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Going far beyond the coverage in most
standard books on the subject, Biomaterials
Science: An Integrated Clinical and
Engineering Approach offers a solid
overview of the use of biomaterials in
medical devices, drug delivery, and tissue
engineering.

Combining discussion of materials science
and engineering perspectives with clinical
aspects, this book emphasizes integration
of clinical and engineering approaches.
In particular, it explores various applications
of biomaterials in fields including tissue
engineering, neurosurgery, hemocompati-
bility, BioMEMS, nanoparticle-based
drug delivery, dental implants, and obstet-
rics/gynecology.

The book engages those engineers and
physicians who are applying biomaterials
at various levels to:
• Increase the rate of successful

deployment of biomaterials in humans
• Lower the side-effects of such a

deployment in humans
• Accumulate knowledge and experience

for improving current methodologies
• Incorporate information and

understanding relevant to future
challenges, such as permanent artificial
organ transplants

Using a variety of contributors from both
the clinical and engineering sides of the
fields mentioned above, this book stands
apart by emphasizing a need for the often
lacking approach that integrates these two
equally important aspects.

“This book is essential when designing, developing and studying biomedical materials.… provides

an excellent review—from a patient, disease, and even genetic point of view—of materials

engineering for the biomedical field. … This well presented book strongly insists on how the

materials can influence patients’ needs, the ultimate drive for biomedical engineering.  …[presents

an] interesting and innovative review from a patient focus perspective—the book emphasizes the

importance of the patients, which is not often covered in other biomedical materials books.”

—Fanny Raisin-Dadre, BioInteractions Ltd., Berkshire, England
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Foreword

Biomaterials science is a multi-disciplinary field. The book offers a good 
overview of biomaterials as medical devices, drug delivery and tissue engi-
neering systems. The emphasis is on integrating clinical and engineering 
approaches. In particular, the book covers various applications of bioma-
terials in unmet clinical needs in a variety of fields which include tissue 
engineering of musculoskeletal and cardiovascular tissues, neurosurgery, 
hemocompatibility, Micro-Electro Mechanical Systems (MEMS), nanoparti-
cle based drug delivery, dental implants, and obstetrics/gynecology. It also 
covers areas such as regulatory challenges and commercialization issues.

Robert Langer
Institute Professor

David H. Koch Institute for Integrative Cancer Research
Harvard-MIT Division of Health Science and Technology

Chemical Engineering Department
Massachusetts Institute of Technology

Summary

This book provides a comprehensive list of applications summarized as 
follows:

•	 Hemocompatibility. Overview of clinical and engineering integration 
and its role and importance; examples of stents and their c hallenges. 
This chapter discusses examples of special clinical states such as 
hypercoagulability in pregnancy and patient individual differences. 

•	 Nanoparticles. This chapter provides a review of drug delivery 
methods, challenges, and complications. These include various 
nanoparticle-based systems and their functionalization with target-
ing molecules for various applications.

•	 Neurosurgery/Neurology. This chapter provides a review of exam-
ples of devices and their integration barriers and complications. The 
challenges from a clinician point of view are discussed.

•	 Dental. Odontological – Engineering Integration. This chapter pro-
vides an insightful review on the need to combine clinical and mate-
rials engineering to design new materials for dental applcations. 
Various materials are described with their impact.
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•	 BioMEMS. Biological Micro-Electro-Mechanical-Systems. This chap-
ter provides a technological review of devices. A number of examples 
are described, as well as microdevices, materials, and integration 
challenges. 

•	 Tissue Engineering. Musculoskeletal description. This chapter 
provides methodologies for scaffolding in this area. Hydrogels are 
described for this purpose as well as the use of designated stem 
cells. Also, the use of electrospun nanofibers and supercritical CO2 
are described.

•	 Tissue Engineering. Cardiovascular application. This chapter pro-
vides methodologies for scaffolding. Hydrogels, polymeric porous 
scaffolding, biomaterial free tissue engineering and various stem 
cells are described.

•	 Obstetrics and Gynecology. Clinical integration. This chapter pro-
vides a comprehensive insight related to a number of issues in this 
field, including: fetal toxicity; understanding the histological, physi-
ological aspects; design of new materials and devices. A number of 
cases are described, including an example of clinical and engineer-
ing integration with a copper intrauterine device releases copper 
ions into the endometrium. 

