDY OF GLASS PIPETTE GEOMETRY 
BY MICROMACHINING TECHNIQUES OSTADI & OLGAC 

CELL MICROINJECTION 
USE OF CARBON NANOTUBES FOR 

ELECTROPHYISIOLOGY AND 
NANOFLUIDIC INJECTION

SCHRLAU&BAU 

CELLULAR/ SUBCELLULAR 
HANDLING 

MICROMANUFACTURING OF 
CUSTOMIZED MANIPULATORS IN GLASS 

CAPILARIES
KOMETANI& MATSUI 

SUBCELLULAR MONITORING 
MICROMANUFACTURIG OF CUSTOMIZED 

SENSORS AND ACTUATORS IN GLASS 
CAPILARIES

KOMETANI& MATSUI 

SUBCELLULAR DRUG DELIVERY POLYMERIC MICELLE CARRIERS GENG & DISCHER 
SUBCELLULAR DRUG DELIVERY BACTERIA-MEDIATED DRUG DELIVERY AKIN&BASHIR 
SUBCELLULAR DNA DELIVERY POLYMER MICROSPHERES WALTER & MERKLE 

SUBCELLULAR MONITORING 
AND DELIVERY* 

PROOF OF CONCEPT: BIOCOM-PATIBLE 
INSERTION OF MICROCHIPS ON CELLS 

FERNANDEZ-ROSAS, 
GOMEZ-MARTINEZ & 

PLAZA 

SMART MATERIALS** 
PROOF OF CONCEPT: LCE PHOTO-

PROPELLED IN AN AQUOUS 
ENVIRONMENT 

CAMACHO-LOPEZ, 
PALFFY-MUHORAY & 

SHELLEY 

MECHANICAL ACTUATORS* PROOF OF CONCEPT: BIMORPH THERMAL 
NANO- ACTUATORS BY FIB CHANG & LIN 

HAPTIC TECHNOLOGY IN 
CELLULAR HANDLING 

HAPTIC FEED-BACK IN COMBINATION 
WIH VISUAL INSPECTION DURING CELL 

PIERCING
PILLARISETTI & DESAI 

*This is a promising approach in subcellular monitoring and delivery. 
* *This approach has not been applied to cellular or subcellular environments. 

Table 3. List of highlighted technologies according to specialty, detailing specific application 
and citation included in the references in Section 6. 
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Future directions in micro-nanotechnologies applied to the life sciences are likely to build 
upon the approaches described in this chapter, which have been summarized in Table 3. 
Beyond piercing, technological developments such as cell-embedded silicon microparticles 
are likely to develop into micro-chips in the near future; posing a new paradigm shift in sub-
cellular probing. In addition, novel actuation capabilities have been temptatively explored 
by Kometani‘s group producing an electrostatic-operated micromanipulator. Further, Chang 
et al., (Chang, 2009) have recently discussed a bimorph thermal actuator that combined 
thermal conductivity of FIB-depostied tungsten (W) with structural rigidity of DLC.  This 
work is innovative as it introduces smart materials in microtechnology manufacturing in the 
production of cellular tools. On-going efforts to incorporate electro and photoactuators in 
the biomedical arena as artificial muscles are likely to expand to the subcellular domain and 
potential application contexts will be suggested, further paving the way for the 
incorporation of nano-opto-mechanical-systems (NOMS) in main stream research 
(www.noms-project.eu). 
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1. Introduction  

In this chapter, we will discuss the fate of nanoparticles when they are introduced into a 
system. Recent advances in synthesis and functionalization of nanoparticles have brought a 
significant increase in their biomedical applications, including imaging of cell and tissues, 
drug delivery, sensing of target molecules, etc. For example, iron oxide nanoparticles 
(Feridex) have been clinically administered as a contrast agent in magnetic resonance 
imaging (MRI).  
Their superb magnetic properties provide a significant contrast of tissues and cells where 
particles were administered. The use of Feridex as a MRI contrast agent enables a facile 
diagnosis of cancers in diverse organs in their early stages of development. As the range of 
different nanoparticles and their biomedical applications continue to expand, safety 
concerns over their use have been growing as well, leading to an increasing number of 
research on their in vivo toxicity, hazards, and biodistributions. 
While the number of studies assessing in vivo safety of nanoparticles has been increasing, a 
lack of understanding persists on the mechanisms of adverse effects and the distribution 
pathways. It is a challenge to correlate reports on one type of particles to reports on other 
types due to their intrinsic differences in the physical properties (particle size, shape, etc.) 
and chemical properties (surface chemistry, hydrophobicity, etc.), methods of preparation, 
and their biological targets (cells, tissues, organs, animals).  
Discrepancies in experimental conditions among different studies is currently bewildering 
the field, and there exists a critical need to arrive at a consensus on a gold standard of 
toxicity measure for probing in vivo fate of nanoparticles. This chapter summarizes recent 
studies on in vivo nanoparticle safety and biodistribution of nanoparticles in different 
organs. An emphasis is placed on a systematic categorization of reported findings from in 
vivo studies over particle types, sizes, shapes, surface functionalization, animal models, 
types of organs, toxicity assays, and distribution of particles in different organs.  
Based on our analysis of data and summary, we outline agreements and disagreements 
between studies on the fate of nanoparticles in vivo and we arrive at general conclusions on 
the current state and future direction of in vivo research on nanoparticle safety. 
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2. Nanoparticles in biomedical applications 

Particles in nanosize have significantly different characteristics from particles not in 
nanoscale. Since these nanoparticle properties are often in many applications, they have 
been applied in a wide variety of medical research. (Bystrzejewski, Cudzilo et al. 2007; Yu 
2008; Nune, Gunda et al. 2009; Yaghini, Seifalian et al. 2009)  
 

 
Fig. 1. Multifunctional nanoparticles in bioimaging and medicine. Developed synthesis and 
bioconjugation strategies for multifunctional nanoparticles helps enabling applications of 
multifunctional nanoparticles in in vivo imaging and therapy.  

In this chapter, nanoparticles of different kinds will be reviewed for their applications in 
biomedical imaging and therapeutics. Popular nanoparticles in biomolecular and 
biomedical imaging include fluorescent particles for optical imaging, such as quantum dots, 
gold nanoparticles and magnetic particles for MRI. Nanoparticle derives therapeutics 
includes heat ablation of target tumours, or delivery of drugs. Figure 1 summarizes the 
attributes of multifunctional nanoparticles that have attracted the field of bioimaging and 
medicine. Multiple modalities of these particles enable the accurate, less-invasive diagnosis 
and therapeutic approaches. 

2.1 Imaging 
Nanoparticles in imaging applications have been increasingly developed in last 20 years. 
Because of the superior photo stability, narrow range of emission, broad excitation 
wavelength, multiple possibilities of modification, quantum dots have gathered much 



 
Nanoparticles in Biomedical Applications and Their Safety Concerns 

 

301 

attention from engineering and scientists who are interested in bio markers, sensors or drug 
targeting. (Willard and Van Orden 2003; Qi and Gao 2008; Ghaderi, Ramesh et al. 2010; Han, 
Cui et al. 2010; Li, Wang et al. 2010) Commercially available binary quantum dots from Qdot 
have been successfully applied for above purposes during the last 10 years and reported in a 
vast number of literatures. Small size comparable to biomolecules (antibody, RNA, virus, 
etc.), high quantum yields and high magnetism are few representative advantages of 
nanoparticles that makes them to be a next generation imaging tools for in vivo imaging 
applications.  

2.1.1 Nanoparticles for optical imaging 
The most widely used nanoparticles in optical imaging are semiconductor nanocrystals, 
known as quantum dots. Their size dependent optical properties are unique in their 
applications to the efficient labelling of biomolecules and tissues where the traditional 
fluorescent labels have been hardly accessible to because of the size restrictions. In contrast, 
the size and shape of fluorescent nanoparticlces can be rather easily controllable during their 
synthesis. Semiconductor quantum dots are about 100 times brighter, have narrow emission 
spectra and broader excitation than traditional organic dye molecules. Since the quantum 
dots share the similar excitation wavelength and the emission is size tunable, multiple color 
imaging with single excitation. 
Recent developments of conjugating particle surface with biomolecules allowed cell targeting 
using quantum dots. (Hoshino, Hanaki et al. 2004; Jaiswal, Goldman et al. 2004) Targeting of 
cells with quantum dots, however, often faces the issues in their accessibility of internalization. 
Larger size particles will affect protein trafficking and the viability of the cells. 
Whether fluorescent nanoparticles are uptaken into the cell or not is critical decision maker 
in application of them for in vivo imaging. The number of nanoparticles in the cell cytoplasm 
should be to enough to enlighten the cell in the deep tissue. Although there have been 
efforts to enhance the fluorescent signal in the deep tissue by using a two-photon 
microscope or upconversion nanoparticles, it is still important to have enough number of 
nanoparticles per cell to be able to clearly visualize the target. A difficulty here is, the 
increased number of nanoparticles will increase toxicity of them to the cells. Therefore, the 
development of fluorescent nanoparticles for in vivo imaging is still an open challenge. 
In vivo imaging of the target cells by fluorescent nanoparticles are often achieved by first 
labeling cells with particles then injecting them in the target. Loading of nanoparticles into 
human cancer cells in vitro has been shown successfully (Sage 2004; Li, Wang et al. 2006; 
Xing, Smith et al. 2006) and their in vivo application in mice model (Kim, Jin et al. 2006; 
DeNardo, DeNardo et al. 2007; Goldberg, Xing et al. 2011) was evaluated as well. It showed 
the division of human cancer cells and their reforming of tumour tracked by fluorescence. In 
imaging of lymphatic or cardiovascular systems, fluorescent nanoparticles have shown their 
potentials. Sentinel lymph systems in small animals were imaged by using a near infrared 
emitting quantum dots. (Parungo, Colson et al. 2005; Soltesz, Kim et al. 2006; Frangioni, Kim 
et al. 2007) Trafficking of quantum dots in those lymphatic systems was rather investigated 
by other groups as well. Lymph node imaging is beneficial to the surgeons for them to 
locate the exact position of the target.  
Another example of in vivo imaging application using fluorescent nanoparticles is imaging 
of cardiovascular systems. Sensitivity and stability of fluorophore is always been a challenge 
in cardiovascular imaging. Coronary vasculature of a rat heart has been imaged with near IR 
emitting nanoparticles with high sensitivity. (Morgan, English et al. 2005)  
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Early detection of cancerous cells is the topic of interest for applications of quantum dots. 
Multiplexing of quantum dots for the better targeting and sensitivity has been a candidate 
for this purpose. Surface receptors are available on cancer cells that can be targeted by the 
multiplxed nanoparticles. Antibody coated quantum dots that are specific to the surface 
markers on cancer cells were demonstrated to label them in mice. Currently, targeting 
tumours are based on such an approach that functionalizing quantum dots with molecules 
specific to the target.  
Since in vivo imaging requires high quantum efficiency of quantum dots to penetrate deep 
tissue and organs, its bioconjugation strategy should also be compatible to keep the initial 
brightness. In that regards, near IR emitting quantum dots are believed to be the optimal 
candidates for in vivo optical imaging. Infrared has the long wavelength that it can penetrate 
the deep tissues relatively better than other visible lights. It will also minimize the possible 
false positive signal by autofluorescence from the background since near IR is not relatively 
absorbed well by water or hemoglobin in the system.  
Gold nanoparticles have been the popular choice for near IR emitting nano fluorophores 
since it is relative biocompatible and easy to synthesize. (Lee, Cha et al. 2008; Shang, Yin et 
al. 2009) The surface plasmon resonance is dependent on the size of the nanoparticles that it 
moves towards red with increasing particle size. Other types of gold nanomaterials such as 
gold nanorods and gold nanoshells were also popularly used in bioimaging because of its 
tunable surface plasmon bands and controllable position of the resonance by varying the 
synthesis conditions. 
Several imaging methodologies were developed to be able to use gold nanoparticles and 
their derivatives in bioimaging. Optical Coherence Tomography (OCT) uses the scattering 
function of gold nanoshells for in vivo imaging. (Agrawal, Huang et al. 2006; Adler, Huang 
et al. 2008; Skrabalak, Chen et al. 2008) The accumulation of gold nanoshells at the tumour 
increases scattering at that location that provides the contrast. Another imaging tool for gold 
nanomaterials is using photoacoustic imaging. The photoacustic imaging adapts a pulse of 
near IR that causes thermal expansion nearby and sound wave detectable at the surface. 
Distinctive sound wave generated by gold nanoparticles can be separated from background 
signal by surrounding tissues and organs.  
Another approach of adapting gold nanomaterials for in vivo imaging is using a two-photon 
fluorescence spectroscopy. Since gold nanomaterials possess the strong surface plasmon 
resonance, it can increase occurrence rate of two-photon excitation and relaxation of energy 
through fluorescence. 
Lastly, Raman spectroscopy can be used for enhanced Raman effect at the surface of gold 
nanomaterials. Location of gold nanoparticles in animal model was demonstrated by using 
a Raman effect of reporter dye on the gold surface of particles. (Christiansen, Becker et al. 
2007; Lu, Singh et al. 2010)  
Although quantum dots are useful as a tagging material, they also have several disadvantages. 
First and the most serious demerits of binary quantum dot is that it is toxic to cells. Most 
popular components of binary quantum dots are cadmium / serenide which are deleterious to 
cells. Because of the intrinsic toxicity of binary quantum dot, very thick surface coating is 
required. The final size of quantum dot is almost twice as thick as the initial core size and 
hinders the applications of quantum dots in a cell. Another drawback of binary quantum dot is 
its blinking behavior when a single binary quantum dot is observed with confocal fluorescent 
microscope. (Durisic, Bachir et al. 2007; Lee and Osborne 2009; Peterson and Nesbitt 2009) Its 
blinking behavior hinders the tracking of quantum dot targeted bio molecule in a bio system. 
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Because of drawbacks of binary quantum dots, silicon nanocrystal has been studied to 
overcome the demerits of commercially available quantum dots and be used as a 
substituting fluorophore with traditional organic dyes. Silicon nanocrystals’ superiorities as 
a fluorophore are summarized in Table 1. Silicon is basically non-toxic to cells so that it does 
not require a thick surface coating to prevent exposure of core to the environment. 
Therefore, its average size remains close to its core size. 
 

 
Table 1. Comparison of characteristic properties of Silicon nanocrystal with binary quantum 
dots and traditional organic dyes. 

2.1.2 Magnetic nanoparticles 
Recently, various non-invasive imaging methods have been developed by labeling stem 
cells using nanoparticles such as magnetic nanocrystals, quantum dots, and carbon 
nanotubes. Among these, magnetic nanocrystals provide the excellent probe for the 
magnetic resonance imaging (MRI), which is widely used imaging modality to present a 
high spatial resolution and great anatomical detail. 
In the last decade, superparamagnetic iron oxide (SPIO) nanoparticle has become the gold 
standard for MRI cell tracking, and has even entered clinical use. However, in many cases, 
SPIO-labeled cells producing hypointensities on T2/T2*-weighted MR images, cannot be 
distinguished from other hypointense regions such as blood clots or scar tissues in some 
experimental disease models. Moreover, the susceptibility artifact or “blooming effect” 
resulting from the high susceptibility of the SPIO may distort the background images. 
Gd complex based contrast agents can be good alternative MRI contrasts to generate the 
unambiguous positive contrast (hyper-intensity) and developed. Even if they produce 
positive contrast and increase the visibility of cells in low signal tissue, they have short 
residence time and can’t pass through the cell membrane easily. Therefore, there have been 
developed some of Gd ion based nanopaticulate contrast agents to overcome these 
disadvantages of the complex agents. (Ananta, Godin et al. 2010)  
MnO nanoparticles have also been recently explored as a new T1 MRI contrast agent and 
fine anatomical features of the mouse brain were successfully obtained. These MnO 
nanoparticles were also used to demonstrate feasibility of cell labeling and in vivo MRI 
tracking. (Baek, Park et al. 2010) However, under existing MnO based nanoparticle systems, 
the contrast is weak and the duration of signal is short for the long time in vivo MRI 
tracking. 
Therefore, it is required the further development of the MnO based contrast agent with high 
relaxivities and improved cellular uptake to stem cells which is more difficult to label due to 
the lack of substantial phgocytic capacity. (Kim, Momin et al. 2011) 
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2.2 Multifunctional nanoparticles in therapy 
Multifunctional nanoparticles are in the process of being evaluated as new tools for therapy 
in biomedical research. In the United States 15 out of every 100,000 persons are diagnosed 
with brain cancer every year.  
The most common type of adult brain tumor is malignant glioma with median survival rate 
of 10-12 month. Due to the complexity of the brain, the most practical treatment remained 
surgical removal of the tumor that frequently results in reoccurrence of the disease.  
A new type of nanoparticles is suggested that it cannot only be used for imaging but also 
can be used as a therapeutic agent. These new nanoparticles can be activated either by using 
radiofrequency (RF) pulses or infrared light to release the drug.  

2.2.1 Hyperthermia 
In order to implement hyperthermia treatment, magnetic nanoparticles can be introduced in 
the body through magnetic delivery systems (high gradient magnetic fields) or local 
injection to the affected area. (Corchero and Villaverde 2009)  
MRI utilizes RF pulses to generate coherent magnetization from the magnetic moments of 
water molecules in the sample that can then be detected. Since RF energy can also be 
converted into heat (e.g. similar to using a microwave to boil water) if the MRI agents can 
absorb RF energy efficiently, then a localized heating is possible during MR image 
collection. This idea of RF induced hyperthermia, or in other words, RF ablation has been 
studied in cancer research since the 1950’s.  
Certain parameters should be evaluated before deciding the contrast agent for the best 
hyperthermia applications. The best candidate nanoparticles are selected following these 
categories; specific absorption rate, size, biocompatibility. 
Tumor treatment by hyperthermia has limitations, however, that the most of nanoparticles 
do not have high specific absorption rate. At least 10% of tumor weight should be absorbed 
in order to be effective to heat-ablate tumors through hyperthermia.  
Treatment of malignant tumors at any site in the body is expected to be possible if agents 
that convert RF energy into heat can be delivered to the malignant cells. However, RF 
ablation suffers from the disadvantage that it is an invasive method that often requires 
insertion of electrodes into the body to deliver RF to the tumor sites.  
Superparamagnetic iron oxide nanoparticles of a correctly determined size are appropriate 
for in vivo hyperthermia applications, as they have no net magnetization without the 
external magnetic field. No net magnetization without the external magnetic field would 
eliminate the possible particle aggregation in the system. Aggregated particles often 
experience non-specific engulfment by reticular endothelial system that will significantly 
reduce the contrast. 
Plasmonic photothermal therapy is another new technology to treat tumor by using 
nanoparticles. (Chen, Frey et al. 2010) Plasmonic photothermal therapy is based on the 
surface plasmon resonance effect in nanoparticles when the light activates them. Most 
common example of this therapy is using gold nanoshells that we discussed before to 
achieve localised, irreversible thermal ablation of the tumor.  
In future direction of the research, the MRI will be used passively to visualize the tumor and 
actively to eradicate it. Multifunctional nanoparticles have a tremendous potential for RF 
activated heating and triggering since they possess magnetic properties to generate MRI 
contrast, have the ability to absorb remote RF energy, and can deliver/release anti-cancer 
drugs in a controlled manner.  
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2.2.2 Photodynamic therapy 
Singlet oxygen (1O2), as a part of reactive oxygen species (ROS) is useful tool to destruct 
cancer cells at the local site when singlet oxygen is concentrated. Photodynamic therapy is 
a new technology to treat tumor based on nanoparticle generated ROS at the tumor site. 
(Takahashi, Nagao et al. 2002; Oberdanner, Plaetzer et al. 2005) Photosensitizers, such as 
nanoparticles, can produce ROS when they are activated with the appropriate wavelength 
of excitation light. Nanoparticles as photosensitizers must be in close proximity to the 
tumor cells that they are usually administered at the tumor site directly. Photodynamic 
therapy is desirable in that it is relatively non-invasive and low toxicity. The major 
technical barrier, however, of this therapy is its difficulty in systemic introduction of 
photosensitizer to the tumor site and local irradiation to activate them. Tumors that have 
disseminated throughout the whole body may not be adequate for this therapy since the 
current technology is not available to irradiate the whole body. In addition, UV light is the 
wavelength of choice for the most of traditional photosensitizers that cannot efficiently 
penetrate into deep tissue. 
Therefore, the new class of nanoparticles called up-converting nanocrystals was introduced 
to alleviate these issues. (Vetrone, Naccache et al. 2010) Up-converting nanoparticles are 
excited by near infrared light that can efficiently penetrate tissues deeper than UV-VIS light, 
which allows for the non-invasive application of the method. Functionalized surface on up-
converting nanoparticles can direct particles to the specific tumor site that will concentrate 
ROS production.  
There are still few disadvantages of up-converting nanoparticles that their size is 
intrinsically large. The size of them is usually around 100 nm that may not be appropriate 
for in vivo imaging. Furthermore, ROS are produced at the surface shell of up-converting 
nanoparticles that its efficiency may be degraded while diffusing out to the surrounding 
environment. 

3. Toxicity 

Production and exposure of nanoparticles less than 100 nm in diameter may pose unknown 
risks since the responses of biological systems to novel materials of this size have not been 
adequately studied.  
The high surface area to volume ratio makes nanoparticles particularly good catalysts and 
such particles readily adhere to biological molecules. The size and surface charge of 
nanoparticles enable them to access places where larger particles may be blocked, including 
passage through cellular membranes. However, the wider application of semiconductor 
quantum dots as biological probes has been held back by their inherent chemical toxicity, 
which necessitates encapsulating them in a robust inert shell that increases the diameter of 
the probe.  
Although there are studies (Zhu, Oberdorster et al. 2006; Rogers, Franklin et al. 2007; 
Teeguarden, Hinderliter et al. 2007; Warheit, Hoke et al. 2007; Clift, Rothen-Rutishauser et 
al. 2008; Prow, Bhutto et al. 2008; Simon-Deckers, Gouget et al. 2008; Zhu, Zhu et al. 2008; 
Crosera, Bovenzi et al. 2009; Kramer, Bell et al. 2009; Marquis, Love et al. 2009; Monteiro-
Riviere, Inman et al. 2009; Simeonova and Erdely 2009; Warheit, Reed et al. 2009; DeVoll 
2010; Li, Muralikrishnan et al. 2010; Maurer-Jones, Lin et al. 2010; Samberg, Oldenburg et al. 
2010; Yang, Liu et al. 2010; Zhu, Chang et al. 2010) on both known and unknown hazards of 
several kinds of nanoparticles, many questions remain unanswered. Furthermore, there are 
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few systematic studies dealing with both cytotoxicity and inflammatory responses of cells 
treated with nanoparticles.  
How will a biological system react when exposed to nanoparticles? What is the fate of the 
nanoparticles once they are presented to a population of cells? If the nanoparticles enter into 
the cell, what effects do they exert internally? These questions must be answered in order to 
ensure safety to the patient if nanoparticles are incorporated in biomedical applications. 
In this chapter, we will discuss nanoparticles as for any diagnostic or medicinal tool and 
point out that nanoparticles can only be applicable to in vivo applications on humans when 
they pass the assessment for their toxicity. To the fact that the number of different 
nanomaterials synthesized and potentially targeted for in vivo applications is much more 
than the number of toxicity assessment for them, these investigations are only at the very 
early stage.  
Noticeable conclusions from those studies have been already distress the field and public to 
strengthen the extended investigation requirement before pursuing any further research. 
Recent reviews on the toxicity assessment of nanoparticles keep pointing out that the 
experimental conditions, preparations of nanoparticles and protocols the investigators use 
all affect the results. These discrepancies between studies even for the same kind of 
nanoparticle result from the complexity of the investigated systems and potential 
interference of nanomaterials to the assay techniques.  

3.1 Nanoparticle toxicity assessment in in vitro assays 
Growing public concern regarding the unknown toxicological effects of nanoparticles has 
spawned cooperative efforts by government agencies and academia to closely investigate 
these issues.  
 

In vitro assay Assay mechanism Detection Tested nanoparticles Pros Cons 
MTT (or MTS) Dead cells cannot 

reduce MTT (MTS).  
Absorption  Quantum dots, gold 

nanoparticles  
Widely used, 
relatively simple, 
low cost 

Metabolic activity can 
be affected by 
multiplexed effects 

Calcein AM Dead cells cannot 
cleave the 
acetomethoxy group 
of calcein AM  

Fluorescence Gold nanoshells  Widely used 
fluorescence assay, 
relatively simple, 
low cost 

Fluorescent 
nanoparticles 
interfere with calcein 
dyes. 

Protease 
activity assays 
(e.g., CytoTox-
Glo) 

Substrates bind to 
dead cells’ proteases 
in the media to 
produce a 
fluorescence signal. 

ELISA/fluoresc
ence 
colorimeter 

Fullerene, carbon 
black, quantum dots  

Cytotoxicity can be 
probed based on 
the activity of 
various proteases  

Expensive; 
fluorescent 
nanoparticles in the 
cell interfere with the 
signal. 

Blood contact 
properties (e.g., 
hemolysis) 

Hemoglobin released 
from cells is oxidized 
and quantified by its 
absorbance 

ELISA/ 
absorption 
colorimeter 

PAMAM dendrimers, 
TiO2 nanoparticles  

Widely used, 
relatively simple, 
low cost 

No established 
positive control for 
nanomaterials; 
possible interference 

Macrophage 
functions 
(cytokine 
induction) 

Nitric oxides, various 
cytokines (e.g., 
interleukins, TNF-
alpha) are induced 

ELISA/absorpti
on/fluorescenc
e colorimeter 

Si nanoparticles Widely used
fluorescence assay, 
relatively simple, 
low cost 

Fluorescent 
nanoparticles 
interfere with 
detection dyes 	  

Table 2. Summary of popular cytotoxicity and inflammatory response assays used for 
nanoparticles 

Nanoparticles may not be filtered by the body’s defense mechanisms because of their small 
size, which suggests that they may cause inflammatory and/or toxic responses. The 
reported cytotoxicity and immune response studies on nanoparticles have been based 
mainly on in vitro assays such as cell viability tests, cytokine release analyses and cell 
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function degradation analyses upon the exposure of a bulk culture of cells to nanoparticles 
(see available assays: http://ncl.cancer.gov/working_assay-cascade.asp).  
However, no validated standard or protocol has yet been established to test biological 
responses to nanoparticles. Table 2 lists a representative selection of cytotoxicity and 
inflammatory response assays used to test biological responses to nanoparticles. 

3.1.1 Nanotoxicity: Complex system to investigate 
The number of reports on assessment of the nanoparticle toxicity has been growing with the 
number of biomedical research associated with them. It is noticeable that the reports are not 
consistent in terms of particles’ toxicity results. Some reports on popular nanoparticles such 
as cadmium selenide, iron oxide, gold and silica nanoparticles all have non-consistent 
conclusions about their toxicity to the biological system. These inconsistent conclusions 
result from the fact that there is currently no standard protocol for the assessment of the 
toxicity of nanomaterials. Variation of experiment parameters as well as interference of 
nanoparticles to the measuring instruments is prime reasons that make it impossible to 
compare the results between different studies.  

3.1.2 Cytotoxicity  
The cytotoxicity of a nanomaterial is influenced by the following parameters: cell line, 
culture conditions for in vitro studies, how to introduce particles in in vivo studies, 
nanoparticle concentration, size and duration of exposure. No standard protocol is available 
at the current stage in terms of setting those parameters relatively be consistent. It is 
challenging, furthermore, to decide whether the reported range of particle concentration is 
physiologically relevant to the in vivo system.  
The cell line to test in vitro is a critical factor determining the degree of cytotoxicity of 
nanomaterials. In one study, nanoparticle uptake rate and resulted cytotoxicity was compared 
in the same cell line but prepared by following different protocols. It was found that the 
cytotoxicity could be varied among the cell lines depending on how they were prepared.  
Another factor for observed discrepancies between the results of toxicity assays is different 
testing methods applied on the same nanomaterial. 
In most of the in vitro cytotoxicity studies, cell death is investigated using colorimetric 
assays such as shift of absorption or emission of markers. For example, Trypan blue dye 
exclusion assay provides information of cell death by showing dye staining on cells that 
were ruptured. Potential issue here is that nanoparticles applied are usually strongly emit or 
absorb light. Nanoparticles absorb or emit light may give false positive signal.  
Cytotoxicity assays commonly used are to measure the effect of test compound that can 
rather quickly diffuse into the target cell that they can be assayed within the time frame 
when the dye still can be effective. Therefore, cytotoxicity assays are rarely run for over few 
days. Another potential issue here is that nanoparticles are less mobile than the most 
chemical compounds resulting that they will require longer duration of assays. This would 
require the modification of the cytotoxicity protocols that should be used for nanoparticles 
and nanomaterials.  
Physical and chemical characterizations of nanoparticles are critically important for 
cytotoxicity assays. For size analysis, either dynamic light scattering (DLS) or transmission 
electron microscopy (TEM) is the method of choice for the most of nanoparticles. The 
nanoparticles that are well dispersed in water would not show a significant aggregation or 
morphological variations in TEM images.  
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However, it is often pointed out in many studies that there are some discrepancies in mean 
particle size between that measured by TEM or by DLS. (Teeguarden, Hinderliter et al. 2007; 
Warheit, Hoke et al. 2007; Marquis, Love et al. 2009; Monteiro-Riviere, Inman et al. 2009; 
Vippola, Falck et al. 2009) These discrepancies may be due to differences in both preparation 
and the inherent limitations of nanoparticle sizing methods, and emphasize the necessity to 
apply multiple techniques for determining particle sizes in polydisperse batches. While 
TEM can serve as a tool to capture the size of each individual particle, it is limited in that it 
can only measure particles after they have been suspended and then dried, it requires 
measurements of many different particle regions to appropriately represent the entire 
particle batch, and complex geometries of particles or agglomerates may make 
characterization difficult. The solvent used to disperse the particles prior to drying for TEM 
analysis may also affect the measurements.  
While dynamic light scattering is performed in solutions, the suspending media and how 
the particle sample was mixed (i.e. sonication intensity and exposure time) and pre-filtered 
can significantly affect the particle hydrodynamic size analysis. Moreover, particle 
agglomeration and time-dependent sedimentation of large (i.e. > 100 nm) and dense silver 
particles may affect the DLS measurement reliability even during the short measurement 
time period (2-5 min).  
DLS measurements of highly polydispersed particle solutions are also dependent on the main 
analysis parameter. In an intensity-based DLS analysis of a polydisperse particle sample, 
smaller particles are under-represented due to weaker light scattering and particle shape 
effects. For this reason, a number-based DLS analysis would be more appropriate to highlight 
the most abundant particle size population so that one could make limited comparisons 
between the different particles, especially when the particles are not pre-filtered and the effect 
of media on nanoparticle size, agglomeration, and polydispersity are significant.  
In general, all of the aqueous particles demonstrate an increase in particle size and/or 
agglomeration, either by DLS measurement or visually, when mixed with DPBS media due to 
reaction with chloride ions and the presumable formation of poorly soluble silver chloride.  
Surface chemistry of nanoparticles is also another important factor that will affect 
cytotoxicity of nanoparticles. Citrate is the conjugate base of citric acid, which is a popular 
reducing agent used in silver and gold production, and provides a negatively charged 
surface moiety that stabilizes nanoparticle colloids through Columbic repulsion. The citrate-
stabilized nanoparticles suspended in water acquired a significant negative charge and 
acidified the aqueous solution.  
However, in comparing the nano-sized particles, it was found that particles share the similar 
pH and zeta potentials when they are diluted in PBS solution regardless of the degree of 
citrate coating on each particle. Furthermore, no significant differences in cytotoxicity levels 
between the nano-sized particles argues in favor of particle size as a stronger determinant of 
toxicity rather than initial surface chemical properties. This also emphasizes the potential 
importance of plasma proteins in altering the surface properties of nanoparticles by coating 
them and affecting their biocompatibility. 

3.2 Nanoparticle toxicity analysis toward its in vivo applications  
In general, the smaller the nanoparticle is the greater the toxicity. This is due in part to the 
fact that small nanoparticles are more readily uptaken into the cell or even near the nucleus. 
Larger nanoparticles may therefore be less cytotoxic simply because their cellular uptake is 
limited at that same concentration.  
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In order to consider and predict possible nanoparticles toxicity in in vivo applications, few 
things should be carefully examined. 
First of all, in vitro studies for cytotoxicity should carefully be used to extrapolate expected 
results in in vivo studies. Nanoparticles in in vivo system would experience much more 
complicated perturbations because of a wide variety of proteins and small biomolecules 
present around them. Because of these neighboring biomolecules, nanoparticles can be 
degraded, engulfed by phagocytic cells, or traveled away from the target site by lymphatic 
system. Assay responses obtained from well-controlled environment such as in culturing 
plate may not always present the same results obtained in in vivo environment. Therefore, it 
will be inadequate to draw any conclusions from the in vitro assay for nanoparticle 
responses in in vivo system until following experiments at least in animal model is 
performed. 
Second of all, limitations of current assays performed for cytotoxicity or inflammatory 
responses of cells to the nanomaterials should be carefully recognized and further 
endeavors to advance technologies for better assaying nanoparticles should be invested. 
Studies of in vitro cytotoxicity and the inflammatory response to nanoparticles have adopted 
conventional assays developed for chemical toxins or microparticles. These reports provide 
little insight into how individual cells react when exposed to nanoparticles. Also, the 
analysis of these assay results is prone to error because cells can behave differently 
depending on the assays employed.  
The limitations of current cytotoxicity and immune response assays for the assessment of 
nanoparticles can be summarized as follows. First, cells cannot be recovered after the single 
assay readout; thus the possibilities for time-dependent monitoring of changes in a cell’s 
activity are limited. Second, the assays’ readings are averaged over all the cells present. 
Therefore, a single cell’s responses to the nanoparticles cannot be individually recorded 
from the assay. Third, nanoparticles inside a cell may interfere with the fluorescence signal 
produced by the dye used in the assay. Additionally, nanoparticles may interact with 
and/or bind to dyes, altering their absorption and/or fluorescence. Nanoparticles can also 
adsorb to proteins and other biomolecules in the cell culture medium, which can interfere 
with the particles’ normal interactions with cells. Furthermore, nanoparticles can bind to 
cytokines released from the cells; this may artificially reduce an assay’s positive signal. Flow 
cytometry is a commonly used method in biological response assays, but the technique 
requires that cells be detached from the cell culture plate, which may alter the cells’ 
mortality. Finally, multiplexed analyses of nanoparticles in the same well with single cells 
have not been performed. Because of these limitations, there is an emergent need to develop 
a solid assay that overcomes the above-mentioned problems with conventional assays and is 
able to evaluate biological responses to nanoparticles in a multiplexed, high-throughput 
manner. 
Cutting-edge single-cell assay techniques have been developed for assessing cytotoxic and 
inflammatory responses to nanoparticles in a multiplexed manner. The multiplexed analysis 
strategy will be used in safety studies of various nanoparticles. Time-dependent analysis of 
a single cell’s responses to nanoparticles may elucidate the mechanism of toxicity for nano-
sized particles. Such single-cell analyses will be used in concert with conventional bulk 
assays. The approaches discussed will benefit nanotoxicological studies and help the 
broader nanotechnology community by providing proof of concept for an efficient analytical 
tool with which to investigate the safety of nanoparticles at the single-cell level in a high-
throughput and multiplexed fashion. 
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Fig. 2. Safety concerns about nanoparticles in in vivo applications grows and it is still a 
“black box” that has not been clearly shown its potential hazards.  

4. Conclusion 

The toxicity of nanoparticle is critically important topic for researchers both in material 
science and biomedical fields. Toxicity assessment so far has been informative but it could 
not catch up the development of technology especially in biological application of 
nanoparticlces as covered in earlier sections in this chapter. Even in in vitro assays, assay 
results were often challenged by their inconsistencies. For in vivo application it is even more 
important to have well defined, consistent assay protocol and techniques so that one can try 
to discover the key to the unknown, “black box” of particle toxicity in vivo (Figure 2). The 
immediate need in this regard will be the standardization of assessment protocols for 
nanoparticle toxicity. Government, academics and worldwide cooperation are desirable to 
facilitate this process for standardization of assays. In vitro findings should be carefully 
integrated to the in vivo behavior of nanoparticles since it is fairly different environment that 
nanoparticles will experience. For in vivo applications, therefore, extra care should be taken 
in prediction of potential toxicity of nanoparticles before their actual implementation.  
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1. Introduction 

The topic of male circumcision (MC) is of considerable current interest, largely because of 
widespread publicity generated by research findings attesting to its ability to prevent HIV 
infection during heterosexual intercourse. In addition, its long-recognized ability to protect 
against other sexually transmitted infections (STIs) has also been well publicized in recent 
times, especially now that support has been provided by large randomized controlled trials 
(RCTs). 
While MC can be performed at any age, the ease with which circumcision can be performed 
in infancy makes this time of life preferable to intervention later in childhood or in 
adulthood. As well as the issue of safety, convenience, simplicity and consequent cost 
reductions, circumcision in infancy provides greater net benefits over the lifetime of the 
individual.  
It provides immediate 10-fold protection against urinary tract infections and thus kidney 
damage in baby boys, and greater protection against penile cancer than circumcision later in 
life, virtually eliminating the risk of this disease with its high morbidity and mortality (Morris, 
2007; Morris, 2010; Tobian et al., 2010; Morris et al., 2011). Another benefit is prevention of 
phimosis, a common cause of sexual problems in adolescent boys and men, and a major risk 
factor for penile cancer. It also lowers to risk of inflammatory skin conditions such as 
balanoposthitis. Circumcised men have superior hygiene (O'Farrell et al., 2005) and half the 
prevalence of thrush (Richters et al., 2006). As far as protection against STIs is concerned, the 
most notable is human papillomavirus (HPV), the pathogen not only responsible for most 
cervical cancers in women, but also a proportion of penile cancers in men (Morris et al., 2011). 
MC also reduces the incidence of ulcerative STIs, including syphilis, chancroid, Trichomonas 
vaginalis, and herpes simplex virus type 2 (HSV-2) (Weiss et al., 2006; Morris & Castellsague, 
2010; Tobian et al., 2010). Circumcised men have lower genital ulcer disease as a result of this 
and the reduction in penile injury arising from tearing of the foreskin and frenulum during 
sexual activity (Bailey & Mehta, 2009). MC reduces sexual problems with age and diabetes 
(Morris, 2007; Morris, 2010; Tobian et al., 2010; Morris et al., 2011), and has no adverse effect on 
sexual function, sensation or acceptability (Morris, 2007; Tobian et al., 2010), if anything the 
reverse (Krieger et al., 2008). MC provides a public health benefit to women by lowering their 
risk of various STIs, including high-risk HPV types that cause cervical cancer, HSV-2, 
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Chlamydia trachomatis that can cause pelvic inflammatory disease, ectopic pregnancy and 
infertility, as well reducing the risk of bacterial vaginosis (Morris, 2007; Morris, 2010; Tobian et 
al., 2010; Morris et al., 2011; Wawer et al., 2011). 
If one tallies up all of the conditions listed above, 1 in 3 uncircumcised men will require 
medical attention from a condition stemming from their uncircumcised state (Morris, 2007). 
Moreover, such an analysis shows that the benefits exceed the risks by over 100 to 1, and far 
more if one factors in the severity of the consequences, including mortality and morbidity, 
that can occur in uncircumcised males and their sexual partners in adulthood.  
MC is, without doubt, a multi-benefit procedure. Yet many analyses of its benefits make the 
mistake of addressing its effect with respect to just one medical condition. For a true 
assessment of its value it is necessary to carry out a summation of all the benefits, quoting 
the total inclusive of spin-offs every time. 
Because of the current focus on efficient and effective MC in regions of the world where HIV 
prevalence is high, in the present chapter we will begin by summarizing the HIV findings. 
In the context of biomedical engineering, we will then examine the devices that have been 
devised for the surgical procedure itself. The intention of these devices has been to help 
reduce risk to delicate penile structures during surgery and also to ensure a favourable 
cosmetic outcome of the circumcision procedure. 

2. Male circumcision for HIV prevention 

In 2007 MC was endorsed by the World Health Organization (WHO) and the Joint United 
Nations Programme on HIV/AIDS (World Health Organisation and UNAIDS, 2007a) as 
being an important, proven strategy for prevention of heterosexually-transmitted HIV in 
high prevalence settings. Such advice was the culmination of 20 years of research that led to 
the findings of three large randomized controlled trials in different parts of sub-Saharan 
Africa (Auvert et al., 2005; Bailey et al., 2007; Gray et al., 2007). After rigorous examination of 
the data, the Cochrane committee concluded that “inclusion of male circumcision into 
current HIV prevention guidelines is warranted” and that “No further trials are required” 
(Siegfried et al., 2009; Siegfried et al., 2010). A recent analysis of data from 18 sub-Saharan 
African countries found the protective effect after adjustment for number of lifetime sexual 
partners and socio-demographic variables was 5-fold (Gebremedhin, 2010). As a result, 
large-scale MC programmes are being rolled out across sub-Saharan Africa in societies 
where traditional circumcision has not in recent times been the norm.   
Therefore, whilst the long-term goal should be one of circumcising in infancy, the 
immediate need in settings where life-threatening HIV prevalence is high is to circumcise 
uninfected heterosexually-active adult and adolescent males. 
Critics of this approach cite the "ABC" policy (Abstinance, Behaviour, Condoms) (Coates et 
al., 2008) as being sufficient. While condoms are 80–90% effective if always used properly 
(Halperin et al., 2004), including during foreplay, the reality is that for a host of reasons such 
as passion over-riding common sense, dislike for condoms, reckless behaviour often fuelled 
by inebriation, and/or not having a condom available, many people either do not use them 
consistently or at all (Donovan & Ross, 2000; Szabo & Short, 2000; Caballero-Hoyos & 
Villasenor-Sierra, 2001; Ferrante et al., 2005; Jadack et al., 2006; Kang et al., 2006; Sanchez et 
al., 2006; Yahya-Malima et al., 2007; Munro et al., 2008; Wawer et al., 2009). This research 
included RCTs in which men were given counselling and free condoms (Wawer et al., 2009). 
A review of 10 studies from Africa found that overall there was no association between 



 
Male Circumcision: An Appraisal of Current Instrumentation 

 

317 

condom use and reduced HIV infection, with two studies actually showing a positive 
association between use of a condom and HIV infection (Slaymaker, 2004; Lopman et al., 
2008). Part of the reason, however, is that condom use is likely to be higher when one person 
knows they are HIV-positive and does not want to infect their partner. Circumcision can 
thus be regarded as providing backup protection. It is much like seatbelts and airbags used 
in combination to reduce the road toll (Cooper et al., 2010). Buckling up the seatbelt has to be 
done, whereas the airbag is always there. Imperfect though it is, once circumcised a male 
enjoys a guaranteed degree of protection for life. The widespread acceptance of MC as an 
important HIV prevention measure has led to a new “ABC” now being advocated: 
Antivirals, Barriers and Circumcision. Not instead of the original ABC, but additionally. 
This clearly recognizes that MC is part of a package of prevention measures. 
An as-treated meta-analysis of the initial findings from the three RCTs found that the 
protective effect was 65% (Weiss et al., 2008). This was identical to the summary risk ratio for 
the 15 observational studies that adjusted for potential confounders. Follow-up analyses 
have indicated an increase in the 60% protective effect seen in the Kenyan trial to 65% at 3.5 
years (Bailey et al., 2008)  and 4.5 years (Bailey et al., 2010) In the Ugandan trial by 5 years the 
protective effect had increased to 73% (Kong et al., 2011). Such a level of protection is similar 
to that afforded by influenza vaccines (Fiore et al., 2007; Kelly et al., 2009). Even higher 
protection (80%) was found in the analysis of data from 18 sub-Saharan African countries 
(Gebremedhin, 2010). 
The high protective effect of MC should not detract from the need to adopt the other ABC 
measures as well.  
MC also reduces HIV infection in women by 20–46% (Baeten et al., 2009; Weiss et al., 2009; 
Baeten et al., 2010; Hallett et al., 2010). Economic analyses have estimated enormous savings 
in lives and cost by adoption of widespread MC in high risk settings (Williams et al., 2006) 
and has the potential to abate the epidemic over the next 10–20 years (Gray et al., 2008). Even 
in low prevalence settings such as the USA, infant MC was shown to be cost-saving for HIV 
prevention (Sansom et al., 2010).  
Several different partial remedies can act cumulatively, each contributing not just towards a 
reduction in infection rates but also towards the ultimate public health goal of herd 
immunity. It is here, rather than in the realms of individual healthcare, that the true value of 
MC lies. Not surprisingly, MC is now regarded as a “surgical vaccine” (Morris, 2007; 
Schoen, 2007b; Ben et al., 2009). It provides a behaviour-independent secure foundation 
upon which other forms of protection can build. 
As a prelude to the discussion of MC technique and the various devices for achieving 
foreskin removal, it is important to emphasize the biological evidence that has now 
accumulated that indicates the vulnerability of the inner lining of the foreskin to infection of 
the man by HIV.  
During an erection the foreskin can either retract fully or only partially. Either way, during 
intercourse the thin, mucosal inner surface of the foreskin is exposed to the partner's body 
fluids (Szabo & Short, 2000). The foreskin then traps the infectious inoculum when the penis 
becomes flaccid again (Cameron et al., 1989). The mucosal inner lining is only lightly 
keratinized (Patterson et al., 2002; McCoombe & Short, 2006; Ganor et al., 2010) and is rich in 
Langerhans cells (Patterson et al., 2002). Dendrites from these project to just under the 
surface (McCoombe & Short, 2006). The higher susceptibility of the inner lining to infection 
by live, tagged HIV has been demonstrated in cultured tissue (Patterson et al., 2002). 
Internalization of HIV involves the presence on Langerhans cells of the c-type lectin, 
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Langerin, that can bind HIV and internalize it (Turville et al., 2002). The Langerin is then 
involved in its transport to regional lymph nodes (Turville et al., 2002). In the inner (but not 
the outer) foreskin, tumor necrosis factor- can activate Langerhan’s cells; stimulatory 
cytokines then cause an influx of CD4+ T-cells into the epithelial layer (Fahrbach et al., 2010). 
The higher permeability of the inner foreskin is associated with increased interaction of HIV 
target cells with external factors, such as HIV. HIV can, moreover, infect T-cells 
independently of Langerhans cells (Boggiano & Littman, 2007). HIV’s success in establishing 
a systemic infection might nevertheless depend on its early interaction with Langerhans 
cells (Boggiano & Littman, 2007; Hladik et al., 2007). At low viral levels Langerin is able to 
clear HIV, shunting it to intracellular granules for degradation, but this mechanism becomes 
overwhelmed at higher viral loads (de Witte et al., 2007; Schwartz, 2007). By confocal 
imaging microscopy and mRNA quantification, the demonstration of abundant and 
superficially present potential HIV target cells (CD3+ and CD4+ T-cells, Langerhans cells, 
macrophages and submucosal dendritic cells) has provided anatomical support for the 
protective effect of circumcision (Hirbod et al., 2010). There was no difference between 
positive and negative HSV-2 serostatus.  
In 2010 it was found that HIV infected cells, but not free HIV, form viral synapses with 
apical foreskin keratinocytes, followed by rapid internalization by Langerhans cells, whose 
projections (dendrites) weave up between the keritanocytes in the inner foreskin, the 
infection occurring within 1 hour (Ganor & Bomsel, 2010; Ganor et al., 2010). The 
Langerhans cells then formed conjugates with T-cells thereby transferring the HIV. The 
thick keratin layers in the outer foreskin prevent infection (Ganor & Bomsel, 2010). 
Ulcerative disease and tearing are more common in uncircumcised men, adding to the risk of 
HIV entry (Alanis & Lucidi, 2004). A large 2-year RCT found significantly lower penile coital 
injuries amongst men in the circumcised arm of the trial, adjusted odds ratio being 0.71 for 
soreness, 0.52 for scratches/abrasions/cuts, and 0.62 for bleeding (Mehta et al., 2010). HSV-2 
infection increases HIV risk in men and women by 3-fold (Freeman et al., 2006). Men with a 
higher foreskin surface area appear more likely to be infected with HIV (Kigozi et al., 2009b). 
Inflammation of the epithelium of the foreskin is another factor that can increase infection risk 
and has been noted in 4.2% of men with neither HIV nor HSV-2, 7.8% of men with HSV-2 only, 
19% of men with just HIV, and 32% of men with both (Johnson et al., 2009). For stromal 
inflammation, the figures were 14%, 30%, 33% and 61%. Both epithelial and stromal 
inflammation were more common in men with accumulations of smegma. Even in the absence 
of visible lesions the mucosal tissue can show histological signs of inflammation (Hirbod et al., 
2010). Wetness under the foreskin is an indicator of poor hygiene and is associated with a 40% 
increase in risk of HIV infection (O'Farrell et al., 2006). A wet penis may enhance attachment of 
infectious virions for longer, reduce healing after trauma, or may lead to balanitis under the 
foreskin and consequent micro-ulcerations (O'Farrell et al., 2006). 
In high HIV prevalence settings, MC has been shown to be cost-effective for prevention of 
this virus (Williams et al., 2006; Uthman et al., 2011). In sub-Saharan Africa the cost of MC is 
always lower than the cost of anti-retroviral treatment; by how much depends on the 
method of circumcision used. Prevention is of enhanced importance here, because no 
outright cure currently exists for HIV infection. 
As mentioned earlier, even in settings in which HIV prevalence is low – such as the USA – 
calculations by the Centers for Disease Control and Prevention (CDC) have indicated that 
circumcision of infants would be cost-saving for HIV prevention (Sansom et al., 2010). The CDC 
has been giving favourable consideration, based on the wide-ranging benefits, to encouraging 



 
Male Circumcision: An Appraisal of Current Instrumentation 

 

319 

infant MC in the USA (Smith et al., 2010). Earlier analyses, based on just some of the benefits, 
were favourable (Schoen et al., 2006). These did not consider the benefits to women such as 
reduction in cervical cancer and various STIs besides oncogenic HPV (Morris et al., 2006). 
The ongoing penetration of HIV into the heterosexual community and rise in the number 
and proportion of new diagnoses from heterosexually-acquired infection in previously low 
HIV prevalence settings has led to calls for MC to be encouraged strongly in infancy 
(Cooper et al., 2010). 

3. Rates of circumcision 

Worldwide 30–32% of males are circumcised (World Health Organization, 2008b). Most are a 
consequence of Muslim tradition that mandates MC. Religion dictates MC at day 8 for Jewish 
infants. In much of sub-Saharan Africa and other parts of the world such as indigenous 
peoples of Australia and the Pacific islands, MC is performed as part of coming of age 
ceremonies for boys. In the 1800s MC became popular in Britain and countries with an Anglo-
Celtic heritage such as the USA and Australia. While a decline took place in the UK starting in 
the 1930s and in Australia and New Zealand in the 1970s, rates in the USA have remained high 
amongst Anglo-Celtic whites and Afro-American blacks (Xu et al., 2007). Hospital discharge 
data that suggest a decline do not take into account earlier discharge from maternity wards 
shifting the procedure from hospitals (where circumcisions are recorded in official statistics) to 
doctor's offices (where they are not), and the fact that not all hospitals record infant MC after 
delivery. The campaigning by MC opponents that led to withdrawal of Medicaid funding for 
MC in 17 states has had an adverse effect on the ability of the poor to access MC services for 
their children (Leibowitz et al., 2009; Morris et al., 2009). In a 2008 report, hospital discharge 
data in Maryland found 75.3% of 96,457 male infants were circumcised after birth and survey 
data from 4,273 mothers showed a rate of 82.3% (Cheng et al., 2008). Rate was higher in white 
and Afro-American blacks and lower amongst Hispanic and Asian infants. The continued 
influx of migrants, mostly Hispanic, in whom MC is culturally foreign, has been a major factor 
in the declining prevalence of MC in the US population as a whole. Subsequent generations 
are, however, more likely to adopt local US customs by having their baby boys circumcised. In 
Australia a reversal of the downward trend has become evident, no doubt fuelled by 
widespread news media publicity of the many benefits, especially in HIV prevention. 

4. Circumcision style: Terminology 

Excision of the foreskin can adopt various styles. These can be divided into what is referred 
to commonly as either a “high'” or a “low” style (Fig. 1). 
There is no published evidence as to whether one style or the other offers greater protection 
from HIV. The RCTs of MC for HIV prevention used either the forceps-guided method (which 
is “moderately high and loose”: http://www.circlist.com/instrstechs/forcepsguide.html) 
(Auvert et al., 2005; Bailey et al., 2007) or the sleeve technique (which is “high” and either 
“tight” or “loose”: http://www.circlist.com/ instrstechs/doublecirc.html) (Gray et al., 2007). 
Proponents of the “low” style argue that the antigen receptor cells responsible for admitting 
HIV to the uncircumcised male are concentrated in the frenulum and inner foreskin, implying 
that this tissue should be removed completely in order to obtain maximum benefit from the 
circumcision. Opponents consider that post-circumcision changes in residual mucosal tissue 
(changes that are loosely termed "keratinization") render its removal unnecessary. The authors'  
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Fig. 1. Depiction of flaccid penis before and after circumcision showing what gets removed 
for extremes of style; in each case the tissue to be removed is shown in orange. (A) before 
and (B) after for the “low and loose” style: Almost all the inner foreskin has been removed 
along with an equal amount of outer foreskin. No tension has been placed in the shaft skin, 
with the result that the flaccid penis droops and the sulcus is not held fully open. Thus, 
despite circumcision, it remains possible for smegma to accumulate. (C) before and (D) after 
for the “low and tight” style: The maximum possible amount of inner foreskin has been 
removed along with the whole of the outer foreskin plus a considerable portion of shaft skin. 
This has placed the residual shaft skin under tension, with the result that the flaccid penis 
appears to be short and semi-erect. The sulcus is held fully open; therefore it is not possible 
for smegma to accumulate. (E) before and (F) after for the “high and loose” style: Much of 
the of inner foreskin has been retained, folded back on itself to face outwards and assume 
the role of shaft skin. The outer foreskin has been removed along with some shaft skin, but 
not enough to place the residue under tension. Thus the flaccid penis still droops as it did 
before circumcision. The sulcus is not held fully open; therefore it is still possible for 
smegma to accumulate. (G) before and (H) after for the “high and tight” style: Much of the 
inner foreskin has been retained, folded back on itself to face outwards and assume the role 
of shaft skin. The outer foreskin has been removed, as has a considerable amount of shaft 
skin. This has placed the residual shaft skin under tension, with the result that the flaccid 
penis appears to be short and semi-erect. The sulcus is held fully open; therefore it is not 
possible for smegma to accumulate. Diagrams from: 
http://www.circlist.com/styles/page1.html#terminology  
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view is that, unless or until proof positive emerges to the effect that a “high” style confers as 
great a degree of prophylaxis as a “low” style, the Precautionary Principle should be applied 
and circumcisions should be done in the “low” style. 
Traditional circumcisions done using "tug-&-chop" methods (Fig. 2) already provide us with 
ample examples of residual inner foreskin. There appears to be scope for a population study 
here, comparing HIV infection rates amongst groups with “high” and “low” styles of 
circumcision. 
 

 
Fig. 2. The “tug-and-chop” method of circumcision. 

Another somewhat contentious style issue is the matter of tightness. Often, tightness is 
considered to be nothing more than a cosmetic matter. However, theoretical models of STI 
transmission tend to suggest that benefit is gained from the sulcus being dry. This implies 
that circumcisions should be sufficiently tight to hold the sulcus open, such that no moisture 
will accumulate there. 
The third style issue to be resolved relates to removal or retention of the frenulum. As well 
as having high concentrations of antigen receptor cells targeted by HIV, the highly vascular 
frenulum is particularly susceptible to tearing or other damage during intercourse, as well 
as being a frequent site of lesions produced by other STIs (Szabo & Short, 2000). Persistent 
debate relates to resulting changes in sexual sensitivity; anecdotal evidence from those who 
have had their frenulum surgically removed suggest that no loss of sensitivity occurs. It is 
also worthy of note that the frenulum can be lost as a result of tearing; such loss does not 
appear to give rise to complaint about effects long-term. 
In the light of all of the above, there appears to be a good cause not just to circumcise but to 
circumcise in a particular way.  It seems appropriate for the surgery to specifically target 
certain classes of cells for removal, at the same time achieving a result that holds the sulcus 
open so that it remains dry and clean, unable to harbour a viral payload either in smegma or 
in residues of erogenously triggered body fluids. 

5. Methods of circumcision 

We will now present information on current approaches to circumcision, mostly stemming 
from experience in developed nation settings, the USA in particular. We will start with 
infants and then move on to adults and older boys. We will end with speculation about 
what is needed for low-resource settings in terms of devising novel devices. 
There is no standard circumcision procedure and the issue of standards has been a rallying 
call for years. At the Western Section American Urological meeting in 2007 Dr Sam Kunin, 
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who practices in Los Angeles, compared and contrasted clamps and discussed what he 
considered should be the minimal standards for circumcision (Kunin, 2007a). 
The postnatal period provides an ideal window of opportunity for circumcision (Schoen, 
2007a). The newborn, having recently experienced the considerable trauma of birth, has 
elevated levels of normal stress-resistance hormones. Neonates heal quickly, are resilient, 
and use of local anaesthesia means little or no pain. Since the inner and outer foreskin layers 
readily adhere to each other afterwards, sutures are rarely needed in this age group.  
 

 
Fig. 3. Photo of a baby boy having a circumcision. 

There is no evidence of any long-term psychological harm arising from circumcision. The 
risk of damage to the penis is extremely rare and avoidable by using a competent, 
experienced doctor. Unfortunately, because it is such a simple, low-risk procedure, it had 
once been the practice to assign this job to junior medical staff, with occasional devastating 
results. Anecdotes of such rare events from the past should be viewed in perspective.  
Parents or patients nevertheless need to have some re-assurance about the competence of 
the operator. Also the teaching of circumcision to medical students and practitioners needs 
to be given greater attention because it is performed so commonly and needs to be done 
well. Models to teach interns and others have, moreover, been produced (Erikson, 1999; 
Cohen, 2002). 

6. Traditional circumcision of infants 
Surgical methods often use a procedure that protects the penis during excision of the 
foreskin. 
Safe implementation of the Jewish tradition of circumcision on the eighth day of life led to 
the development of what is termed the "Traditional Jewish Shield". At one time made from 
silver (a material chosen for its natural aseptic qualities), the identical method is now to be 
found in conjunction with single-use disposable equipment. The objective of the device is to 
prevent accidental injury to the glans. 
The traditional Jewish equipment typifies the "Tug-&-Chop" method. Similar shielding can 
equally be achieved with forceps or a haemostat, whereupon it becomes known as the 
forceps-guided technique. Cutting can be done with scissors, a scalpel or an electrocautery 
device. In all instances the mucosal skin that is stretched between the sulcus and the distal 
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face of the shield remains intact. Given the current state of knowledge, such a style of 
circumcision must be regarded as sub-optimal. 
Wholly freehand circumcisions did occur, but at theoretically greater risk of injury to the 
glans. 
None of the traditional devices automatically result in removal of the frenulum. If that is 
required, it must be done as a separate procedure. 

7. Medical circumcision of infants and very young boys 

In the 1930s in the United States, the search for a means of bloodless circumcision of infants 
began. Yellen set out the principles involved (Yellen, 1935), but it fell to others (Goldstein, 
1939; Ross, 1939; Bronstein, 1955; Kariher & Smith, 1955) to produce workable devices to 
implement the concept. Numerous patent applications for circumcision instruments were 
filed during this period, especially in the United States as can be seen by referring to the US 
Patent and Trademark Office database (USPTO), but few of the inventions passed into mass 
production and routine use. Meantime, in Europe, a similar but apparently unpatented 
device known as the Winkelmann Clamp was gaining favour (untraced in the European 
Patent Office database). 
Such devices can be divided into two categories: Those that rely on ischaemic necrosis and 
those that do not. Ischaemic necrosis involves the deliberate killing-off of tissue by 
strangulation of its blood supply for a period of days, as in the Ross Ring and the Plastibell® 

(the trade name given to Kariher and Smith's device). The other devices first crush the blood 
vessels, typically for a period of some minutes, and then provide protection for the glans 
when the foreskin is severed. Conventional wound healing follows. In infants, the crushing 
action is sufficient to seal the wound such that sutures are not normally needed. 
In consequence of the design fundamentals of the Gomco (GOldstein Medical COmpany) 
clamp (the trade name given to Goldstein's device) and the Winkelmann Clamp, these two 
clamps have the potential to remove almost all inner foreskin. The inner, "bell" component 
reaches beneath the prepuce in a way that places the cut near to the coronal rim of the glans. 
In consequence, as regards HIV prophylaxis, the resulting style of a circumcision done with 
these clamps is preferable to any "Tug-&-Chop" method. 
In the USA the most commonly used devices are the Gomco clamp (67%), the Mogen clamp 
(10%) and the Plastibell (19%) (Stang & Snellman, 1998). Pictures of these appear later and 
can also be found in references: (Langer & Coplen, 1998; Alanis & Lucidi, 2004). The latter 
article in particular discusses the procedure, as well as contraindications. A technique that 
uses the Plastibell as a template for paediatric circumcision has been developed (Peterson et 
al., 2001). Rather than waiting for the bell to slough off days later, sutures are made at the 
time and the bell is removed. A similar “adult circumcision template” was later created for 
use in men, with good results (Decastro et al., 2010).  
The various devices serve to protect the penis when excising the prepuce. The type of clamp 
used affects the time taken for the procedure, being on average 81 seconds for the Mogen 
clamp and 209 seconds for the Gomco clamp (Kurtis et al., 1999). In a head-to-head trial of 
length of procedure the Mogen took 12 minutes, compared with 20 minutes for the Plastibell 
(Taeusch et al., 2002). The latter time is far greater than others generally achieve (see 8.2.4 
below). Although simpler to use and more pain-free than the other two (Kurtis et al., 1999; 
Kaufman et al., 2002; Taeusch et al., 2002), the Mogen clamp removes less foreskin. The 
Gomco is the oldest and is the most refined instrument (Wan, 2002). Its use is widespread, a 
study in Togo confirming its superiority to grips-only circumcision (Gnassingbé et al., 2010). 
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Since some of these more elaborate methods can take up to 30 minutes to perform they 
therefore expose the baby to a greater period of discomfort. In contrast, a circumcision can 
be completed in 15–30 seconds by a competent practitioner using methods that are part of 
traditional cultures.  
Interestingly, strict sterile conditions were reported not to be necessary to prevent infection 
in ritual neonatal circumcision in Israel (Naimer & Trattner, 2000).  
Rather than tightly strapping the baby down, swaddling and a pacifier has been suggested 
(Herschel et al., 1998; Howard et al., 1998; Howard et al., 1999). A special padded, 
“physiological” restraint chair has moreover been devised and shown to reduce distress 
scores by more than 50% (Stang et al., 1997). Exposure to a familiar odour (the mother’s milk 
or vanilla) reduces distress after common painful procedures in newborns (Goubet et al., 
2003; Rattaz et al., 2005; Goubet et al., 2007). 
Dr Tom Wiswell and other experts strongly advocate the neonatal period as being the best 
time to perform circumcision, pointing out that the child will not need sutures (owing to the 
thinness of the foreskin (Schoen, 2005)) nor general anaesthesia, or additional hospitalization 
(Wiswell & Geschke, 1989; Wiswell & Hachey, 1993; Wiswell, 1995; Wiswell, 1997; Wiswell, 
2000). Wiswell pointed out (personal email communication in Apr 2009) that “starting in the 
1970s there was a movement away from delivery room circumcisions at minutes of life until 
several hours to several days of life. This was mainly because of the recognition of the 
transition period to extrauterine life that babies go through. ‘Stresses’ can have an adverse 
effect on this process, particularly on the heart and lungs. In an otherwise healthy infant, 
though, there is no need to delay until 2 weeks of age.” 
All circumcisions should involve adequate anaesthesia, using either EMLA cream,  
dorsal penile nerve block, penile ring block, or a combination of these prior to the operation 
(http://www.circinfo.net/anesthesia.html). Without an anaesthetic the child experiences 
pain, during the procedure and for a maximum of 12–24 hours afterwards. That the  
baby could remember for a short time was suggested by a greater responsiveness to 
subsequent injection for routine immunization (Taddio et al., 1997). The child does not, 
however, have any long-term memory of having had a circumcision performed and there 
are no other long-term adverse effects (Fergusson et al., 2008). Local anaesthesia is therefore 
advocated.  
Whatever the method, post-operative care, as advised by the doctor, must be undertaken, 
usually by the parents. Cosmetic results have met with unanimous parental acceptance 
(Duncan et al., 2004).  
Healing is rapid in infancy (Schoen, 2005), complication rate is very low (0.2%–0.6%) 
(Wiswell & Geschke, 1989; Cilento et al., 1999; Christakis et al., 2000; Ben Chaim et al., 2005), 
and cost is much lower than when performed later in life (Schoen et al., 2006). 
For males with haemophilia, special pre-operative treatment is required (Balkan et al., 2010; 
Yilmaz et al., 2010). A satisfactory outcome can be achieved with a specialized cost-effective 
device (Karaman et al., 2004; Sewefy, 2004). Just as for healthy individuals (see below), 
cyanoacrylate tissue adhesives (Glubran and Glubran 2) have been found to be effective for 
circumcision of haemophilia patients (Haghpanah et al., 2011). 

8. Circumcision of adults and boys post-infancy 

8.1 Freehand methods 
Circumcision is more traumatic, disruptive and expensive for men and older boys than it is 
for infants (Schoen, 2007a). For those aged 4 months to 15 years some authorities advocate a 
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general anaesthetic. Others strongly disagree, saying that since a general anaesthetic carries 
a small risk, a local anaesthetic, often with a mild sedative, is what should be used for all 
children (Schoen, 2007a).  
Unlike infant circumcisions, sutures/stitches or wound staples are usually needed for men 
and older children, although use of synthetic tissue adhesives such as 2-octyl-cyanoacrylate 
(Dermabond) (Cheng & Saing, 1997; Subramaniam & Jacobsen, 2004; Ozkan et al., 2005; 
Elmore et al., 2007; Elemen et al., 2010; Lane et al., 2010; D'Arcy & Jaffry, 2011) have proven to 
be effective alternatives. These are safe, easy to use, reduce operating time, lower 
postoperative pain and give a better cosmetic appearance (Ozkan et al., 2005; Elmore et al., 
2007). 
Excellent cosmetic results were reported for all of 346 patients aged 14 to 38 months using 
electro-surgery, which presents a bloodless operative field (Peters & Kass, 1997). Metal of 
any kind (such as the Gomco clamp that is used commonly in infant MC) has to of course be 
avoided in this procedure.  
Laser surgery is gaining popularity, but requires both specialized equipment and training. 
The method has its own associated shields (Chekmarev, 1989; Zhenyuan, 1989; Gao & Ni, 
1999). 
Gentle tissue dissection with simultaneous haemostasis has been achieved using an 
ultrasound dissection scalpel for circumcision (Fette et al., 2000).  
A randomized trial found that a bipolar diathermy scissors circumcision technique led to 
less blood loss (0.2 versus 2.1 ml), shorter operating time (11 versus 19 min) and lower early 
and late postoperative morbidity as compared with a standard freehand scalpel procedure 
(Méndez-Gallart et al., 2009). Bipolar scissors also appear to offer a method of bloodless 
removal of the frenulum prior to application of any one of a number of circumcision clamps 
for the remainder of the procedure. 
Unless combined with other surgery, circumcision later obviously requires a separate 
(occasionally overnight) visit to hospital. Healing is slower than in newborns and the rate of 
complications is greater, but still low: 1–4% (Auvert et al., 2005; Cathcart et al., 2006; Bailey 
et al., 2007; Gray et al., 2007; Krieger et al., 2007). Most common is postoperative bleeding 
(0.4–0.8%), infection (0.2–0.4%), wound disruptions (0.3%), problems with appearance 
(0.6%), damage to the penis (0.3%), insufficient skin removed (0.3%), delayed wound 
healing (0.1%), delayed healing (0.2%), swelling at the incision site or haematoma (0.1–0.6%) 
or need to return to the theatre (0.5%). An average of 3.8% adverse events has been seen for 
the first 1–100 circumcisions a clinician does (Krieger et al., 2007). For the next 100 this 
decreases to 2.1% and by the time they have done 200–400 it drops to less than 1%. Beyond 
400 it is 0.7%. The incidence of penile adhesions after a circumcision decreases with age, but 
at any age they often resolve spontaneously (Ponsky et al., 2000). Pain sometimes can last for 
days afterwards and those older than 1 to 2 years may remember. 
Cost is also much greater than for neonatal circumcision. Cost can be reduced by having the 
surgery performed on an outpatient basis.  
A local anaesthetic is all that is needed for MC, so reducing anaesthetists’ charges which can 
be quite high for a general anaesthetic. The WHO has produced a manual for circumcision 
of men under local anaesthesia (World Health Organisation, 2006). Various methods can be 
used for local anaesthesia, including dorsal penile nerve block and ring block. Recently, a 
no-needle jet of 0.1 ml 2% lidocaine solution sprayed at high pressure directly on to the 
penile skin circumferentially around the proximal third of the penis has proven to be quick 
and effective, and has obvious appeal (Peng et al., 2010a). 
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Conventional surgery under general anaesthetic normally uses the sleeve-resection 
technique, described in a series of diagrams with technical details by Elder (2007). This 
method takes longer and for this reason many surgeons will insist on using a general 
anaesthetic. By its nature sleeve resection removes mainly shaft skin, not foreskin, so having 
potential implications for HIV infection. An alternative is the Dissection Method. These two 
methods are often confused. Illustrated by Mousa (Mousa, 2007), the Dissection Method 
separates inner and outer foreskin in a manner similar to a very loose "tug and chop" 
circumcision, but then proceeds to excise most of the inner and all of the outer foreskin 
along with some shaft skin. The amount of shaft skin removed depends on the tightness 
required; inner foreskin is left only as necessary to provide an anchorage for sutures 
reconnecting the shaft skin to the sulcus. 
Interestingly, genital surgery in women often involves a course of topical estrogen in 
advance in order to increase thickening, cornification and keratinization of the vaginal 
epithelium (Short, 2006). This helps surgical outcome and has led to the suggestion that 
similar pre-treatment be carried out prior to circumcision in men. 
Pain from conventional surgery can last for up to a week or longer afterwards, during which 
time absence from work may be required. Some men, however, report no pain, just minor 
discomfort from the stitches. A large RCT found that at the 3-day post-circumcision follow-up, 
48% reported no pain, 52% very mild pain, and none moderate or severe pain (Bailey et al., 2007). 
By 8 days, 89% had no pain and 11% mild pain. Vasectomy in men circumcised previously as 
adults (and who can thus attest to the difference) is said to be much more painful.     

8.2 Instruments developed over earlier years 
The following devices were in common use for male circumcision prior to the start of the 
HIV epidemic. The patent information quoted relates to the country of residence of the 
inventor(s). In many instances other patents exist, especially in the USA, the European 
Union and, since its formation in 1967, the records of the World Intellectual Property 
Organisation (WIPO). 

8.2.1 Traditional Jewish shield 
Inventor:  Unknown 
Primary patent:  None: historic  
Patent priority date: Not applicable 
Patient age range: Full-term neonate to adult 
Category:  Tug-&-Chop shield 
 

 
Fig. 4. The traditional Jewish shield. 
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Procedure: The foreskin is pulled forward and the shield slipped over it. The excess prepuce 
is then excised by running a scalpel or similar knife across the distal face of the device. 

8.2.2 Gomco Clamp 
Inventor:  Goldstein, A.A. 
Primary patent:  United States Design Patent USD119180 (no Utility Patent has 
   been traced)  
Patent priority date:  16 Mar 1939 
Patient age range: Full-term neonate to adult 
Category:  Bell clamp / scalpel guide 
 

 
Fig. 5. The Gomco Clamp showing components, in a range of sizes, that are assembled 
during the procedure described in the text. 

Procedure: First of all, a dorsal slit is made in the foreskin and the foreskin is separated from the 
glans. The bell of the Gomco clamp is then placed over the glans, and the foreskin is pulled 
over the bell. The base of the Gomco clamp is placed over the bell, and the Gomco clamp's arm 
is fitted. After the surgeon confirms correct fitting and placement (and the amount of foreskin 
to be excised), the nut on the Gomco clamp is tightened, causing the clamping of nerves and 
blood flow to the foreskin. The Gomco clamp is left in place for about 5 minutes to allow 
clotting of blood to occur, then the foreskin is dissected off using a scalpel. The Gomco's base 
and bell are then removed, and the penis is bandaged. It is a fairly bloodless circumcision 
technique. The circumcision is relatively quick compared to the Plastibell. It was the most 
popular method for circumcisions between 1950 and 1980 and is still common today, 
especially in the USA. A training video of a neonatal Gomco circumcision using dorsal penile 
nerve block and a sucrose pacifier, conducted by Dr Richard Green, Stanford University 
School of Medicine, is available at http://newborns.stanford.edu/Gomco.html 
Dr Sam Kunin, an experienced urological surgeon in Los Angeles, has developed a clever, 
and very effective, method in which local anaesthetic is injected into the distal foreskin 
(Kunin, 2007b). Doing so separates the inner and outer foreskin therefore allowing the inner 
layer to be pulled against the bell of the Gomco clamp, and results in a maximum amount of 
inner layer being removed (http://www.samkuninmd.com). He points out that the inner 
lining is the area most prone to adhesions, irritations, yeast and bacterial infections, 
particularly in diabetics. 
Gomco clamps exist in sizes from neonatal to adult. Suturing is required post-infancy. 
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8.2.3 Winkelmann Clamp 
Inventor:  Provisionally attributed to the German urological 
    surgeon Karl Winkelmann (1863–1925). 
Primary patent:  None traced 
Patent priority date: None traced 
Patient age range: Infant to mid-puberty, according to manufacturer. 
Category:  Bell clamp / scalpel guide 
 

 
Fig. 6. The Winkelmann Clamp. 

Procedure: Nominally the same as the Gomco clamp described above. Despite its ready 
availability, the Winkelmann Clamp appears not to have been trialled in connection with the 
search for devices suitable for campaigns of mass circumcision. 

8.2.4 Plastibell 
Inventors:  Kariher, D.H. and Smith, T.W. 
Primary patent:  US3056407 
Patent priority date: 18 May 1955 
Patient age range: Full-term neonate to onset of puberty 
Category:  Ischaemic necrosis device using string ligature 
Procedure: The Plastibell is a clear plastic ring with handle and has a deep groove running 
circumferentially. The adhesions between glans and foreskin are divided with a 
haemostat (artery forceps) or similar probe. Then the foreskin is cut longitudinally 
starting at the distal end dorsally to allow it to be retracted so that the glans (the head of 
penis) is exposed (Elder, 2007). The appropriately sized device is chosen and applied to 
the exposed glans. The ring is then covered over by the foreskin. A ligature is tied firmly 
around the foreskin, crushing the skin against the groove in the Plastibell. Then the excess 
skin protruding beyond the ring is trimmed off, something that is possible using surgical 
scissors rather than a scalpel. Finally, the handle is broken off. The entire procedure takes 
5 to 10 minutes, depending on the experience and skill of the operator. The compression 
against the underlying plastic shield causes the foreskin tissue to necrotize. The ring falls 
off in 3 to 7 days leaving a circumferential wound that will heal over the following week. 
Typically, the glans will appear red or yellow until it has cornified (Gee & Ansell, 1976; 
Holman et al., 1995).  
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Fig. 7. The Plastibell device is a clear plastic ring with handle and has a deep groove running 
circumferentially. Upper diagram: How it is used for an infant circumcision (diagram 
modified from Elder (2007)). Lower image: Dr Terry Russell, Brisbane, Australia, displaying 
the range of sizes available. 

The Plastibell continues to be available in sizes applicable from newborn to early puberty. 
The metallic precursor, the Ross Ring (Ross, 1939), also came in adult sizes, but adult 
Plastibell circumcision appears to be unknown. The metallic ring is long discontinued, 
rendered obsolete by its disposable plastic equivalent. Cosmetic results have met with 
unanimous parental acceptance (Duncan et al., 2004). 
Dr Terry Russell in Brisbane, Australia, developed in 1993 a simple, pain-free method 
involving 2 hours EMLA cream with the penis wrapped in cling wrap (done by the parents 
prior to arrival at the clinic), followed by a modified Plastibell circumcision (Russell & 
Chaseling, 1996). The technique is described in detail on his website 
(http://www.circumcision.com.au). Dr Russell has used it in 30,000 circumcisions on boys 
of all ages from neonate to puberty, including 400 older boys every year. More recently he 
has obtained excellent results with another topically applied anaesthetic cream, LMX4 (4% 
lidocaine) that is faster acting, more effective and has fewer side effects (C.T. Russell, 
personal communication). Because complete local anaesthesia is achieved by EMLA or 
LMX4 cream, Dr Russell reports that no pain is experienced for 5 hours after the Plastibell is 
applied, so claims the circumcision is completely pain free at all stages. The only major 
complication in 30,000 circumcisions was one boy who developed mild 
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methemoglobinaemia (from the EMLA cream) that, after immediate hospital admission, 
resolved spontaneously overnight, with no medical intervention required.  
Prof Roger Short orchestrated the production of a video that teaches the Russell method. Dr 
Russell featured in this "no scalpel circumcision" video. Also featured was one of Prof 
Short’s students from Botswana, who took it there for teaching purposes. Another, filmed in 
Vanuatu of a traditional circumcision using a sharpened bamboo, was produced for use in 
Papua New Guinea (PNG) where, unlike most Pacific Islands, circumcision is uncommon. 
These were aimed primarily to reduce HIV/AIDS in Botswana and PNG. 
Since the simple plastic Plastibell device is now off patent it can be produced at very low 
cost, but parallel production cannot use the name Plastibell, which remains to this day a 
Registered Trade Mark. Nevertheless, the device has the potential to help reduce HIV in 
poor countries (Short, 2004). 
Dr. Sam Kunin points out, however, that "the [Plasti]bell techniques leave too much inner 
skin. Besides the inherent problems of this method with later adhesions and buried penis, 
allows for possible migration of the bell down the shaft, with ensuing potential damage to 
the penile skin" (personal communication). A Nigerian study also noted that incorrect 
technique can lead to proximal migration of the Plastibell in neonatal boys (Bode et al., 2009). 
Correct training in this method is thus essential. An Iranian study involving 7,510 term 
neonates found that Plastibell circumcision incorporating thermal cautery of the frenulum 
reduces bleeding (0.4% versus 0.05%), but led to greater urinary retention (0.03% versus 
0.9%) (Kazem et al., 2009). Modifications to the standard procedure by authors in the UK 
have improved outcomes, particularly the risk of bleeding (Mahomed et al., 2009). 
A study in Pakistan found that for babies under 3 months of age, the time taken for the 
Plastibell to fall off was 8.7 days (Samad et al., 2009). This increased gradually to 16.8 days 
for children over 5 years. 

8.2.5 Mogen Clamp 
Inventor:  Bronstein, H. 
Primary patent:  US2747576 
Patent priority date: 3 Feb 1955 
Patient age range: Full-term neonate to adult 
Category:  Tug-&-Chop shield with inbuilt crushing action 
 

 
Fig. 8. The Mogen Clamp. 



 
Male Circumcision: An Appraisal of Current Instrumentation 

 

331 

Procedure: Firstly, adhesions between glans and foreskin are divided and a haemostat is 
placed along the dorsal midline with its tip about 3 mm short of the corona before being 
locked into place. The Mogen clamp is opened fully. A key step in Mogen circumcision is 
the safe placement of the clamp. To push the glans out of the way, the surgeon's thumb and 
index finger pinch the foreskin below the dorsal haemostat. The Mogen clamp is then slid 
across the foreskin from dorsal to ventral following along the same angle as the corona. The 
hollow side of the clamp faces the glans. Before locking the clamp shut, the glans is 
manipulated to be sure it is free of the clamp's jaw. If it is, the clamp is locked. Once locked 
the foreskin is excised flush with the flat surface of the clamp with a 10 inch blade scalpel. 
The clamp is left on for a few moments to ensure haemostasis. It is then unlocked and 
removed. The glans is liberated by thumb-traction at the 3 and 4 o'clock positions that pull 
the crush line apart. 
This device can be and has been used across the whole age range. However, recent safety 
issues involving the glans being drawn into the clamp are reported to have brought about 
the bankruptcy of the original manufacturer (Tagami, 2010). 

9. Objectives and constraints relating to a campaign of mass circumcision 

With the possible exception of the Plastibell, the traditional devices appear not to be well 
suited to field use by personnel not fully trained as medical professionals. This has led to the 
development of a number of new designs. Before moving on to consider each in detail, we 
first address the issue of the design objectives. 
Over 30% of the world’s male population enters adulthood already circumcised, their 
foreskins having been removed in infancy, childhood or around puberty, either as a 
prophylactic measure for prevention of disease, for hygiene reasons, family tradition, 
cultural reasons, religious requirements, or treatment of foreskin-related medical conditions 
(World Health Organisation, 2007b). That still leaves hundreds of millions of uncircumcised 
males who are (or later in life will become) sexually active, but lack the baseline protection 
provided by MC against a wide range of STIs and other adverse medical conditions. 
Valiant MC scale-up efforts are in progress in sub-Saharan Africa. It is, however, unrealistic 
to expect existing surgical resources to be diverted to the task of circumcising these millions 
of men worldwide. Such expertise is already fully committed elsewhere. What is required is 
an ad hoc contingent of circumcisers, a cohort of people with sufficient training to carry out 
circumcisions safely, effectively, with a good cosmetic outcome and minimum disturbance 
to lifestyle. Given the vast numbers involved, recruitment from outside the pre-existing 
medical profession is inevitable. Such a need has, moreover, been recognized by those "on 
the ground" in sub-Saharan Africa (Sahasrabuddhe & Vermund, 2007; Sharlip, 2008; Wamai 
et al., 2008; World Health Organization, 2008b). 
Herein lies the justification for introducing newer methods of circumcision reliant on 
advances in biomedical engineering. What is needed is a device and method that de-skills 
the surgical process to the point where it can be safely and effectively undertaken by people 
whose prior educational achievement would not otherwise have admitted them to the 
medical profession. Then, and only then, can a campaign of mass circumcision take place 
without major poaching of skilled personnel from other healthcare programmes. 
Prudent planning nevertheless envisages a fully qualified person to be nearby, acting as 
supervisor and capable of completing by conventional surgery any circumcision that goes 
wrong when attempted by ordinary members of the task force using de-skilled 
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methodology. Dispensing totally with such supervision and backup would, in the authors' 
opinions, be too risky.  
No matter what method is used, adequate training in technique is crucial. To this end a low-
cost penile model has been developed as a teaching aid for use in low-resource settings 
(Kigozi et al., 2011). 
As with previous global public health campaigns such as the one that successfully 
achieved the eradication of smallpox, it is imperative to bring MC services to the people 
rather than expect the people to visit distant facilities. Take the example of the peasant 
farmer. He cannot leave his livestock and his family unattended for days on end whilst he 
travels, probably on foot, to a clinic many miles away. Hence our second requirement for 
the ideal new MC device: It must be suitable for use in conditions of limited asepsis. A 
clean consulting room in a village health clinic would be a luxury, as would a mobile 
facility built into a shipping container and driven around by truck. Think more in terms of 
a clean cloth draped over a table in a bamboo or mud hut, with village elders in 
attendance waving their ceremonial fly whisks and the circumciser arriving on foot with 
all necessary equipment in a small rucksack. No roads, no electricity, no running water. 
The 2nd author, Chris Eley, saw exactly this at a religiously-motivated circumcision in 
Seram, Indonesia, in 1987 (Operation Raleigh expedition 11E, led by the late Major Wandy 
Swales TD). On that occasion the surgery was done freehand by a well-qualified and 
highly proficient Egyptian doctor, using injected local anaesthesia, forceps, surgical 
scissors and sutures. 
One obvious consequence of such remoteness is that facilities for re-sterilizing equipment 
are non-existent. Therefore the ideal device should be single-use. That applies not only to 
the clamp itself, but also to all ancillary equipment such as any tool needed to close it, plus 
syringes, forceps and so on. Think here of a whole single-use kit packaged as one, not just a 
clamping device on its own. 
Against this outline of medical objectives, social and logistical background, we can begin to 
construct a checklist of the design parameters to be met by candidate devices. 
Already mentioned: 
 Suitable for use by persons without recognised medical qualifications, with limited 

supervision. 
 Suitable for field use; no requirement for an aseptic environment. 
 Single use / disposable. 
To this list must be added: 
 Cost: Rather obviously this needs to be minimized, but the raw cost of the device is only 

a small part of the total financial commitment. Staffing, provisioning and transport in 
remote areas can dwarf the cost of the circumcision device that the team intends to fit. 
The design of the device nevertheless remains crucial. For example, does it need a 
trained attendant to remove it? If so, staffing costs may straight away have escalated in 
comparison with a rival device not routinely requiring such follow-up. 