•	 FDA. Regulation/Ethic. This chapter provides an overview of clini-
cal trials and regulation. The differences between various regulation 
administrations in the world are described. Radiological applica-
tions are also discussed. Excellent case studies are used.

•	 Commercialization. Transition. This chapter provides an under-
standing of market needs and transitioning into the market. 
Diagrams are used to describe a useful process to achieve market 
endpoints.

•	 Appendix. FDA references. This appendix provides relevant refer-
ences related to the regulatory processes. 

Janet Zoldan
Research Scientist

David H. Koch Institute for Integrative Cancer Research
Chemical Engineering Department

Massachusetts Institute of Technology
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1
Introduction

Yitzhak Rosen, Noel Elman, Emanuel Horowitz

Biomaterials science is a multi-disciplinary field. There are numerous fields 
involved in assisting in the research and development (R&D) of  biomaterials. 
These fields include, but are not limited to, materials engineering, clinical 
medicine, mechanical engineering, biomedical engineering, molecular cell 
biology, histology, bioethics, regulatory affairs, business administration, and 
commercialization transition.

These fields require an interactive approach, as one can contribute to 
the others, and vice versa. For example, an unmet clinical need will be an 
important driving force for the engineering approach. However, the imple-
mentation of biomaterials must impact important clinical parameters, which 
include mortality, morbidity, and quality of life. These parameters need to be 
used to question the indications for the use of the biomaterial; furthermore, 
these parameters can be used with additional biological and physiological 
data to improve the biomaterial or inspire research in the development of 
more innovative and relevant biomaterials. This is applicable as well for the 
implementation of biomaterials in biomedical devices and drug delivery 
systems.

We must take these possibilities into account as best as we can. For exam-
ple, a biomaterial used in a biomedical device may be implemented in a 
woman who eventually becomes pregnant. Pregnancy is a hypercoagula-
ble state with possibly a variety of mechanisms in place that may affect the 
hemocompatibility of that biomaterial and its implementation overall [1]. By 
understanding the physiological mechanisms of such special states as preg-
nancy, we may be able to develop better biomaterials that may be applicable 
to a wider patient population. The integrated approach may be simplified if 
we continually ask two critical questions:

•	 While listening to and understanding the patient, what is the patient 
telling us?

•	 Will the biomaterial and its implementation truly impact the mor-
bidity, mortality, and quality of life of the patient?
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The process involved in the clinical and engineering integration approach 
is a double-edged sword in terms of its complexity. It is complex, as patients 
can be quite different from one another. There are numerous diseases that 
have complex pathophysiological processes, and each patient may react dif-
ferently to these diseases. Each patient may also react differently to a bio-
material itself as well as to the implementation of a biomaterial in various 
clinical states. However, there is also a simplicity, which can be viewed as 
the certain overlap across many patients and disciplines. Listening to and 
understanding the patient is critical and will assist in elaborating this over-
lap. Therefore, a critical focus should be our patient.

There are already many books on biomaterials science. This book differs 
from existing books in that it emphasizes the need for the integrated clinical 
and engineering approach, an integration that often is lacking. To achieve 
this objective, the book includes a variety of contributors from many fields, 
including tissue engineering of musculoskeletal and cardiovascular tissues, 
neurosurgery, hemocompatibility, regulation, commercialization transi-
tion, micro-electro-mechanical systems (MEMS), nanoparticle-based drug 
delivery, dental implants, and obstetrics/gynecology. Some contributors are 
engineers, while others are clinicians. Furthermore, the areas of regulation 
and clinical trials have also been discussed, as these play a pivotal role in 
biomaterials science. In addition, commercialization transition has been 
addressed, as it plays an important role in how market needs, as defined by 
the aforementioned clinical parameters, assist in the research and develop-
ment of new biomaterials and their implementations. While it is beyond the 
scope of the book to encompass all fields of biomaterials, the book includes 
important examples dispersed throughout its chapters that emphasize the 
need for a clinical and engineering integration approach.

Based on our experiences, without this integration many critical R&D com-
ponents may be missed. Moreover, R&D resources may become squandered 
in addressing unnecessary issues. We may miss out on the possibilities 
of developing biomaterials that may fit a wider patient population need-
ing them. This approach continuously focuses on the patient and always 
attempts to answer these two critical questions, described herein, from the 
idea stage all the way to many years thereafter.