 Simplicity: The ideal device should be easy to comprehend. Not only does that simplify 
training, it also simplifies the obtaining of each prospective patient's informed consent. 
Simplicity also reduces the possibility of user error. This implies minimizing the 
number of components, avoiding all possibility of mis-assembly (such as getting 
something the wrong way round) and misuse (such as making a scalpel cut on the 
wrong side of a clamping ring). Enter what we politely refer to here as "The Law of the 
Inevitable Cussidness of Inanimate Objects", better known as Sod's (or Murphy’s) Law 
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(http://en.wikipedia.org/wiki/Murphy's_law). If something possibly can go wrong, it 
will. Botched circumcisions cause immense psychological distress. The duty of care 
owed is of the highest order. One good measure of simplicity is the number of 
components in a device, the lower that number the better. 

 Size range: Where the intent is to produce a single design for the whole male population, 
the smallest device should fit a full-term neonate and the largest should fit the most 
well-endowed male. But what about those in-between? There is a balance to be struck 
here between, on the one hand, having a device that is precisely sized so that it is 
correct for each patient and, on the other hand, needing to carry a vast stock of different 
sizes. A certain latitude in sizing is needed, such that an acceptable circumcision results 
even if the device is a few millimetres off the ideal. This is not merely a matter of 
stockholding; critical sizing invites increased error due to the use of mis-selected 
devices and it also increases waste arising when an incorrect size is selected and 
removed from its sterile packaging but discarded before use. 

 Sterility: Delivery to remote locations requires robust packaging, but that is only half the 
story. Not all sterilization processes can be applied to all materials. There are known 
pitfalls with many plastics. Cobalt-60 exposure (gamma irradiation) is a very effective 
way of sterilizing, but is totally unsuited to a number of plastics; many discolour and 
become brittle when irradiated. Full consideration of this materials science issue is 
beyond the scope of the present chapter; just note and beware! The present alternative 
is the environmentally questionable Ethylene Oxide method. In time, it may become 
possible to use ultra-high voltage electrostatic fields on an industrial scale, but that is 
still in the future (Wang et al., 1992; Meijer, 2008). 

 Suitable materials: Devices that are intended to remain in contact with body tissue for an 
extended period must be hypoallergenic. Factors such as contact time and plasticizer 
residues must be scrutinized. The device supply chain should be secure against pirate 
copies and adulteration of the original specification. 

 Disposability: Waste disposal must be managed, not just in respect of the usual medical 
sharps, but also in respect of sloughed-off clamps and associated necrotic tissue. In 
some societies the payment of a bounty for the return of the spent device might be 
appropriate as a way of bringing about proper disposal. 

 No fraudulent re-use: Single-use devices should be exactly that. A key question might be 
"Does the device self-destruct at the end of the procedure?". 

 Avoidance of wound dehiscence: “Clip-&-Wear” clamps with an exceptionally narrow 
clamping ring can bring about wound dehiscence, especially when the circumcision 
style is tight such that the shaft skin is significantly stretched. What was intended 
merely to grip takes on the potential to cut, doing so proximally to the intended scar 
line and thus forcing remedial action that results in a tighter circumcision than 
originally envisaged. This problem appears to be age-related and gives rise to some 
criticism of the widespread use of ischaemic necrosis techniques in adults (Vernon 
Quaintance, The Gilgal Society, personal communication). There may be good cause for 
separating out older sexually-active adults and providing them with conventional 
surgery. Local factors appear to intrude here, especially nutritional status, a well-known 
determinant of wound healing capacity. 

 Even and adequate clamping pressure: Devices using the process of ischaemic necrosis 
need to apply their strangulation pressure evenly right around the intended scar line. 
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Unless effective counter-measures are taken, pressure discontinuities can arise, 
especially at hinge positions and/or latch positions. This gives rise to the possibility of 
continued marginal blood flow at these points. In terms of infection, such marginal 
leaking is exceptionally dangerous. A good design for an ischaemic necrosis clamp is 
one that has no discontinuity in the clamping ring and which, throughout the wear 
period, maintains an absolutely even pressure sufficient to bring about total cessation of 
blood flow across the whole of the intended scar line. 

 Resistance to premature removal by a meddlesome patient: Premature removal of an 
ischaemic necrosis clamp can precipitate a clinical emergency. Therefore it is vital that 
the latching mechanism of the clamp should be secure against tampering. The risk of 
such tampering is greatest when dealing with post-infancy paediatric patients. 

 Minimum requirement for pre-treatment: In the world of veterinary medicine, 
immunization against tetanus is recommended when ischaemic necrosis is used for 
procedures such as tail docking of lambs by means of the Elastrator device (Thedford, 
1983). We commend the idea of similar pre-treatment before any ischaemic necrosis 
procedure is used for MC. 

 Cultural acceptability: A whole raft of issues can arise here, any one of which might 
scupper a proposal to use a particular design of clamp in a particular area. For example, 
is a device invented in Israel assured of acceptance in Islamic Republics that do not 
even acknowledge the existence of the Jewish state? Will circumcision ever be accepted 
by Hindus, many of whom value their foreskins as evidence of not being Muslim? 
During the partition of India in 1947, strangers suspected of being of the opposite faith 
were disrobed and put to death on no more evidence than their circumcision status 
(Kamra, 2002). Rather less dramatically, there is the question of whether a clip-&-wear 
clamp protrudes beyond the end of the penis during the wear period. Not a problem in 
societies where loose, flowing robes are normal attire, but an entirely different matter 
when the male is habitually dressed in tight jeans. 

10. Resulting new designs for circumcision devices 

The authors are aware of eight products designed to fulfil the demand for a field-use device, 
all being either in full production or in the final stages of development and testing. These are 
now considered individually, in alphabetical order of trade name. Only the original patents 
or patent applications in the inventor's country of residence are listed; increments may exist in 
the same country as well as there being patents elsewhere. 
It should be noted that some clamps have been the subject of ongoing development after 
their initial market launch. Care is needed when reading reports of field trial results. Early 
criticisms may have been rendered obsolete by subsequent design changes. 

10.1 AccuCirc 
Inventor:  Tomlinson, D.R. 
Primary patent:  US2005/022404 
Patent priority date: 25 Jun 2004 
Patient age range: Full-term neonate only 
Website:   http://www.accucirc.com 
Category:  Automated cutter 
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Fig. 9. The AccuCirc device. 

Procedure: The AccuCirc uses two innovative components, a Foreskin Probe/Shielding Ring 
that ensures the glans is protected with the foreskin properly aligned and a Single-Action 
Clamp that ensures adequate haemostasis and the precise delivery of the protected, circular 
blade. These work together to protect the infant from injury. This device simplifies the 
circumcision procedure and eliminates the need for a dorsal slit, as well as removing 
potential for mismatching of parts. It comes in a self-contained kit. This is completely 
disposable and no part is retained on the infant. 

10.2 Ali's Klamp 
Inventor:  Canoğlu, V.A.  
Primary patent:   TR2003/00403 
Patent priority date: 28 Mar 2003 
Patient age range: Full-term neonate to adult (experimental in adult sizes) 
Website:   http://www.alisklamp.com 
Category:  Ischaemic necrosis device 
 

 
Fig. 10. Ali’s clamp. 

Procedure: The Ali's Klamp (a.k.a. “Alisklamp” and “Ali’s clamp”; Telif Haklari ABAGROUP 
Ltd) is a single-use ischaemic necrosis device; the foreskin is crushed between two plastic 
surfaces. The recommended procedure includes severing of the excess tissue. During that 
process, the tube protects the glans from accidental injury. Note that the final scar line forms 
at the position of the clamping ring, not at the position of the scalpel cut. In theory the user 
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could dispense with the scalpel cut, leaving the whole foreskin to necrotise. The procedure 
is illustrated in a two-part video available on the manufacturer's website. 
The Ali's Klamp differs from the SmartKlamp (below) only in one significant respect: The 
clamping ring is angled to match the typical slant of the coronal rim of the glans. In theory 
this achieves better capture of inner foreskin ventrally. The Ali's clamp apparently shares 
with the SmartKlamp one notable design weakness. An unwilling or meddlesome patient 
could, in theory, open the clamp by placing a flat object such as a table knife between the 
tube and the locking arms and then twisting. Additionally, such action would render the 
device liable to unscrupulous re-use several times over, until such time as the nominally 
single-use latching mechanism wore out. 
A review of 7,500 boys who underwent circumcision with this device under local anaesthesia 
concluded that cosmetic appearance was better than conventional circumcision of 5,700 boys 
(Senel et al., 2010). Duration was 4.5 ± 1.5 minutes versus 23 ± 4 minutes, respectively. 
Complications were seen in 2% of Ali’s clamp versus 10.4% for conventional circumcision, the 
most common for the Ali’s clamp being buried penis (1.04%), followed by infection (0.6%), 
bleeding (0.4%). A mass circumcision of 2,013 male infants, children, adolescents and adults 
(mean age 7.8 ± 2.5 years) over a 7-day period, noted a duration of 3.6 ± 1.2 minutes and 
complication rate of 2.93% in those < 2 years of age, mostly from buried penis (0.98%) and 
excessive foreskin (0.98%) (Senel et al., 2011). In older children, adolescents and adults 
complication rate was 2.39%, 2.51% and 2.40%, respectively. Overall, excessive foreskin (0.7%) 
was ther most common complication, followed by bleeding (0.60%), infection (0.55%), wound 
dehiscence (0.25%), buried penis (0.25%), and urine retention (0.10%). There was no effect on 
erectile function and libido, and a 96% satisfaction rate was recorded. 
Originally available only for children, adult sizes reportedly now exist for use on a trial basis. 
Correspondence received mid-February 2011 from Dr. Ali Canoğlu claims a successful field 
trial in Africa. At the time of writing official independent reports have not yet been published. 

10.3 Ismail Klamp 
Inventor:  Salleh, I. 
Primary patent:   MY2008/000195 
Patent priority date: 16 Jan 2008 
Patient age range: Full-term neonate to puberty 
Website:   http://www.ismailclamp.com/ 
Category:  Ischaemic necrosis device 
 

 
Fig. 11. The Ismail Klamp. 
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Procedure: The Ismail Klamp is another single-use ischaemic necrosis device, functioning in 
the same way as the Ali's Klamp, SmartKlamp and Tara KLamp. The distinguishing feature 
of Dr. Ismail Salleh's device is that the clamping ring can be loosened as well as tightened 
during the process of application. This the manufacturer describes as "Reversible 
Clamping". Such a feature is undoubtedly an advantage if a tight style of circumcision is 
required; it gives greater scope for clamp adjustment. Against that advantage must be offset 
two risks: A meddlesome patient might loosen the clamp during the healing period and the 
clamp might be re-used unscrupulously. 

10.4 PrePex 
Inventors:  Fuerst, O., Kilemnick, I. and Shohat, S.  
Primary patent:   (Application:) IL2010/000568 
Patent priority date: 16 Jul 2009 
Patient age range: Adult only at present 
Website:   http://www.prepex.com/ 
Category:  Ischaemic necrosis device 
 

 
Fig. 12. The PrePex device. (Photo supplied by Circ MedTech ©2011) 

Developed in 2009/10 by Dr. Oren and Tzameret Fuerst, Ido Kilemnick & Shaul Shohat 
(Fuerst et al., 2009) and marketed by a company called Circ MedTech Limited (incorporated 
in the British Virgin Islands), this device is designed for use in non-sterile environments by 
minimally trained healthcare professionals. 
Possibly unique for modern clamps, publicized abstracts of safety and efficacy trials held in 
Rwanda found it to be suitable for use without anaesthesia. Four hundred milligrams of oral 
Brufen is routinely offered 30 minutes after placement of the clamp, but no other drug use is 
involved. Whilst the surplus foreskin can be severed, in these trials the foreskin was left to 
necrotize intact thus facilitating a quick and bloodless procedure that can be handled by 
minimally trained healthcare professionals in non-sterile settings. The company affirms that 
there have been no complications to the urine stream as a result of the necrotized foreskin 
being left in situ. 
In common with other ischaemic necrosis clamps, the PrePex device requires no sutures. 
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Procedure: After sizing and marking of the circumcision line based on the circumcision style 
desired (high/low), the Elastic Ring, loaded on to the Delivery Ring, is placed at “deploy-
ready” position on the penis base (proximal). The foreskin tip is stretched open to allow 
insertion of the Inner Ring, directly under the coronal sulcus.  The Elastic Ring is then 
deployed within the Inner Ring groove, initiating the ischaemic process and the Delivery 
Ring is removed. The patient resumes his activities with only the Elastic Ring visible. After 7 
days, the device is removed by flicking the Elastic Ring out of the groove and extracting the 
inner ring with fingers or a standard medical spatula. 
Regulatory issues (as declared by the manufacturer): "The device has a CE mark and is 
manufactured using USP Class VI biocompatible elastomeric materials compliant to 
ISO_13485 Medical Devices (Quality Management systems) and FDA, 21_CFR177.2600." 
Declared contra-indication: The device is contraindicated for patients with phimosis if the 
chosen procedure leaves the foreskin intact.  
Once evidence of the style of circumcision achieved by this device is made public, this 
latecomer to the design contest is expected to show significant advantages over its 
competitors – especially if the claim of suitability for routine use without anaesthesia is 
validated in more extensive trials. 

10.5 Shang Ring 
Inventor:  Shang, J. 
Primary patent:   CN2003/000903 
Patent priority date: 20 Oct 2003 
Patient age range: Full-term neonate to adult 
Website:   http://www.snnda.com/enindex.asp 
Category:  Ischaemic necrosis device 
 

 
Fig. 13. The Shang Ring device. 

Procedure: The "Shenghuan Disposable Minimally Invasive Circumcision Anastomosis 
Device", developed in China by Jianzhong Shang, involves minimal tissue manipulation and 
is said to give a simpler, quicker and safer circumcision than conventional techniques 
(Masson et al., 2010). It consists of two concentric plastic rings that sandwich the foreskin of 
the penis, allowing circumcision without stitches or notable bleeding. As well as 
substantially reduced operating times, MC using this device is associated with a low 
complication rate, and the technique can easily be taught to both physicians and non-
physicians. The Shang Ring is produced by Wuhu Snnda Medical Treatment Appliance 
Technology Co. Ltd, Wuhu City, China. 
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When tested on 1,200 patients aged 5 to 95 years operating time was 2.5 minutes for patients 
with excessive foreskin and 3.5 minutes for those with phimosis (Peng et al., 2008).  After 
application it is worn for a week, with no incidents of device dislocation or damage to the 
frenulum. Peng et al. describe the use of oral diethylstilbestrol (at a dosage of 2 mg/night) as 
a way to prevent nocturnal erections during the wear period. We do not find favour with 
this, due to the known environmental persistence of DES and the long-term effects of this 
synthetic oestrogen (Newbold et al., 2006). In this study by Peng et al. the incision healed in 
96.3%, leaving minimal inner foreskin, with no scarring and good cosmetic results. 
Antibiotics were not used, and only 0.67% got an infection. After removal, of the device 
0.58% had some minimal bleeding around the incision and 2.4% had wound dehiscence of 
the incision caused by nocturnal erection, but this could be prevented by continuation of 
diethylstilbestrol for 3 days. It was treated by simply closing the incised rim with a butterfly 
adhesive plaster, followed by topical disinfectant; no stitches were required. Patients 
reported less pain than occurs for conventional methods. 
Use of the Shang Ring has become a method of choice in the People's Republic of China. 
Evaluation of a standardized surgical protocol for its use, involving 328 men, showed an 
operating time of 4.7 ± 1.3 minutes, pain scores of 0.2 ± 0.6 during the surgery, 1.6 ± 1.0 24 
hours postoperatively, 1.7 ± 1.1 twenty four hours prior to ring removal, and 2.7 ± 1.4 during 
ring removal (Cheng et al., 2009). In this study, complications included infection in 0.6%, 
bleeding in 0.6% and wound dehiscence in 0.6%; none of the latter required suturing. Penile 
oedema occurred in 4.9%. The time for complete wound healing was 20.3 ± 6.7 days. 
Satisfaction was 99.7%. 
A study in 824 boys with phimosis or redundant foreskin found duration was 2.6 ± 1.2 
minutes (Yan et al., 2010). Wounds healed and rings were removed at 13.4 ± 5.8 days 
revealing a well-smoothed incision and good cosmetic results. Complications were low and 
included infection in 0.6%, oedema in 3.2%, delayed removal of the ring in 1.5%, and 
redundant and asymmetric mucosa attributable to performance in 0.9%. 
Another study in China, of 402 patients, found duration (4.7 ± 1.3) minutes, blood loss (2.6 ± 
1.8 ml), and postoperative satisfaction (99.5%) for Shang Ring circumcision were 
significantly better than conventional circumcision, and International Index of Erectile 
Dysfunction (IIEF-5; not “IIRF-5” as stated in the paper) was no different (Li et al., 2010). In 
351 males aged 4 to 58 (mean 31) circumcised for phimosis or redundant foreskin using the 
Shang Ring, infection was seen in 1.4%, mild oedema in 2.6%, moderate oedema in 1.4%, 
and wound dishescence in 1.7%, with no postoperative bleeding being observed (Peng et al., 
2010b). 
A proof of concept study in Kenya for the roll-out of MC for HIV prevention found a time of 
4.8 ± 2.0 minutes for the procedure and 3.9 ± 2.6 minutes for device removal, with 6 mild 
adverse events in the 40 men who underwent Shang Ring circumcision (Barone et al., 2011). 
These included 3 penile skin injuries, 2 cases of oedema and one infection, all of which 
resolved with conservative management. Partial ring detachment occurred in 3 between 
days 2 to 7, none of which required treatment or ring removal. Erections with the ring were 
well tolerated. By day 2, eighty percent of the men had returned to work, and at 42 days all 
said they were very satisfied with their circumcision and would recommend it to others. 
Aside from the matter of diethylstilbestrol use, without which there appears to be a danger 
of an erection displacing the device, possible further criticisms relate to the discontinuity of 
the clamping ring at both the hinge and clasp. It should also be noted that it gives no 
protection whatsoever to the glans during the severing of the prepuce. 
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The same inventor has also obtained a patent in respect of another, more recent but very 
different design. The relevant patent is CN2009/000406. It is unclear whether the later 
design is intended to supersede the original, or compete with it. 

10.6 SmartKlamp 
Inventor:  Ten Have, H.F. 
Primary patent:   MY0100375 
Patent priority date: 30 Jan 2001 
Patient age range: Full-term neonate to mid-puberty 
Website:   http://smartcircumcision.com/index.html 
Category:  Ischaemic necrosis device 
 

 
Fig. 14. The SmartKlamp. 

Procedure: The SmartKlamp is an ischaemic necrosis device functioning in broadly the same 
way as the Ali's Klamp, Ismail Klamp and Tara KLamp. 
Since its invention by Henri Ferdinand Ten Have, the commercial history of the 
SmartKlamp has to some extent interfered with its development and availability. Originally 
produced only in child sizes by the Dutch company Circumvent BV (Hengelo, The 
Netherlands), supply ceased when Circumvent BV went into liquidation, having apparently 
over-spent on research and development of the adult model. It should perhaps be noted that 
Circumvent's experimental adult device had an angled clamping ring similar in principle to 
that now found in the Ali's Klamp. 
The apparently identical product in child sizes has now appeared in Malaysia, marketed by 
a supplier called Smartcircumcision. Aldemir and co-workers described the device thus: 
"This fits on the penis much as the others do. After 4 days the connection between its inner 
tube and casing is cut and removed. The inner tube is then left to fall off spontaneously in 
time. Median operative time is 8 minutes, compared with 18 minutes for conventional 
dissection, and cosmetic result, judged blinded by a urologist, was better. Parents' 
satisfaction scores were the same" (Aldemir et al., 2008). 
The SmartKlamp differs from the Ali's Klamp only in one significant respect: The clamping 
ring is not angled to match the typical slant of the coronal rim of the glans. In theory this 
achieves less satisfactory capture of inner foreskin ventrally, but the original manufacturer 
claimed it is possible to adjust the foreskin to compensate. The SmartKlamp apparently 
shares with the Ali's Klamp one notable design weakness. An unwilling or meddlesome 
patient could, in theory, open the clamp by placing a flat object such as a table knife between 
the tube and the locking arms and then twisting. Additionally, such action would render the 
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device liable to unscrupulous reuse several times over, until such time as the nominally 
single-use latching mechanism wore out. 
A training video is available for purchase from the current supplier's website. 

10.7 Sunathrone 
Inventor:   Surat, T.b. 
Primary patent:  (Application:) MY2006/000281 
Patent priority date: 23 Jan 2006 
Patient age range: Full-term neonate to adult 
Website:   http://www.sunathrone.com/ 
Category:  Ischaemic necrosis device 
 

 
Fig. 15. The Sunathrone device. 

Procedure: The Sunathrone clamp differs markedly from the other ischaemic necrosis devices 
considered here, in that the crushing action is achieved by means of a wrap-around "cuff" 
rather than concentric rings. Nominally this introduces a problem of pressure discontinuity 
at the hinge and latch, but Dr. Tasron bin Surat's design overcomes that by means of springy 
cuff extensions that bridge these gaps. 
In order to achieve sufficient pressure between the cuff and the tube, a special tool called a 
"Sunalever" is required to close the Sunathrone clamp. This is a large item, sized according 
to the device being applied to the patient. It can be seen in use on the web page 
http://www.circlist.com/instrstechs/sunathrone.html. In the absence of on-site 
sterilization facilities, one Sunalever would have to be packaged with each clamp. This has 
implications in terms of cost, package size and waste disposal. 
Two points in favour of this design are that the latching mechanism is highly tamper-
resistant and, once the bayonet joint of the tube (ringed in yellow in the image above) is 
unplugged, nothing protrudes beyond the tip of the glans. The manufacturers claim 
suitability for use in cases of buried penis, the relatively large diameter of the cuff 
preventing the glans from withdrawing into the abdomen and forming adhesions during 
the healing period. 

10.8 Tara KLamp 
Inventor:   Singh, G.S.T. 
Primary patent:   US5649933 
Patent priority date: 20 Apr 1992 
Patient age range: Full-term neonate to adult 
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Website:   Tara Medic does not have its own website. See instead:  
   http://www.circlist.com/instrstechs/taraklamp.html 
Category:  Ischaemic necrosis device 
 

 
Fig. 16. The Tara KLamp. 

Procedure: The Tara KLamp is the original single-use “clip-&-wear” ischaemic necrosis 
device to have gone into commercial production. Procedure for use is substantially the same 
as for the Ali's Klamp, Ismail Klamp and SmartKlamp. Since its invention nearly 20 years 
ago by Gurchran Singh Tara Singh, the Tara KLamp has undergone a number of design 
changes the most notable of which relates to its size, which has reduced considerably, thus 
making the current version more convenient to wear than the original. 
The latching mechanism of the Tara KLamp is especially secure, making this design suitable 
for use on unwilling, meddlesome or autistic boys. 
Considerable criticism of the Tara KLamp has arisen in consequence of a paper published by 
Lagarde and associates (Lagarde et al., 2009). The authors of the present chapter are in 
possession of documentary evidence apparently proving that Lagarde's team did not attend 
Tara Medic's training course relating to use of the Tara KLamp. Furthermore, these 
documents also appear to show that Lagarde's team departed from the procedure set down 
in the package insert. If true, we suggest the resulting criticism of the Tara KLamp to be 
unfair and possibly unwarranted. Unpublished studies by the Health Department of 
KwaZulu-Natal apparently failed to replicate the problems and the Tara KLamp has now 
been accepted as the “preferred device” for use in Kwa-Zulu Natal. 
We suggest that, at the very least, Lagarde's findings should be set aside pending further 
investigation. Safety and efficacy trials of the Tara KLamp should be repeated by a different 
team. Such a trial might usefully address one further issue: Whether or not the Tara KLamp 
can be successfully used without the foreskin being severed, instead leaving it to necrotise in 
situ as is done with the PrePex device. 

11. World Health Organisation’s preference?  

Early in 2011 the World Health Organisation formed a Technical Advisory Group (TAG) 
with a remit to look at evidence and make recommendations to WHO regarding choice of 
circumcision clamp, but to date the TAG has not published any recommendations (Personal 
correspondence between co-author C. Eley and the co-Chairman on 21 Feb 2011). It is to be 
hoped that, when they do, it will be a shortlist for local consideration rather than a 
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recommendation favouring one particular device globally. It is the considered opinion of the 
present authors that it would be inappropriate for there to be a single winner in this contest. 
The best clamp in any given situation is likely to be a function of local factors. 

12. Conclusions 

MC can be performed at any age, but infancy is the ideal time for reasons of safety, 
procedural simplicity, convenience, minimal risk and cost (Wiswell & Geschke, 1989; 
Wiswell & Hachey, 1993; Wiswell, 1995; Wiswell, 1997; Wiswell, 2000). The benefits in 
respect of UTIs and penile cancer are, moreover, maximized if circumcision takes place in 
infancy. Circumcising prior to onset of sexual activity rather than later also means a 
completely healed penis, so that risk of infection, such as by HIV, during the healing period 
is reduced.  
Thus the present campaigns to circumcise adults should be seen as a mere catching-up 
exercise, making good past omissions to circumcise pre-puberty. The ultimate aim should be 
to make infant MC a global norm, the health rewards being too great to overlook (Morris, 
2007; World Health Organisation, 2007a,b; Tobian et al., 2009; Cooper et al., 2010). 
MC has no long-term adverse consequences (Morris, 2007; Smith et al., 2010; Tobian et al., 
2010). Good quality research studies that include thermal imaging show similar sensation 
during arousal for the circumcised and uncircumcised penis (Payne et al., 2007). The lack of 
any diminution in sexual function, satisfaction or sensation is now backed up by evidence 
from large RCTs (Bailey et al., 2007; Krieger et al., 2008). In fact 64% of the men in one of the 
trials reported an increase in their penile sensitivity and 54% reported greater ease in 
reaching orgasm (Krieger et al., 2008). This did not mean an increase in premature 
ejaculation. The fact that circumcision does not impair, and for many may enhance, a man’s 
sensation and sexual pleasure, should reassure men considering whether to get circumcised 
(Sharlip, 2008). MC is preferred by most women for reasons of hygiene, sexual activity, 
reduced STI risk, and greater enjoyment of intercourse (Williamson & Williamson, 1988; 
Badger, 1989a,b; Moses et al., 1998; Nnko et al., 2001; Kigozi et al., 2009a). 
Biomedical engineering clearly has its place in delivering MC, despite the existence of 
methods and traditions that are many thousands of years old. Recent progress in 
instrumentation design has resulted in devices that have begun to address the need for 
circumcisions that are quick, safe and convenient, and that can be used in “field” settings. 
Such advances in biomedical engineering are essential in ensuring a safe and practical way 
of dealing with the numbers of males of all ages in the modern world who need to be 
circumcised. 
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1. Introduction 

Porphyrins are a unique class of compounds widely present in nature. Due to their distinct 
chemical and photophysical properties they have a variety of applications, the most 
important being presented in Fig. 1.  
Porphyrin chemistry and their applications have undergone a renaissance in the last years 
reflected in the 20 volumes of the recent comprehensive work giving an overview of the 
field (Kadish K.M et al., 2002). Despite the impressive volume of data, the question about 
the actual trends and future involvement of porphyrins in biomedical applications is still a 
hot topic as reflected by the number of publications on photodynamic therapy (Fig.2). 
In the last decades a great deal of efforts from the scientific community focused on 
developing new therapeutic and diagnosis approaches in major diseases, like cancer and 
infection. One of the most dynamic fields of investigation is photodynamic therapy (PDT), 
which takes advantage of controlled oxidative stress for destroying pathogens. 
This article aims at reviewing major topics related to biomedical engineering, porphyrins for 
PDT and photodiagnosis (PDD). We do not intend to provide an exhaustive display and 
comment of the porphyrinoid structures, as a huge number on papers and reviews dealing 
with the subject have already been published. We emphasize herein that porphyrins are also 
among the most promising candidates to be used as fluorescent near infrared (NIR) probes 
for non-invasive diagnosis and this opens the possibility to perform simultaneously tumor 
imaging and treatment in the same approach. It is worth mentioning that, besides their 
medical applications, porphyrins are used in industrial and analytical applications as 
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sensitized solar cells, pigments, in electrocatalysis, as electrodes in fuel cells, and as chemical 
sensors, but these issues are not the subject of this paper. Therefore the present chapter will 
only address the medical applications of porphyrins and metalloporphyrins with a special 
emphasis on photodynamic therapy. 
 

 
Fig. 1. Applications of porphyrins and metalloporphyrins 
 

 
Fig. 2. Ascendant trend of publications on the topic of porphyrins involved in photodynamic 
therapy, as indexed by ISI Web of Knowledge 
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We summarize herein basic concepts in the field, stressing out theoretical and technological 
limitations that currently restrict multidisciplinary research for improving /enlarging 
theoretical and technological approaches in PDT and PDD using porphyrins. Special 
emphasis will be given to the development of novel porphyrinic structures related or 
derived from already confirmed structures and to put them in connection with PDT and 
PDD applications, focusing on symmetrical vs. asymmetrical molecular structures and on 
classical vs. more recent synthetic methods. Dosimetry issues for controlling and 
characterizing related processes, interdisciplinary approaches (chemistry, physics, 
biochemistry and biomedicine) will be also highlighted.  
The major role played by porphyrinoid systems in biomedical applications is due to their 
photochemical (energy and exciton transfer), redox (electron transfer, catalysis) and 
coordination properties (metal and axial ligand binding) and their conformational flexibility 
(functional control) (Senge et al., 2010). The issue of PDT will be extensively adressed in the 
next section, while other medical applications, some of them very recent, will be described 
in section 4.  

2. Photodynamic therapy - main medical application of porphyrins 

PDT typically combines a photosensitizer, molecular oxygen and light to destroy cancer 
cells and microorganisms by oxidative stress (Bonnett R., 2000). Briefly, PDT is based on the 
ability of photosensitisers, including porphyrins, to selectively accumulate and kill tumour 
cells (Dougherty, 1987) by singlet oxygen (1O2) (Berenbaum & Bonnett, 1990), upon guided 
light activation with a particular wavelength (usually via laser endoscopy). Reactive oxygen 
species (ROS) produced by phagocytes underly physiological defense mechanisms against 
microorganisms, which are highly controlled to destroy pathogens, whilst minimally 
affecting the surrounding healthy tissues (Witko-Sarsat et al., 2000). As reviewed by Manda 
et al. (2009) cancer cells show an intrinsic oxidative phenotype, which makes them more 
sensitive to the deleterious action of additional oxidative stress generated for therapeutical 
purposes either by radiotherapy, PDT or even chemotherapy.  
PDT has gained increasing attention in the past decade as a targeted and less invasive 
treatment regimen for a number of medical conditions, spanning from various types of 
cancers and dysplasias to neoangiogenesis, macular degeneration, as well as bacterial 
infections. The advantage is that PDT provides a localized action rather than a systemic one, 
when compared to other cancer therapies which are more harmful to the patient. PDT for 
cancer treatment has been extensively reviewed (Allison & Sibata, 2010; Capella M.A.M. & 
Capella L.S., 2003; Dickson, 2003; Dolmans, 2003; Dougherty, 1998; O’Connor et al., 2009; 
Vrouenraets, 2003; Wilson B.C., 2002). The huge effort in PDT development is highlighted 
by 1074 papers in the field reviewed in PubMed in the last 2 years, while 72 clinical trials in 
PDT were ongoing in March 2011 (http://clinicaltrials.gov). 

2.1 Mechanism of action 
As summarized in Fig. 3, there are two recognized mechanisms of action for PDT. The first 
mechanism (type I) involves light induced excitation of the photosensitizer, promoting an 
electron to a higher energy state. At this point a variety of reactions can take place. For 
example, the photosensitizer in the excited state can act as a reducing agent in the reaction 
to create ROS. Conversely, the excited photosensitizer may act as an oxidizing agent by 
filling the hole vacated by the excited electron. The second mechanism (type II) also 
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involves excitation of the photosensitizer with light, but energy is transferred in this case to 
the triplet ground state of molecular oxygen,  resulting in excited singlet state oxygen which 
is highly cytotoxic (Otsu K et al., 2005). In type I mechanism, oxygen is not always necessary 
for the photodynamic action to take place; however, in type II mechanism, oxygen is 
essential. Differences in the triplet and singlet states reflect ways in which two eectrons can 
be placed in degenerate orbitals and, as such, provide an ideal system to examine processes 
that give rise to Hund's rules for orbital occupancy. Also, the near IR transition between the 
8 triplet and singlet states, at 1270 nm, is not very probable and provides an excellent 
example of selection rules based on changes in spin and orbital angular momentum, 
symmetry, and parity. 
 

 
Fig. 3. Photophysical processes involving porphyrinic sensitizer in the presence of oxygen in 
a modified Jablonski diagram 

The photophysical processes required for photodynamic therapy evidentiate the relevant 
properties for the photosensitizer: wavelength of absorbed light, molar absorbance, 
fluorescent quantum yield, intersystem crossing quantum yield, singlet oxygen quantum 
yield and photobleaching quantum yield. These properties depend on the chemical 
structure of the photosensitizer and will be discussed in paragraph 3.1. 

2.2 PDT, ROS and targeted cell death 
A prominent feature of PDT relies in focusing light and consequent localized 
photoactivation of the sensitizer. This spares normal tissue from the deleterious action of 
ROS generated during PDT reactions. Moreover, selective accumulation of sensitizer in 
tumors was demonstrated, which relies in physiological differences between tumors and 
normal tissues; among them can be cited: tumors have a larger interstitial volume than 
normal tissues, often contain a larger fraction of phagocytes,  contain a large amount of 
newly synthesized collagen, have a leaky microvasculature and poor lymphatic drainage. 
Additionally, the extracellular pH is low in tumors.  Generally cationic sensitizers localize in 
both the nucleus and mitochondria, lipophilic ones tend to stick to membrane structures, 
and water-soluble drugs are often found in lysosomes. Not only the lipid/water partition 
coefficient is important but also other factors such as molecular weight and charge 
distribution (linked to symmetry/asymmetry of the photosensitizer structure). In some 
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cases, light exposure leads to a relocalization of the sensitizers (Moan & Berg, 1992; Moan & 
Peng, 2003; Spikes, 1989). 
Singlet oxygen is a highly reactive ROS that interacts with proteins, nucleic acids and lipids. 
Singlet oxygen has a short lifetime within the cell and can migrate in tissues less than 20 nm 
after its formation. Therefore, the induced injury by singlet oxygen action is highly 
localized. Nevertheless, generation of about 9 x 108 molecules of singlet oxygen per tumor 
cell significantly reduces the cell surviving fraction (Dysart et al., 2005).  
PDT leads to a molecular interplay between cell death pathways, balancing between 
apoptosis, necrosis and autophagy (Dewaele et al., 2010). Generally, photosensitizers which 
specifically target mitochondria  induce ROS-mediated cell death by apoptosis (Oleinick et 
al., 2002), while autophagy occurs during PDT protocols involving sensitizers that localize 
to the endoplasmic reticulum (ER) (Buytaert, 2006; Kessel, 2006). Nonetheless, Pavani et al. 
(2009) demonstrated that photodynamic efficiency is directly proportional to membrane 
binding and is not totally related to mitochondrial accumulation. The presence of zinc in the 
photosensitizer decreases mitochondrial binding and increases membrane interactions, 
leading to improved PDT efficiency. 
Recent evidence points out that mitochondria and ER associated with B-cell lymphoma 2 are 
among the cellular targets damaged in PDT protocols, impacting both apoptosis and 
autophagy. Autophagy may function as a prosurvival or a death pathway in PDT. The 
former function is obvious at low-dose PDT conditions, whereas the latter one contributes to 
the killing of cells exhibiting a phenotype that precludes the development of an apoptotic 
response, or of those cells that surviving to the initial wave of apoptosis after high-dose PDT 
(Kessel 2007; Pattingree, 2005). Apoptosis dominates as a mechanism of cell death in those 
cells having a fully competent apoptotic machinery, whereas autophagy seems to be 
responsible for cell death when apoptosis is compromised (Xue et al., 2007). 
ROS are biologically multifaceted molecules, despite their simple chemical structure. 
Depending on the magnitude and profile of ROS generation in biological systems, on 
cellular location and on the redox balance, ROS can elicit cell death or cell proliferation. On 
one hand, aerobic organisms adapted themselves to the injurious oxidative attack and even 
learned how to use ROS in their own favor, as signaling molecules. On the other hand, ROS 
proved to be powerful weapons in fighting against infection or as therapeutic armentarium 
exploiting oxidative stress. Radiotherapy is one of the clearest examples of anti-cancer 
treatment, whose mechanism relies primarily on ROS, combining the properties of an 
extremely efficient DNA-damaging agent with high spatial focusing on tumor. 
Radiotherapy limitation derives mainly from the carcinogenic potential of the ionizing 
radiation and from the deleterious side-effect associated with the inflammatory response 
triggered by necrosis. Radiation memory underlies long-lasting effects of radiotherapy in 
tumors, but also contributes to persistent damage and dysfunctions of bystander normal 
cells. Taking also advantage of ROS cytotoxic potential, but with significantly less side-
effects than radiotherapy, PDT is a fascinating example of biomedical engineering, 
combining and targeting towards diseased tisssues a photosensitizer, light and oxygen. It is 
an interdisciplinary approach involving chemistry, physics, biology and medicine for 
synergizing and fine-tuning all the three above mentioned components towards an efficient 
and highly targeted treatment regimen. 
Although other classes of molecules have been tested and used as photosensitizers, 
porphyrins and porphyrin-like structures are undoubtly the most relevant for biomedical 
applications. Porphyrins and porphyrin-like structures have long been of interest for PDT 
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due to their low intrinsic toxicity, the ability to accumulate into tumors and to generate 
highly ROS only when photoactivated at convenient wavelengths, adequate for deep tissue 
penetration.  

2.3 PDT in oncology 
It is now obvious that PDT can work as well as surgery or radiation therapy in treating 
certain kinds of cancers and dysplasias, having clear advantages over these treatment 
approaches: no long-term side effects when properly used, less invasive than surgery, can be 
targeted more precisely, can be repeated many times at the same site, if needed, and finally 
it is often less expensive than other cancer treatments. 
The evidence in the published peer-reviewed scientific literature (Awan, 2006; Fayter, 2010; 
Rees, 2010) supports PDT as a safe and effective treatment option for selected patients with 
Barrett’s esophagus, esophageal cancer, and non-small cell lung cancer. Although PDT has 
been proposed for the treatment of various other types of cancers (e.g., head and neck, 
cholangiocarcinoma, prostate), there is still insufficient evidence in the form of well-
designed large, randomized controlled trials. PDT is also successful in the treatment of 
actinic keratoses, Bowen's disease and basal cell carcinoma. 
PDT limitations are mainly related to drug and light accessibility. Although the 
photosensitizer travels throughout the body, PDT only works at the area exposed to light. 
This is why PDT cannot be used to treat leukemias and metastasis. Also, PDT leaves patients 
very sensitive to light, therefore special precautions must be taken after photosensitizers are 
used. PDT cannot be used in people who have acute intermittent porphyria or people who are 
allergic to porphyrins.  
More aggressive local therapies are often necessary to eradicate unresectable tumor cells 
that invade adjacent normal tissue (i.e., malignant glioma), and this might be achieved by 
combining PDT and boron neutron capture therapy (BNCT) (Barth et al., 2005). Both are 
bimodal therapies, the individual components being non-toxic, but tumoricidal in 
combination. Boronated porphyrins are promising dual sensitizers for both PDT and BNCT, 
showing  tumor affinity by the porphyrin ring, ease of synthesis with a high boron content, 
low cytotoxicity in dark conditions, strong light absorption in the visible and NIR regions, 
ability to generate singlet oxygen upon light activation and also ability to display 
fluorescence (Vicente et al., 2010). Several boronated porphyrins have been synthesized and 
evaluated in cellular and animal studies (Renner, 2006; Vicente, 2010).  
Besides more precise photosensitizer targeting, either by specific cellular function-sensitive 
linkages or via conjugation to macromolecules (Verma S. et al., 2007), recent approaches aim 
to combine PDT and a second treatment regimen to either increase the susceptibility  
of tumor cells to PDT or to mitigate molecular responses triggered by PDT. As an example, 
Anand et al. (2009) demonstrated both in vitro and in vivo that low, non-toxic doses  
of methotrexate can significantly and selectively enhance PDT with aminolevulinic acid  
in skin cancers. Banerjee et al (2001) showed that meso-substituted porphyrins could  
impact directly in the radiotherapy outcome, when labeled with beta(-) emitters like 
186/188Re. 

2.4 PDT and immunomodulation 
In contrast with systemic chemo- or radiotherapy, PDT is a local treatment in which the 
treated tumor remains in situ, while the immune response is only locally affected and has 
the capability to recover by recruitment of circulating immune cells. 
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Generally, immune cells are found in the tumor stroma, separated from tumor cells by 
extracellular matrix and basal membrane-like structures which hinder the development of 
an efficient anti-tumor immune response. By destroying the structure of the tumor, PDT 
facilitates direct interaction between immune and tumor cells, resulting in a local or 
systemic immune response, as shown in both preclinical as well as clinical settings 
(Gollnick, 2002). Nonetheless, the efficiency of the in situ vaccination triggered by PDT is 
still debatable (van Duijnhoven et al., 2003). 
As reviewed by Garg et al (2010), PDT is capable of eliciting various effects in the tumor 
microenvironment thereby affecting tumor-associated immune cells and the activation of 
different immune reactions e.g. acute-phase response, complement cascade and production 
of cytokines/chemokines (Garg et al., 2010). The ability of PDT to induce exposure/release 
of certain damage-associated molecular patterns (DAMPs) like HSP70, opens new 
perspectives in PDT and PDT-like photoimmunotherapy (Garg et al., 2010).  
PDT, by evoking oxidative stress at specific subcellular sites through light-activation of 
organelle-associated photosensitizers, may be unique in combining tumor cells destruction 
and antitumor immune response in one therapeutic paradigm (Garg et al., 2011). 