In Memory

This book is being dedicated to Professor Moshe Rosen, Ph.D., (RIP), 

father of Dr. Yitzhak Rosen. Professor Rosen was a Holocaust Survivor 

of a concentration camp, previous chair of the Department of Materials 

Science and Engineering at Johns Hopkins University, previous Rector 
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of Ben-Gurion University, loving husband of 45 years to wife Lea and father 

to three sons. By being exemplary to Dr. Yitzhak Rosen and many people, 

he has truly taught what it means to be a mensch (the Yiddish equivalent 

of being a man of noble character having social conscience, honor and 

integrity) and to do good deeds for the world at large, for all people [2,3].

Disclaimer: The material in this book, whether related to medicine or any 
other topic, should be verified as to its accuracy, currency, and preciseness 
by the reader. It should in no way replace any advice given by a medical pro-
fessional or any other professional. None of the information provided here 
should be a substitute for additional reading, advice, experience, or other 
relevant information in any topic discussed in this book.

References

 1. James AH, Grotegut CA, Brancazio LR, Brown H. 2007. Thromboembolism in 
pregnancy: Recurrence and its prevention. Semin Perinatol. June 31(3): 167–75.

 2. Leo Rosten (author), Lawrence Bush (editor). 2003. The New Joys of Yiddish. 
Completely Updated. Various Pagings. Three Rivers Press.

 3. http://www.merriam-webster.com/dictionary/mensch.
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2
Principles of Clinical and Engineering 
Integration in Hemocompatibility

Yitzhak Rosen, Noel Elman

Overview

Hemocompatibility, compatibility when coming into contact with blood, 
is  an important component of biocompatibility [1, 2]. It is also a great 
example where clinical and engineering integration is critical. Many 
life-saving devices come into contact with blood, whether permanently 
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or temporarily [1–3]. Therefore, in these types of devices, the hemocom-
patibility component can significantly influence the failure or success of 
a medical procedure. Any foreign material introduced into the body will 
impact the behavior of blood in some way; however, the ultimate objective 
is to minimize the incidence of thrombogenesis [1, 2, 60–62]. It has been 
suggested that an ultimate design of a biomaterial would be its ability 
to orchestrate desirable biological effects and then degrade without leav-
ing undesirable metabolites [4]. As far as hemocompatibility is concerned, 
much effort in biomaterials science has been done towards designing inert 
materials having a minimized reaction with platelets and coagulation 
 factors [1, 61, 62].

In order to understand hemocompatibility, it is as important to define 
what is incompatible. A suggested definition of incompatibility is a material 
that induces an unacceptable adverse reaction when placed in contact with 
blood for a specified time [1, 60–62]. The adverse reactions include the for-
mation of a thrombus, also referred to as a local blood clot, and a possible 
shedding of this clot, which will undesirably travel elsewhere as an embolus 
and have devastating effects, such as stroke [1–3]. It should be noted that any 
foreign material will cause some kind of reaction, whether local and/or sys-
temic, that may or may not be controllable [1, 2].

So why has a whole chapter in this book been dedicated to hemocompat-
ibility? The answers included the following:

 1. Many devices, particularly life-saving ones, come into contact with 
blood. They include catheters for blood access and manipulation, 
extracorporeal pump oxygenators, hemodialyzers, heart-assist 
devices, stents, heart valves, and vascular grafts [1–3].

 2. The future prospects of permanently implanted artificial organs will 
have to deal with this important subject [1].

 3. The future prospects of biodegradable implants, such as stents, that 
will come into contact with blood [26, 27, 60].

 4. The clinical indications of these devices are being modified by a 
more comprehensive research and development of improved hemo-
compatible devices [1, 2, 27].

 5. It has been realized that the use of the database of biological knowl-
edge from clinical medicine may result in the modification bioma-
terials, particularly in the area of surface modification, in order to 
make them more hemocompatible [1, 9, 30–32].

 6. There are synergistic effects from other venues, such as inflamma-
tion, that can affect hemocompatibility [1, 5–7]

 7. The need for a more comprehensive standard in both design and 
testing [1].
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 8. The need for careful examination of the contribution of adjunct 
therapies, such as oral systemic therapy, to the success and failure 
of the biomaterial and its implementation in a particular medical 
technology [2, 3, 8].

 9. The need for assessing the degree of contribution, or lack of contri-
bution, of factors such as individual genetic polymorphism and other 
individual specifications to the success or failure of the biomaterial 
[5, 6, 8].