2.5 Antimicrobial PDT 
The very success of antibiotics limited their efficiency by rendering microorganisms 
resistant (Hancock R.E.W., 2007). PDT seems to be a viable alternative, proving to be 
efficient against bacteria (including drug-resistant strains), yeasts, viruses and protozoa. In 
addition to destroying microorganisms, PDT can induce immune stimulatory reactions 
(Castano et al., 2006; Hryhorenko et al., 1998), and consequently has the potential to improve 
the overall host response to infections. 
The positive charge of photosensitizers appears to promote a tight electrostatic interaction 
with negatively charged sites at the outer surface of any species of bacterial cells (Maisch et 
al., 2004). Moreover, drug-resistant microorganisms are as susceptible to PDT as their native 
counterparts (Maisch, 2009), or even more susceptible (Tang et al., 2009). It is considered less 
likely that the bacteria will develop resistance towards PDT (Jori & Coppellotti, 2007; 
Konopka & Goslinski, 2008), presumably because of the short-lived ROS produced by the 
photodynamic effect and the non-specific nature of the photooxidative damage that leads to 
cell death. 
It is known that gram-positive bacteria species are much more sensitive to photodynamic 
inactivation than gram-negative species (Merchat et al., 1996). Efforts have therefore been 
made to design photosensitizers capable of attacking gram-negative strains. This can be 
achieved if photosensitizers are coadministrated with outer membrane disrupting agents 
such as calcium chloride, EDTA or polymixin B nonapeptide, that are able to promote 
electrostatic repulsion and consequent alteration of the cell wall structure. 
As reviewed by Alves et al. (2009), porphyrins can be transformed into cationic entities 
through the insertion of positively charged substituents in the peripheral positions of the 
tetrapyrrole macrocycle, which affect the kinetics and extent of binding to microorganisms. 
The hydrophobicity of porphyrins can be modulated by the number of cationic moieties (up 
to four in meso-substituted porphyrins) or by the introduction of hydrocarbon chains of 
different length on the amino nitrogens.  
Antimicrobial PDT is making rapid advances towards clinical applications in oral infections, 
periodontal diseases, healing of infected wounds and treatment of Acne vulgaris. The first 
product to be applied in the oral cavity came on the market in Canada in 2005 (Periowave™, 
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Ondine) and several products for the treatment of infected wounds are under clinical trial. 
Antimicrobial PDT requires topical applications of the photosensitizers, selective for the 
microorganism, without causing significant damage to the host tissue. The possibility of 
adverse effects on host tissues has often been raised as a limitation of antimicrobial PDT. 
However, studies have shown that the photosensitizers are more toxic against microbial 
species than against mammalian cells, and that the concentration of photosensitizer and 
light energy dose necessary to kill the infecting organism has little effect on adjacent host 
tissues.  
Photoactivated disinfection of blood samples and surfaces like benches and floors is also 
introduced as a promising application of antimicrobial PDT. The group of Parsons (2009) 
developed a method for concentrating PDT effect at a material surface to prevent bacterial 
colonization by attaching a porphyrin photosensitizer at, or near to that surface. Anionic 
hydrogel copolymers were shown to permanently bind a cationic porphyrin through 
electrostatic interactions as a thin surface layer. The mechanical and thermal properties of 
the materials showed that the porphyrin acts as a surface cross-linking agent, and renders 
surfaces more hydrophilic. Importantly, Staphylococcus epidermidis adherence was reduced 
by up to 99% relative to the control in intense light conditions and 92% in the dark. As such, 
candidate anti-infective hydrogel-based intraocular lens materials were developed for 
improving patient outcomes in cataract surgery.  

3. Porphyrins as PDT photosensitizers 

Porphyrins are involved as sensitizers in PDT because of their ability to localize in tumors 
and of their capacity to be activated by irradiation (see Fig 3).  
The main basic architectures of the porphyrinoid compounds used as photosensitizers are 
presented in Fig. 4 highlighting the minor differences between them. Porphyrins and 
porphyrin-related dyes used in PDT may have substituents in the peripheral positions of the 
pyrrole rings or on the four methine carbons (meso-positions). 
 

 
 Dihydroporphyrin Tetrahydroporphyrin  Porphyrin 
  (Bacteriochlorin)  (Chlorin) 

Fig. 4. Basic architectures of porphyrinoid photosensitizers 

These derivatives are synthesized to influence the water/lipid solubility, amphiphilicity, 
pKa and stability of the compounds since these parameters determine their 
pharmacokinetics. 
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Porphyrins can also coordinate metal ions by replacing the hydrogen atoms on nitrogen; the 
metal ion and its electronic properties are of importance for their photocytotoxic potential as 
photosensitisers. Several metallophotosensitizers have been developed for clinical purposes. 
Although in most cases, they have lower quantum yields for cell inactivation than they 
would have in the absence of metal ions, they have other properties like improved solubility 
and stability, which makes them interesting as therapeutic substances. The metals used 
include Zn, Pd, Sn, Ru, Pt and Al. 

3.1 Properties of porphyrins relevant for their biomedical applications 
The use of porphyrins in biomedical applications including PDT is tightly connected to their 
physical – chemical characteristics. Among these, most important are their electronic 
molecular absorption and emission properties, but solubility and stability must also be 
taken into account. 

3.1.1 Absorption properties 
Porphyrinoids have a large range of absorption wavelengths together with a large range of 
molar absorbtion coefficients as shown in Fig. 5. Although the absorption of porphyrins 
does not cover the entire PDT window, they compensate that with their ability to localize in 
tumors and their chemical versatility. 
 

 
Fig. 5. Chart of one exclusive pair criteria for photosensitizers suitable for PDT: absorption 
maxima vs. intensity () 

The electronic absorption spectrum of the free-base porphyrins is dominated by a typical 
intense Soret band and four weaker Q bands, located in the spectral range 415-650 nm, 
which are monotonously decreasing in intensity (Kadish et al., 2002). The Q bands of the 
free base porphyrins consist of four absorption peaks which are typical to the Qx(0,0), 
Qx(0,1), Qy(0,0), Qy(0,1) transitions in the free base porphyrin (D2h symmetry). Upon 
complexation with a metal ion, the number of Q bands decreases due to the enhancement of 
the molecular symmetry from D2h to D4h (Boscencu et al., 2008; Boscencu et al., 2010). The 
molecular electronic absorption spectra are usually used for the quantitative determination 
of compounds, but in the case of porphyrinic compounds they give real “fingerprints” that 
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can be used to predict the usefulness of a certain compound as photosensitizer. This is 
explained by the fact that the peripheral substitution does not significantly disturb the inner 
π electron ring of the porphyrinic macrocycle, which is responsible for the active electronic 
transitions in the above mentioned spectral range. 

3.1.2 Emission properties 
Photodetection for tissue characterization in cancer is not new, the first study being reported 
by Policard in 1924, who noticed the fluorescence of a tumor under illumination with UV 
light. This fluorescence was considered to originates from tumor’s endogenous porphyrins 
(Masilamani et al., 2004). Some of the most important aspects of metaloporphyrins are 
connected to the photophysical characteristics of porphyrins in different media: fluorescence 
quantum yields (Φf) and fluorescence lifetimes (τf ).  
Fluorescence emission characteristics of porphyrinic compounds are also important features 
for the biomedical use of porphyrins. In case of their use in photodiagnosis, emission 
characteristics as fluorescence quantum yields and/or fluorescence lifetimes are of 
importance to differentiate the signal of the fluorescent marker from the fluorescence of the 
environmental matter. In case of PDT, all deactivation processes (fluorescence, 
phosphorescence, internal conversion, collisional quenching) play an important role in the 
very process of ROS generation (Fig. 3). 
Despite significant advantages, the porphyrinic compounds as photosensitizers have 
limitations. Due to the large  conjugate systems, they easily form aggregates, which have a 
significantly lower ability to form reactive oxygen species and consequently decrease the 
photodynamic activity. In recent years, nanostructured materials such as liposomes, 
nanoparticles and micelles have been considered as potential carriers for porphyrinic 
compounds that may resolve the aforementioned problems. The presence of polar 
headgroups and hydrophobic chains in micellar structures allows the study of the potential 
affinity of a porphyrinic structure to cell-membrane type structures. 

3.2 Main features for an efficient photosensitizer 
There is a great deal of interest in design and synthesis of new photosenzitizers  
with porphyrinoid structures, with improved characteristics that make worth their 
investigation as possible new PDT drugs. The general characteristics of a good sensitizer, 
displayed as basic requirements, are presented in Table 1. For photosensitizers designed to 
kill cancer or other mammalian cells, it has been found that their intracellular localization is 
another important parameter. For example, the photosensitizers which localize in 
mitochondria seem to be more powerful in killing cells than those locating in lysosomes 
(Mroz et al., 2009). 
Porphyrins are essential constituents of important biological systems. The porphyrin-type 
nucleus, along with metal ions, is found in cytochromes, peroxidases and catalases. Other 
biologically important porphyrins that occur in nature and in the human body are hemin 
(an iron porphyrin - the prosthetic group of hemoglobin and myoglobin), chlorophyll 
(magnesium porphyrin-like compound involved in plant photosynthesis), and vitamin B12 
(cobalt porphyrin-like compound, commonly known as cobalamine). As a result of their 
vital role in biologic processes, metallo-porphyrins have always attracted chemist’s 
attention. Porphyrins proved to be valuable photosensitizers since they are non-toxic, are 
selectively retained in tumors, are cleared in a reasonable time from the body and skin, and 
thus photosensitive reactions are minimized. Moreover, porphyrins have got convenient 
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amphiphilicity which renders them more photodynamically active than symmetrically 
hydrophobic or hydrophilic molecules. 
 

Required features Details 

Purity Substance of known composition, stable at room 
temperature 

Toxicity, overdosage, and side 
effects 

- Minimal toxicity in the absence of light 
- Cytotoxic in the presence of light of defined 
wavelength  
- Non- toxic metabolites;  
- Minimal side effects 

Absorption, distribution, 
metabolism and excretion (ADME)

Optimum ADME properties 

Activation and wavelength Activation in the phototherapeutical window (600 to 
850 nm) 

Singlet oxygen  
quantum yield High singlet oxygen generation quantum yield () 

Cost and availability 
Inexpensive  
Commercially available to allow extensive utilization 

Selectivity 
- Good tumour/healthy tissue localization ratio 
- Favourable subcellular localization to induce an 
apoptotic rather than a necrotic mode of cell death 

Mutagenicity/ 
Carcinogenicity 

Non-mutagenic 
Non-carcinogenic 

Painless 
No pain during the procedure or in the following 
treatment stages  

Combined treatment 
No adverse interactions with other drugs or medical 
procedures 

Multisession 
Possibility for application in repeated sessions, 
without immunosuppressive effects 

Carriers Possibile formulation with different carriers 
Multivalency 

Marker 
and molecular beacon 

Multiple effects desired (antitumoral and 
antimicrobial, antitumor and diagnosis)  
Marker or beacon 

Upgradable chemical structures 
The structure can be easily improved by simple 
chemical reactions 

Table 1. Required features for an efficient photosensitizer  

3.3 Timeline in the development of porphyrinoid photosensitizers 
Porphyrins were identified in the mid-nineteenth century, but it was not until the early 
twentieth century that they were used in medicine. 
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Fig. 6. General frame of the porphyrin type structures involved in biomedical studies  

Porphyrinoid photosensitizers are classified as belonging to the first, second or third 
generation of photosensitizers as shown in Figure 6, or depending on the platform to which 
they belong (porphyrin, chlorophyll, dyes) (Allison R.R. et al., 2004). They could also be 
classified according to their primary mechanism of action and/or according to their use 
(type of cancer, photodiagnosis or therapy). 
The first generation of photosensitizers consists only of hematoporphyrin derivatives and 
was developed during the 70’s. Photosensitizers belonging to the second generation are 
porphyrin derivatives or synthetics made from the late ‘80s on. Second generation 10 
photosensitizers are improved compared to the first generation: they have a definite 
structure (which means they are no more a combination of monomers, dimers and 
oligomers), absorb light at longer wavelengths and cause less skin photosensitization. 
Third generation photosensitizers use available drugs and then modify them with different 
carriers in order to obtain tailored  characteristics.  
Examples of clinically available porphyrin sensitizers are presented in Table 2. 
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Brand names Substance (structure)
Substance

Name 
(abbreviation) 

Substance chemical 
name 

Activation 
wavelengt

h (nm)
Manufacturer 

Photofrin HpD Hematoporphyrin 630 Axcan Pharma, 
Inc. 

Levulan OHNH2

O

O

ALA 5-Aminolevulinic 
acid 630 

DUSA 
Pharmaceuticals

, Inc. 

Metvix 
Metvixia ONH2

O

O

M-ALA Methyl-5-
Aminolevulinic acid 634 

PhotoCure ASA 
Galderma, 
Dallas, TX 

Visudyne 

O

O

NH

N

NH

N

OH
O

O

O

O

O

Verteporfin  690 Novartis 
Pharmaceuticals 

Foscan Temoporfin 
5,10,15,20-tetrakis (3-

hydroxyphenyl)-
chlorin 

652 Biolitec Pharma 
Ltd. 

LS11 
NPe6 

Laserphyrin 

OH
N
H

N

N

NH

N
H

OH
O

O

O

O

O

OH

Talaporfin mono-L-aspartyl 
chlorine e6 664 Light Science 

Photochlor 

OH

O

NH

N
H

N

N
O

O

HPPH 
2-(1-Hexyloxyethyl)

-2-devinyl 
pyropheophorbide-a

665 RPCI 

Table 2. Clinically available porphyrin sensitizers (adapted from Allison et al., 2004)  
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Photofrin® (HpD) has the longest clinical history and patient track record being the first 
commercial photosensitiser. It is actually a combination of monomers, dimers, and 
oligomers derived from chemical manipulation of hematoporphyrin (HpD). The complex 
mixture is required for clinical activity. In the US, Photofrin® is FDA approved for early and 
late endobronchial lesions as well as Barrett’s esophagus and esophageal obstructing 
lesions. The drug is approved worldwide for a number of additional uses, such as for 
treatment of bladder cancer. 
5-Aminolevulinic acid (ALA) is a prodrug, a naturally occurring amino acid which is 
converted enzymatically to protoporphyrin. By topical administration the treatment can be 
selectively performed without associated light sensitization of the untreated regions. 
Systemic administration does not have this built in selectivity. The drug is active at 630 nm, 
which should give adequate depth penetration; however, when topically administered, the 
drug has a limited penetration capacity and therefore is less efficient for treating deep 
 

 First generation 
photosensitizers 

Second generation photosensitizers 

Porphyrin 
sensitizer 
molecular 
structure 

 
Porphyrin 

sensitizer name 
Photofrin Tookad Foscan 

Absorption 
(nm) 

630 763 652 

Localization 
Golgi apparatus 

plasma membrane 
Vasculature 

Endoplasmic reticulum 
(ER) 

Mitochondria 
Primary 

mechanism of 
action 

Vascular damage 
ischemic tumor cell necrosis 

Vascular damage 
Direct tumor cytotoxicity 

Vascular damage 

Most commonly 
light time 
irradiation 

interval 

24-48 h 15 min 96 h 

Status: Approved Clinical trials Approved 

Applications 
Esophageal cancer, lung 

cancer, gastric cancer, cervical 
dysplasia and cancer 

Prostate cancer Head and Neck cancer 

Local side 
effects 

Mild to moderate erythema - Swelling, bleeding, 
ulceration scarring 

Systemic side 
effects 

Photosensitivity, mild 
constipation - - 

Table 3. Examples of porphyrin sensitizers and their characteristics (adapted from  
O’Connor et al., 2009) 



Trends in Interdisciplinary Studies Revealing  
Porphyrinic Compounds Multivalency Towards Biomedical Application 

 

369 

lesions. ALA is not highly active, so relatively high light doses or long time treatments are 
needed. Despite using topical anesthetics, ALA PDT can be painful. ALA has been 
successful for esophageal treatment and with the oral form of drug this is convenient. 
Dysplastic epithelium can be reliably destroyed by ALA PDT. 
The methylated form of ALA (M-ALA), known commercially as Metvix®  in Europe and 
Metvixia® in the US, has FDA approval for the treatment of non-hyperkeratotic actinic 
keratoses of the face and scalp, using a red-light source. Metvix also has EU approval for the 
treatment of superficial basal cell carcinomas. Both ALA and its methylated form proved 
clinical efficacy in the treatment of actinic keratoses and have also been used for 
photorejuvenation and inflammatory acne vulgaris. 
Verteporfin, known commercially as Visudyne, is a benzoporphyrin derivative, which is 
clinically active when formulated with liposomes. The photosensitizer is active at 690 nm, 
allowing deep tissue penetration and light activation. The drug is rapidly accumulated and 
cleared, so that skin photosensitization is minimal. Most of the clinical response induced by 
Verteporfin is based on vascular disruption and therefore, this drug seems ideal for lesions 
depending on neovasculature.Verteporfin has been successful as treatment for choroidal 
neovascularization due to serous chorioretinopathy.  
Table 3 presents some of the clinically available sensitizers together with their most relevant 
features in order to emphasize the influence of the chemical changes (among others, free 
base versus metallated form) on the characteristics and applications. 

3.4 Selected aspects of the synthesis 
Synthesis of porphyrins has been extensively reviewed in literature (Kadish K., 2002). 
The hematoporphyrin derivatives (HpD) were the start line for the porphyrinic 
photosensitizers, the result consisting in several commercial products, as Photofrin®, which 
is a mixture of oligomers formed by ether and ester linkages of several porphyrin units, 
delivered as sodium porphimer. Their efficacy is linked also to the different proportions of 
monomers, dimers and oligomers (Mironov et al., 1990). The porphyrinic ring is β-pyrrolic 
substituted in this case. By changing the substitution on the meso positions, new 
photosensitizers can be generated, such as the tetraphenylsulphonated structures (TSPP or 
TSPP4-meso-tetrakis(4-sulfonatophenyl)porphyrin). Despite a few advantages, as solubility 
and low cost, the neurotoxicity, cytoskeletal abnormalities and nerve fiber degeneration in 
systemic administration, has oriented the compound only to topical use (Lapes M. et al., 
1996; Winkelman J.W. et al., 1987). 
Meso-substituted porphyrins (Fig. 7) are more attractive compared to the naturally 
occurring beta substituted porphyrins for different applications including the biomedical 
field. Their synthesis is an ongoing subject of research (Halime Z. et al., 2006; Senge M.O., 
2010, 2005; Lindsey J.S. 2010) being directed toward increasing efficacy in obtaining 
unsymmetric ABCD substituted structures, in larger quantities. One approach is the use of 
microwave (MW) irradiation which offers excellent yields within minutes.  
As shown in figure 7, the porphyrin ring can be substituted in its 5, 10, 15 and 20 positions 
respectively with R1, R2, R3 and R4. If the substituents are all hydrogen atoms, the structure 
is a symmetrical porphin; if the substituents are not hydrogens, but are identical to each 
other, the structure is a symmetrical meso porphyrin. Whenever one or more of R1 to R4 is 
not hydrogen, the structure is an unsymmetrical porphyrin. Porphyrins are said to have 
type A unsymmetrical structure when only R1 is not hydrogen; type A,B – 5, 10 or type  
A,B –  5, 15 when either R1 and R2 or R1 and R3 are not hydrogens; type ABC if only R4 is 
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hydrogen and type ABDC when none of the substituents is hydrogen. Whenever 
unsymmetrical, porphyrins posses an amphiphilic character. 
 

 
Fig. 7. Substitution patterns for porphyrins 

The quest for viable structures, able to compete with Foscan (also known as Temoporfin, see 
Table 2), has included as spearhead the meso- substituted amphiphilic porphyrins.  
The desirable hydrophilic configurations give short singlet oxygen lifetime, unsuitable to 
PDT (Bonnett R., 2000). Controlled equilibrium in terms of hydrophilic-hydrophobic 
character was obtained in structures where porphyrinic periphery was mainly achieved by 
synthesizing a large number of asymmetrical structures, with all Rx (1 to 4) different (i.e.,  
an ABCD unsymmetrical structure) (Rao et al., 2000; Wiehe  et al., 2005). For increased 
targeted delivery and enhancement of phototoxicity by raising the level of the accumulation 
in pathologic cells, several carboplatin-containing porphyrins were synthesized (Brunner et 
al., 2004).  
New structures were synthesized by several methods. The conjugation approach, coupled 
with photophysical studies and biological evaluation was reported for several compounds, 
from folic acid (Schneider et al., 2005) to Pt(II)-containing structures (Song et al., 2002).  
The posibility to add functional groups to the substituted porphyrin recommends this type 
of compounds for multiple biomedical purposes.  

3.4.1 Classical synthesis 
Since the 20’s, with the work  of Nobel laureates H.Fischer and R. Willstätter on porphyrins 
as haemoglobin, chlorophyll and other pigments, followed later by R.B Woodward and A. 
Eschenmoser with the synthesis of vitamin B12, considered at the time as impossible, 
porphyrin synthesis has been continuously leading to complex structures. The Rothemund 
process is considered as classical (Rothemund, 1936, 1939) with the contributions of Adler - 
Longo (Longo, 1969; Adler, 1976) and those of Lindsey (Lindsey, 1986, 1987).  
Some of the complex porphyrinic structures were obtained by adding various substituents 
in all peripheral positions (Fig. 4), others by expanding the core- beginning with five pyrrole 
units: sapphyrin (Chmielewski et al., 1995) and smaragdyirin (Sessler et al., 1998) to the 
turcasarin (Sessler et al., 1994) as relevant extreme examples.  
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The general synthetic methods for meso-porphyrins are presented in Figure 8. 
 

 
Fig. 8. Theoretical synthetic approach for the peripheral substitution on meso- porphyrins 

Four pathways are generally available (according to Fig. 8): the condensation process 
involving pyrrole and various aldehydes, reaction mixture involved also in MW assisted 
procedures, the combination of substituted pyrroles carrying the desired future porphyrin 
substituents or via bilane structure; this last option was successfully applied on ABCD 
substituted porphyrins via synthesis of a protected acylbilane (by acid-catalyzed condensation 
of a acyldipyrromethane and protected dipyrromethane-n-carbinol) (Dogutan et al., 2007) and 
insertion of the substituents in meso positions in the already formed porphyrin core.  
The unsymmetrical porphyrins were chosen as our main synthetic target (Boscencu, 2008, 
2009, 2010; Oliveira, 2009) because 
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a. they are easy to prepare either via the Adler route (Adler et al., 1976) or by microvawe 
(MW) irradiation 

b. the phenolic hydroxy group is a suitable site on which to build a different substituent 
(Milgrom LR, 1983) 

c. the 4-methoxycarbonyl side-chains of the other meso-substituents may be de-esterified 
to convert a hydrophobic porphyrin into a hydrophilic one.  

3.4.2 Synthesis by microwave irradiation  
Microwave-assisted procedure is now a valid method to synthesize various type of 
compounds, including porphyrins and related structures, with significant advantages, from 
eco-friendliness to fastness and selectivity (Loupi et al., 2001). Since the first successful 
attempt for the meso-5,10,15,20 tetraphenylporphyrin (Petit et al., 1992), a wide range of 
compounds were obtained using either professional or domestic microwave ovens. The 
metalloporphyrins can also be obtained via MW methods (Mark  et al., 2005).  
Microwave-assisted procedures have become increasingly important in chemical synthesis 
in the last two decades due to several already proved important advantages over 
conventional heating pathways (table 4). 
The position of the microwave irradiation stage in preliminary evaluation- synthetic process-
purification- analysis chain is just by replacing classical Rothemund method with no 
additional operations (Fig. 9.) 
 
 

 
Fig. 9. Synthesis strategy for obtaining porphyrinic compounds including both classical and 
MW irradiation methods 
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The microwave-assisted cyclocondensation of benzaldehyde and pyrrole in dry media or in 
propionic acid  (Chauhan  et al., 2001) produces  5,10,15,20-tetraaryl porphyrins type with 
excellent yields. 
 

Characteristics Classical Method MW Method 

Reaction environment 
(starting materials) 

Complex 
(reactants in greater number) 

Simple 

Conditions 
Difficult 

(pressure, temperature, Nitrogen 
atmosphere) 

Easy 

Experimental 
Precautions 

(adding reagents under special 
conditions) 

No restrictions 

Reaction yield Small-Average Average-High 
Time Hours-Days Minutes 

Toxicity Average Average-Low 
Secondary 

reaction products 
High 

(separation in several steps) 
Few 

(easier separation) 
Chlorine 

(related structure) 
Present Absent 

Table 4. Characteristics of the MW vs. classical synthetic method 

The pathway towards improved photosensitizers imposed extended interdisciplinary 
studies. The second generation of photosensitizers will provide a large volume of “starting 
material” for future clinical tests, considering that the present synthetic methods can 
provide almost all types of substituted porphyrinoid systems.  

4. Other medical applications of porphyrins 

Porphyrins and metalloporphyrins have applications in cancer therapy, in photodiagnosis 
and more recently in chronic pain management and in the emerging field called theranostics 
which is actually a combination between therapy and diagnosis (Ray et al., 2010).  

4.1 Cancer therapy 
4.1.1 Boron neutron capture therapy 
Boron neutron capture therapy (BNCT) is a binary radiation therapy approach, bringing 
together two components which, when kept separate, have only minor effects on cells. The 
first component is a stable isotope of boron (boron-10) that can be concentrated in tumor 
cells by attaching it to tumor-seeking compounds. The second is a beam of low-energy 
neutrons. Boron-10 into or adjacent to the tumor cells disintegrates after capturing a neutron 
producing high energy heavy charged particles which destroy only the cells in close 
proximity, primarily cancer cells, leaving adjacent normal cells largely unaffected. Clinical 
interest in BNCT has focused primarily on the treatment of high-grade gliomas and either 
cutaneous primaries or cerebral metastases of melanoma, most recently, head, neck and 
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liver cancer. Neutron sources for BNCT are limited to nuclear reactors and these are 
available in the US, Japan, several European countries, and Argentina (Bregadze et al., 2001; 
Evstigneeva et al., 2003; Fronczek et al., 2005; Ol’shevskaya et al., 2006; Vicente et al., 2003). 
Boron-containing porphyrins have excellent tumor-localizing properties (Vicente, 2001) and 
have been proposed for dual application as boron delivery agents and photosensitizers for 
PDT in brain tumors (Rosenthal, 2003). 

4.1.2 Anticancer drugs 
A series of interesting gold(III) meso-tetraarylporphyrin complexes with relevant 
antiproliferative effects on CNE1 human cancer cell lines were described by Che et al. 
(2003).  Among them, the complex Au(III)(p-H-TPP)]Cl was found to be more cytotoxic for 
CNE1 than cisplatin. The lack of cross-resistance suggested that gold(III) porphyrins and 
cisplatin induced cytotoxicity through different mechanisms. Replacement of Au(III) with 
Zn(II) drastically reduced the drug potency. 
Cationic Mn porphyrins may be advantageous compared to other anti-cancer drugs, owing 
to their ability to afford pain management in cancer patients (Rabbani et al., 2009).  

4.1.3 Carriers for anti-cancer drugs 
The tumor-affinity of porphyrins has been exploited for designing porphyrin–anticancer 
drug conjugates. Brunner et al. created a series of porphyrin–platinum conjugates by 
combining porphyrin with cytotoxic platinum complexes (Brunner, 2004; Lottner, 2002). 
Zhou reported some porphyrin – DNA-alkylation-agent conjugates (Zhou, 2006) and Guo et 
al. (2003, 2004) prepared conjugates by linking porphyrin with other nitrogen heterocyclic 
species. However none of the conjugates mentioned above may be considered as a prodrug, 
since they do not release the actual drug. The first example of a porphyrin anticancer 
prodrug was reported in 2008 and consists of three parts: a porphyrin, a photocleavable o-
nitrobenzyl moiety as a light-triggered group, and a parent anticancer drug Tegafur (Lin et 
al., 2008). The prodrug is significantly less toxic than its parent anticancer drug Tegafur, 
which is released upon photoactivation. 
Combined with the up-to-date medical fiber optic technique, the light-triggered 
porphyrin anticancer prodrugs may find useful applications in chemotherapy to minimize 
side effects of anticancer drugs and in the light-controllable anticancer drug dosing 
(McCoy et al., 2007). 

4.2 Chronic pain management 
Severe pain syndromes reduce the quality of life of patients with inflammatory and 
neoplastic diseases, partly because reduced analgesic effectiveness of chronic opiate therapy 
leads to escalating doses and distressing side effects. Peroxynitrite (ONOO−) and its reactive 
oxygen precursor superoxide (O2•−), are critically important in the development of pain.  
Metalloporphyrins have the highest rate constants for scavenging O2

− and ONOO− and 
were shown to alleviate conditions originating from oxidative stress, such as diabetes, 
cancer, radiation injury, and central nervous system injuries, including morphine 
antinociceptive tolerance (Salvemini & Neuman, 2010, Salvemini et al., 2011). The most 
potent ONOO− scavengers and superoxide dismutase mimics reported so far are cationic 
Mn(III) N-alkylpyridylporphyrins (Fig. 10) (Batinić-Haberle et al, 1999; Rebouças et al., 
2008a; Rebouças et al., 2008b).  
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Fig. 10. Metalloporphyrins reported as radical scavengers 

4.3 Photodiagnosis 
The intriguing “tumor-localization” nature of porphyrins prompted the development of 
porphyrin-based diagnostic pharmaceuticals for different imaging modalities (Lipson, 1961; 
Nelson, 1991) or radioactive tracers (Nakajima et al., 1993) for tumor detection with 
encouraging results (Lee et al., 2010).  

4.3.1 Contrast media for MRI 
Magnetic resonance imaging (MRI) with molecular probes offers the potential to monitor 
physiological parameters with high spatial and temporal resolution, but the construction of 
cell-permeable imaging agents remains a challenge. Membrane permeability, optical 
activity, and high relaxivity of porphyrin-based contrast agents offer exceptional 
functionality for in-vivo imaging. It was recently shown that a porphyrin-based MRI 
molecular imaging agent, Mn-(DPA-C2)2-TPPS3, effectively penetrates cells and persistently 
stains living brain tissue in intracranially injected rats. Due to cromogenicity, its distribution 
can also be observed by histology (Chen, 1984; Lee, 2010; Shahbazi-Gahrouei, 2001).  
Porphyrin-based complexes were also identified as necrosis-avid contrast agents (NACAs) 
for noninvasive MRI identification of acute myocardial infarction, assessment of tissue or 
organ viability, and therapeutic evaluation after interventional therapies (Ni, 2008). 

4.3.2 NIR fluorescent probes 
The NIR region of the spectrum offers considerable opportunities for diagnosis because of 
the lack of interference with endogenous absorbers such as haeme pigments and melanin. In 
this region, light is able to penetrate deeper into tissue, thus offering routes to the therapy of 
blood vessel disorders and larger or deeper seated malignancies.  
Although the greatest activity in the synthesis of NIR-absorbing compounds for therapeutic 
intent has come from the porphyrin area, with bacteriochlorins and texaphyrins being 
promising derivatives, none of them is yet in everyday use (Wainwright M., 2010). 

5. Current limitations and future trends  

Only a small part of the impressive number of synthesized porphyrinic compounds is 
highly efficient in PDT, so the quest for the ideal photosensitizer still continues. 
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5.1 Coupling with light sources 
Several porphyrin related photosensitizers are currently on the market. Unfortunately, they 
have several limitations. The perfect balance and fulfilment of the criteria displayed in Table 
1, is not reached at this stage of development. The light sources, especially lasers, are 
increasingly acquiring improved characteristics, so more and more photosynthetizers can be 
used in biomedical applications and consequently an increased number of tumors are 
targeted. Future developments in porphyrinic-type photosensitizers will be oriented toward 
interdisciplinary applications. The improvement of lasers, mainly with increased tissue 
penetrability, will be associated with the significant development of new photosensitizers, 
not necessarily related to porphyrins.  

5.2 Dosimetry of PDT 
Despite promising in vitro studies, many attempts to use PDT in the clinic have led to 
inadequate tumor response or unacceptable side-effects, and this is partially due to the 
complexity of PDT mechanisms and the associated dosimetry problems. We must take into 
account that the local concentration of photosensitizer varies within the body and inter-
individual variability is registered. The penetration of light into the target depends on the 
specific optical properties of particular tissues. If the tissue is hypoxic, or becomes hypoxic 
due to PDT, the yield of singlet oxygen will be lower than expected. Therefore, development 
of accurate modeling tools, definition of PDT “dose” and in vivo measurements are 
nowadays major challenges in PDT.  

5.3 Oxygen and singlet oxygen 
Target tissue oxygenation is one of the essential factors coupled with the photosensitizers 
behavior (Patterson M.S. & Mazurek E., 2010; Ogilby P.R., 2010; Wilson et al., 2007). Oxygen 
can be measured invasively using implanted oxygen electrodes. But, as demonstrated in 
radiotherapy studies, the spatial distribution can be highly non-uniform. Non-invasive 
methods based on magnetic resonance or optical absorption spectroscopy can provide 
indirect measures of oxygen concentration, and were associated with porphyrins and 
related structures (Yu et al., 2005). 
Singlet oxygen remains at the cutting-edge of modern science, particularly in 
photosensitised systems. Singlet oxygen brings together seemingly disparate issues such as 
nanoparticle-dependent surface plasmon resonances and genetically engineered protein 
tagging experiments.  
The conventional method used for direct singlet oxygen measurement is the detection of the 
weak phosphorescence emitted at 1270 nm when singlet oxygen returns to the ground state. 
Upon laser excitation the singlet oxygen emission decay is detected at a 90º geometry with a 
germanium photodiode working at room temperature. Luminescence intensity at a time, t, 
after laser pulse is measured for the compound under study and for a reference compound 
with known singlet oxygen quantum yield on the desired solvent and matched optical 
density. Accurate calibration curves, with linear dependence of singlet oxygen emission 
intensity versus laser energy are obtained and a comparison of the slopes for the sample and 
those of the reference yields the singlet oxygen quantum yield. (Oliveira A.S. et al. 2009 and 
Santos P.F. et al. 2003, 2004, 2005). Nowadays it is already possible to “see” the spectra of 
singlet oxygen emission in the NIR region using a cooled IndiumGaliumArseniate (InGaAs) 
Carged Coupled Device (CCD) detector in the arrangement above described (Oliveira A.S. 
et al. 2011). 
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The cumulative singlet oxygen signal measured during PDT of cell suspensions correlated 
well with cell survival over a range of treatment conditions. Unfortunately, local concentration 
of singlet oxygen is in the picomolar range due to its rapid reaction with biomolecules 
(emission of only about 108 photons cm-3 s-1) and the biological microenvironment might 
influence the real 1270 nm emission. Accordingly, the instrumentation for detecting such weak 
luminescence is relatively complex and expensive. Lately, an effective method, Singlet Oxygen 
Luminescence Dosimetry (SOLD) for quantitative PDT related photobiological studies was 
evaluated and considered as optimal tool to evaluate photosensitizers in correlation with 
delivery methods (Jarvi et al., 2006). 
The group of Zhang (2008) increased the generation of singlet oxygen via electric-field metal–
photosensitizer interactions, taking advantage of near-field interactions of fluorophores with 
metallic nanoparticles, a phenomenon called metal-enhanced fluorescence (MEF). Nonradiative 
energy transfer occurs from excited distal fluorophores to the surface plasmon electrons on 
noncontinuous films. The surface plasmons in turn radiate the photophysical characteristics of 
the coupling fluorophores. However, additional work is required to optimize or control the 
amount of singlet oxygen generation from photosensitizers in proximity to metal nanoparticles. 
Molecular Probes (Invitrogen Inc.) developed the Singlet Oxygen Sensor Green reagent, 
which is highly selective for singlet oxygen. It exhibits initially weak blue fluorescence, with 
excitation peaks at 372 and 393 nm and emission peaks at 395 and 416 nm. In the presence of 
singlet oxygen, it emits a green fluorescence similar to that of fluorescein (excitation/ 
emission maxima ~504/525 nm). Unfortunately, the reagent has only in vitro applications 
and is used only for cumulative measurements.  
Price et al (2009) showed that 3′-p- (aminophenyl) fluorescein (APF) is adequate for the 
detection of singlet oxygen and hydroxyl radical  under conditions relevant to PDT, in cell-free 
studies and in cultured L1210 cells photosensitized with benzoporphyhrin. Studies have to be 
performed in the presence and absence of DMSO to eliminate hydroxyl radical contribution.  
The group of Lee S (2010) developed two instruments, an ultra-sensitive singlet oxygen 
point sensor and a 2D imager, as real-time dosimeters for PDT researchers. The 2D imaging 
system can visualize in vitro and in vivo spatial maps of both the singlet oxygen production 
and the localization of the photosensitizer in a tumor during PDT. 

5.4 Photosensitizer delivery 
Penetration of the photosensitizer into tissues is the major limiting factor in PDT. Porphyrin-
like molecules are polycyclic, often heavily charged and in many cases insoluble in both 
hydrophilic and lipophilic media. In addition, porphyrins and their analogues are known to 
self-aggregate, which is facilitated by a flat, wide, and electron-rich surface, creating van der 
Waals, π–π stacking, charge-transfer interactions (Andrade et al., 2008). Therefore, finding 
adequate drug delivery systems is crucial in improving bioavailability, target specificity and 
cellular localization of photosensitizers in PDT. Drug targeting from parenteral 
administration of photosensitizers has been achieved by using liposomes, oil emulsions, 
microspheres, micellar nanoparticles, proteins and monoclonal antibodies, but the ideal 
formulation has not yet been developed.  
Polymeric nanoparticles offer numerous advantages over the conventional drug delivery 
systems including high drug loading, controlled release, and a large variety of carrier 
materials and pharmaceutical formulations (Konan, 2002).  
In the development of new drug delivery principles and devices, one may take advantage of 
the very basics of PDT, namely photoactivation. The method provides a broad range of 
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adjustable parameters (e.g., wavelength, intensity, duration, spatial and temporal control) that 
can be optimized to suit a given application. Photoactivated drug delivery can be used to 
control the release rate of the active principle from a dosage form (i.e., a carrier system), to 
activate a drug molecule that is already present at the site of action in an inactive form (e.g., a 
photosensitizer or a prodrug), or it can combine the two (i.e., photocontrolled drug release and 
drug activation). While photoactivation of sensitizers is well established, the application of 
photoactivated carrier systems offers new opportunities, including photoresponsive 
hydrogels, microcapsules, liposomes, nanoparticles and oligonucleotides (Sortino, 2008).  
As shown recently by Kishwar et al. (2010), ZnO nanorods proved to be an efficient light 
system attached to a photosensitizer for intracellular necrosis. Zinc oxide (ZnO) has many 
advantageous properties like direct band gap of 3.37 eV, large exciton binding energy of 60 eV 
at room temperature and deep level defects emissions that cover the whole visible range. The 
UV and green emission part of the white light of ZnO can be used for the activation of 
photosensitizers in PDT. The family of ZnO nanostructures is the richest known so far and the 
growth of these nanostructures is facilitated by the self organized growth property of this 
material. Being a bio-safe and bio-compatible material, ZnO is an attractive candidate for 
biomedical applications. ZnO nanorods grown on the femto tip were shown to deliver the 
photosensitizer to breast cancerous cells and cause necrosis within few minutes. Topical pain 
caused by the conventional PDT method can be reduced by this technique.  

5.5 Increased fluorescence for photodiagnosis 
There is a tremendous need for developing novel non-invasive or minimally invasive 
diagnostic tools for assessing cell/tissue metabolism and functions, in order to discriminate 
pathological disturbances in early disease stages. The capability to visualize pathologic tissues 
as first step before surgical procedure or therapy, may clearly increase treatment efficacy.  
Intensive research is done to get probes with appropriate fluorescence characteristics (high  
quantum yield, large Stokes shifts, reduced photolability and great suitability for cells and 
tissues, i.e., well-balanced amphiphyllic character, low or no intrinsic toxicity, higher excitation 
wavelengths to prevent spectral interferences due to the auto fluorescence of the biological 
samples). Due to the adequacy of their properties, the use of porphyrins and 
metalloporphyrins as near infrared probes (NIR probes) in biomedical applications increased 
exponentially. Porphyrinic structures, either in solution or in restricted nanometric geometries, 
typically display long decay times, and this can be used as an extra discrimination advantage 
for fluorescence imaging (long lifetime probes for lifetime based sensing). We believe that 
nowadays the analysis of porphyrins and porphyrin-like structures from the point of view of 
their fluorescence properties is crucial for developing minimally invasive fluorescent tools for 
diagnosis. 
Several studies on fluorescent photosensitizers show them as markers and beacons and point 
toward their dual utility for "seeing and treating" (Chen et al., 2005; Cló et al., 2007). Theranostic 
nanomedicine, integrating  nano-platforms which can diagnose, deliver targeted therapy and 
monitor response to therapy, is best illustrated in PDT. Photosensitizers will not only kill 
pathologic cells when light-activated, but being inherently fluorescent they can be used for 
imaging and locating disease as photosensitizers selectively accumulate within diseased tissue. 
The use of lasers and minimally invasive fiber optic tools, along with the development of new 
agents that respond to NIR wavelengths for better tissue penetration, makes direct targeting of 
deep tissues possible, enabling imaging and treatment of several pathologies. Alongside, 
nanoprobes have been developed for in vivo optical imaging, which include quantum dots, 
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up-converting nanophosphors, gold and silica nanoparticles, and photosensitizers containing 
nanoparticulate carriers. This approach is becoming of increasing interest for oncological 
applications, addressing the challenges of cancer heterogeneity and adaptability.  

5.6 Nano PDT 
The general advances in medicine and the progress in the use of photosensitizers for PDT 
directed the research towards the development of photoactive nanoparticles which can be 
used for cancer therapy, as sensors for tumor indication and imaging and for other 
applications of PDT such as vascular disorders (Paszko et al., 2011). The effectiveness of 
PDT could be maximised by using nanoparticles which can improve the photosensitizer 
solubility in aqueous media, its formulation properties and selectivity to the target tissue. 
Selectivity improvement can be achieved by nano-formulating the photosensitizers with 
liposomes or by modifying them using dendrimers, nanotubes (Zhu, 2008) or fullerenes;  
such liposomal formulation of Foscan (Foslip) is  currently under investigation (Buchholz, 
cited by  Lassale et al., 2008). 

6. Conclusions 

Porphyrins have a well-defined place among the substances used in biomedical engineering 
as medical devices (as defined by the European Council directives No. 93/42/EEC and  
98/79/EC, completed by the associated MEDDEV guidance documents) as they can be used 
effectively as both diagnosis and treatment tools.  
 

No Target Drug/Procedure/
Device Theme Status 

1. Colorectal Cancer Optical Fluoroscopy Colorectal Cancer Detection by Means of Optical 
Fluoroscopy

Recruiting 2. Porphyria Cutanea 
Tarda Exjade Safety and Efficacy of Oral Deferasirox in Patients 

With Porphyria Cutanea Tarda

3. Glioma 5-Aminolevuline Acid
Safety Study of Aminolevulinic Acid (ALA) to 

Enhance Visualization and Resection of Malignant 
Tumors of the Brain

4 Lung Cancer CyPath 
Sputum Labeling Utilizing Synthetic Meso Tetra (4-
Carboxyphenyl) Porphine (TCPP) for Detection of 

Lung Cancer
Active 

5. Acne Vulgaris Visonac Photoactive Porphyrins (PAP) Levels After Topical 
Visonac Application in Acne Patients

Completed 

6. Basal Cell 
Carcinoma 

PDT with Metvix 160 
mg/g cream 

PDT with placebo 
cream

Photodynamic Therapy (PDT) With Metvix Cream 
160 mg/g Versus PDT With Placebo Cream in 

Patients With Primary Nodular Basal Cell 
Carcinoma

7. Basal Cell 
Carcinoma 

PDT with Metvix
160 mg/g cream and 

Placebo cream

PDT With Metvix 160 mg/g Cream Versus PDT 
With Placebo Cream in Patients With Primary 

Nodular Basal Call Carcinoma

8. Porphyria Heme arginate;
Tin mesoporphyrin

Phase I/II Study of Heme Arginate and Tin 
Mesoporphyrin for Acute Porphyria

9. Healthy Subjects Eltrombopag; 
Ciprofloxacin; Placebo

Study In Healthy Subjects To Evaluate The Photo-
Irritant Potential Of Eltrombopag

10. Basal Cell 
Carcinoma 

Procedure: PDT with 
Metvix 160 mg/g 

cream

Metvix PDT in Patients With "High Risk" Basal Cell 
Carcinoma 

11. Porphyria Heme arginate;
Tin mesoporphyrin

Studies in Porphyria III: Heme and Tin 
Mesoporphyrin in Acute Porphyrias

Table 5. Current status of medical trials involving porphyrins (source: ClinicalTrials.gov) 
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To underline the importance of porphyrinic compounds and to reveal again their multivalency 
toward biomedical applications we present the current status (2011, April) of their involvement 
in a wide range of medical trials of the U.S. National Institutes of Health (see Table 5). 
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1. Introduction  

Magnetic particles are currently one of the most important materials in the industrial sector, 
where they have been widely used for biotechnological and biomedical applications such as 
carriers for recovery and for detection of DNA, proteins, viruses, and cells (Perez et al., 2002; 
Kramer et al., 2004; Gonzales and Krishnan, 2005). The major advantage of magnetic 
particles is that they can be easily manipulated by magnetic force, which enables rapid and 
easy separation of target molecules bound to the particles from reaction mixtures 
(Mirzabekov et al., 2000; Gu et al., 2003; Kuhara et al., 2004; Xu et al., 2004). Use of magnetic 
particles is beneficial for complete automation of steps, resulting in minimal manual labor 
and providing more precise results (Sawakami-Kobayashi et al., 2003). Biomolecules such as 
DNA, biotin, and antibodies have been assembled onto magnetic particles and used as 
recognition materials for target recovery, separation, or detection. 
The method chosen for biomolecule assembly is determined by the surface properties of the 
magnetic particles. Various methods of assembly onto magnetic particles have been 
reported such as electrostatic assembly (Goldman et al., 2002), covalent cross-linking 
(Grubisha et al., 2003; Gao et al., 2004) avidin-biotin technology (Gref et al., 2003), membrane 
integration (Mirzabekov et al., 2000; Tanaka et al., 2004), and gene fusion techniques 
(Nakamura et al., 1995b; Yoshino et al., 2004; Yoshino and Matsunaga, 2006). The amount 
and stability of assembled biomolecules and the percentage of active biomolecules among 
assembled molecules are dependent on the method used for coupling. However, the 
fabrication techniques have not been standardized. As applications for magnetic particles in 
the biotechnology field increase, magnetic particles with greater functionality and novel 
methods for their production are in demand. 
Magnetotactic bacteria synthesize uniform, nano-sized magnetite (Fe3O4) particles, which 
are referred to as “bacterial magnetic particles” (BacMPs). A thin lipid bilayer membrane 
envelops the individual BacMP, which confers high and even dispersion in aqueous 
solutions as compared to artificial magnetic particles, making them ideal biotechnological 
materials (Matsunaga et al., 2003). To use these particles for biotechnological applications, it 
is important to attach functional molecules such as proteins, antibodies, peptides, or DNA. 
BacMP-specific proteins have been used as anchor proteins, which facilitate efficient 
localization and appropriate orientation of various functional proteins attached to BacMPs. 
We have developed several methods for modification and assembly of these functional 
organic molecules over the surface of BacMPs using chemical and genetic techniques. In this 
chapter, we describe advanced magnetic particles used in biomedical applications and the 
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methods for bioengineering of these particles. Specific focus is given to the creation of 
functional BacMPs by magnetotactic bacteria and their applications. 

2. Production of functional magnetic particles  

Currently, magnetic particles offer vast potential for ushering in new techniques, especially 
in biomedical applications, as they can be easily manipulated by magnetic force. The 
important characteristics of these particles include (1) immobilization of higher numbers of 
probes onto magnetic particles because particle surfaces are wider than those of a flat 
surface, (2) reduction of reaction times because of good dispersion properties that increase 
reaction efficiency, (3) facilitation of the bound/free separation step with a magnet, without 
centrifugation or filtration, and (4) the use of automated robotic systems for all reaction 
steps. These characteristics offer great benefits for biomedical applications such as rapid and 
precise measurements or separations of bio-targets. Here, the methods for production of 
functional magnetic particles are introduced.   

2.1 Commercialized magnetic particles  
Commercialized magnetic particles are usually composed of superparamagnetic iron oxide 
nanoparticles (Fe3O4 or Fe2O3), which exhibit magnetic properties only in the presence of 
external magnetic fields. These particles are embedded in polymers such as polysaccharides, 
polystyrene, silica, or agarose. Micro-sized magnetic particles can be easily removed from 
suspension with magnets and easily suspended into homogeneous mixtures in the absence of 
an external magnetic field (Ugelstad et al., 1988). Furthermore, functional groups or 
biomolecules for the recognition of targets are conjugated to the polymer surfaces of magnetic 
particles (Fig. 1), and targets can be collected, separated, or detected by the magnetic particles.  
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Biotin or streptavidin-assembled magnetic particles, on which complementary nucleic acid 
strands are immobilized, are widely used for the recovery or extraction of specific nucleic acids 
and are marketed worldwide. Moreover, magnetic particles can be used as supports for 
separation or detection of proteins or cells. For example, protein A- or protein G-assembled 
magnetic particles are suitable for antibody purification and are more efficient than column-
purification techniques. 
Currently, polymer magnetic particles marketed as Dynabeads® (Invitrogen, co.) are one of the 
most widely used magnetic particles for biotechnology applications (Sawakami-Kobayashi et 
al., 2003; Prasad et al., 2003). These particles are prepared from mono-sized macroporous 
polystyrene particles that are magnetized by an in situ formation of ferromagnetic materials 
inside the pores. Dynabeads® with diameters of 2.8 m or 4.5 m are the most widely used 
magnetic particles by scientists around the world, particularly in the fields of immunology, 
cellular biology, molecular biology, HLA diagnostics, and microbiology. 
Antibody-immobilized magnetic particles have been used preferentially in target-cell 
separation of leukocytes (Stampfli et al., 1994; Schratzberger et al., 1997; Schwalbe et al., 2006; 
Nakamura et al., 2001) for in vitro diagnosis because of the simpler and more rapid 
methodology as compared to cell sorting using a flow cytometer. These commercially 
available magnetic particles are chemically synthesized compounds of micrometer and 
nanometer sizes. Several cell separation systems using nano-sized magnetic particles, such as 
50-nm iron oxide particles with polysaccharide- (Miltenyi Biotech, co.) or dextran- (StemCell 
Technologies Inc.) coated superparamagnetic nanoparticles, are commercially available 
(Miltenyi, 1995; Wright, 1952). Because these particles are superparamagnetic and are 
preferred for high-gradient magnetic separation, specially-designed magnetic columns that 
produce high magnetic field gradients are required for cell separation (Miltenyi, 1995). Nano-
sized magnetic particles are advantageous for assay sensitivity, rapidity, and precision. 
However, it remains difficult to synthesize nano-sized magnetic particles with uniform size 
and shape that adequately disperse in aqueous solutions. Consequently, advanced techniques 
and high costs are required for the production of nano-sized magnetic particles. 
Magnetic particles are widely used not only as carriers for recovery or detections of bio-
molecules, but also used as probes for magnetic detections, or agent for magnetic-field-
induced heating. Especially, magnetic particles that have high saturation magnetization are 
ideal candidates for MRI contrast agents, and various kinds of magnetic particles have been 
developed and used for diagnoses. Recently, Mulder et. al. developed the paramagnetic 
quantum dots (pQDs) coated with paramagnetic and pegylated lipids which had a high 
relaxivity. The high relaxivity makes the pQDs contrast agent an attractive candidate for 
molecular MRI purposes. This nanoparticulate probe makes it detectable by both MRI and 
fluorescence microscopy (Mulder et al., 2006). It was successful that the synthesis of 
quantum dots with a water-soluble and paramagnetic micellular coating were used as a 
molecular imaging probe for both fluorescence microscopy and MRI. The present study uses 
magnetic nanoparticles as bimodal tools and combines magnetically induced cell labelling 
and magnetic heating. The particles are used in hyperthermia agents, where the magnetic 
particles are heated selectively by application of an high frequency magnetic field (Mulder et 
al., 2006). These magnetic heating treatments using superparamagnetic iron oxide 
nanoparticles continue to be an active area of cancer research. The research aimed to assess 
if a selective and higher magnetic nanoparticles accumulation within tumor cells is due to 
magnetic labeling and consequently a larger heating effect occurs after exposure to an 
alternating magnetic field in order to eliminate labeled tumor cells effectively (Kettering et 
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al., 2007). Moreover, in recent years magnetic devised like giant magnetoresistive (GMR) 
sensors have shown a great potential as sensing elements for biomolecule detection (Baselt 
et al., 1998; Edelstein et al., 2000; Schotter et al., 2004). The GMR biochip based on spin valve 
sensor array and magnetic nanoparticle probes was developed for inexpensive, sensitive 
and reliable DNA detection using plasmid-derived samples (Xu et al., 2008). The 
applications of magnetic particles as probes are increasingly advanced in biomolecule 
quantitative analysis. 

2.2 Magnetic particles produced by magnetotactic bacteria 
Magnetotactic bacteria synthesize nano-sized biomagnetites, otherwise known as bacterial 
magnetic particles (BacMPs), that are enveloped individually by a lipid bilayer membrane 
(Blakemore, 1983). BacMPs are ultrafine magnetite crystals (50-100 nm in diameter) with 
uniform morphology produced by Magnetospirillum magneticum AMB-1 (Fig. 2).  
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Fig. 2. Transmission electron microscopic (TEM) image and schematic diagram of 
Magnetospirillum magneticum AMB-1 (A), bacterial magnetic particles (BacMPs, B) and 
schematic diagram of proteins on the BacMPs surface (C). 

The molecular mechanism of BacMP synthesis involves a multiple-step process that includes 
vesicle formation, iron transport, and magnetite crystallization. This mechanism has been 
studied using genomic, proteomic, and bioinformatic approaches  (Matsunaga et al., 2005; 
Nakamura et al., 1995a; Arakaki et al., 2003; Amemiya et al., 2007) , and a comprehensive 
analysis provided a clear view of the elaborate regulation of BacMP synthesis.   
Techniques for the mass cultivation of magnetotactic bacteria have been developed, 
allowing for a steady supply of BacMPs for industrial applications. Based on the molecular 
mechanism of BacMP formation in M. magneticum AMB-1, designed functional 
nanomaterials have also been developed. Through genetic engineering, functional proteins 
such as enzymes, antibodies, and receptors have been displayed on the surface of BacMPs. 
The display of proteins on BacMPs was achieved using a fusion technique involving anchor 
proteins isolated from magnetotactic bacteria (Nakamura et al., 1995b). Figure 3A shows the 
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procedure for producing functional magnetic particles through genetic engineering of these 
bacteria. Several proteins involved in the magnetic biosynthetic mechanism are embedded 
in the BacMP membrane. In M. magneticum AMB-1, MagA (46.8 kDa), Mms16 (16 kDa), and 
Mms13 (13 kDa) proteins have been used as anchor molecules for displaying functional 
proteins (Nakamura et al., 1995b; Yoshino et al., 2004; Matsunaga et al., 2005; Matsunaga et 
al., 1999; Matsunaga et al., 2000).  
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Fig. 3. Preparation of BacMPs displaying functional proteins. 
(A) The functional protein gene is fused to an anchor gene for display of a functional protein 
on BacMPs. A plasmid harboring the fusion gene is introduced into M. Magneticum AMB-1. 
(B) TEMs of BacMPs displaying protein A which were treated with rabbit IgG after addition 
of gold nanoparticle (5 nm)-labeled anti-rabbit IgG antibodies (1) or anti-human IgG 
antibodies (2). 

MagA was one of the first proteins experimentally demonstrated to be localized on the 
surface of BacMPs (Nakamura et al., 1995a; Nakamura et al., 1993). MagA is a 
transmembrane protein identified from a M. magneticum AMB-1 mutant strain generated by 
transposon mutagenesis (Nakamura et al., 1995a). As proof of localization, luciferase (61 
kDa) was fused to the C-terminus of MagA (Nakamura et al., 1995b). This was the first 
report of protein display on BacMPs using gene fusion techniques. However, the efficiency 
and stability of proteins displayed on BacMPs were limited, and only a few molecules were 
displayed on a single BacMP. 
As research in this field progressed, a more effective and stable method for protein display 
was developed. To establish high levels of expressed proteins displayed on BacMPs, strong 
promoters and stable anchor proteins were identified using M. magneticum AMB-1 genome 
and proteome analysis (Yoshino and Matsunaga, 2005).  
An integral BacMP membrane protein, Mms13, was isolated as a stable anchor molecule, 
and its anchoring properties were confirmed by luciferase fusion studies. The C-terminus of 
Mms13 was expressed on the surface of BacMPs, and Mms13 was tightly bound to the 
magnetite directly, permitting stable localization of luciferase on BacMPs. Consequently, the 
luminescence intensity obtained from BacMPs using Mms13 as an anchor molecule was 
more than 1,000-times greater than when MagA was used. Furthermore, the IgG-binding 
domain of protein A was displayed uniformly on BacMPs using Mms13 (Fig. 3B).  
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Strong promoters and stable anchor proteins allowed efficient display of functional proteins 
on BacMPs. However, the display of particular proteins remained a technical challenge due 
to the cytotoxic effects of the proteins when they were overexpressed in bacterial cells. 
Specifically, transmembrane proteins such as G-protein coupled receptors were still difficult 
to express in magnetotactic bacteria. An inducible protein expression system is often used to 
control the expression dose and timing of transmembrane proteins. Recently, we developed 
a tetracycline-inducible protein expression system in M. magneticum AMB-1 to prevent the 
toxic effects of transmembrane protein expression (Yoshino et al., 2010). This system was 
implemented to obtain the expression of tetraspanin CD81, where the truncated form of 
CD81, including the ligand binding site, was successfully expressed on the surface of 
BacMPs using Mms13 as an anchor protein and the tetracycline-inducible protein expression 
system. These results suggest that the inducible expression system will be a useful tool for 
the expression and display of transmembrane and other potentially cytotoxic proteins on the 
membranes of BacMPs. 
Currently, many types of functional proteins can be displayed at high levels on magnetic 
particles due to the modifications described above. Generally, immobilization of proteins 
onto magnetic particles is performed by chemical cross-linking; however, this can hinder the 
activity of some proteins. Because the amine-reactive cross-linker can bind to proteins in a 
random manner, the target proteins may become inactivated. Furthermore, protein 
orientation on the solid phase is difficult to control during chemical conjugation. To 
overcome these difficulties, protein display on magnetic particles produced by 
magnetotactic bacteria through gene fusion is a promising approach, and the techniques 
have expanded the number of applications. 

3. Applications of magnetic particles 

Magnetic iron oxide particles, such as magnetite (Fe3O4) and maghemite (γ-Fe2O3), are 
widely used in medical and diagnostic applications such as magnetic resonance imaging  
(Gleich and Weizenecker, 2005), cell separation (Miltenyi et al., 1990) , drug delivery (Plank 
et al., 2003), and hyperthermia (Pardoe et al., 2003). To use these particles for 
biotechnological applications, the surface modification of the magnetic particle with 
functional molecules such as proteins, peptides, or DNA must be considered. Previously, 
only DNA- or antibody-immobilized magnetic particles were marketed and used in 
biotechnology; it was suggested that the techniques for the immobilization of enzymes or 
receptors were more complicated and time consuming. However, as the methods for 
assembling functional proteins onto magnetic particles have become simpler and more 
efficient, the applications of magnetic particles have expanded. Here, the applications of 
BacMPs displaying functional proteins such as antibody, enzyme, or receptor are described. 

3.1 Applications of antibody-magnetic particles 
Magnetic particles have been widely used as carriers of antibodies for immunoassay, cell 
separation, and tissue typing (Herr et al., 2006; Tiwari et al., 2003; Weissleder et al., 2005). The 
use of magnetic particles is advantageous for full automation, minimizing manual labor and 
providing more precise results (Sawakami-Kobayashi et al., 2003; Tanaka and Matsunaga, 
2000). In particular, immunomagnetic particles have been used preferentially in target cell 
separation from leukocytes (Stampfli et al., 1994; Schratzberger et al., 1997) for in vitro 
diagnosis, as this provides a more rapid and simple methodology compared with cell 
sorting using a flow cytometer.  
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To immobilize antibody, protein A, which is the antibody-binding protein derived from 
Staphylococcus aureus (Deisenhofer, 1981), has been immobilized on magnetic particles using 
the sequence of the Z-domain, a synthetic analogue of the IgG-binding B-domain. 
Staphylococcus protein A consists of a cell wall binding region and five domains, termed C, B, 
A, D, and E, with C next to the cell wall. The molecular interaction of protein A with IgG is 
well understood, and the binding sites on the Fc domain of IgG1, -2, and -4 have been 
characterized. X-ray analysis has revealed that the B-domain of protein A has two contact 
sites that interact with the Fc domain of IgG (Eliasson and Kogelschatz, 1988) . Based on this 
knowledge, a synthetic Z-domain, which consists of 58 amino acids and is capable of 
binding the Fc domain, has been constructed (Lowenadler et al., 1987) . IgG can bind the Z-
domain on magnetic particles with uniform orientation. 
Z-domain was displayed on bacterial magnetic particles using gene fusion techniques and 
was used to detect human insulin from whole blood by sandwich enzyme immunoassays. 
The experimental procedure was fully automated using a pipetting robot bearing a magnet 
(Tanaka and Matsunaga, 2000). 
Antibody-conjugated BacMPs also can be utilized for cell separation. In general, nano-sized 
magnetic particles, rather than micro-sized particles, are preferred for cell separation 
because separated cells with nano-sized magnetic particles on their surfaces can be used in 
subsequent flow cytometric analysis (Graepler et al., 1998). Additionally, micro-sized 
magnetic particles are more likely to have inhibitory effects on cell growth and 
differentiation after magnetic separation. 
Magnetic separation permits target cells to be isolated directly from crude samples such as 
blood, bone marrow, tissue homogenates, or cultivation media. Compared to other more 
conventional methods of cell separation, magnetic separation may be considered a sample 
enrichment step for further chromatographic and electromigratory analysis. To enrich for 
target cells, cell surface antigens, such as cluster of differentiation (CD) antigens, were used 
as markers. CD8, CD14, CD19, CD20, and CD34 positive cells were efficiently enriched from 
peripheral blood (Kuhara et al., 2004; Matsunaga et al., 2006). The separated CD34 positive 
cells retained the capability of forming colonies as hematopoietic stem cells. 
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Fig. 4. Schematic illustration of cell separation procedures. (A) The initial separation of 
peripheral blood mononuclear cells (PBMCs) from whole blood and the subsequent 
magnetic separation of target cells from PBMCs using magnetic particles followed the 
common procedure. (B) Target cells were separated directly from whole blood using 
magnetic particles in the procedure for direct magnetic cell separation. 
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Protein G from Streptococcus sp (Gronenborn et al., 1991) was also displayed on BacMPs, 
resulting in the expansion of IgG-binding diversity. Direct magnetic separation of immune 
cells from whole blood using protein G-BacMPs binding anti-CD monoclonal antibodies 
was demonstrated (Fig. 4). Using this technique, B lymphocytes (CD19+ cells) or T 
lymphocytes (CD3+ cells) were successfully separated at a high purity. 
To increase cell separation efficiency, a novel functional polypeptide, which functions to 
minimize nonspecific adsorption of magnetic particles to cells, was developed for surface 
modification of BacMPs (Takahashi et al., 2010). Previous reports had shown that the 
hydrophilicity or neutral charge of the particle surface was important for the reduction of 
nonspecific interactions between the nanoparticle and the cell surface (Fang et al., 2009; Patil 
et al., 2007). The designed polypeptide was composed of multiple units consisting of four 
asparagines (N) and one serine (S) residue and was referred to as the NS polypeptide. 
Modification of the surface of a magnetic particle with the NS polypeptide resulted in 
reduction of non-specific particle-particle and particle-cell interactions. NS polypeptides on 
magnetic nanoparticle surfaces function as a barrier to block particle aggregation and 
minimize nonspecific adsorption of cells to the nanoparticles; they also add the ability to 
recognize and bind to target cells by working as a linker to display protein G on the 
nanoparticles (Fig. 5). When the NS polypeptide is used in a single fusion protein as a linker 
to display protein G on magnetic particles, the particle acquires the capacity to specifically 
bind target cells and to avoid nonspecific adsorption of non-target cells. CD19+ cells 
represent 4.1% of leukocytes and in peripheral blood were calculated to be less than 0.004% 
of the total cells. Analysis of magnetically separated cells using flow cytometry revealed that 
CD19+ cells were separated directly from peripheral blood with greater than 95% purity 
using protein G-displaying BacMPs bound to anti-CD19 monoclonal antibodies with the NS 
polypeptide. Purities were approximately 82% when the NS polypeptide was not present.  
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Fig. 5. Effect of NS polypeptide on cell separation. 
(A) Schematic diagram of expression vectors for fusion proteins, Mms13-protein G (1), 
Mms13-(N4S)10–protein G (2), and Mms13-(N4S)20-protein G (3). (B) Correlation between the 
display of NS polypeptide on BacMPs and nonspecific binding of BacMPs to the cell surface. 
The number of RAW 264.7 cells separated using BacMPs displaying protein G (○), BacMPs 
displaying (N4S)10-protein G (×), or BacMPs displaying (N4S)20-protein G (△) were counted, 
and the ratio of nonspecifically separated cells was calculated. (C) Direct magnetic separation of 
CD19+ cells from whole blood using BacMPs displaying (N4S)20-proteins bound to PE-labeled 
anti-CD19 mAbs. 
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Display of fusion proteins (protein G and NS polypeptide) on BacMPs significantly 
improved recognition of and binding to target cells, and minimized adsorption of non-target 
cells. These promising results demonstrated that NS polypeptides may be a powerful and 
valuable tool in various cell associated applications. 

3.2 Applications of enzyme-magnetic particles  
Enzymes can catalyze various biochemical reactions with high efficiency and specificity 
and are therefore used in industrial production (Patil et al., 2007). However, the 
production and purification of recombinant enzymes can be quite time and cost 
consuming. If enzymes could be immobilized on magnetic particles, they could be reused 
following magnetic recovery from the reaction mixture. Enzymes and antibodies 
immobilized on BacMPs using bifunctional reagents and glutaraldehyde have been found 
to have higher activities than those immobilized on artificial magnetic particles 
(Matsunaga and Kamiya, 1987). The luciferase gene (luc) was cloned downstream of the 
MagA promoter and the effect of iron on the regulation of MagA expression was 
investigated; transcription of MagA was found to be enhanced by low concentrations of 
iron. As an initial proof-of-concept experiment for the recovery of enzyme-displaying 
BacMPs, luciferase was assembled onto BacMPs (Nakamura et al., 1995b). The genes for 
acetate kinase and liciferase were fused to the N- and C-terminus of the MagA anchor 
protein for simultaneous display of two different enzymes (Matsunaga et al., 2000). 
Acetate kinase catalyzes the phosphorylation of acetate by ATP. Therefore, this reversible 
reaction generates ATP in the presence of ADP and acetyl phosphate. The results 
presented in Fig. 6 are consistent with the hypothesis that ATP is generated in situ by 
acetate kinase present on BacMPs through phosphorylation of ADP to ATP (Fig. 6). Thus, 
protein-BacMPs complexes were constructed by joining the luciferase gene to the N- or 
the C-terminal domains of MagA, and also constructed bifunctional active fusion proteins 
on BacMPs using MagA as an anchor with acetate kinase and luciferase. 
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Fig. 6. Simultaneous display of two different enzymes, acetate kinase (ackA) and luciferase 
(luc), onto BacMPs. (A) Schematic diagram of fusion genes, and (B) luciferase activity on 
BacMPs  



 
Biomedical Engineering – From Theory to Applications 

 

400 

A highly thermostable enzyme, pyruvate phosphate dikinase (PPDK), which converts 
pyrophosphate PPi to ATP, was also expressed on BacMPs. Pyrosequencing relies on the 
incorporation of nucleotides by DNA polymerase, which results in the release of PPi. The 
ATP produced by PPDK-displaying BacMPs can be used by luciferase in a luminescent 
reaction (Fig. 7). PPDK-displaying BacMPs were employed in a pyrosequencing reaction 
and a target oligonucleotide was successfully sequenced (Yoshino et al., 2009). The PPDK 
enzyme was recyclable in each sequence reaction as it was immobilized onto BacMPs which 
could be manipulated by a magnet. These results illustrate the advantages of using enzyme-
displaying BacMPs as biocatalysts for repeat usage. Nano-sized PPDK-displaying BacMPs 
are useful for the scale-down of pyrosequencing reaction volumes, thus permitting high-
throughput data acquisition. 
 

 
Fig. 7. Schematic diagram of the principle of pyrosequencing using PPDK-BacMPs. PEP: 
phosphoenolpyruvate, PPi: pyrophosphate, Pi: phosphate, PPDK: Pyruvate phosphate 
dikinase. PEP : phosphoenolpyruvate, PPi : pyrophosphate, Pi : phosphate, PPDK : Pyruvate 
phosphate dikinase  

3.3 Applications of receptor-magnetic particles  
Along with immunoassays and cell separations, ligand-binding assays to study receptor 
proteins are highly desired applications for magnetic particles. Receptor proteins play 
critical roles in gene expression, cellular metabolism, signal transduction, and intercellular 
communication. In particular, nuclear receptors and transmembrane receptors can be major 
pharmacological targets. These types of receptors have been assembled onto BacMPs.  
The estrogen receptor is a nuclear receptor serving as a ligand-inducible transcriptional 
regulator. In recent decades, it has been suggested that natural and synthetic compounds 
can act as steroid hormones and adversely affect humans and wildlife through interactions 
with the endocrine system. These compounds have been broadly referred to as 
environmental endocrine disrupting chemicals (EDCs). Several chemicals, such as plastic 
softeners (bisphenol A) or detergents (4-nonylphenol), were originally considered harmless, 
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but now are suspected of having estrogenic effects. It is probable that many unidentified 
chemical compounds are potential EDCs.  
To evaluate and detect these chemical compounds, estrogen receptor ligand-binding domain 
(ERLBD) was displayed on BacMPs (Yoshino et al., 2005). ERLBD-BacMP complexes can be 
used for assays based on the competitive binding of alkaline phosphatase conjugated 17β-
estradiol (ALP-E2) as a tracer. The dissociation constant of the receptor was 2.3 nM. 
Inhibition curves were evaluated by the decrease in luminescence intensity resulting from 
the enzymatic reaction of alkaline phosphatase. The overall simplicity of this receptor 
binding assay resulted in a method that could be easily adapted to a high-throughput 
format.  
Subsequent-generation evaluation systems for EDCs can distinguish between agonists and 
antagonists (Yoshino et al., 2008). In one system, ERLBD-displaying BacMPs and green 
fluorescent protein (GFP)-fused coactivator proteins were used in combination, and ERLBD-
displaying BacMPs were incubated with ligands and GFP-coactivators. Binding of the 
agonist to ERLBD induced a conformational change of ERLBD and promoted binding of the 
GFP-coactivator to an ERLBD dimer on the BacMP. Binding of the antagonist to ERLBD 
prevented the GFP-coactivator from binding to the ERLBD-BacMPs. Ligand-dependent 
recruitment assays of GFP-labeled coactivators to ERLBD-BacMPs were performed by 
measuring the fluorescence intensity (Fig. 8A). This method was used to evaluate 17-
estradiol (E2) and estriol (E3) as full agonists, octylphenol (OP) as a partial agonist, and ICI 
182,780 (ICI) as an antagonist (Fig. 8B). The full agonists showed dose-dependent increases 
in fluorescence. Octylphenol had lower fluorescence intensity than E2, and ICI 182,780 did 
not produce fluorescence. The method developed in this study can be used to evaluate the 
estrogenic potential of chemicals by discriminating whether a chemical is an ER full agonist, 
a partial agonist, or an antagonist. This novel method has important potential for screening 
for new EDC candidates and their effects in the environment.  
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Fig. 8. Schematic diagram of the GFP-coactivator recruitment assay (A) and the assay results 
(B). Estrogen receptor ligand binding domain (ERLBD)-BacMPs were incubated with ligand 
and GFP-coactivator. Binding of agonist to ERLBD induced conformation change of ERLBD 
and promoted binding of GFP-coactivator to ERLBD dimmer on BacMPs. Binding of 
antagonist to ERLBD prevented GFP-coactivator binding to ERLBD-BacMPs. 
E2:17βEstradiol, E3:Estriol, OP:Octylphenol, ICI:ICI 182780  
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G protein-coupled receptors (GPCRs) play a central role in a wide range of biological 
processes and are prime targets for drug discovery. GPCRs have large hydrophobic 
domains, and therefore, purification of GPCRs from cells is frequently time-consuming and 
typically results in loss of the native conformation. The D1 dopamine receptor, which is a 
GPCR, was successfully assembled into the lipid membrane of BacMPs (Yoshino et al., 2004). 
D1 dopamine receptor-displaying BacMPs were simply extracted by magnetic separation 
from ruptured AMB-1 transformants. This system conveniently retains the native 
conformation of GPCRs without the need for detergent solubilization, purification, and 
reconstitution after cell disruption.  
Additionally, display of the tetraspanin CD81 was demonstrated using the inducible 
expression system (Yoshino et al., 2010) described above. CD81 is utilized when hepatitis C 
virus (HCV) infects hepatocytes and B lymphocytes. Therefore an inhibitor of the human 
CD81-HCV E2 interaction could possibly prevent HCV infection (Pileri et al., 1998). This 
interaction was the motivation behind efforts to produce CD81-displaying BacMPs. 
Consequently, the interaction between BacMPs displaying truncated CD81 and the HCV E2 
envelope were detected, suggesting that CD81-displaying BacMPs could be effectively 
applied to identify inhibitors of the CD81-E2 interaction.  
Transmembrane receptors constitute the most prominent family of validated 
pharmacological targets in biomedicine. Receptor-displaying BacMPs were readily extracted 
from ruptured AMB-1 transformants by magnetic separation, and after several washings 
were ready for analysis. Moreover, BacMPs are well-suited for use in a fully automated 
ligand-screening system that employs magnetic separation. This type of system facilitates 
rapid buffer exchange and stringent washing, and reduces nonspecific binding. 

4. Automated systems  

The suitability of magnetic particles for use in fully-automated systems is an important 
advantage in solid phases of bioassays. Automated robots bearing magnets permit rapid 
and precise handling of magnetic particles leading to high-throughput analysis. Different 
types of fully-automated systems have been developed to handle the magnetic particles and 
to apply them to nucleotide extraction, gene analysis, and immunoassays. 
Figures 9-11 show the layout of an automated workstation with which magnetic particles 
are collected at the bottom of microtiter plates (Maruyama et al., 2004; Tanaka et al., 2003). 
For fluid handling, the processor is equipped with an automated pipetter (1) that moves in 
the vertical and horizontal directions. The platform contains a disposable tip rack station (2), 
a reagent station (3) that serves as reservoirs for wash buffers, and a reaction station (4) for a 
96-well microtiter plate, where a magnetic field can be applied using a neodymium iron 
boron sintered (Nd-Fe-B) magnet on its underside. One pole of the Nd-Fe-B magnet applies 
a magnetic field to one well (Matsunaga, 2003). Eight poles of the Nd-Fe-B magnet are 
aligned on iron rods, and 12 rods are set on the back side of the microtiter plate to apply 
magnetic fields to the 96 wells. The magnetic field can be switched on (magnetic flux 
density: 318 mT) and off (magnetic flux density: <10 mT) by rotating the rods 180°. The 
reaction station is combined with a heat block with a range of 4–99°C and is configured to 
perform the hybridization step. Heating and magnetic separation can be performed 
simultaneously in one well. This precise thermal control unit is suitable for DNA handling 
and has been used for DNA extraction, SNP detection in the genes for aldehyde 
dehydrogenase 2 (ALDH2) (Maruyama et al., 2004) and transforming growth factor (TGF) 
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(Yoshino et al., 2010), detection of epidermal growth factor receptor (EGFR) mutations in 
non-small cell lung cancer (NSCLC), and determination of microsatellite repeats in the 
human thyroid peroxidase (TPOX) gene (Nakagawa et al., 2007). 
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Fig. 9. Automated magnetic separation system, and magnetic separation is achieved in the 
bottom of microtiter plates. 

Figure 10 shows the layout of an automated workstation with which magnetic particles can 
be separated on the inner surface of pipette tips. The automated system consists of an 
automated eight-way pipette bearing a retractable magnet mounted close to the pipette tips 
(1) a tip rack, (2) a reaction station for a 96-well microtiter plate, and (3) a luminescence 
detection unit. One rack can hold 8 × 3 tips for reactions. For automated magnetic 
separation, the suspension of magnetic particles is aspirated and dispersed using an 
automated pipette bearing a magnet. The automated pipette can move horizontally, and 
magnetic particles collected on the inner surface of pipette tips can be resuspended in the 
subsequent wells by the pipetting action (Matsunaga et al., 2007). As an advantage, this 
system can eliminate the carry-over of reaction mixtures to the following reaction steps. Due 
to precise liquid handling, this workstation is mainly used for highly-sensitive 
immunoassays, though its throughput capacity is less than the above system. Using this 
workstation, a fully-automated immunoassay was developed to detect EDCs (Matsunaga et 
al., 2003; Yoshino et al., 2008), human insulin (Tanaka and Matsunaga, 2000), and a prostate 
cancer marker (prostate specific antigen). 
 

(1) (2) (3)
 

Fig. 10. Automated magnetic separation system, and magnetic separation is achieved on the 
inner surface of pipette tips. 

Figure 11 shows the layout of an automated workstation with which magnetic particles can 
be collected onto a magnetic rod (Ota et al., 2006). This workstation is equipped with eight 
automated pestle units and a spectrophotometer that is interfaced with a photosensor 
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amplifier. The magnetic rod that moves in both vertical and horizontal directions is 
composed of a neodymium–iron–boron (Nd–Fe–B) magnet pole and a covering sheath. 
DNA concentrations and purities are measured in the cuvette using an absorbance 
spectrometer that is integrated with the workstation. Light traverses the solution in the 
cuvette from bottom to top. When magnetic particles are collected from the reaction 
mixture, the core magnetic pole is sheathed, and then magnetic particles are suspended in 
the following step by stirring of the sheath without the core rod. The sheath is used as a 
pestle to gently mix the suspension of magnetic particles and solid samples. Using this 
system, DNA was directly extracted from dried maize powder using aminosilane-modified 
BacMPs. Furthermore, the quantitative detection of genetically-modified maize genes was 
examined by real-time PCR. This system offers rapid assay completion with high DNA 
yields and qualities comparable to those of conventional detergent-based methods. 
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Fig. 11. Automated magnetic separation system, and magnetic separation is achieved onto a 
magnetic rod. 

5. Conclusion 

Magnetic particles have been utilized as biomolecule carriers since the 1970s when applied 
research examined bioreactors using enzyme-immobilized magnetic particles. Since then, 
various types of synthetic and bioengineered magnetic particles have been produced, 
modified, and enhanced. These magnetic particles have been widely used in place of 
centrifugation, filter, and chromatography separations, and applied to purifications of 
biological matter including target cells, proteins, and nucleic acids. More recent advances in 
the bioengineering of magnetic particles produced by magnetotactic bacteria have resulted 
in powerful tools for medical applications as well as basic research. This review focused on 
the applications of BacMPs for recovery or detections of bio-molecule. BacMPs are also 
available for other applications such as MRI contrast agents, and carriers for drug delivery 
systems, and so on. High potential magnetic particles will be developed combining with 
genetic engineering, and especially it is quite easy to control the kinds and numbers of 
proteins-displayed on BacMPs. Furthermore, it is possible to display artificially designed 
proteins or polypeptides onto BacMPs by the same methods. These approaches provide a 
new innovation in material science. Elucidation of the mechanism of magnetic particle 
formation in M. magneticum AMB-1 has provided a roadmap for designing novel 
biomaterials useful in multidisciplinary fields. 
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1. Introduction  

In modern history, metals have been used as implants since more than 100 years ago when 
Lane first introduced metal plate for bone fracture fixation in 1895 (Lane, 1895). In the early 
development, metal implants faced corrosion and insufficient strength problems (Lambotte, 
1909, Sherman, 1912). Shortly after the introduction of the 18-8 stainless steel in 1920s, which 
has had far-superior corrosion resistance to anything in that time, it immediately attracted 
the interest of the clinicians. Thereafter, metal implants experienced vast development and 
clinical use. 
Type of metal used in biomedical depends on specific implant applications. 316L type 
stainless steel (316L SS) is still the most used alloy in all implants division ranging from 
cardiovascular to otorhinology. However, when the implant requires high wear resistance 
such as artificial joints, CoCrMo alloys is better served. Table 1 summarized the type of 
metals generally used for different implants division. 
 

Division Example of implants Type of metal 

Cardiovascular Stent 
Artificial valve 

316L SS; CoCrMo; Ti 
Ti6Al4V 

Orthopaedic Bone fixation (plate, screw, pin) 
Artificial joints 

316L SS; Ti; Ti6Al4V 
CoCrMo; Ti6Al4V; Ti6Al7Nb 

Dentistry Orthodontic wire 
Filling 

316L SS; CoCrMo; TiNi; TiMo 
AgSn(Cu) amalgam, Au 

Craniofacial Plate and screw 316L SS; CoCrMo; Ti; Ti6Al4V 
Otorhinology Artificial eardrum 316L SS 

Table 1. Implants division and type of metals used 

Metallic biomaterials are exploited due to their inertness and structural functions; they do not 
possess biofunctionalities like blood compatibility, bone conductivity and bioactivity. Hence, 
surface modifications are required. Improving their bone conductivity has been done by 
coating with bioactive ceramics like hydroxyapatite (Habibovic, 2002), or blood compatibility 
by coating with biopolymers (Lahann, 1999). Nowadays, large number of metallic biomaterials 
composed of nontoxic and allergy-free elements are being developed. Even more, a new type 
of biodegradable metals has been proposed as temporary implants (Hermawan, 2009). 
Generally, all metal implants are non-magnetic and high in density. These are important for 
the implants to be compatible with magnetic resonance imaging (MRI) techniques and to be 



  
Biomedical Engineering – From Theory to Applications 

 

412 

visible under X-ray imaging. Most of artificial implants are subjected to loads, either static or 
repetitive, and this condition requires an excellent combination of strength and ductility. 
This is the superior characteristic of metals over polymers and ceramics. Specific 
requirements of metals depend on the specific implant applications. Stents and stent grafts 
are implanted to open stenotic blood vessels; therefore, it requires plasticity for expansion 
and rigidity to maintain dilatation. For orthopaedic implants, metals are required to have 
excellent toughness, elasticity, rigidity, strength and resistance to fracture. For total joint 
replacement, metals are needed to be wear resistance; therefore debris formation from 
friction can be avoided. Dental restoration requires strong and rigid metals and even the 
shape memory effect for better results. 
In overall, the use of biomaterials in clinical practice should be approved by an authoritative 
body such as the FDA (United States Food and Drug Administration). The proposed 
biomaterial will be either granted Premarket Approval (PMA) if substantially equivalent to 
one used before FDA legislation of 1976, or has to go through a series of guided 
biocompatibility assessment. 