 10. The need for long-term implanted devices and tissue-engineered 
products [1, 2, 60].

 11. The issue of contact time with blood may be a particularly important 
factor to consider regarding various biomaterials and their respec-
tive medical technologies [1, 2].

Interestingly, there is still a lack of consensus on testing standardization 
with respect to hemocompatibility. One reason for this is the need for a more 
comprehensive understanding of the physiological mechanisms leading to 
materials failure; furthermore, blood interactions have a complex, dynamic, 
and unpredictable behavior. There are a multitude of biomaterial–blood inter-
actions, many of them not fully understood. Therefore, evaluation of these 
interactions in order to achieve a complete regulatory consensus cannot be 
easily performed [1, 2, 60–62].

As with testing, the engineering process of surface modification of biomateri-
als also lacks consensus. This ultimately has clinical implications in choosing 
a specific approach for surface modification versus conservative treatments. 
Moreover, discussions about short- and long-term morbidity and mortality 
related to hemocompatibilities are taking place, questioning the indications for 
the minimally invasive implantations of medical devices, such as stents, hav-
ing direct contact with blood, as well as weighing advantages of stents versus a 
complete surgical coronary bypass procedure, for example [1, 2, 60–62, 64, 70].

It is beyond the scope of this chapter to encompass the many facets of 
 hemocompatibility. Instead of focusing on a myriad of details that can be found 
in other references, we have focused on particular principles and consider-
ations that should be taken into account when discussing biomaterials and 
hemocompatibility, albeit with a strong clinical focus. A key underlying prin-
ciple is to understand the patient’s needs. That is, by listening to the patient, 
we can ultimately create biomaterials that will have better hemocompatibil-
ity with superior indications for their implantation [2, 4]. In this chapter, we 
have chosen to focus specifically on cardiac stents as a reference point, as they 
represent an excellent multi-disciplinary example of clinical and engineering 
venues coming together, with several clinical trials. An important goal of this 
book is also to stimulate readers to suggest additional questions relevant in the 
field of biomaterials that integrate clinical and engineering approaches.
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Questions That Should Be Addressed

The integration of the clinical and engineering approaches also involves 
addressing important questions concerning hemocompatibility. Below is a 
short list that we suggest readers use throughout this chapter. It is recom-
mended, however, to expand on this list when reading this book and to think 
how the principles of integration can be implemented for each question.

 1. What relevant database of knowledge in clinical medicine do we 
need in order to improve the biomaterial, particularly for surface 
modification purposes? [8, 27]

 2. What are the risk-management issues, that is, benefit versus risk, 
involved? [1, 2, 7, 8, 27]

 3. What systems are involved where clinical and engineering integra-
tion is needed to improve the biomaterial (inflammatory, blood, etc.)? 
[1, 8, 19, 16, 27]

 4. How long does the biomaterial need to be in contact with blood? [1]
 5. What can we learn by listening to and understanding the patient? [2]
 6. What is the patient saying to us about him- or herself, the biomateri-

als, and their implementation? [1]
 7. Can the biomaterial orchestrate desirable biological functions and 

then degrade into desirable metabolites? [3, 60]
 8. How do we address the limiting conditions of keeping the biomaterial 

and its relevant medical technology in the body? [1, 4–6, 9, 16, 27, 53, 60]
  9. What concomitant complicating conditions, also known as “special 

clinical states,” need to be addressed? [3, 10–15, 33–46]
 10. How do we deal with the change of influences by the body once the 

system is implanted? [1, 3]
 11. Can the system be modified during its presence in the body when 

these special states or any other changes arise? [1, 4–6, 9, 16, 26, 27, 30, 
53, 54, 56]

 12. While integrating the engineering and clinical approaches, how do 
we advance towards a better standardization testing methodology? [1]

 13. What are the short-term and long-term morbidity and mortality 
issues involved? [1]

 14. What can we learn from the end-points of clinical trials to improve 
the biomaterial? [27, 57–59]

The Patient

The patient’s needs represent the most important aspect when addressing 
hemocompatibility and biomaterials. Ultimately, the patient determines the 
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validity of the biomaterial. It is therefore critical that when designing bioma-
terials, we take into account various considerations that focus on the patient 
[1, 27, 60]. There are enormous individual differences, yet we can attempt 
to better characterize and classify certain similarities among patients that 
may explain the successes and failures of a biomaterial once implanted into 
a patient [1, 3, 9, 17–23].