2. Common metals used for biomedical devices 

Up to now, the three most used metals for implants are stainless steel, CoCr alloys and Ti 
alloys. The first stainless steel used for implants contains ~18wt% Cr and ~8wt% Ni makes it 
stronger than the steel and more resistant to corrosion. Further addition of molybdenum 
(Mo) has improved its corrosion resistance, known as type 316 stainless steel. Afterwards, 
the carbon (C) content has been reduced from 0.08 to 0.03 wt% which improved its corrosion 
resistance to chloride solution, and named as 316L.  
Titanium is featured by its light weight. Its density is only 4.5g/cm3 compared to 7.9g/cm3 
for 316 stainless steel and 8.3g/cm3 for cast CoCrMo alloys (Brandes and Brook, 1992). Ti 
and its alloys, i.e. Ti6Al4V are known for their excellent tensile strength and pitting 
corrosion resistance. Titanium alloyed with Ni, i.e. Nitinol, forms alloys having shape 
memory effect which makes them suitable in various applications such as dental restoration 
wiring. 
In dentistry, precious metals and alloys often used are Au, Ag, Pt and their alloys. They 
possess good castability, ductility and resistance to corrosion. Included into dental alloys are 
AuAgCu system, AuAgCu with the addition of Zn and Sn known as dental solder, and 
AuPtPd system used for porcelain-fused-to-metal for teeth repairs. 
CoCr alloys have been utilised for many decades in making artificial joints. They are 
generally known for their excellent wear resistance. Especially the wrought CoNiCrMo alloy 
has been used for making heavily loaded joints such as ankle implants (Figure 1).  
Other metals used for implants include tantalum (Ta), amorphous alloys and biodegradable 
metals. Tantalum which has excellent X-ray visibility and low magnetic susceptibility is 
often used for X-ray markers for stents. Amorphous alloys featured interesting properties 
compared to its crystalline counterparts whereas they exhibit higher corrosion resistance, 
wear resistance, tensile strength and fatigue strength. With low Young’s modulus, 
amorphous alloys like that of Zr-based (Wang, 2011), may miniaturized metal implants. Up 
to now, metals proposed for biodegradable implants, named as biodegradable metals, are 
either iron-based or magnesium-based alloys. The Mg-based alloys include MgAl-, MgRE 
(rare earth)- (Witte, 2005), and MgCa- (Li, 2008) based alloys. Meanwhile, the Fe-based 
alloys include pure iron (Peuster, 2001) and Fe-Mn alloys (Hermawan, 2008). 
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Fig. 1. A set of ankle implants (Courtesy of MediTeg, UTM). 

3. Structure and property of metals 

3.1 Microstructure of metal and its alloys 
When molten metals are cooled into a solid state, the atoms rearrange themselves into a 
crystal structure. There are three basic crystal structures for most metals: (1) body-centered 
cubic, (2) face-centered cubic, and (3) hexagonal close-packed. Each structure has different 
properties and shows distinct behaviour when subjected under loading in the application. 
Under external force a crystal undergoes elastic deformation. When the force is removed, it 
returns to its original shape. However, if the force is increased beyond its elastic limit, the 
crystal undergoes plastic or permanent deformation, and it does not return to its original 
shape even after the removal of the applied force.  
Imperfections usually exist in metals include interstitial atom, impurity, dislocations, grain 
boundaries, and pores. Dislocation is a defect which could explain the discrepancy between 
the actual strength of metals and the theoretical calculations based on molecular dynamics. 
After the invention of electron microscope, many scientists have directly observed the 
existence of dislocation. Since then, dislocation theory has evolved and explains many of the 
physical and mechanical phenomena in metals. Another important type of defect is the 
grain boundary. The mechanical properties of metals are significantly influenced by the size 
of their grain. At ambient temperature, metals with large grain size generally have a low 
strength and hardness, and also low in ductility. Since grain boundaries hinder the 
dislocations movement, they also influence the strain hardening process to increase the 
strength and ductility of metals.  
Pure metals have relatively limited properties; however these properties can be enhanced 
by alloying the metals. Most of the metals used in engineering applications are in the form 
of their alloy. Most alloys consist of two or more solid phase in the form of either solid 
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solutions or intermetallic compounds that depend on the alloying composition and 
temperature. A phase is defined as a homogenous portion in a material that has its own 
physical and chemical characteristics and properties. Every pure metal is considered as a 
phase, as also is every solid solution and intermetallic compound. Alloying a metal with 
finely dispersed particles as a second-phase is one of the important method of 
strengthening alloys and enhancing their properties. The second-phase particles present 
as obstacles to the movement of dislocations thus increase the overall strength and 
hardness of the alloys. 

3.2 Physical and mechanical properties of metals 
One important criterion in metals selection is the consideration of their physical 
properties, such as density, melting point, specific heat, thermal conductivity, thermal 
expansion and corrosion. Density of a metal plays a significant role on the specific 
strength and specific stiffness, which are the ratio of strength-to-weight and stiffness-to-
weight, respectively.  
For many applications, one of the most important considerations is their deterioration by 
corrosion. Corrosion of metal depends on the metals composition and the corrosive media in 
the surrounding environment. The most common and easiest way of preventing corrosion is 
the careful selection of metals once the corrosion environment has been characterized. 
Nonferrous metals, stainless steel, and non-metallic materials generally have high corrosion 
resistance due to the presence of protective passive layer. Titanium develops a film of 
titanium oxide, TiO2. A similar phenomenon also occurs in stainless steels due to the 
presence of chromium in the alloy that develops chromium oxide layer on the surfaces. If 
the protective film is broken and exposes the metal underneath, a new oxide film begins to 
form for further protection. 
Unlike the physical properties, mechanical properties of metal are the behaviour of metals 
that measured under the effect of external forces. Tension test is the most common method 
to determine the mechanical properties of materials, such as strength, ductility, toughness, 
elastic modulus, and strain hardening capability. The specimen used in this test usually is 
prepared according to ASTM specifications. Another important mechanical property of 
metal is the hardness which gives a general indication of its resistance to localize plastic 
deformation. Several test methods which use different indenter materials and shapes have 
been developed to measure the hardness of metals.  
Table 2 shows mechanical properties of some alloys used for implant. It also shows chemical 
composition of the alloy which is a determined factor for the formation of microstructure 
and phases, thus their properties, i.e. mechanical properties. For example, the addition of Al 
and V into pure Ti greatly increase its tensile strength. Beside composition, metallurgical 
state and synthesis process of the metals change their mechanical properties, i.e. annealed 
condition has better ductility than that of cold worked and cast metal implants usually 
possess lower strength than those made by forging. 
Different from the breakdown in the tension test where the specimen is subjected under 
gradual increase of loading until fractures, failure of a component practically occurs after a 
lengthy period of repeated stress or strain cycling. This phenomenon is called fatigue failure 
and responsible for the majority of failures in many mechanical components. To avoid this 
kind of failure, the stress level should be reduced to a level which the material can be 
subjected without fatigue failure, regardless of the number of cycle. The maximum level of 
loading stress is known as the endurance limit or fatigue limit. 
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Metals 
Main alloying 
composition 

(wt%) 

Mechanical properties* 

YS 
(MPa) 

UTS 
(MPa) 

YM 
(GPa) 

Max 
elongation 

(%) 

Stainless steel: 
316L type (ASTM, 2003)

 
Fe; 16-18.5Cr; 10-14Ni; 

2-3Mo; <2Mn; <1Si; 
<0.003C 

 
190 

 
 

 
490 

 
 

 
193 

 
 

 
40 
 
 

CoCr alloys: 
CoCrWNi (F90)  
(ASTM, 2007a) 

CoNiCrMo (F562) 
(ASTM, 2007b) 

 
Co; 19-21Cr; 14-16W; 

9-11Ni 
Co; 33-37Ni; 19-21Cr; 

9-10.5Mo 

 
310 

 
241 

 

 
860 

 
793 

 

 
210 

 
232 

 

 
20 
 

50 
 

Ti and its alloys: 
Pure Ti grade 4 (F67) 

(ASTM, 2006) 
Ti6Al4V (F136)  
(ASTM, 2008) 

 
Ti; 0.05N; 0.1C; 0.5Fe; 

0.015H; 0.4O 
Ti; 5.5-6.75Al; 3.5-4.5V; 

0.08C; 0.2O 

 
485 

 
795 

 

 
550 

 
860 

 

 
110 

 
116 

 

 
15 
 

10 
 

Degradable metals: 
Pure iron (Goodfellow, 

2007) 
WE43 magnesium alloy 

(ASTM, 2001) 

 
99.8Fe 

 
Mg; 3.7-4.3Y;  

2.4-4.4Nd; 0.4-1Zr 

 
150 

 
150 

 

 
210 

 
250 

 

 
200 

 
44 
 

 
40 
 

4 
 

*under annealed condition except for WE43 which was solution heat-treated and artificially aged (T6). 
YS = yield strength, UTS = ultimate tensile strength, YM = Young’s modulus. 

Table 2. Example of metals used for implants and their mechanical properties 

3.3 Biocompatibility of metals 
The understanding of biocompatibility has been focused for long-term implantable devices, 
which biologically inactive and chemically inert so that they give no harmful effect to the 
human tissues. However, with recent development in biotechnology, some level of 
biological activity is needed in particular research area, such as tissue engineering, drug and 
gene delivery systems, where direct interactions between biomaterials and tissue 
components are very essential.  
One of the recent definition of biocompatibility is “the ability of a biomaterial to perform its 
desired function with respect to a medical therapy, without eliciting any undesirable local or 
systemic effects in the recipient or beneficiary of that therapy, but generating the most 
appropriate beneficial cellular or tissue response in that specific situation, and optimising 
the clinically relevant performance of that therapy” (Williams, 2008). In metals, 
biocompatibility involves the acceptance of an artificial implant by the surrounding tissues 
and by the body as a whole. The metallic implants do not irritate the surrounding structures, 
do not incite an excessive inflammatory response, do not stimulate allergic and 
immunologic reactions, and do not cause cancer. Other functional characteristics that are 
important for metallic device include adequate mechanical properties such as strength, 
stiffness, and fatigue properties; and also appropriate density. 
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Since many applications of metallic devices are for the structural implant, metal 
biocompatibility is of considerable concern since metals can corrode in an in vivo 
environment. The corrosion of metallic implant gives adverse effects to the surrounding 
tissues and to the implant itself. It produces chemical substances that harmful for human 
organs and deteriorates the mechanical properties of the implant. Therefore, corrosion 
resistance of a metallic implant is an important aspect of its biocompatibility. Even though, 
in special cases, metals which can degrade are proposed for temporary implants but 
certainly without ignoring the biocompatibility requirement (Hermawan, 2010, Witte, 2009). 

4. Processing of metals 

4.1 Primary processes 
In general, primary process of metals include the processing ingot to mill products in the 
case of wrought alloys, and casting process in the case of cast alloy. In addition, the primary 
products of metals can also be produced by powder metallurgy. Processing of implant 
alloys is thought to be a very expensive process, which involves complex process of 
production, especially for the case of Ti alloy. The main reason for this condition is due to 
the high reactivity of the alloys, therefore special handlings are required to perform their 
process of production. These conditions also induce the necessity in developing new 
material which is easier to be processed (Zhuka, 2007).   
Thermo-mechanical process (TMP) is the most implemented primary fabrication process to 
convert ingot into mill products. It serves two functions; to produce certain shape of product 
such as slab, bloom and billet, and to improve the mechanical properties of the initial ingot 
materials by grain size refinement and the production of more uniform microstructure 
(Weiss, 1999). TMP of Ti alloys and similarly with other alloys involves several stages of 
processes. Forging is typically become the first process prior to other TMP. The selection of 
the type of TMP after forging depends on the mill product which is going to be produced, 
whether it is a billet, bar, plate or sheet (Campbel, 2006).  
Determination of temperature is a crucial step for TMP (Liu, 1995, Germain, 2008, Ming-
Wei, 2007), which determine the properties of the alloys and therefore different alloy will be 
treated at different temperature. As example, during 304 stainless steels‘s TMP, instability 
bands were found when the process temperature are below 1100°C, 1000°C, 800°C after 
hammer forging, rolling and press forging, respectively. It was suggested that the ideal 
process can be performed at 1200°C to obtain a defect-free microstructure (Venugopal, 
1995). Other important parameters are degree of deformation and phase composition. It was 
reported that increase in degree of plastic deformation during forging of dual phase Ti 
alloys results in lower fatigue strength (Kubiak, 1998). However the decrease in the fatigue 
strength is smaller for the case of forging process in the beta range as compared to (α+β) 
range. In the case of phase composition, it has long been recognized that different phase has 
different ability to be deformed, therefore different phase composition will have different 
performance during and after TMP. As an example, it was reported that the flow-ability of 
dual phase Ti alloys depends on the beta phase grain size and volume fraction (Hu, 1999). 
As mentioned earlier, casting process of implant alloy is relatively more difficult than TMP 
of wrought alloys. The reason is due to the high reactivity of the alloys, especially for the 
case of Ti alloys, which easily reacts with both the atmosphere and the cast mold (Campbel, 
2006). However recent progress shows the used of investment casting has increased which is 
followed with hot iso-static pressing (HIP) process as the primary process for the production 
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of implant alloys. In addition, different with other alloys, cast products of Ti alloys are 
generally comparable with the wrought products and in certain case can be superior (ASM, 
1998a). On the other hand, Co base alloys are considered to have a better cast-ability than 
both Ti and stainless steel alloys. These alloys shows several important characteristics for 
casting process such as good fluidity, low melting points, freedom from dissolved-gas 
defects and low alloy losses due to oxidation (ASM, 1998c). Improvement of cast-ability and 
cast product of this alloy can be achieved by additional alloying element such as carbon and 
vacuum melting process. It was reported that additional carbon content up to 0.5wt% lower 
the melting temperature (increase cast-ability) and in turn produce finer grain size as 
compared to binary CoCr alloys (Black, 1998).   
Another primary fabrication process of metal implant is powder metallurgy. The process 
includes blending and mixing of ingredient materials, compaction, sintering and in most 
cases followed with HIP process. This process is relatively expensive; therefore it is suitable 
for the production of highly loaded implants like femoral stems of total hip prostheses 
(Black, 1998). One of the important requirements for implant materials is porosity which is 
expected in the range between 20-50% volume fractions (Dewidar, 2007). This condition can 
be achieved by controlling the sintering process parameters. In addition, improvement in 
the mechanical properties of implant by this method can be achieved by conducting HIP 
process after sintering by decreasing defects like gas or shrinkage pores. 

4.2 Advanced processes 
There are several processes which can be considered as advanced processes in the 
manufacturing of implant materials, such as superplastic deformation, isothermal forging 
and directed metal deposition. They offer an improvement in the process of production as 
well as achieveing a better quality of product. Superplastic deformation (SPD) is an 
advanced forming process where higher degree of deformation applied to form complex 
shape of product whereas low rate forming process is required (Krishna, 1997). Dual phase 
materials have potential to be treated by SPD process with the additional requirement that 
the materials have ultra-fine grain structure. This superplasticity, i.e. in duplex stainless 
steel, is due to dynamic recrystallization assisted grain boundary sliding (Han, 1999) where 
different rate of sliding for the different type of grain boundary is required in order to 
achieve an optimum superplasticity (Miyamoto, 2001). Ultra-fine grain structure can be 
produced by several methods of severe plastic deformation processes, such as equal channel 
angular pressing (ECAP), accumulative roll-bonding (ARB), high pressure torsion (HPT) 
and others similar processes (Azushima, 2008). At the present time superplasticity is used 
for superplastic deformation and diffusion bonding processes (Huang, 1999). 
Another advanced process is isothermal forging where the dies is maintained at higher 
temperature and therefore reduces die chill and increases metal flow (Campbel, 2006). 
Relatively low strain rate condition is preferable in order to provide superplasticity 
condition and therefore high degree uniform deformation can be achieved after the process. 
This process offers a more uniform microstructure, longer lifetime of dies, and reduces the 
step of process to obtain near net shape of product. However initial cost of the process is 
high due to the usage of high temperature dies materials which is more expensive than dies 
for conventional forging process.  
Another near net shape process is directed metal deposition which use focus laser beam that 
melt metal powder on metal substrate plate. This process reduces the cost of production of 
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Ti parts especially by the saving in the material utilized through the process. The material 
saving is higher in the case of production complex shape of product. 

4.3 Surface treatment 
Surface treatment or surface modification is considered as one major concern on recent 
developments in metallic biomaterials (Kohn, 1998). The treatment includes surface 
morphological modification and chemical modification. Surface morphology such as 
roughness, texture and porosity are important characteristics of implant since it influences 
the ability of cells to adhere to solid substrate (Peckner, 1977). For the case of chemical 
modification, the objective of the modification is to provide specific biological response on 
the metallic surface and increase the stability of bio-molecules.  
An appropriate surface roughness can be achieved by applying electro-polishing where an 
improvement in the corrosion resistance of stainless steels can be achieved. Surface grain 
refinement, by a process similar to SPD but only employed on the surface, improves fatigue 
life of stainless steel alloys since ultra fine grain boundary of surface can impede the 
dislocation movement, whereas the compressive residual stress on the surface can delay the 
crack initiation (Roland, 2006). In addition, improvement on the corrosion resistance is also 
observed since more grain boundaries results in the more active site for diffusion of 
chromium (Mordyuk, 2007). The surface of material can also be modified by using laser 
where an improvement in the corrosion resistance of stainless steel was reported (Kwok, 
2003). This improvement is believed due to the dissolution or refinement of carbide particles 
and the presence of retained austenite after the process.  
Chemical modification on the stainless steel alloys by hybrid plasma surface alloying 
process using nitrogen and methane gas mixtures below 450°C was reported (Sun, 2008). 
The formed dual layer of hard nitrogen-enriched on the hard carbon enrich-layer improves 
the corrosion resistance of the alloy. Another chemical modification was also reported by 
nitrogen ion beam processing on stainless steel alloy (Williamson, 1998). A relatively low-
energy beam of nitrogen ions was used with the substrate temperature was held at 400°C 
during a 15 minutes treatment to introduce nitrogen onto the surface of the alloy and form 
N-rich layer that improve the surface hardness of the alloy.  
By applying cyclic potentiodynamic polarisation to a 316LVM stainless steel between the 
potential of hydrogen and oxygen evolution, it was found that the passive surface film 
formed will possess very good resistance to general corrosion and pitting (Bou-Saleh, 2007). 
Cyclic potentiodynamic polarisation in sodium nitrate or phosphate also significantly beefs 
up the pitting corrosion resistance of the same steel, because the density of oxygen 
vacancies, which may act as initiation sites for pits, in the passive film formed in this way is 
lowered (Shahryari, 2008). 

4.4 Coating 
Ti6Al4V offers excellent corrosion resistance and ability to be deformed superplastically that 
make it preferable to substitute complex shape hard tissue. However, Ti6Al4V alone does 
not fully satisfy biocompatibility requirements as implant product. Therefore ceramic bio-
apatite such as hydroxyapatite (HAP) or carbonated apatite (CAP), normally are coated on 
this alloy. Bio-apatite deposited on Ti implants shows good fixation to the host bone and 
increases bone ingrowth to the implant (Adell, 1981). This improved biocompatibility is due 
to the chemical and biological similarity of bio-apatite to hard tissues (Ratner, 1993). Beside 
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biocompatibility, coated implant also shows improvement on the mechanical properties due 
to the combination of hard surface and ductile substrate.  
Numerous coating methods have been employed to improve bio-compatibility of metal 
implant including plasma spray (Schrooten, 2000) and sol-gel (Nguyen, 2004). Among the 
processes, plasma spray has been the most popular method for the coating process of bio-
apatite on Ti substrate. Process parameters such as temperature and pressure play 
important role on the bonding strength of the coating. Composition of the alloy was also 
reported to play important role on the bonding strength of ceramic dental on CoCr alloys 
(Chan, 2010). Pre-treatment such as sand blasting process on the alloy substrate is also 
required to enhance the bonding strength (Kern, 1993). 
A combination of deformation in superplastic condition and coating process was reported in 
(Ramdan, 2008). Here, carbonated apatite was deposited using continuous pressing at 
elevated temperature, which can be considered as superplastic deformation-like method. 
Beside diffusion process from thermal energy at elevated temperature, continuous pressing 
is expected to give additional energy that forces the bio-apatite to move inside the substrate 
and in turn enhance good bonding properties of bioapatite on the substrate.  

4.5 Sterilization and cleaning 
In order to avoid bacteria contamination which could be transferred to patients, sterilization 
and cleaning are important requirements on metal implant. Descaling is a method to clean 
metal implant surface which can be done mechanically, chemically or by combination of 
both of the methods. Mechanically it can be done with sand blasting process and chemical 
cleaning can be done by pickling using strong acid such as NaOH and H2SO4.  
On the other hand sterilization can be done by several processes such as autoclaving, glow 
discharge Ar plasma treatment and -irradiation (Serro, 2003). Beside serves as a method to 
clean any contaminant from the surface, sterilization methods are also considered to play an 
important role in the bio-mineralization of Ti alloys. 

5. Failure of metals for biomedical devices 

5.1 Corrosion 
Metal implant is prone to corrosion during its services due to corrosive medium of 
implantation site and in most cases subjected to cyclic loading. Types of corrosion that 
frequently found in implant applications are fretting, pitting and fatigue. Fretting corrosion 
most frequently happens in hip joint prostheses due to small movement in corrosive 
aqueous medium (Geringera, 2005).  
Fretting corrosion refers to corrosion damage at the small area of contact surface due to 
repeated load, the mechanism of which frequently refers to corrosion which is activated by 
friction (Tritschler, 1999). Corrosive medium, chemical composition of alloy and level of 
stress at the contact surfaces are among important parameters that determine fretting 
corrosion behavior of metallic implant (Aparicioa, 2003). It was reported that the presence of 
chlorides influences the degradation acceleration of the stainless steel surface (Tritschler, 
1999). On the other hand it was observed that corrosion resistance of Ti15Mo alloy is 
strongly depend on the concentration of fluoride ions for dental application (Kumar, 2008). 
Prevention of corrosion will be greatly assisted by evaluation of corrosion behavior using 
methods which resemble the services condition of the metal implants. Since stress and 
corrosive medium play an important role, special devices that combine these two factors 
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should be developed. Ultrasonic frequency was used in corrosive medium in order to 
evaluate the fatigue corrosion of metallic implant which enables the application of very-high 
stress cycle within reasonable testing period (Papakyriacou, 2000). On the other hand the 
fretting corrosion behavior of metallic implant can be evaluated by a typical pin-on disc 
method in an artificial physiological medium (Tritschler, 1999, Kumar, 2010). Parameters 
that are needed to be set include concentration of corrosive medium, load or friction forces, 
frequency and number of fretting cycles. In the case of pitting corrosion, it can be evaluated 
with the absences of applied forces. It was reported that a good example of pitting corrosion 
evaluation was obtained in a buffered saline solution using anodic polarisation and 
electrochemical impedance measurements (Aziz-Kerrzo, 2001). 
Titanium nitride coating on the metallic implant has been a popular method to improve 
corrosion resistance of metallic implant such as Ti alloy and Co based alloy by physical 
vapor deposition, plasma spray process, etc. Modification of metallic implant surface by 
electropolishing, sand blasting or shot peening method were also reported to improve the 
corrosion resistance of the implant (Aparicioa, 2003). It is known that a significant 
improvement of corrosion resistance can be achieved for the electropolished surfaces and 
sand blasted surfaces, where the former surfaces are corroded most slowly. The 
modification of corrosion resistance properties by the two methods are considered due to 
the increasing surface area and the introduction of compressive stress on the surface. In 
addition, chemical composition modification is also possible by sand blasting process with 
the introduction of sand particle that form certain layer on the surface being blasted. 

5.2 Fatigue and fracture 
During its service most of metallic implants are subjected to cyclic loading inside the human 
body which leads to the possibility for fatigue fracture. Factors determine the fatigue 
behavior of implant materials include microstructure of the implant materials. It was 
reported that Ti6Al4V with equiaxed structure has a better fatigue strength properties than 
the elongated structure (Akahori, 1998). Another important parameter is the frequency of 
the cyclic loading or the cycling rate (Karla, 2009, Lee, 2009) whereas a different fatigue 
behavior was found for the sample subjected to cyclic loading at 2 Hz than 38 Hz.  
Design of the implants also plays an important role on the fatigue failure characteristics. It 
was reported that fatigue failure of femoral screw had initiated near a keyway, and 
suggestion on design improvement has been proposed by the lengthening the barrel around 
the lag screw (Amis, 1987). In addition, beside the type of fluid medium of the implant, the 
existence of other substances such as protein was also reported to have significant influence 
on the surface reaction and fatigue resistance of Ti implant (Fleck, 2010). 
Since fatigue failure is generally accompanied with corrosion process, thus in addition to 
cyclic loading, corrosive medium is needed to be introduced in order to evaluate the fatigue 
properties of implant materials. One of the methods to conduct implant fatigue test was 
reported by (Leinenbach, 2004) which used rotating bending in physiological media. This 
method gives a reliable detection on the initial crack growth for the fatigue failure. In most 
cases, fatigue failure is indicated by the appearance of beach marks and fatigue striation on 
the failed surfaces as observed by scanning electron microscope (Triantafylldis, 2007). 
Depend on the stress concentration factor, in certain case such as in the cast of CoCrMo 
alloys, fracture was observed locally at the (111) faceted fractures (Zhuang, 1988). 
Similar with the corrosion failure, various surface modification methods give beneficial 
influences in improving the fatigue resistance of implant materials. These surface 
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modifications include shot blasting and shot peening (Papakyriacou, 2000) that were observed 
to work well in any medium or environment.  Beside improvement in the fatigue resistance, 
this method was also observed to improve the osseointegration on the implant materials. 

5.3 Wear 
Together with corrosion process, wear is among the surface degradation that limits the use 
of metallic implant such as Ti alloy (Dearnley, 2004). Removal of dense oxide film which 
naturally formed on the surface of this metallic implant in turn caused wear process 
(Komotori, 2007). In fact, the major factor that causing premature failure of hip prostheses is 
due to the wear process with multiple variables interact and thus increase the resultant wear 
rates (Buford, 2004).  
A common method to measure the wear behavior of metallic implant is by pin on disc 
method which enables lubrication with artificial human body fluid. There are several 
variables which determine the performance of wear test such as contact stresses, lubricants 
and clearance, surface hardness and roughness, type of articulation due to motion, number 
of cycles, oxidation of materials, and surface abrasions (Buford, 2004). Volume of material 
removed was measured to characterize the wear rate as a function of the contact loads and 
surface stress state (Mitchell, 2007). It was reported that a critical level of contact stresses is 
required to initiate wear of the CoCr surface and increase this parameter value will increase 
the wear rate process. On the other hand the formation of thick oxide layer on Ti alloy after 
thermal-treatment for 36 h at 625C was reported to significantly reduce the corrosion and 
wear of Ti alloy due to the significant increasing of hardness over 1000 HV (Dearnley, 2004).  
Since wear is type of failure due to surface contact, thus surface modification is an 
appropriate method to improve wear resistance. An improvement on the wear properties of 
Ti alloy was reported due to titanium nitride coating on hip implant (Harman, 1997). 
Another way to avoid the catastrophic wear failure can be done by proper material 
selection. For the case of joint materials in knee replacement, it was reported that changing 
implant material from UHMWPE (ultra-high molecular weight polyethylene) to CoCrMo 
implant alloys significantly reduces the wear debris process (Harman, 1997). Similar 
condition was also reported that metal-on-metal arthroprostheses show better wear 
performance than metal-on-UHMPWE (Spriano, 2005). 

5.4 Metal ions release 
It is realized that high strength alloys possess good mechanical strength but has relatively 
poor corrosion resistance properties. In most situations it is worst if metal ion release follow 
corrosion process which can be a toxic contaminant inside human body. As an example, the 
vanadium ions release on Ti alloys that is preceded with corrosion process (Morais, 2007, 
Ferrari, 1993). Similar condition was found on CoCrMo alloys which are used as orthopedic 
implant materials, that these alloys release Co, Cr, Mo ions to host tissues (Öztürk, 2006). 
There are several factors which play important role on the metal ion release. First, the 
existence of passive oxide films where once it is broken, metal ions release will be easier to 
occur (Hanawa, 2004). Second, pH factor where ion release in both stainless steel and Co are 
affected by pH of the body fluid at a degree that higher for stainless steel (Okazaki, 2008). 
Similar situation was reported in (Brune, 1986) that Co based alloys show less ion released 
during the test using natural and synthetic saliva for dental alloys.  
In order to reduce the metal ion release from metallic implant, coating is the appropriate 
method to reduce this process. Nitrogen ion implantation on the CoCrMo alloys enables 
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modification of near surface region of this alloy by forming protective layer on the surface 
(Öztürk, 2006). Titanium nitride layer was found to have an excellent biocompatibility and the 
formation of hard nitride layer showed a lower ion release on the metallic implant (Ferrari, 
1993). Therefore coating of titanium nitride has been implemented on the Ti alloy and Co 
based alloy (Ferrari, 1993). Hydroxyapatite coating was also reported to decrease the metal ion 
release (Browne, 2000). On the other hand significant improvement was also reported by Ti 
coating on Co base alloy using plasma spraying method (Reclarua, 2005). One point to be 
noted here is the morphology and surface roughness of the coating layer also determine the 
corrosion resistance and in turn the metal ion release behavior. Therefore proper coating 
process as well as substrate preparation is required to obtain optimum results. 

6. Recent developments in metals for biomedical devices 

Along with the advances in biomedical technology and tissue engineering, biomaterials are 
desired to exhibit low elastic modulus, shape memory effect or superelasticity, wear 
resistance, superplasticity and workability. In addition, they are required to eliminate all 
possibility of toxic effects from leaching, wear and corrosion. One of the concerns is 
avoiding the use of Ni in fabricating metal alloys. This demand leads to the development of 
new generation of metallic biomaterials and their novel processing 

6.1 New generation of metallic biomaterials 
Stainless steels for metal implants have been further developed to be Ni-free. Replacing Ni 
with other alloying elements while maintaining the stability of austenitic phase, corrosion 
resistance, magnetism and workability, has lead to the use of nitrogen creating FeCrN, 
FeCrMoN and FeCrMnMoN systems. The high strength which has been achieved opens the 
possibility for reduction of implant sizes where limited anatomical space is often an issue, 
for example, coronary stents with finer meshes (Yang, 2010).  
In CoCr alloys system, maximizing C content to its upper limit and addition of Zr and N 
with optimal precipitation hardening permit the formation of fine and distributed carbides 
and the suppression of -phase which in turn improves the wear resistance of cast CoCr 
alloy (Lee, 2008). Contrary, for wrought CoCr alloys, addition of N and suppression of 
carbides and intermetallics results into the desired better workability (Chiba, 2009). 
-type Ti alloy exhibits a lower elastic modulus than  type and + type which makes it 
considered to be the first candidate for low elastic modulus metallic biomaterials (Narushima, 
2010). In Ti-Nb systems such as Ti29Nb13Ta4.6Zr (Kuroda, 1998) and Ti35Nb4Sn (Matsumoto, 
2005), the elastic moduli can be reduced to 50-60 GPa which are closer to that of cortical bone 
(10-30 GPa).  
Metallic glasses are novel class of metals which currently gets attention from biomaterialist 
(Schroers, 2009). As represented by some Ni-free Zr based bulk metallic glasses, they show 
interesting properties in term of higher tensile strength, lower elastic modulus and higher 
corrosion resistant compared to those of crystalline alloys (Chen, 2010).  
Besides, the development in alloy’s composition and microstructure, the processing 
technology for metallic biomaterials is also progressed. Porous structure further reduces 
elastic modulus to get closer to that of cortical bone. This structure can be obtained through 
powder sintering, space holder methods, decomposition of foaming agents and rapid 
prototyping (Ryan, 2006). A combination of rapid prototyping with investment casting 
(Lopez-Heredia, 2008), with powder sintering (Ryan, 2008), with 3D fibre deposition (Li, 
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2007) and with selective laser melting (Hollander, 2006) are some of promising process for 
the development of porous metal structure for biomedical implants. 

6.2 Biodegradable metals 
Degradable biomaterials can be defined as materials used for medical implants which allow the 
implants to degrade in biological (human body) environments (Hermawan, 2009). They are 
expected to provide a temporary healing support for specific clinical problems (disease/trauma) 
and progressively degrade thereafter. Degradable implants made of metal can be considered 
as a novel concept which actually opposes the established paradigm of “metallic biomaterials 
must be corrosion resistant”. In term of mechanical property, biodegradable metals are more 
suitable compared to biodegradable polymers when a high strength to bulk ratio is required 
such as for internal bone fixation screws/pins and coronary stents.  
 

Metal, metallurgical condition 
and its composition (wt%) 

Density 
(g/cm3) 

YS 
(MPa) 

UTS 
(MPa) 

YM 
(GPa) 

Max 
elongation 

(%) 
316L SS, annealed plate 

(ASTM, 2003)* 
Fe, 16-18.5 Cr, 10-14 Ni,   

2-3 Mo, <2 Mn, <1 Si, <0.03 C

8.00 190 490 193 40 

Iron, annealed plate 
(Goodfellow, 2007) 

99.8 Fe
7.87 150 210 200 40 

Fe35Mn alloy, powder 
sintering+thermomechanical 
treatment (Hermawan, 2008)

Fe, 35.5 Mn, 0.04 C 

N/A 235 550 N/A 32 

FeMnPd alloy, cast+heat 
treatment (Schinhammer, 2009)

Fe, 10.2 Mn, 0.92 Pd, 0.12 C 
N/A 850 1450 N/A 11 

Magnesium, annealed sheet 
(ASM, 1998b) 

99.98 Mg 
1.74 90 160 45 3 

WE43 magnesium alloy, 
temper T6 (ASTM, 2001) 
Mg, 3.7-4.3 Y, 2.4-4.4 Nd,  

0.4-1 Zr

1.84 170 220 44 2 

MgZnMnCa alloy, cast  
(Zhang, 2008) 

Mg, 0.5 Ca, 2.0 Zn, 1.2 Mn 
N/A 70 190 N/A 9 

MgCa alloy, extruded 
(Li, 2008) 
Mg, 1 Ca

N/A 140 240 N/A 11 

* Non-degradable, taken for comparison purpose. The values shown here are the minimum 
requirements by ASTM. YS = yield strength, UTS = ultimate tensile strength, YM = Young’s modulus. 

Table 3. Comparative mechanical properties of proposed degradable metallic biomaterials 
compared to 316L SS 
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Table 3 shows a comparison on mechanical properties of proposed biodegradable metals 
versus SS316L. Basically, magnesium- and iron-based alloys are two classes of metals which 
have been proposed. Among Mg-based alloys have been studied, include MgAl- (Heublein, 
2003, Witte, 2005, Xin, 2007), MgRE- (Di Mario, 2004, Peeters, 2005, Witte, 2005, Waksman, 
2006, Hänzi, 2009) and MgCa- (Zhang, 2008, Li, 2008) based alloys. Meanwhile, for Fe-based 
alloys, pure iron (Peuster, 2001, Peuster, 2006) and FeMn alloys (Hermawan, 2008, 
Schinhammer, 2009) have been investigated mainly for cardiovascular applications. 
Among the most advanced studies on biodegradable metals is the development of stents. 
Figure 2 shows a prototype of biodegradable stent made of iron. The potentiality of 
biodegradable metal stents for use in treating cardiovascular problem has been assessed by 
the three level of biological assessment from in vitro, in vivo and clinical trials. However, 
more explorations to understand some fundamental aspects involving the interaction 
between cells (tissue) – material (degradation product), which was never considered for 
inert materials, are strongly necessary. 
 

 
Fig. 2. Prototype of biodegradable stent; (up) as fabricated, (middle) crimped onto a  
balloon catheter, and (bellow) expanded to 3mm by 6 atm pressure.  
(Courtesy of Cordynamics, SA) 

7. Conclusion 

Nowadays, some metal implants have been replaced by ceramics and polymers due to their 
excellent biocompatibility and biofunctionality. However, for implants which require high 
strength, toughness and durability, they are still made of metals. On the other side, clinical 
use of the promising research in using bioactive polymers and ceramics in regenerative 
medicine is still far away from practice. With further improvement on novel 
biofunctionalities and revolutionary use of metal such as for biodegradable implants, it is 
with a confidence to say that metals will continue to be used as biomaterials in the future.  
The future trend seems to combine the mechanically superior metals and the excellent 
biocompatibility and biofunctionality of ceramics and polymers to obtain the most desirable 
clinical performance of the implants. 
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1. Introduction   

Intelligent materials are those materials whose physical characteristics can be modified not 
only through the charging factors of a certain test, but also through diverse mechanisms 
involving a series of additional parameters like luminous radiation, temperature, magnetic or 
electric fields etc. The use of intelligent materials in medical sciences offers to the economic 
medium the safest way to launch effective, highly-feasible and especially biocompatible 
products on the internal and international markets. The most important alloy used in 
biomedical applications is Ni–Ti, Nitinol (Nickel Titanium Naval Ordinance Laboratory), an 
alloy of an almost equal mixture of nickel and titanium, which is able to fulfil functional 
requirements related not only to their mechanical reliability but also to its chemical reliability 
and its biological reliability. Superelastic Nitinol alloys are becoming integral to the design of a 
variety of new medical products. The very big elasticity of these alloys is the most important 
advantage afforded by this material, but by no means the only or most important one. To 
highlight the value of superelastic Nitinol to the medical industry, we can present other 
properties: biocompatibility, kink resistance, constancy of stress, physiological compatibility, 
shape-memory deployment, dynamic interference, fatigue resistance hysteresis, and MRI 
compatibility (Duerig et al., 1999; Friend & Morgan, 1999; Mantovani, 2000; Pelton et al., 2000; 
Ryhanen et al., 1999). These properties were used for manufacturing medical products 
including stents, filters, retrieval baskets, and surgical tools.  
There are many metals exhibit superelastic effects, but only Nitinol based alloys is 
biologically and chemically compatible with the human body (Kapanen et al., 2002; 
Raghubir et al., 2007; Shabalovskaya, 1995; Yeung et al., 2007). In vivo testing and 
experience indicates that Nitinol is highly biocompatible, more so than stainless steel. The 
extraordinary compliance of Nitinol clearly makes it the metal that is most similar 
mechanically to biological materials. This improved physiological similarity promotes bony 
ingrowths and proper healing by sharing loads with the surrounding tissue, and has led to 
applications such as hip implants, bone spacers, bone staples, and skull plates. NiTi 
applications in orthopaedics currently include internal fixation by the use of fixatives, 
compression bone stables used in osteotomy and fracture fixation, rods for the correction of 
scoliosis (Yang et al., 1987), shape memory expansion staples used in cervical surgery 
(Sanders et al., 1993), staples in small bone surgery (Mei et al., 1997), and fixation systems 
for suturing tissue in minimal invasive surgery (Musialek et al., 1998). Several types of 
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shape memory orthopaedic staples and plates for recovery of bones are used to accelerate 
the healing process of bone fractures, exploiting the shape memory effect.  

2. AO classification of human bones fractures 

In the AO classification system (Muller et al., 2006), for each long bone or bone group a 
number from 1 to 9 is assigned (Fig.1). The human long bones are: humerus-1; radius/ulna-
2; femur-3 and they are divided in three segments, designated by a number 1, 2 or 3; 
tibia/fibula-4 are divided in four segments, designated by 1, 2, 3, 4. A fracture is classified 
morphologically into three types in accordance with all the segments of the bone. The type 
of fracture is indicated by one of the following letters: A, B, C. Each type is divided into 
three groups: 1, 2 or 3 and each group is also divided into three subgroups, designated by: 
.1, .2, and .3. There are nine groups (Al, A2, A3 – B1, B2, B3 – C1, C2, C3) for each segment of 
the bone. The nine groups are organized according to severity criteria, as a function of the 
morphological complexity, the difficulty of the treatment and the prognosis, the gravity 
increasing from A1 (the most simple fracture) to C3 (the most complex and grave fracture). 
For exemple, the groups and the subgroups of tibial diaphyseal fractures are (Figure 3):  
42. A1. Simple spiroid fracture; 42. A2. Simple oblique fracture (>30°); 42. A3.  Simple 
transversal fracture (<30°) 
 

 
Fig. 1. AO system for numbering the anatomical location of a fracture in three bone 
segments (proximal=1, diaphyseal=2, distal=3); where the assigned numbers for human 
bones are: humerus-1; radius/ulna-2; femur-3; tibia/fibula-4; spine-5, pelvis-6, fand-7,  
foot-8, craniomaxillofacial-9 [Muller et al., 2006 ] 
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The anatomical location of the fractures for long bones is presented in Fig.2 and the AO 
classification of the type A tibial diaphyseal fractures is presented in Fig.3 
(www.aofoundation.org). 
 

 
Fig. 2. Anatomical location of a fracture is designated by two numbers: one for the bone and 
one for its segment: 1.1. proximal humerus; 1.2. diaphyseal humeru; 1.3. distal humerus; 
ulna and radius are regarded as one bone: 2.1. proximal radius+ulna; 2.2. diaphyseal radius 
+ulna, 2.3. distal radius +ulna); 1.1. proximal femur; 1.2. diaphyseal femur;  1.3. distal femur; 
4.1. proximal tibia+fibula; 4.2. diaphyseal tibia+fibula, 4.3. distal tibia+fibula;  
 

                   
 42-A1.1;    42-A1.2;     42-A1.3;      42-A2.1;       42-A2.2;        42-A2.;           42-A3.1;     42-A3.3 

Fig.3. AO classification of the type A tibial diaphyseal fractures: A1- Simple spiroid fracture; 
A2-Simple oblique fracture; A3-Simple transversal fracture; 42-A1.1 Fibula intact; 42-A1.2; 
Fibula fractured at other level; 42-A1.3 Fibula fractured at the same level; 42-A2.1 Fibula 
intact; 42-A2.2 Fibula fractured at other level; 42-A2.3 Fibula fractured at the same level; 42-
A3.1 Fibula intact; 42-A3.3 Fibula fractured at the same level 

A comparative analysis of 2700 diaphyseal bone fractures shows that each type of fracture 
occurs with similar incidence in the case of the four bones: A type: 61% for humerus, 65% for 
radius/ulna, 53% for femur and 45% for tibia/fibula; B type: 32% for humerus, 29 for 
radius/ulna, 34% for femur and 46% for tibia/fibula; C type: 7% humerus, 6% radius/ulna, 
13% femur and 9% tibia/fibula. The fracture groups have a similar distribution for humerus, 
femur and tibia/fibula. For example, the spiroid fractures take 27% from the humeral 
fractures, 23% from the femoral fractures and 25% from tibial fractures (Muller et al., 2006). 
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3. Three dimensional virtual models for human bones 

The geometry and mechanical properties of the bone system vary naturally by individual 
which can create great difficulties in biomechanical research. The dimensions, form, 
mechanical properties, elastic constants, physical constants of the bone are different for 
different individuals. They depend on: age, sex, height, profession etc. The geometrical 
aspects of the bone systems modelling are dominated by the necessity of using some spatial 
models because most of the bone elements have complicated geometrical forms in space. 
The creation of the virtual 3D model of the human bones and the numerical simulations 
require:  
a. Three-dimensional modelling of the bones –using parametrical CAD software, 

SolidWorks or Catia.  
b. Mesh generation of each virtual model of human bones in finite elements (using 

tetrahedral 3D elements).  
c. Establishment of the contour conditions  
d. Introduction of the mechanical parameters for each material (cortical and spongy) of  

the bones 
e. Finite element method analysis and simulation with dedicated software (ANSYS, 

VisualNastran) 
To obtain the three-dimensional virtual models, bones from dead persons, kept in the 
Laboratory of Anatomy from the University of Medicine and Pharmacy, Craiova were used. To 
obtain the bone cross sections a PHILIPS AURA CT tomograph installed in the Emergency 
Hospital from Craiova was used. The obtained images were re-drawn in AutoCad over the real 
tomographies and the drawings were imported in SolidWorks (a parametrical CAD software), 
section by section, in parallel planes. Solidworks allows the creation of a solid by "unifying" the 
sections drawn in parallel planes (www.solidworks.com). The feature we used the Loft Shape 
and it defines the solid starting with the sections and using a Guide Curve defined 
automatically by the software. Finally, we obtained the spatial virtual models of the studied 
bones. The bones have been modelled, mainly, through a cylinder of compact bone tissue 
having a central canal called medullar cavity which penetrates the extremities where the model 
narrows due to some lamellar systems. The extremities of the bone are made from a thin layer 
of compact bone substance (cortical) at the exterior and a spongy material at the interior. 
For the next step we used the ANSYS program to obtain the mesh structure with finite 
elements method of the spatial structure of bones (Tarnita et al., 2009). The three-
dimensional modelling of the bone structures has been succeeded by the introduction of a 
series of physiological and morphological parameters in order to allow a corresponding 
study of the bones at different stresses and deformations that characterise both normal 
situations and accidents. 
The next step was to apply the material properties to the virtual models by introducing the 
elastic constants (elasticity modules and Poisson coefficient) by considering the nature of the 
bone material: a composite material made from cortical and spongy. The values for the 
longitudinal elasticity modules and Poisson coefficient have been chosen from the 
literature.The work hypotheses are: 
a. Even though the material of the bone is an-isotropic and not homogeneous, in the 

modelling, the bone was considered homogeneous and isotropic, for a zone of 
solicitation that does not exceed certain limits.  

b. The bone is made by two kinds of materials, compact and spongy, like a composite 
material.  
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c. The average values considered for the longitudinal modulus of elasticity, E, are: 18.500 
N/mm2 for the compact bone, situated in the exterior zone of the bone and 2 N/mm2 
for the spongy bone, situated in the interior zone. The value of the Poisson coefficient 
was 0.3. 

d. The virtual central canal is  realized in accordance with the obtained tomographies, so 
the complex spatial structure is ensured. 

Ulna: The ulna is a long bone of the forearm, broader proximally, and narrower distally. 
Proximally, the ulna has a bony process, the olecranon process, a hook-like structure that fits 
into the olecranon fossa of the humerus. This prevents hyperextension and forms a hinge 
joint with the trochlea of the humerus (Gray, 2000). There is also a radial notch for the head 
of the radius, and the ulnar tuberosity to which muscles can attach. Distally (near the hand), 
there is a styloid process. The long, narrow medullary cavity is enclosed in a strong wall of 
compact tissue which is thickest along the interosseous border and dorsal surface. At the 
extremities the compact layer thins. The compact layer is continued onto the back of the 
olecranon as a plate of close spongy bone with lamellae parallel. The sections of ulna bone 
realized in SolidWorks are presented in Figure 4b.  Finally, it is obtained the virtual model 
of the ulna bone (Figure 4c).  
 

          
a)                                                         b)                                                         c) 

Fig. 4. Ulna bone (a) (Gray,2000), sections of ulna bone (b), the virtual model of ulna bone (c) 
 

       
a)                                                                       b)                                                          c) 

Fig. 5. The loading forces (a) and the resulted stress maps (b and c) for the first case 
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The mesh structure is presented in Fig. 5a. The bone is considered leaned on its metaphyseal 
area. The geometrical model was subjected to a solicitation equal to a force of 1000N, in two 
cases, like in Fig. 5a, and Fig.6a.  
In Fig.5b and Fig.5c the stresses diagram for first loading case were obtained. In Fig.6 are 
presented the stress diagrams for the second loading case. We can see that the maximum 
values of stresses appear in the articular portion of the proximal ulna. They may involve the 
olecranon process or the coronoid process. This area is the most solicited part of the bone 
which is more likely to be involved in fractures. 
 

 

    
a)                                  b)        c) 

Fig. 6. The loading forces (a) and the obtained stress maps (b and c) for the second loading 
case                           

Tibia. In the first case the tibia bone was subjected to a torsion couple on the top surface 
(Fig.7a.). The bone is supported on its inferior base. We obtained the resultant stress 
distribution for the torsion solicitation for the entire bone (Fig.7b). and for a section made in 
this bone (Fig.7c). In the second case the bone was supposed to the bending by a normal 
force equal with 180N distributed on the middle of tibia bone. The bone is leaned in his both 
heads. We obtained the resultant stress distribution for the bending solicitation (Fig.8a.). In 
third case the bone was supposed to a compression force distributed on the both superiors 
condils (Fig.8b.). Finally, we obtained the resultant stress distribution for the compression 
solicitation (Fig.8c.). 
 

 

  
Fig. 7. The torsion solicitation (a) and the stress diagram obtained for the entire bone (b) and 
for a section of the bone (c) 
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(a)   b)         c) 

Fig. 8. The stress map for the second case(a), the loading force in the third case (b) and the 
stress map obtained for the third case (c) 

Metacarpi: The virtual model of the bone was subjected to: 
- traction with a force evenly distributed on the head of the metacarpal bone surface, 

while the basis is the fixation surface. The stresses diagram can be observed in Figure 9a 
and the displacements diagram in Figure 9b.  

- torsion with a moment applied at the metacarpal head, the basis of the bone being 
fixed. The tension diagram is given in Figure 9c and Figure 9d.  

 

 
a)   b)    c)   d) 

Fig. 9. The stresses diagram (a), the displacements diagram (b) for traction and stresses 
diagram for torsion solicitation of the metacarpi bone (c and d) 

Clavicle:Two loading cases have been taken into consideration: 
1. compression with an evenly distributed force equal with 4 N/mm2  applied on the 

extreme surface of the clavicle while the basis is the fixation surface (results in Figure 
10a and Figure 10b). 

2. flexion given by 400 N of force distributed on the lateral surface of the clavicle (results 
in Fig.10c and Fig.10d) 

 

 
a)  b)   c)  d) 

Fig. 10. The normal tension map for clavicle (a), the linear deformations for the clavicle bone 
in the first case (b), and tension map (c) and deformation map (d) in the second case    



 
Biomedical Engineering – From Theory to Applications 

 

438 

Phalanx: The virtual model of the phalanx has been tested to: 
1. compression with a force evenly distributed on the superior surface of the phalanx 

head, while the bone is fixed at the basis (Fig 11 a- The stress diagram; Fig 11 b- The 
displacements diagram); 

2. bending given by a force which acts at the middle of the bone, both extremities 
(proximal and distal) being fixed (Fig 11 c- The stress diagram; Fig 11 d- The 
displacements diagram); 

 
 
 

 
a.       b.     c.   d. 

Fig. 11. The results obtained by numerical simulations for the above considered loading 
cases for the phalanx bone 

Radius: In Fig. 12.a. we present the mesh structure of the virtual model of the radius bone. 
In Fig.12.b, a longitudinal section through radius is presented. The virtual model was tested 
with a moment of 4.8 Nm (torsion) applied on the surface of the radius head. The bone is 
fixed at the inferior side. The virtual stress is given by a set of forces placed at the 
extremities of the radius head in a plane normal to the longitudinal axis of the bone. The 
stress diagrams are shown in Fig.12.c, while the deformations diagrams in Fig.12.d. 
 

 

 
a.     b.      c.   d. 

Fig. 12. The virtual model of the radius (a), longitudinal section through radius (b) the stress 
map (c) and deformation map (d) 

Analysis of stresses and deformations of the fracture areas is carried out with the Finite 
Element Method which allows: accuracy of the complex bony structure geometry, variation 
of designing parameters, and combination with other bone modelling algorithms leading to 
various types of analyses. The software allows the determination of the stress and 
displacements distribution in some particular cases which determine the breaking of the 
ulna. The correspondence between the clinical observations, virtual simulations and the 
results obtained from the experimental tests using the universal testing machine EDZ20 
certify the accuracy and the fidelity of the spatial geometry, but also of the bone structure, of 
the mechanical properties of the bone. 
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4. Orthopaedic modular implants based on shape memory alloys 

Treatment of bone fractures depends on the stability of the fracture configuration. The 
fixation of the fracture must sometimes accomplish a reduction of the fragments and to 
spare the vasculature of these fragments as much as possible. It is well known that stable 
fixation and compression are the two main factors in obtaining union between two bony 
fragments. The choice of fracture treatment, orthopaedic or surgical and also the type of 
surgical treatment must take into account the type of fracture, the importance of 
displacements, the skin condition, patient age and also the patient’s possibilities and his 
willingness to cooperate. A stable fracture can be adequately managed with cast 
immobilization. An unstable fracture may require surgical fixation. In many cases, the 
treatment of fractures involves surgical intervention to stabilize the fracture. The traditional 
method of open reduction and plate fixation requires wide exposure of the fracture site with 
stripping of the soft tissues which may devascularize the fracture fragments (Heim & 
Pfeiffer, 1988). This may contribute to the necrosis caused by trauma and increase the risks 
of delayed healing and infection.  
In selecting the optimum technique, the surgical complexity, mechanical performance, 
and biological response should be considered. Typically, a fractured or cut bone is treated 
using a fixation device, which strengthens the bone and keeps it aligned during the 
healing process. Mechanically, the fixation should provide sufficient stability. 
Biologically, the treatment should be minimally invasive, the implants well tolerated, and 
the resulting bone stresses optimal for fracture healing. Even if it’s well known how 
important the integrity of soft tissues is during surgical fracture treatment, by plate-screw 
fixation, trauma surgeons have always had a tendency to reach maximum biomechanical 
stability, regardless of the impact on bone vasculature. The conflict between the 
anatomical needs to reduce the distance of the fracture and the desire to keep the 
vascularisation of all bone fragments is the reason for the appearance of minimal invasive 
surgical techniques. Techniques of minimally invasive surgery were developed to avoid 
wide exposures of the fracture site and minimize soft tissue damage (Farouk et al., 1999). 
They are described for some fractures in the lower extremity (Kregor at al., 2001). The 
implants of classical materials have the following disadvantages, clinically observed, in 
time, by the orthopaedic specialists:  
1. Relatively large dimensions of implants due to respecting resistance conditions to 

materials’ breaking norms, classical materials have break-resistance values much more 
inferior to alloys’ values with shape memory;  

2. The augmentation of the implants dimensions determines large incisions with large 
blood and soft tissues losses, and aggravating conditions of the bone, which lead to 
consolidation delays but also to increased infection risk;  

3. The healing process becomes complicated due to lack of fracture components’ 
compaction, fact which often leads to consolidation delays and even pseudo-arthrosis;  

4. Multiple holes where implant-fixing screws are introduced represent tension 
concentration which leads to bones’ fragility and appearance of new fracture focuses;  

5. They are supplied with differently typo-sizes, separately for each type of bone, for each 
bone area for each fracture type and size separately  

6. Using compaction devices designed to improve the rate of healing percentage when 
plate screwed fixation is used, cause scarring even longer and destruction of soft tissues 
greater than plate screwed fixation without compaction.  
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7. Because of cortex sponging the boards need to be extracted (which means a second 
surgery). By extracting, there is a fracture risk of one of the holes for screws, causing 
peri-fracture tissue damage and peri-implant as big as or bigger than the implant 
operation. In order to eliminate or at least reduce inconveniences caused by the lack of 
compaction, plates with screws with compacting or self compacting have been created. 
These plates, however, fail to achieve a satisfactory compaction and, in addition, require 
larger incisions and with greater tissue damage, higher blood loss and increased 
exposure to infections and scarring are larger and more unsightly and compaction in 
this case is achieved with the bone fixation and not continuously, as with the model 
proposed by us.  

8. All inconveniences, besides prolonging patient’s suffering, increase the number of 
hospital days as well as the number of disability days at work, leading to high social 
costs. 

4.1 Orthopaedic modular plates based on shape memory alloys 
The classical bone plates with screws prevent bone compaction and do not allow application 
of axial forces caused by muscle tension in normal bones which leads to the delay of fracture 
focus consolidation or leads to a non-union (pathological neo-articulation). The classical 
metal plate used as an implant must be sufficiently large to achieve solid fixation of the 
fracture fragments.  Current orthopaedic plates use titanium or special steel, materials 
which are subject to electrolytic action of the biological environment, without allowing a 
pseudo- elastic behaviour similar to bone structure. Because the lengths of the classical 
plates are big, the surgery for metallic implant mounting needs large incisions  with great 
tissue damage, with great loss of blood, tissues with high exposure to the environment, 
which increases the risk of infections, with big risks in their propagation to the bone (bone 
infections are incurable) and obtain scarring. Internal tissues are exposed to foreign 
microbial increasing the danger of infecting the wound. The implant has a large contact 
surface with the biological environment which increases the risk of rejection by the body or 
occurrence of inflammatory phenomena. These requests affect the process of bone recovery 
leading to the appearance of a bony callus formed incorrectly, to structural goals or to 
geometrical deformations of fractured bone. Another disadvantage is related to plates’ 
reduced adaptability to the specific particularities of each fracture case occurred in practice. 
The only degree of adaptability allowed to the current plate-type implants is provided by 
using additional holes which allow fixing screws depending on the size of 
fracture/fractures.  
For modelling the optimum implant shape according to the type of fracture, it is taken into 
consideration the simulation with Finite Element Method of the various areas where the 
implants are to be placed. Studies continue with modelling various implant shapes and their 
experimentation in virtual environment in order to determine optimum shapes to provide 
perfect interweaving of fractured bony structures. The optimum shape has to take into 
consideration the implant insertion technique as well. The proposed implants have a 
modular design, with memory shape as elements of module coupling. The design of 
proposed modular implant involves a minimal invasive implantation, small dimensions, 
which can be coupled intra-operatory, in order to obtain modular plates of various lengths 
and configurations appropriate to the fracture.  
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The modular structures for implants are used for the osteosynthesis of diaphyseal and 
metaphyseal fractures of long bones. These are based on the making of identical modules-
completely interchangeable, made of titanium or biocompatible stainless steel 316L, after 
which Nitinol elements are interconnected. The shape memory effect in the case of a staple 
is connected with a contraction of the fixative, enabling not only reduction or elimination of 
a gap between the bone fragments to be joined, but also appropriate compression. This 
system includes a multitude of identical linear modules which correspond to the diaphyseal 
area of the bone, as well as a multitude of nonlinear modules with different dimensions 
corresponding to the epiphyseal areas of the bone. These modules can be manufactured in 
shapes and dimensions compatible with the area of the bone undergoing surgical 
intervention. They have a particular type of shape which allows for an initial coupling by 
translation, the final coupling and fracture compacting being aided by memory shape 
staples. The shape and the dimension of the plates can be adjusted to fit any bone type and 
fracture location, allowing the surgeon to improve the alignment of the fractured bones and 
the distance between them.    
Modular plates have the task of fixing and stabilizing the fracture centre and can be 
mounted on the bones via a well established procedure. The surgeon must: 1) select the 
appropriate module, 2) reduce the fracture fragments; 3) secure the plate modules onto the 
two fragments on either side of the fracture with screws and 4) compact the fracture by 
coupling the modules using memory shape elements. The modules are made from 
biocompatible materials with adequate mechanical properties (titanium and titanium alloys, 
cobalt, stainless steel, ceramic materials). The plate axis coincides with the bone axis. The 
length and/or width of the modules can be different from one application to another. 
Generally, the modules are linear, for using on the diaphyseal portion of long bones, but 
they can also be nonlinear for the bone heads, being configured and dimensioned in a 
nonlinear shape which best suites the epiphyseal bone areas. These nonlinear modules have 
a transversal portion of corresponding shape and dimensions and an axial portion to ensure 
the attachment with a linear module to the diaphyseal portion of the bone.  
 

                          
       a)            b)         

Fig. 13. The schema process of staple shape transformation: a) the two positions of the 
staple: 1)-initial and 2)-final; b) the transition process from the austenitic stage 1) (high 
temperature) to the martensitic stage 2) (low temperature)  

The U-shaped staple has two straight sides and a middle “active” section pre-deformed by 
tensile stress. The connection of the modules is made by inserting the staple pins in their 
open form (at low temperature, in the martensitic state) in the channels of the modules. 
After implantation, the staples return to their initial form under the influence of body heat, 
thus closing the space between bone fragments. The open structure is designed to stabilize 
and stiffen the montage and allows for a sliding motion along the longitudinal axis of the 

1

2 

1 2 
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bone which coincides with the plate axis and allows for the compacting process for the two 
bone fragments. The schema process of staple shape memory transformation is presented in 
Figure 13 (www.groupe-lepine.com) Due to its pseudo-elastic property, a memory-alloy 
staple maintains a compressive effect ensuring a constant compressive force between the 
two modules and, thus, between the two bone fragments. This way, the staple forces a bone 
alignment very close to the normal anatomical alignment of the bone, which is highly 
conducive to cellular regeneration and healing. After the fracture is healed, the staple can be 
cooled, thus returning to its open form, allowing for an easy extraction. The modules may 
also be extracted easily by the surgeon. 
 

       
Fig. 14.Various diaphyseal and epiphyseal modules 

 

     
Fig. 15. Various types of modular plates for diaphyseal fractures (a) and for metaphyseal 
and epiphyseal fracturesa (b,c, d) 

Using specialized software as VisualNastran [18-19], and the principle of the von Mises 
stress, the numerical simulations movies of the assembly fractured tibia-modular plate are 
obtained. In materials science and engineering the von Misses yield criterion (von Mises, 
1913) can be formulated in the following way: a material is said to start yielding when its 
von Misses stress reaches a critical value known as the yield strength. The von Misses stress 
is used to predict yielding of materials under any loading condition from results of simple 
uniaxial tensile tests. 
 

   
Fig. 16. Modules, plates and tibia-modular plate assembly for diaphyseal fractures                     

A compression force of 54 N was applied on the extremities of the staples which connects 
the modules. In Fig. 17 the stress maps and the displacements  maps for two succesives 
moments of the implant assembly are presented 



 
Orthopaedic Modular Implants Based on Shape Memory Alloys 

 

443 

 

  
a)      b) 

Fig. 17. The stress (a) and displacements (b) maps for the implant assembly 

In Figure 18 a)-c) are presented three different stages of the numerical simulation movie of 
the assembly tibia bone-virtual modular plate for each kind of diagram: von Mises stress 
diagram [Pa], displacements diagram [mm] and von Mises strain diagram [mm/mm]. In 
Fig.18 d) two stages of the von Mises stress diagram for the staple are presented. These 
diagrams show the variation of the values during the simulation of the staple shape 
transformation from the martensitic stage to the austenitic stage.  
 

 
a)   b)   c)   d) 

Fig. 18. Two stages of the simulation movie: for the virtual assembly (fractured tibia and 
modular plate): a) the von Mises stress diagrams [Pa]; b) the displacement diagrams [mm]; 

The human femur osteosynthesis process using modular adaptive plates based on shape 
memory alloys can be numericaly simulated with the help of ANSYS software packages, 
following 3 steps. Used materials: Cortical bone: E=18000 MPa, Poisson’s Coefficient=0,3;  
Spongious bone: E=50 MPa, Poisson’s Coefficient=0,25; Plates: (Titanium); Fixing screws –
(Titanium). The holding elements: Nitinol – simulated material in ANSYS using the material 
model “shape memory alloy”.To highlight the use of nitinol for the holding elements it is 
necessary to follow three steps.  
For the simulation of the nitinol elements behavior and for the study of their effects, we 
have considered only the surface placed in the proximity of the humeral head. The small 
plates were placed both ways of the longitudinal axis of the bone, proximate under its head, 
following the curve and dip of the bone surface geometry. There were simulated the screws 
for fixing the small plates and the bone. On a bone area situated on the region of the 
intermediate plates the bone was interrupted (on a distance of 1-2 mm), obtaining two  
bone segments that are about to be joined using the small plates and the nitinol holding 
elements. The plates are not fixed in an initial position, they can move 2 mm. The stress and 
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displacements diagrams for bone, for plate modules and for staples, for each of the three 
process steps are obtained.  
Step 1. The upper and lower plates are fixed with screws on the bone. It simulates the 

mounting of head off for holding elements on the fixed plates on the bone, the 
holding elements having the other head already mounted in the middle plates 
(common nodes). The temperature of all the elements and of the holding elements 
is 230 C. Resultant displacements in plate modules and resultant displacements in 
femur bone are presented. 

Step 2. The ends of the nitinol elements are considered mounted in plates, considering the 
pretension of step 1, eliminating imposed movements, and realizing the state of 
tension for mounting the implant.  

Step 3. Starting from the final state of tension obtained in step 2 we are simulating the 
increase of temperature for holding elements from room temperature to body 
temperature 36.50 C. Resultant displacements in plate modules, Von Mises stress  in 
Nitinol staples and resultant displacements in femur bone are presented. 

The use of nitinol elements makes contact pressure between the two bone segments to grow 
by 58%. The values of maximum tensions on the plates and on the fixing screws are placed 
below the limit of proportionality. 
 

 
Fig. 19. The finite element model of the femur-implant assembly      

 
Step 1 

 
Fig. 20. Total displacements of the second module (a), total displacements for the femur (b), 
von Mises stress in the element (c), von Mises stress in the plates (d) 
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Step 2 

 
Fig. 21. Total displacements in the bone-implant assembly (a), von Mises stress in femur (b), 
von Mises in the element (c) 

 
Step 3 

 
Fig. 22. Total displacements in the bone-implant assembly (a), total displacements in the 
plates (b), von Mises stress in the element (c) and von Mises stress in the plates (d)  

4.2 Orthopaedic modular centro-medullar rods based on shape memory alloys 
Centro-medullar rods can be used only for diaphyseal fracture fixation of long bones 
(femur, tibia, and humerus) which limit their use. They make a good centring but 
compaction is quite poor. When these rods are blocked by passing a proximal screw and a 
distal one, transversely, trough the bone and rod, it results in the cancellation of compaction 
forces and implicitly the delay of consolidation, with the development of pseudarthrosis.  
Disadvantages of classical centro-medullar rods are that their shape and length do not 
 adapt to the bone channel and that they allow rotation of bone fragments from  fractures 
(the main cause of pseudarthrosis). The rods also get stuck in the medullar canal of the bone 
and they are difficult to extract after the reduction of the fracture centre and bone healing.  
If the centro-medullar rod is not well calibrated, it does not prevent rotation of bone 
fragments and, therefore, does not always permit a good compaction of the fragments, 
causing pseudoarthrosis. Also in the fracture centre, micro-movements can occur leading to 
fatigue of the rod’s material and, implicitly, to breaking. Centro-medullar rods that have 
mobility can cause important degenerative-dystrophic injuries at the interface with the 
fracture centre. 
The technical solution consists in designing and execution of a centro-medullar rod whose 
dimensional characteristics (length and diameter) can be adapted to the medullar canal of 
the bone. 
The total length of the centro-medullar rod can be adjusted by simply substituting the two 
modules which can be adapted for different bone lengths. Also, two modules may slide 
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partially or wholly on the part of the extreme deformation module  through the grooves 
made on these surfaces. The central module is made of a shape memory material which, 
under the influence of temperature, will deform, allowing the surface of the rod to mold to 
the medullar canal of the bone. 
 

 
Fig. 23. The first variant of the intramedullary rod system 

The second variant: the device is composed of an actuation rod 1 which inserts the steel 
clips 4 into the bone through the holes made in the modules 2, thus fixing the device into 
the medullar canal of the bone (in total, the intramedullar rod system has four steel clips). 
The device is based on the Nitinol module 3 which expands when the intramedullary nail 
is inserted into the bone (by increasing the temperature to the level of the body 
temperature). In addition, to better link the device to the medullar canal we use the 
Nitinol wires 5 which are placed on the distal segment of the device. The modules 2 can 
slide over the two extreme surfaces of the Nitinol module 3, thus enhancing the versatility 
of the device (i.e. ensuring various types and dimensions of the bone from one individual 
to another). 
 

                
Fig. 24. An exploded view of the intramedullary rod system and the intramedullary nail 
system in the active state 

In the passive state, the Nitinol module and wires are not activated by the rise of the 
temperature in the human body, the biocompatible steel clips having the legs close together. 
By contrast, in the active state, the Nitinol module and wires expands and the actuation rod 
forces the steel clips to penetrate the bone and firmly lock the intramedullary nail to the 
medullar channel (Fig. 24). The centro-medullar rod based on intelligent materials avoids 
the disadvantages of conventional centro-medullar rods aforesaid and solves their 
problems, in that:  
 The rod is modular (composed of several components with suitable lengths and 

diameters which are assembled together) and adaptable to any type of shaft of long 
bone fracture (shape memory elements are used for a good cohesion between the 
centro-medullar channel and the centro-medullar rod), 
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 Easy to manufacture thanks to components with simple shapes, most components 
having two threaded surfaces which are used to assemble the next components. 

 Easy to extract by cooling the shape memory material 
 Provide good compaction of the bone fragments, lowering or eliminating the risk of 

non-union (pseudo-arthrosys); 
 does not allow micro-movements between bone fragments found in fracture centre 
 Motion stability is ensured by continuous inter-fragmentary compression 
 Avoid the appearance of important degenerative-dystrophic lesions on the contact 

surface of the fracture centre. 

4.3 External fixator actuated by shape memory alloys elements 
In the open fractures with important coetaneous lesions (type III) using the osteosynthesis 
materials (plates, centro-medullar rods) is a real danger for infection. In these cases one can 
use the external fixator which comprises threaded rods or Kirschner brooch which are 
fixated in the bone fragments at a certain distance above and below the fracture centre, 
passing through the healthy tissue. These structures are linked externally with rods or 
circles. In the case of an external fixator, the resistance required to stabilize and consolidate 
the fracture changes in time, the initial fixation must be rigid enough in order to withstand 
the mechanical stress that appear once the patient can walk, without fracture 
disequilibrium. In the same time, the fixator rigidity has to be under certain limits in order 
to allow the development of pressures at the fracture centre which stimulate the callus 
formation. In order to obtain the highest resistance for the fixator, several requests must be 
fulfilled: the distance between the rod and bone to be reduced, the pins diameter to be 
augmented, the pins located near fracture to be close one to other, the pins thread to be 
totally inserted in the bone.  
 
 

 
 
 

 
 

Fig. 25. Sequential frames of the femur external fixator – showing the osteosynthesis  
process  
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The management of bone fractures using an external fixator, adjustment of the bone 
segment is often necessary to reduce residual deformities. Proposed unilateral external 
retainer is composed of bone pins inserted into the proximal and distal segment, four semi-
circular frames, two telescopic side rods, and two of Nitinol compression springs that are 
designed to compact fracture, the effect of compression on bone fragments interested. It was 
also simulated femoral shaft osteotomy. In addition to studies of adjustability of the retainer, 
this model is used to investigate the rigidity of the retainer for evaluating device 
performance. Transverse fracture was simulated on the axis of the femur and bone segments 
were modelled as rigid. Were analyzed several cases of bone fragment alignment study 
using ANSYS software, based on finite Elements Method. Different sequences are 
generated.This is an example of the need for practical study and application of clinically 
relevant biomechanical analysis of the results. 
 

  
 
 

      
 

Fig. 26. Stress and deformation maps recorded in the femur-external fixator assembly, when 
the NiTi springs are placed towards the symmetry axis of the assembly  

 

  
Fig. 27. Stress and deformation maps in the femur-external fixator assembly, the case when 
NiTi springs are placed towards the lateral rods of the fixator  
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4.4 Orthopaedic implants used for osteoporotic bones fractures 
Osteoporosis is a disease which leads to the reduction of the bone minerals and is directly 
related to the age of the patient. Therefore, osteoporosis can cause fractures to the spine and 
to the femur extremities and, especially, to the humeral head. In comparison to the patients 
who have normal bone density, patients with osteoporosis can suffer fractures of the spine 
or long bones from low magnitude forces or minor trauma. The most frequent compression 
fractures of the osteoporotic spine are located at the thorax and lumbar vertebrae level. 
These fractures can cause acute pain of the back at the level of the fractured vertebra. Once a 
spinal fracture caused by osteoporosis has occurred the risk of another is increased fourfold 
compared to the case of non-osteoporotic patients. 
 

 
Fig. 28. The humeral head and vertebra fracture and the structure of the normal bone and 
osteoporotic spongy bone 

The numerical simulation of osteoporosis in the case of the femoral head is based on the 
hypothesis according to which the effect of the osteoporosis is equivalent to the change in 
the mechanical characteristics of the bone, more exactly, of the osteoporotic spongy tissue. 
These mechanical characteristics are the longitudinal elasticity module (E) and the Poisson 
coefficient. In the case of the bone structure we have considered the material as orthotropic, 
having different values of the mechanical characteristics on the Ox, Oy and Oz axis. The 
purpose of this simulation is to visualize the influence of osteoporosis in the whole mass of 
the bone and spongy tissue in order to draw some conclusions regarding: 
- the most dangerous zones in which the mechanical properties are diminished; 
- the degree of osteoporosis at which the bone cannot support the loads; 
- the influence of osteoporosis on the mechanical resistance of the bone. 
From the presented stresses maps one can observe that the resistance of the bone and, 
especially, of the spongy tissue drops by 50% for a degree of osteoporosis of 15%, therefore 
at 20% osteoporosis the fractures of the humeral head are imminent. One can observe also 
that the most dangerous zone is located at the neck of the humeral head where, in fact, the 
fractures occur frequently.  
 

   
Fig. 29. Von Misses stresses for 0%, 15%, 20% osteoporotic bone 



 
Biomedical Engineering – From Theory to Applications 

 

450 

The proposed plate used for the fractures of the osteoporotic bones has two lateral legs with 
divergent longitudinal directions one to the other, having sharp heads and fixing devices and 
also a transversal arm which connects the two legs with a configuration which presents a 
spatial curvature, with a convex profile. The plate is designed in such a way that the lateral 
legs are different in shape in relation to the way the metaphisis is penetrated or to the 
implantation in the cortical bone. The lateral legs are united through a transversal arm by 
connection zones internally and externally, conveniently curved to obtain a better elasticity of 
the lateral legs and, more specifically, of the structure of the plate as a unit. The lateral legs 
have on their inner surface a series of teeth directed to the interior of the transversal arm and at 
the end of the inner surface of each one of the lateral legs one can observe the conical surfaces 
directed outwardly. This fact constrains the surgeon to augment the distance between the 
lateral legs during the implantation of the osteoporotic plate. The inner surface of the 
transversal arm presents an augmented rugosity in order to allow micro-vascularisation and, 
therefore, cortical callus formation. Moreover, in the case of lower limb bone osteotomy, the 
implant must be inserted on the longitudinal axis of the bone. In conceiving this implant we 
established a convex profile of the transversal arm of the plate with the same curvature as the 
bone. The advantage of added elasticity to the lateral legs is important because, when the 
human body temperature is attained, they exert compression force on the bone fragments and 
amplify the automatic effect of retaining the bone fragments on all fracture sides. The 
proposed implant for the osteoporotic bone can be perfectly implanted into the bone, offering 
a strong holding effect of the bone fragments on each side of the fracture line. 
 

                   
Fig. 30. The plate is implanted in the proximal epiphysis of the femur (first variant), the 
plate is implanted in the distal epiphysis of the femur  (second variant) 

4.5 Modular adaptive orthopaedic network based on shape memory alloys 
The problem which this modular-adaptive implant proposal solves is that the implant ensures 
a modular adaptive network to the fracture due to the properties of the material from which 
the network is made (Nitinol), an elastic coupling and the stimulation of the rehabilitation of 
the bone continuity. As a function of the severity and particularity of the case, in the central 
area of all modules that form the network or just in the case of a small number of modules the 
simulative corresponding drugs can be stored. The central area can be perforated by the 
surgeon so the drugs can be administrated locally, in the traumatised area, the flow depending 
on the dimension of the penetrating needle. The smart material (for example Nitinol) that 
makes the modular network is characterised by superelasticty similar to the bone structures, a 
good image revealed by radiological investigations and a good physical and chemical 
compatibility which can be assimilated by an augmented resistance to the electrolytic effect of 
the biological environment. Due to the pseudoelastic property of shape memory alloys, even 
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when resorption occurs between the two fragments, the implant maintains its compressive 
effect, which has a positive influence on fracture healing.  
 
 

 
Fig. 31. The schema of the modular adaptive orthopaedic network 

 
 

         
 
 

       
 

Fig. 32. For a force given by equation F=-800*sin(6.282*time) on the OX axis we present the 
stress maps corresponding to the network in two different moments of the dinamic load 
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A comparison between classical implants and proposed modular implants based on shape 
memory alloys is presented: 
 

Traditional implants Proposed implants
Big dimensions, configuration
which results in the redundant bone 
callus 

Small dimensions, completely adaptable to 
the fracture 

Invasive surgical interventions in order 
to couple the implants 

Minimal invasive surgical techniques are 
used for this types of implants – micro-
incisions

Medium risk of postsurgical infections
due to the surgical intervention

Minimal risk due to reduced area of surgical 
intervention

Neutral from the point of view of the
bio-stimulation bone restoration

Bio-stimulation properties for bone growth, 
reduced time for healing the fracture zone  

Require an important number of
physical connections (holes) for implant 
fixation 

Small number and reduced dimensions for 
the fixation holes (in some cases the number 
of holes can be zero)

The fixation problems related to classical 
implants can cause pseudo arthritis 

Due to the constant pressure that the 
implants make the fracture fragments are 
well compacted, no micro-movements are 
allowed, avoiding in this way the pseudo 
arthritis

5. Theoretical and experimental studies for NiTi staples 

5.1 Decomposition of the elasticity matrix for Nitinol structure phases 
The form of the elasticity matrix contains the restrictions done by the symmetry theory of 
classical crystallography and it permits a simple geometrical interpretation of the 
relationship between stress and strain regardless of the degree on anisotropy. These restrictions 
are reflected in the invariant structures of the spectral decompositions. The spectral forms are 
determined by the symmetry groups, and are independent of the values of the elastic constants. 
In (Cowin & Mehrabadi, 1987, 1990) the eigenvalues and eigenvectors for anisotropic elasticity 
were determined. (Ting, 1987) has discussed the eigenvalue problem in connection with his 
study of the invariants of the elasticity tensor. The first spectral decomposition of the elasticity 
tensor was made in (Rychlewski & Zhang, 1989), using tensorial products. Then, (Sutcliffe, 
1992) developed this method and they used it for different types of symmetries. A more simple 
method, using matrix 6x6 was used in (Theocaris & Philippidis, 1989) for the decomposition of 
the rigidity matrix of the transversal isotropic materials.  
In the case of the linear-elastic materials, the dependence between the deformation matrix 
components and the stress matrix components can be written as a linear dependence: 

 
3 3

1 1
ij ijkl kl

k l

S 
 

   (1) 

This dependence can be written on the following form: 

  ( ) ( )S   (2) 

where: 
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with:  

 ijkl jikl ijlk klijS = S = S = S  (5) 

Basically, SMA presents two well-defined crystallographic phases, i.e., austenite and 
martensite. Martensite is a phase that is easily deformed, reaching large strains (~8%), and 
in the absence of stress, is stable only at low temperatures; in addition, it can be induced by 
either stress or temperature. The kinematics associated with the martensitic phase 
transformation in a single crystal is described for a cubic to tetragonal and cubic to 
monoclinic transformation, and the lattice invariant strain by plastic slip is discussed (Patoor 
et al.,2006). When the martensitic transformation takes place, numerous physical properties 
are modified. During the transformation, a latent heat associated with the transformation is 
absorbed or released based on the transformation direction. The forward, austenite-to-
martensite  transformation is accompanied by the release of heat corresponding to a change 
in the transformation enthalpy (exothermic phase transformation). The reverse, martensite-
to-austenite  transformation is an endothermic phase transformation accompanied by 
absorption of thermal energy. For a given temperature, the amount of heat is proportional to 
the volume fraction of the transformed material.  

5.2 Symmetry cases of Nitinol crystallographic phases 
We present the elasticity matrix for the crystallographic phases of Nitinol. For the trigonal 
crystallographic structure, the matrix [S] has the expression: 

  

11 12 13 15

12 11 13 15

13 13 33

44 15

15 15 44

15 11 12

C C C 0 - 2 C 0

C C C 0 2 C 0
C C C 0 0 0S =

0 0 0 C 0 2C

- 2 C 2 C 0 0 C 0
0 0 0 2C 0 C -C
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In this case, the eigenvalues are: 

 

 

 

 

 

2 2
1 11 12 33 11 12 33 13
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1
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1
λ =λ = C -C +C + C -C -C +16C

2
1

λ =λ = C -C +C - C -C -C +16C
2

 
  
 
  

 
  
 
  

  (7) 

and the matrix of eigenvectors is: 

  

1 1 1 1sin cos cos 0 sin 0
2 2 2 2

1 1 1 1sin cos cos 0 sin 0
2 2 2 2

X cos sin 0 0 0 0
0 0 0 cos 0 sin
0 0 sin 0 cos 0
0 0 0 sin 0 cos

   

   

 
 

 
 

  
 
    
 
 
 
 
 
  

 (8) 

where: 

 
2 11 12
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λ -C -C
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2C + λ -C -C
  ; 
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13 1 11 12
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11 12 3
2 2
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C -C -λ
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C -C -λ +4C
  ;  

 
11 12 4

2 2
11 12 4 15

C -C -λ
cos

C -C -λ +4C
    (9) 

Particular cases: 
a. In the case of the cubic crystallographic structure: 

 C12=C13 ;   C33=C11 ;   C44=C11-C12 ;   C15=0  (10) 

  

11 12 12

12 11 12

12 12 11

44

44

44

C C C 0 0 0
C C C 0 0 0
C C C 0 0 0

S
0 0 0 C 0 0
0 0 0 0 C 0
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 (11) 

The eigenvalues are: 

 1 11 12λ =C +2C ;  2 3 11 12λ =λ =C -C ; 4 5 6 44λ =λ =λ =C  (12) 
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The matrix of eigenvectors is: 

  

1 / 3 1 / 6 1 / 2 0 0 0

1 / 3 1 / 6 1 / 2 0 0 0

1 / 3 2 / 6 0 0 0 0X
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

 
 

  
 
 
 
 
 
 
 

 (13) 

b. In the case of monoclinic crystallographic structure: 

  

11 12 13 16

12 22 23 26

13 23 33 36

44 45
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16 26 36 66
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The eigenvalues are: 

  2 2
4 44 55 44 55 45

1
λ = C +C + C +C +4C

2
 
  

;   2 2
5 44 55 44 55 45

1
λ = C +C - C +C +4C

2
 
  

 (15) 

and  1 2 3 4λ ,λ ,λ ,λ are the roots of the equation: 

 4 3 2
1 2 3 4λ -I λ +I λ -I λ+I =0  (16) 

where Ik is the sum of the diagonal minors of k degree obtained by cutting the fourth and 
the fifth columns and rows in matrix [S]. 
c. In the case of orthorhombic crystallographic structure: 
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S
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0 0 0 0 0 C

 
 
 
 

  
 
 
 
  

 (17) 

The eigenvalues are: 

 4 44λ =C ; 5 55λ =C ; 6 66λ =C  (18) 

and  1 2 3λ ,λ ,λ are the roots of the equation:   

 3 ' 2 ' '
1 2 3λ -I λ +I λ-I =0  (19) 
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where '
kI is the sum of the diagonal minors of k degree obtained by cutting the last three 

columns and rows in matrix [S].  
We can conclude that the eigenvalues depend on the values of the elastic constants, but the 
eigenvectors are, in part, independent of the values of the elastic constants 

5.3 The analytical expression for the staple compression force  
The stress vector can be written:  

        i i
i

E       (20) 

Therefore, the specific deformation energy is:  
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The orthopedic staple can be modeled as a bar which has an initial shape. When 
temperature increases the staple suffers deformations, changing its shape. Taking into 
account mechanical considerations, the deformation can be accepted as being caused by an 
exterior force which is applied to the free extremity. Thus, an increase of temperature, ΔT 
produces a displacement of the free extremity, Δw.  The same displacement can be produced 
by a force (ΔP) which is applied in the free extremity. In fact, the force (ΔP) is a force to be 
applied in the free extremity. The total deformation energy is: 
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According to the Castigliano theorem energy, the derived strains of an elastic body 
compared with force value ΔP are similar to the displacement projection of the application 
point of the direction force (fig.1).  
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Fig. 35. The loading schema for the Nitinol staple 

In the case of small deformations we can accept that the stresses developed in the staple are 
proportional to the variation force ΔP. In these conditions, we can write: 
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where: 
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The vectors (ei) depend only on the staple shape. We call Ji  the triple integrals which occur 
in the relation (24) depend on the temperature, but in a measure much smaller than the 
eigenvalues. Therefore the integrals can be considered constants. In this case, by passing to 
the limit, the relation becomes:   
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                       (26) 

The temperature variation on time is:  

    ic t t
e e iT T T T e                    (27) 

Ti = initially temperature of staple; ti = initially value of time; c = a coefficient which depends 
on the material thermal conductivity of  the staple. 
The eigenvalues i  of the elasticity matrix depend on the temperature and on the value 

 ic t te  . Experimentally, it is demonstrated that the staple deformation is produced with 
constant speed. In (Kul’kova et al., 1995) were tested three Nitinol wire specimens: a 
commercially available superelastic (W1) wire and two shape memory. It is demonstrated 
that the dependence of recovery force function on temperature is linear.  

Developing in factors series as a function of term   ic t te   the functions of the proper values 
and keeping only the first order term, the variation in time of the compression force exerted 
by the staple is done by: 

     1 ; 1 ic t t
i e iP P f T T e

c
                           (28) 

where: Pi is the exerted force at the initial moment ti. 

5.4 Experimental studies for the Nitinol staple 
In order to determine the law of variation for the compression force which can be developed 
by the Nitinol staple as a function of variable environmental temperature and also to 
validate the compression potential of the staple through constant pressure at the 
temperature of the human body, we developed an experimental stand (Fig.36). 
The experimental stand is made from: -experimental device used to mount the modular 
adaptive implant; -Spider 8 – a numerical acquisition system, 12 bits resolution, used to 
measure mechanical parameters, such as: forces, mechanical stresses, pressures, 
accelerations, velocities, displacements, temperatures.; -S2-100N force transducer, 0.1% 
linearity, Hottinger type; -FLIR B200 termographic camera; -IBM ThinkPad R5 notebook. 
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The Nitinol staple was stored for 15 minutes in NaCl liquid solution, 30% concentration, at -
200C in a freezer. At this temperature the material of the staple enters in martensitic phase 
and the lateral pins of the staple are parallel. 
 

       

Fig. 36. The experimental stand and the diagram obtained for the staple compression force 
function on time 

Having this shape, the staple was extracted from the NaCl solution and was easily inserted 
in special channels of the two implant modules fixed in the device. The staple was then left 
to attain room temperature (290C), thereby compressing the two modules. Afterwards, a jet 
of hot air was blown onto the staple increasing his temperature in different stages: first, to 
310C, in a time period of 120 sec, then, to 350C in a time period of 120 sec and, finally, to 
370C, the temperature of the human body. The hot air jet was then stopped and after the 
staple returned to room temperature it was extracted from the modular implant. Finally, we 
obtained the force-time diagram (Fig.36). One can observe a maxim value of 54 N which 
corresponds to 370C temperature for which the material of the staple entered in the cubic 
austenite phase. In order to correlate the staple deformation with the developed 
compression force, the temperature increase has been controlled with the aid of a 
termographical camera ThermaCam Flir B200. Afterwards, these pictures have been 
processed and analysed (Fig.37).  
 

     
Fig. 37. A few successive images taken with Thermacam 

Using the SIMI Motion software, the kinematical parameters of the both extremities of the 
staple were obtained. In order to link the action mode of the staple and the displacements 
of the extremity points of the pins during the shape transformation process from the 
martensitic stage to the austenitic stage, a SIMI Motion acquisition data system was used 
to obtain the kinematical parameters of the staple. The acquisition data system is 
composed of: -specialized software; -a Lenovo laptop; -two Sony video cameras (60 
frames/sec); -markers.  
The main stages of video capture analysis using SimiMotion software are:Camera 
calibration. 2. Definition of the studied points. 3. Settlement of the points connections. 4. 
Tracking the points. 5. Extraction of the results. 
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By attaching markers, the software automatically generates the equivalent model of the 
studied system and tracks the displacement of the markers in real time from each frame 
captured by the video camera, recording and analyzing the positions of the markers which 
allow us to obtain the motion law. The analysis procedure is based on the attachment of two 
markers which have been applied on the extremities of the two pins of the staple. A plane 
was chosen to calibrate the camera, plane given by two axes (OX and OY).  
Two successive positions of staple deformation process are presented in Fig.38. In the same 
figure, the displacement diagram [mm], as functions of time, for the left point is presented. 
One can be observed that the dependence displacement-time is linear. This observation was 
used for the determination of the compression force theoretical expression. 
 

            
Fig. 38. Two successive positions of staple deformation process and the displacement 
diagram for the left extremity of the staple 

We consider that the staple finishes its deformation when the difference between its 
temperature and room temperature is 1oC . In this hypothesis, the coefficient c can be 
determined with the relation: 

  ln e iT T
c

t





            (29) 

where t is the staple deformation time. 
Experimentally, we can see that t =45sec, corresponding to the interval [-20; 29] 0C of 
temperature variation (Fig.11). In this case, the resulted value for c is 0,086sec-1. This value 
corresponds to the studied staple, so, taking into account the concrete experimental conditions, 
it is a constant for this product. Any other product made from Nitinol will have other value for 
c.  The experimental diagram presented in fig.4 shows the stages of the compression force 
variation corresponding to the stages of the temperature variation (Table 1). 
 

Temperature
variation (o C)

Compression force
variation (N)

Values for
f(Te-Ti)   (N)

-20.....29 0.....17 f(29;-20)=17
29......31 17....24 f(31;29) = 7
31......35 24....44 f(35;31)=20
35......37 44....54 f(37;35)=10

Table 1. Experimental compression force values 

Using the values for f(Te-Ti) as input data in the relation (50), we made a numerical simulation 
in Maple12 and we obtained the graphic presented in Fig.12. For the numerical simulation, we 
respected the same temperature increasing stages as in the experimental case. This explains the 
allure of the numerical graphic. For first temperature increase, from -200C to 290C, the force 
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variation is nonlinear, and for the other three stages we observe that the force increasing is less 
than 10 N for a temperature increasing with 20C, the force variation is linear. For constant 
temperatures, the force remains constant. The diagram force-displacement proves the 
maximum of the compression force (54 N) is obtained in the Nitinol staple at the body 
temperature, 370C. This properties of the Nitinol staple allows its using in orthopedic 
applications, like simple orthopedic implants, or adaptive modular implants. 
 

 
Fig. 39. The compression force-time numerical graphic 

5.5 Electrochemical study on corrosion resistance of Nitinol in physiological media  
The metal materials used as implants must be biocompatible. Biocompatibility means 
absence of corrosion or allergic reactions. Corrosion is one of the most important processes 
that affect the functionality and the duration of medical devices made of metals and their 
alloys used as implants. The failures of the implants were due to significant phenomena of 
localised corrosion. Corrosion as a test of biocompatibility is a very important factor, which 
produces metal ions in the biological medium and leads to the degradation of implants. 
There have been made electrochemical studies “in vitro” in order to determine the corrosion 
reactions, which are necessary for foreseeing the behaviour of the materials used in 
implantology. The degradation of metals and alloys in the human body is a combination of 
effects due to corrosion and mechanical activities. The surface roughness, texture and 
localized corrosion resistance are the most important characteristics for stabilizing tissue-
implant interface. Although several studies have demonstrated the good corrosion 
resistance and biocompatibility of NiTi, the high nickel content of the alloy (55 weight % Ni) 
and its possible dissolution by corrosion still remains a concern (Ryhänen et al., 1997; 
Shabalovskaya, 1996; Venugopalan & Trepanier, 2000; Wever et al., 1998). Tissues in the 
human body contain water, dissolved oxygen, proteins and various ions, such as chloride 
and hydroxide, and they present an aggressive environment to metals or alloys used for 
implantation (Shrier et al., 1995). Corrosion resistance of a metallic implant is thus an 
important aspect of its biocompatibility (Black, 1992). In addition to the release of ions in the 
physiological environment, the corrosion process will also result in the deterioration of 
dimensional parameters of the corroding body (Fontana, 1986). NiTi corrosion behaviour 
can be significantly improved after specific surface treatments such as electropolishing 
(Trepanier et al., 1998). In this study the behaviour of Nitinol in physiological serum (PS) 
and glucose is discussed according to electrochemical measurements and microscopic 
images (Samide et al., 2008), which were obtained for the material before and after 
corrosion tests. 
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5.6 Experimental stand  
The Nitinol used had the following composition (weight %): Ni 49,6% and Ti 50,4%.The 
samples were degreased with acetone and dried. Physiological serum (PS – 0.9 % NaCl) and 
5 % glucose were used as the corrosion tests solutions.  For the polarization study, a 
standard corrosion cell with a working electrode made of Nitinol wire with an active surface 
of 0.314 cm2 was used. The Ag/AgCl electrode was used as a reference electrode. The 
auxiliary electrode was a platinum electrode (surface area-1 cm2). The potentiodinamic 
polarization was conducted with a scan rate of 20 mVs-1, in an electrochemical system, 
VoltaLab 40, with a personal computer and VoltaMaster 4 software (Figure1). The 
immersion time of the plates in the respective media was 4 minutes in open circuit, at room 
temperature. The morphology of the Nitinol surface before and after treatment in the above 
mentioned solutions was examined using a metallographic microscope Euromex, with 
Canon camera and included software (Figure 40). 
 

          
Fig. 40. Electrochemical assembly used for corrosion tests and the metallographic 
microscope type EUROMEX 

5.7 Electrochemical measurements 

Potentiodinamic curves 

The polarization curves of nitinol wire obtained in physiological serum (PS) and glucose are 
presented in Fig41. 
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Fig. 41. Polarization curves of Nitinol wire obtained in physiological serum and glucose, 
after immersion time in open circuit of 2 minutes, at room temperature; Tafel diagram for 
Nitinol staple corroded in physiological serum and glucose; Polarization resistance (Rp) of 
Nitinol wire corroded in physiological serum and glucose 
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The study of the response Nitinol given by polarizing in physiological serum (PS) and 
glucose solutions, simulating the tissue fluid conditions indicate that  the critical potential in 
pitting (Ecp) are shifted to a higher value, when corrosion study of Nitinol in glucose carried 
out. It has also been observed that the critical potential in pitting decrease from 504 mV in 
glucose to 246 mV in physiological serum (Table 2). 
 

Medium Ecp 

(mV / Ag / AgCl)
Ecorr 

(mV / Ag / AgCl)
i corr  

(μA cm-2)
Rp 

(Ω. cm-2) 
Physiological 
serum 246 -746 2.3 297 

Glucose 504 -474 0.94 716 

Table 2. Electrochemical parameters obtained for NiTi corroded in physiological serum and 
glucose, at room temperature 

This suggests that glucose acts by adsorption at site on the metal surface and it was formed, 
more adherent and more uniform passive layer than in physiological serum. 
Tafel polarization.  In Tafel domain, the polarization curves were performed in the potential 
range -1000mV to 1000 mV, with a scan rate of 20 mV/sec. The polarization curves obtained 
after 2 minutes of immersion are presented in Figure 4. The performed tests showed  
that: 
- glucose  leads to a corrosion (Ecorr)  potential shifted to more positive values; 
- the corrosion potential shifted to more positive values is correlate with a significant 

corrosion current (icorr) decrease; 
- glucose solution disturbs significantly cathodic reaction and reduces the anodic reaction 

in a considerable manner; 
- the electrochemical parameters presented in table 1 were calculated using VoltaMaster4 

software at smoothing 9, calculi zone 1800 and segment 600 mV. 
Polarization resistance method-Stern Method. The polarization curves obtained in the potential 
ranges near to corrosion potentials were recorded with a scan rate of 10 mV s-1. The 
linearization was accomplished in the domain of over-voltages values ± 10 mV (Figure 5). 
The slopes (di/dE) E→Ecorr of the lines from Figure 5 represent the polarization conductance. 
Polarization resistance (Rp –k Ω cm2) was calculated using relation 1. 

 
corr pE E

di 1=
dE R

 
 
 

 (30) 

The values of polarization resistance (Rp) increase in glucose, reaching a value of 716 Ω cm2. 
The numerical values of the electrochemical parameters on behavior of Nitinol in PS and in 
glucose were calculated using VoltaMaster 4 software with an error of ±1.5 %, and are 
presented in Table 1.    
Surface morfology. The electrochemically-corroded Nitinol samples in PS, glucose  
and aminosteril were also tested using the microscopic images, which indicate the formation 
of a superficial film providing a passivation on the corroded electrode in these solutions. 
The microscopic images of Nitinol surface before corrosion (Figure 42a) and after  
taking place the corrosive processes in PS (Figure 42b) and in glucose (Figure 42c) are 
presented. 
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a)                        b)                                   c) 

Fig. 42. Microscopic images of the Nitinol surface: a) – before corrosion; b – after corrosion in 
physiological serum; c – after corrosion in glucose;  

Un-corroded sample did not show any particular feature in microscopic imaging than 
small defects (Figure 6a). The results of microscopy for corroded sample in physiological 
serum, showed evidence of corrosion pits, and the formation of an un-continuous film  
on the Nitinol surface was observed. (Figure 42b). In the presence of glucose the 
micrograph showed no evidence of corrosion pits, but the formation of a more uniform 
film on the Niti surface was observed (Figure 42c). We can conclude that while correlating 
the data obtained by the used electrochemical methods it has been observed that the used 
physiological serum has a quite high corrosive action. It has also been observed that the 
potential of corrosion in pitting decrease from 504 mV in glucose to 246 mV  
in physiological serum. All the experimental data obtained show that the physiological 
serum has a more pronounced corrosive character as compared to a simple solution of  
5% glucose. The results of microscopy for corroded sample in physiological serum, 
showed evidence of corrosion pits, and the formation of an un-continuous film on the Niti 
surface was observed. In the presence of glucose the micrograph showed no evidence of 
corrosion pits, but the formation of a more uniform film on the Nitinol surface was 
observed. 

5.8 Experiment with NiTi springs used to actuate an external fixator device  
The experiment aims to simulate “in vitro” bone fracture osteosynthesis, which is based 
on the Nitinol spring actuators and the laws of variation of heating temperature of the 
Nitinol actuators commuting a mobile bone fragment of a larger fixed bone fragment. This 
was done by mounting the two Nitinol actuators (like springs) in two cylindrical 
enclosures equipped with two channels that can slide alonga length determined by the 
two bolts used to fasten the bone fragments. One of the enclosures is provided with a 
rectangular cut that serves to mount the temperature sensor. 
Materials used: 
1. Two Nitinol springs (www.memory-metalle.de) 
2.  Temperature Sensor TMP 02 (www.sparfun.com) 
3.  Sharp IR proximity sensor GP2D120XJ00F (www.sparkfun.com) 
4.  FSR type force sensor (www.interlinkelec.com) 
5.  PCI data acquisition and control Mega Arduino 2560 (www.arduino.cc) 
6.  PCI data acquisition and control with Arduino Duemilanove (www.arduino.cc) 
7.  DFRobot Relay Shield (ww.dfrobot.com) 
8.  Power supply AC/DC 220/5V, 30 A. 
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Fig. 43. The experimental layout used to measure the temperature and compression force 
generated by the Nitinol actuators which can be used in an external fixator device 

 

 
Fig. 44. The actuation scheme used in the experiment 

The board data acquisition and control Arduino Mega2560 is designed to collect information 
from temperature, displacement and force sensors and to return the information on a 
computer screen, where it can be stored and later processed to obtain graphs and charts 
characterizing the physical process. The Arduino board is programmed with code written in 
C/C++ and communicate with the computer via serial interface. The Arduino Duemilanove 
board also is loaded with a program, written in C/C++, which establishes the time interval 
for opening (actuator of Nitinol are supplied from the power source) or closing (power 
supply interruption, springs of Nitinol are allowed to cool) the DFRobot relay. The results 
are shown in Fig.45 
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Fig. 45. The evolution of the temperature and bone compression force in time 

5.9 In vitro experiment on the cadaver  
We carried out experiments on the humerus bone of a cadaver. 
The surgical technique is the following: One of the module was positioned on the proximal 
fragment. Using the drilling machine and the spiral, two channels in the cortical were made. 
Afterwards, two screws were mounted into the channels, making an assembly through 
which the implant was fixed to the bone. A similar approach involved the distal fragment of 
the bone. The second implant was positioned on the bone so it could be coupled with the 
first implant and, at the same time, to allow the longitudinal sliding of the two implants and 
of the two sectioned bones by 2 mm.  
 
 

  
a)   b)                                         c) 

 
d)                                                 e)                                             f) 

Fig. 46. Main stages of the surgical experiment on the humerus bone of a cadaver: a) 
establishing the fracture zone on the cadaver humerus; b) the skin is cut; c) the mounting of 
the modules; d) the initial coupling of the modules; d) the modules are coupled by two 
staples; f) the final assembly, before the skin closing. 
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After the second implant was mounted by means of the two screws, the implants were 
coupled by means of the Nitinol staple, which was previously cooled to -200C in a NaCl 
liquid solution kept in a refrigerator. By cooling, the staple is opened and driven into each of 
the two mounted modules. As the staple warms (possibly just upon heating to body 
temperature) the pins return to their original shape, pulling the fracture together, 
determining the translation of the modules and the separated parts of bone are compressed, 
reducing the risks of wrong orientation or additional bones callus.  Main stages of the 
surgical experiment on the humerus bone of a cadaver are presented in Fig.46. 
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1. Introduction   

1.1 Importance of understanding the mechanical behavior of cells  
Cells are the structural and functional units of all living organisms.  Cells are continually 
subjected to mechanical loads from a wide variety of sources.  It is known that normal 
cellular functions, including motility (Haga et al. 2000), differentiation (Titushkin et al. 
2007), and gene expression (Shieh and Athanasiou 2007) involve mechanical properties.  To 
date, studies have provided a biochemical framework for understanding the 
mechanotransduction processes and responses of cells to mechanical stimuli (Cohen et al., 
1997).  Nevertheless, it remains controversial as to how cells sense mechanical stimuli and 
trigger subsequent biochemical reactions.  Understanding these cellular behaviours and 
their underlying mechanisms could be advanced by exploring the mechanical properties of 
cells and the intracellular components that confer such mechanical properties. 

1.2 Previous studies on cellular mechanics 
To date, numerous studies have investigated the relationships between the mechanics of 
subcellular components and either the local (Wang, 1998; Titushkin et al. 2007) or the entire 
mechanical properties of the cell (Miyazaki et al., 2000; Nagayama et al., 2006).  Although 
these studies have provided valuable information for understanding cellular mechanics, the 
highly complex and heterogeneous structures of the subcellular components, such as 
cytoskeletal filaments, result in difficulties in understanding their behaviour.  For example, 
the diameter of actin filaments is of the order of submicrometers, actin filaments are 
connected to the cell membrane and other cytoskeletal filaments, and the subcellular 
components frequently interact.  Despite recent advances in imaging techniques, visualizing 
structural changes in actin filaments during cell deformation remains a challenging task. In 
this regard, no reported study has successfully measured the mechanical properties of cells 
while simultaneously observing the behaviour of subcellular components through 
quantification of their mechanical properties as a cell deforms.  Thus, it is not yet feasible to 
understand the mechanical properties of cells from the level of subcellular components, 
solely on the basis of these experiments. 
Computational approaches can complement the experimental studies of cell mechanics.  The 
currently developed computational approaches are classified into continuum and discrete 
approaches.  Continuum approaches assume that the smallest length scale of interest is larger 
than the dimensions of the microstructure.  Continuum approaches have been widely used to 
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describe how strains and stresses are distributed within a cell (Karcher et al., 2003; Vaziri et al., 
2007).  The disadvantage of a continuum model lies in its ability to deal with discrete 
components, such as cytoskeletons, making it difficult to interpret the mechanical behaviours 
and interactions with discrete components, and their contribution to the mechanical properties 
of a cell.  In contrast to the continuum approaches, discrete approaches treat the cytoskeleton 
as the main structural component and have been developed, in particular, to investigate the 
cytoskeletal mechanics in adherent cells (Satcher and Dewey, 1996; Stamenović et al., 1996).  
The microscopic spectrin-network model was developed for suspended cells, such as 
erythrocytes, to investigate the contribution of the cell membrane and spectrin network to the 
large deformation of red blood cells (Boey et al., 1998; Li et al., 2005).  The tensegrity model 
consists of stress-supported struts, which play the role of microtubules, and cable-like 
structures, which play the role of actin filaments (Ingber, 2003).  The tensegrity model depicts 
the cytoskeleton as a prestressed network of interconnected filaments, investigating the effects 
on cellular shape and stiffness (Stamenović et al., 1996).  Because the tensegrity model is quite 
conceptual and does not consider other cellular components, such as the cell membrane and 
cytoplasm, difficulties arise when relating its findings to the physical relationships between the 
mechanical properties of a whole cell and its subcellular components. 

1.3 Basic concept of the mechano-cell model 
The mechanical properties of a cell are the result of the structural combination of subcellular 
components, such as the cell membrane, nuclear envelope, and cytoskeleton.  To understand 
the underlying process of how these subcellular components contribute to the cell as a 
whole, it is essential to develop a cell model that displays continuum behaviour as a whole.  
Although one way to express the continuum nature of a cell is to use the continuum model, 
this has difficulties considering discrete elements, such as the cytoskeleton, which may 
reorient passively concomitant with cell deformation.  Thus, we depict a cell as an assembly 
of discrete elements, including a cellular membrane, in an attempt to express the continuum 
behaviour of the cell as a whole.  Using computational biomechanics in conjunction with 
experimental measurements, it should be possible to establish a new platform that helps to 
provide a more complete picture of cellular remodelling rather than the collection of 
information being solely dependent on the measurement technology. 

2. Development of the mechano-cell model 

2.1 Overview 
We have developed a cell model, termed the "mechano-cell," that is capable of simulating 
the mechanical behaviour of a cell (Ujihara et al. 2010a).  As shown in Fig. 1, the model  
 

Cell membrane (CM)

Nuclear envelope (NE)

Cytoskeleton (CSK)

 
Fig. 1. Overview of the mechano-cell model. 
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consists of the cell membrane (CM), nuclear envelope (NE), and cytoskeletons (CSKs).  The 
model changes shape such that the sum of the various elastic energies generated during cell 
deformation converges towards a minimum. 

2.2 Modelling of a cell membrane and a nuclear envelope 
The CM and NE are lipid layers, reinforced with cytoskeletal networks (Fig. 2).  The 
cytoskeletal networks are firmly anchored to the CM and NE via various transmembrane 
proteins and/or membrane-associated proteins.  It was thus assumed that the cytoskeletal 
network would not tear from the CM and NE. 
 

Lipid bilayer

Transmembrane protein Cytoskeleton
 

Fig. 2. Phase-contrast micrograph of a floating cell and schematic of the cell membrane 
structure. Scale bar = 10 μm. 

In this study, the mechanical nature of the cytoskeletal network was included in the model 
of the CM and NE.  The cytoskeletal networks beneath the CM and NE are known to resist 
in-plane deformation (stretch and area change), whereas the lipid bilayer is relatively 
permissive to in-plane deformation (Mohandas and Evans, 1994).  Moreover, the CM and 
NE within cytoskeletal networks resist bending because of their thickness. 
Spring network modelling was adopted to express the mechanical nature of the CM and NE 
(Wada and Kobayashi, 2003).  Figure 3(a) shows the networks of the CM and NE and Figure 
3(b) illustrates a magnified view of the triangular meshes.  The black dots on the vertexes of 
the mesh are nodes, and are linked by a spring of spring constant ks.  Neighbouring 
elements are connected with a bending spring of spring constant kb to prevent membrane 
folding.  ri is the positional vector of the node i, nl1 and nl2 are normal vectors to individual 
neighbouring meshes, and θl is the angle between nl1 and nl2.  The stretching energy Ws and 
bending energy Wb generated are modelled as 
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where Ns and Nb are the number of springs for stretching and bending, and L0j and Lj are the 
lengths of the spring in the natural state after deformation.  The tangent function is adopted 
in eq. (2) to infinitize the energy when the membrane is completely folded (θl = π).  By vector 
analysis, we rewrote eq. (2) as 
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The resistances to changes in the surface area of the whole membrane and to an area change 
of a local element are both modelled.  The former corresponds to the situation whereby lipid 
molecules can move freely over the cytoskeletal network, while the latter corresponds to the 
situation where movement of the lipid molecules is confined to a local element.  The area 
expansion energy WA is thus formulated as a summation of the energy due to a change in 
the whole membrane area and due to a change in the local area:  
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where A is the area of the whole membrane, subscript 0 denotes the natural state, and kA is a 
coefficient for the whole area constraint, Ae is the area of the element, ka is a coefficient for 
the local area constraint, and Ne is the number of elements.  The total elastic energy stored is 
thus expressed as: 

 j jj j
s AbW W W W    (5) 

where j denotes CM (j = c) and NE (j = n). 
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Fig. 3. (a) Mesh of the cellular membrane and nuclear envelope and (b) mechanical model of 
the cell membrane. 

2.3 Modelling of CSK 
As demonstrated in various studies (Wang, 1998; Nagayama et al., 2006), CSKs play a 
pivotal role in cellular mechanics.  The CSK consists primarily of actin filaments, 
microtubules, and intermediate filaments (see Fig. 4).  Here, these were modelled as CSK 
regardless of the type of cytoskeletal filament.  For simplicity, a CSK is expressed as a 
straight spring that generates a force as a function of its extension.  The energy WCSK 
generated is thus modelled as 

 2
0

1

1 ( )
2

CSKN

CSK CSK i i
i

W k l l


   (6) 

where kCSK is the spring constant of the CSK, l0i and li are the length of CSKi at the natural 
state and after deformation, and NCSK is the total number of CSKs. 
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(a) (b) (c)

 
Fig. 4. Confocal laser scanning micrographs of (a) actin filaments, (b) microtubules and (c) 
intermediate filaments in adherent fibroblasts. Scale bar = 50 μm. 

2.4 Interaction between the cell membrane and nuclear envelope 
The organelles and cytosol are present between the CM and NE.  The interaction between 
the CM and NE is expressed by a potential function with respect their distance apart.  Figure 
5 shows a conceptual diagram and potential function of the interaction between the CM and 
NE.  We define the potential energy Ψij between node i on the CM and node j on the NE as 
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where kn is a parameter to express the interaction between the CM and NE, and  
yij = (dij – d0)/d0, dij is the distance between node i on the CM and node j on the NE, and d0 is 
the difference in the radius between the CM and NE at their natural state.  The total 
potential energy Ψ is calculated by taking a summation of Ψij as 
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where c
nN  and n

nN  are the number of nodes on the CM and NE, respectively. 
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Fig. 5. Interaction between the cell membrane and nuclear envelope. 
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2.5 Minimum energy problem 
The shape of the CM and NE can be determined from the elastic energies of the CM, NE, 
and CSKs, and from the interaction between the CM and NE if we provide constraints on 
the volumes encapsulated by CM cV  and NE nV .  By vector analyses, energies (5), (6), and 
(8) are rewritten as functions of the positional vector of nodal points ri.  Thus, the shape of 
the CM and NE were determined as a minimum energy problem under a volume constraint.  
Mathematically, this is phrased as calculating the positional vectors that satisfy a condition 
such that the total elastic energy Wt is minimum, under the constraint that the volume cV  
and nV  are equal to 0

cV  and 0
nV   

Minimize Wt with respect to ri 

 Ψc n
t CSKW W W W     (9) 

subject to cV = 0
cV  and nV = 0

nV  

where superscript c and n denote the CM and NE, and subscript 0 denotes the natural state.  
A volume elastic energy WV is introduced as  
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where j denotes the CM (j = c) and NE (j = n), and kV is the volume elasticity. Including eq. 
(10) in the minimum energy problem, eq. (9) is rewritten as 

Minimize W with respect to ri 

 Ψc n c n
CSK V VW W W W W W       (11) 

2.6 Solving method 
A cell shape is determined by moving the nodal points on CM and NE such that the total 
elastic energy W is minimized.  Based on the virtual work theory, an elastic force Fi applied 
to node i is calculated from 

 i
i

W
 


F

r
 (12) 

where ri is the position vector of i.  The motion equation of a mass point with mass m on 
node i is described as 

 i i im  r r F   (13) 

where a dot indicates the time derivative, and  is the artificial viscosity.  Discretization of 
eq. (13) and some mathematical rearrangements yield 
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where v is the velocity vector, N is the computational step number, and  is an increment of 
time.  The position of node i 1N

i
r  is thus calculated from 
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2.6 Procedure for computation 
A flowchart for the simulation is illustrated in Fig. 6.  The flowchart has two iterative 
processes.  The external loop is a real-time process, while the internal loop is instituted to 
minimize the elastic energy by a quasi-static approach.  Based on the virtual work theory, an 
elastic force Fi applied to node i is obtained from eq. (12). It is followed by updating the 
positional vector r of the nodal points by eq. (15) and calculating the total elastic energy W.  
If a changing ratio of the total elastic energy W is smaller than a tolerance , the boundary 
conditions are renewed to proceed to the next real-time step.  If not satisfied, force F and 
positional vector rN of the nodal points are repeatedly calculated under the same boundary 
conditions. 
 

START

Update node position rN

Calculate the total elastic energy WN

Calculate F

Yes

No

t = t+δ

Update boundary conditions

Define parameters

N = 0

N = N+1

?
1

 

N

NN

W
WW

Internal loop 
(Quasi-static process)

Define the initial position of all nodes

External loop
(Real-time process)

 
Fig. 6. Flowchart for the mechanical test simulation. 

2.7 Parameter settings 
The CM and NE were assumed as spheres at their natural state, with a diameter of 20 m and 
10 m, respectively.  In the model, Ns and Nb = 519, c

nN  and n
nN  = 175, Ne = 346,  

NCSK = 200 and  = 1.0106 g/s.  For the CM, m = 1.010-9 g, ks = 5.6105 g/s2,  
kb = 9.0103 gm/s2, kA = 2.7107 g/s2, ka = 3.0106 g/s2, kV = 5.0106 g/(ms2).  For the 
NE, the mass was set to half of the CM, while the other parameters were set to double the CM. 
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The spring constants ks, kA, and ka were estimated by the tensile test simulations such that 
the elastic energy generated in the mechano-cell equaled the strain energy WD obtained 
when the CM was modelled as a continuum.  According to the theory of continuum 
mechanics, the strain energy WD is defined as 
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where Ne is the number of elements, Ae is the area of each element, and h is the thickness of 
the CM, eT = (Xe, Ye, XYe) is the strain vector of each element.  D is the elastic modulus 
matrix under a plane strain condition.  The parameters in eq. (16) were set to h = 0.5 m, 
elastic modulus of the CM ECM = 1000 Pa, and Poisson’s ratio v = 0.3 by reference to 
Feneberg et al. (2004) McGarry et al. (2004), and Mahaffy et al. (2004).  Note that the elastic 
modulus and Poisson’s ratio appear in the elastic modulus matrix D. 
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Fig. 7. Elastic energy of the in-plane deformations (Ws + WA) stored in the mechano-cell 
(solid line) and the strain energy WD obtained when the CM was modelled as a continuum 
(dashed line).  

The spring constant of the bending spring kb was determined such that the bending energy 
Wb calculated from eq. (2) at the initial state of the cell equaled the bending energy WB 
analytically calculated (Wada and Kobayashi, 2003).  Analytically, the bending energy WB of 
a sphere is given by  

 2
1 2

1 ( )
2BW B C C dA


   (17) 

where B is the bending stiffness and C1 and C2 are the principal curvatures.  Applying eq. 
(17) to the cell, allowing Ω to be CM and given that B = 2.010-18 J (Zhelev et al., 1994) and  
C1 = C2 = 1/R0 (R0 = 10 m, initial radius of a cell), it follows that kb = 9.0103 gm/s2. 
The spring constant of the CSK kCSK was set to 1.5106 g/s2, based on the elastic modulus of 
an actin bundle (Deguchi et al., 2005).  The CSKs were assumed to have a natural length 
when the cell was in its natural state.  The CSKs were chosen randomly from all possible 
candidates of CSKs that were made by connecting two nodes on the CM.  The spring 
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constants of the volume elasticity (kV) were determined to assure cell incompressibility.  
Because no data is presently available for kn, it was determined that the load-deformation 
curves obtained by the simulation, fit the range of the experimental data. 

3. Tensile tests 

3.1 Tensile tests  
The mechanical behavior of a cell during a tensile test was simulated. The tensile test was 
simulated by fixing the nodes of CM at one side, while moving those at the opposite side in 
the direction of cell stretching. 

3.2 Simulation results 
Figure 8 shows the deformation behaviour of a cell in the tensile test where a fibroblast is 
stretched, obtained by simulation of the model (left) and experimentally (right).  Similar to 
the experimental data, the simulation showed that the cell and nucleus were elongated in 
the stretched direction.  CSKs were randomly oriented prior to loading and were passively 
aligned in the stretched direction as the cell was stretched. 
 

Computational Experimental

Nucleus

Cell
Nucleus

CSK

Cell

(µm)0 10 20 30 40 (µm)0 10 20 30 40
 

Fig. 8. Snapshots of a cell during the tensile test simulation (left) and experimental system 
(right).  The scale is indicated at the bottom of the figure. 

Load-deformation curves obtained from the simulation and experimental systems are 
presented in Fig. 9.  Note that, in addition to the model with randomly oriented CSKs (Fig. 
8), the data obtained from the models with parallel-oriented, oriented, and perpendicularly 
oriented CSKs, in addition to with no CSK are presented for comparison.  The curve 
obtained from the simulation of the model with randomly oriented CSKs appeared to 
increase non-linearly.  The curve of the model with randomly oriented CSKs lay within the 
variation of the experimentally obtained curves (simulation = 0.48 μN, experimental = 0.43-
1.24 μN at 20 μm cell deformation).  Moreover, the curves obtained from the experiments 
were between the curve of the parallel-oriented model and that of perpendicularly oriented 
model.   
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Fig. 9. Load-deformation curves obtained from the simulation and experimental system 
(n = 10). 
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Fig. 10. Changes in cell stiffness of a model with randomly oriented CSKs with cell 
deformation. 

An increase in the cell stiffness with cell elongation is manifested from Fig. 10 that illustrates 
the cell stiffness (S) of a model with randomly oriented CSKs between 0–5, 5–10, 10–15, and 
15–20 μm deformation (D).  The cell stiffness (S) increased by ~1.5-fold as the cell 
deformation (D) increased from 0 to 15 µm, while decreases were evident if the cell was 
stretched further. 
The increase in cell stiffness with cell elongation is explained by the realignment of CSKs.  
Figure 11 provides a histogram of the existence probability of the orientation angles (Pθ) 
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of the CSKs of a randomly oriented model at a cell deformation (D) of 0, 10, and 20 µm.  
The CSKs at D = 0 µm were distributed uniformly over all angles.  With elongation of the 
cell, the distribution of the orientation angle of the CSK became skewed towards 0° (Fig. 
11), demonstrating that the CSKs tend to become passively aligned in the stretched 
direction.  This passive re-alignment gradually increased the elastic resistance of the 
whole cell against the stretched direction, causing the load-deformation curve to be non-
linear (Fig. 9). 
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Fig. 11. Histogram of the existence probability of the orientation angles Pθ of the CSK the 
randomly oriented model during a cell deformation (D) value of (a) 0, (b) 10, and (c) 
20 µm. 

Not all the CSKs were stretched as the cell elongated.  Figure 12 shows a histogram of 
stretch ratios Pλ of the CSK of the randomly oriented model at a deformation D of 0, 10, and 
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Fig. 12. Histogram of the stretch ratio Pλ of the CSK of the randomly oriented model at a cell 
deformation (D) value of (a) 0, (b) 10, and (c) 20 µm. 
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20 µm. As evident in Fig. 12 (a), the stretch ratio of all CSKs was 1 at a deformation D of 
0 µm.  Elongation of the cell resulted in the broadening of the distribution towards both 
positive and negative values of the stretch ratio, indicating that compressed, as well as 
stretched CSKs were present while the cell was stretched.  A combination of these stretched 
and compressed CSKs, in addition to the shapes of the CM and NE, determine the 
mechanical properties of the whole cell. Thus, although all subcellular components, 
including CSKs, are expressed by a linear elastic element, the cell as a whole appears to 
display clear non-linear deformation properties. 

3.3 Summary 
In this section, a cellular tensile test was simulated, using the cellular model, to investigate 
the effects of mechanical behaviours of the subcellular components on the mechanical 
properties of the cell.  Analysis of the mechanical behaviours of the CSKs showed that they 
were randomly oriented prior to loading, and tended to become passively aligned in the 
stretched direction.  These results attribute the non-linearity of the load-deformation curve 
to a passive reorientation of the CSKs in the stretched direction. 

4. Compressive tests 

4.1 Compressive tests 
A compressive test was simulated on the basis of the compressive experiment (Ujihara et al., 
2010b).  Contact between the plate and cell was assumed when a node on the CM came to 
within 0.01 μm of the plate.  Once contacted, the node was assumed to move together with 
the plate.  Spring constants to express the interaction between the CM and NE and the 
volume elasticity were set to 8.0105 gm/s2 and 5.0105 g/(ms2), respectively.  Other 
parameters were identical to those defined in Section 2.7. 

4.2 Simulation results 
Figure 13 presents snapshots of a cell during cell deformation, with values of D = 0, 4, and 8 
μm.  While the cell was initially spherical, as it compressed, it elongated vertically due to the 
Poisson’s effect by which a cell retains its volume.  The CSKs that were oriented randomly 
prior to loading appeared to be passively aligned in a direction perpendicular to the 
compression.   
 

D = 0 μm D = 4 μm D = 8 μm

 
Fig. 13. Snapshots of the mechano-cell model with CSKs during the compressive test. 
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Similar to the tensile test, the load–deformation curves of the model obtained by the 
simulation and experimental systems were assessed in Fig. 14.  Here, the results from a cell 
model in the presence or absence of CSKs are presented.  The load required to compress the 
model with CSKs was larger than that for the model without CSKs.  However, regardless of 
the presence of CSKs, the load increased non-linearly as the cells were compressed, similar 
to that observed in the experimental system.  The curve of the model with CSKs was within 
the variation of the experimental results. 
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Fig. 14. Load–deformation curves of the model with and without CSKs and the experimental 
system (n = 7). 

Compression induced an increase in the cell stiffness, as is evident in Fig. 15 that plots the 
stiffness S of the models with and without CSKs between 0–2, 2–4, 4–6, and 6–8 μm 
deformation (D).  Here, the stiffness (S) is defined as the slope of the load-deformation 
curve for every 2-μm deformation (D) from 0 to 8 μm, on the basis of the assumption that 
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Fig. 15. Stiffness of the models ± CSKs.  
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the curve is piecewise linear. Regardless of the presence of the CSKs, the stiffness was 
markedly elevated during cell compression.  The stiffness of the model with the CSKs at 
an interval of 2 μm was larger than that of the model without CSKs. Such an increase in 
cell stiffness correlated with the elevation of the mean orientation angle θ of all CSKs.  
Figure 16(a) shows that the mean θ elevated with cell deformation, indicating that the 
CSKs were passively oriented perpendicularly to the compressed direction.  
Concomitantly, the CSKs that were vertical were stretched as a result of the vertical 
elongation of the cell.  Consequently, the CSKs exerted a contractile force and gave rise to 
an increase in the resistance against the vertical elongation of the cell. This increase in 
resistance is reflected in the elevation of the stiffness of the whole cell.  With the progress 
of compression, a larger number of CSKs were inclined in the vertical direction, causing a 
gradual increase in the cell stiffness.  In support of this, a positive relationship between 
the mean orientation angle of the CSKs and the cell stiffness during cell compression is 
illustrated in Fig. 16(b). 
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Fig. 16. Plot of (a) the mean orientation angle θ of CSKs against the cell deformation D, and 
(b) the stiffness against the mean CSK orientation angle θ. 

4.3 Discussion and summary 
In this section, the mechano-cell model was used in a compression test.  The results 
addressed the significant contribution of the CSKs to the global compressive properties of a 
cell.  The passive reorientation of CSKs in a direction perpendicular to the compression gave 
rise to an increase in the elastic resistance against the vertical elongation of the cell, thereby 
increasing the stiffness of the entire cell against the compression. 

5. Other applications of the mechano-cell model 

In addition to the tensile and compressive tests, the mechano-cell model is capable of 
expressing the cell behaviour in mechanical tests to examine the local mechanical 
properties of a cell, including micropipette aspiration and atomic force microscopy, as 
exemplified in Figs. 17(a) and (b).  Moreover, the model can simulate the behaviour of an 
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adherent cell on a substrate (Fig. 17(c)).  Such a simulation may be useful in grasping the 
mechanical status of a cell during culture under mechanical loads, such as cyclic stretch of 
the substrate.  Further applications of the mechano-cell model are illustrated in Fig. 17(d) 
where the mechano-cell model was embedded in a tissue. Here, tissue behavior was 
described with continuum mechanics under the assumption of an isotropic linear elastic 
material, and the behaviours of the CSKs within a cell upon the stretch of a tissue were 
examined.  The combined use of the mechano-cell model with the continuum model will 
help achieve structural integration across the physical scales of biomechanical 
organization from CSKs to tissue. 
 
 

(a) Micropipette 
aspiration

(c) Substrate 
stretch

(b) Nano indentation

Tissue Cell Cytoskeleton

(d) Analysis of mechanical behaviors of cell and cytoskeleton in tissue

 
Fig. 17. Applications of the mechano-cell model.  

6. Summary 

In this study, we aimed to develop a cell model that mechanically describes cellular 
behaviour as an assembly of subcellular components, and its applications in exploring the 
relationship between the mechanics of the subcellular components and the global 
mechanical properties of a cell.  The model revealed how subcellular components alter their 
structure during cell deformation and demonstrated how such changes reflect the 
mechanical properties of the cell.  The model provided a physical interpretation of the 
relationships between cellular deformation, the mechanical properties of a cell, and the 
mechanical behaviour of the subcellular components. 
A deep understanding of the mechanical characteristics of the subcellular components 
will offer valuable insight into the structure-function paradigm.  However, it is hindered 
by the complex and heterogeneous structures of the subcellular components.  Despite the 
recent advances in imaging techniques, the visualization methods of the structural 
changes in the CSKs of living cells during mechanical tests have not been well established.  
Furthermore, it is challenging to quantify the contribution of individual subcellular 
components to the overall mechanical response of a cell, solely from experimental data.  
The mechano-cell model is expected to help overcome these experimental drawbacks.  
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The results described here address the use of the mechano-cell model in aiding our 
understanding of the behaviour of heterogeneous intracellular structures and the cell as a 
whole. 
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