Stratifying patients can allow us to achieve several important objec-
tives with respect to the biomaterial being implemented in a particular 
medical technology. First, better patient selection, according to relevant 
risk factors inherent to the patients, can allow a higher success rate in 
a targeted patient population in terms of the hemocompatibility of the 
biomaterial. Such factors can include predispositions to thrombogenesis 
due to inherent biological factors such as polymorphisms of inflammatory 
factors and genetic resistance to anticoagulation adjunct therapy [2, 22–24]. 
Second, by distinguishing the factors that do or do not contribute to the 
success of the biomaterial, we can achieve additional targets for future 
surface modification of the biomaterial. This would allow us to enlarge the 
targeted patient population. Yet we must be aware that while the attempts 
must continue to better stratify patients, individual patient differences can 
still occur [2].

Genetic Polymorphism and Individual 
Variability: Focus on Cardiac Stents

Genetic polymorphism has a critical influence on the development of 
thrombosis as well as on the specific treatment response, in that it affects 
the efficacy and safety of drugs used in the treatment and prevention of 
thrombosis. Genetic polymorphism may impact the systemic and local 
response to the surface modification of a biomaterial [2, 6, 22–24]. Cardiac 
stents are an example where the impact of genetic polymorphism and 
individual variability can be seen [4, 6, 22–24]. The characterization of 
inflammation as an important factor of stent restenosis has assisted in 
identifying several culprit genes that may impact thrombosis [4, 6]. Much 
effort is continuously being allocated to preventing thrombosis by mini-
mizing local inflammation and, the proliferation of particular cells, such 
as smooth cells, by the use of drug-eluting stents that carry agents that 
prevent smooth-cell proliferation. At the same time, a confluent layer of 
endothelial cells is needed within the lumen of the stent to prevent throm-
bosis [1, 6, 8, 16–21, 27, 50, 60]. In this section, we will discuss the multiple 
targets of genetic polymorphisms that have demonstrated predisposition 
to thrombosis with respect to cardiac stents.
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CardioGene Study

A large study called the CardioGene Study was created under the auspices 
of the National Heart, Lung and Blood Institute to further understand the 
factors involved in in-stent restenosis (ISR) in bare mental stents (BMS) for 
the treatment of coronary artery disease. The overall goal of the study was 
to understand the genetic determinants of the responses to vascular injury 
that result in the development of restenosis in some patients but not in oth-
ers. In this study, global-gene and protein-expression profiling were used to 
define the molecular phenotypes of patients. Well-defined clinical pheno-
types were paired with genomic data to define analyses in order to deter-
mine blood gene and protein expression in patients with ISR, investigate the 
genetic basis of ISR, develop a predictive gene and protein biomarkers data-
base, and identify new targets for treatment. Interestingly, the implications 
of such a study for biomaterials science can include the following:

•	 Identifying which patients would less likely benefit from treatment 
despite a relatively inert biomaterial.

•	 Identifying new targets to be used for surface modification.
•	 Providing alternative solutions that emphasize thrombogenic prop-

erties of predisposed patients carrying polymorphisms—which may 
also be helpful for patients without these types of polymorphisms.

Such databases can have enormous potential for improving surface modi-
fication of biomaterials in a variety of settings [8].

One potential application of genetic polymorphism testing has been 
found in the use of drug-eluting stents (DES). DESs, while reducing in-stent 
restenosis after percutaneous coronary intervention (PCI), have been associ-
ated with late stent thrombosis. No accurate method of predicting in-stent 
restenosis has been found; it should be noted that several risk factors for 
atherosclerosis do overlap with those for in-stent restenosis. In addition, 
atherosclerosis candidate genes have been investigated for their possible 
association with in-stent restenosis [2, 16–24].

Polymorphisms in Inflammation and Proliferation 
Effects on In-Stent Stenosis

Polymorphisms related to proliferation and inflammation may contribute to 
in-stent stenosis. Inflammatory activities as well as proliferation of particular 
cells such as smooth muscle cells can contribute to in-stent stenosis. These 
effects are related to vascular remodeling after procedures, such as percuta-
neous coronary stent implantation, that frequently lead to stenosis. One par-
ticular enzyme, heme oxygenase 1 (HO-1), is involved in the generation of the 
endogenous antioxidant bilirubin and carbon monoxide, both of which have 
anti-inflammatory and antiproliferative effects. Gulesserian et al. showed 
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that the long allele of the HO-1 gene promoter polymorphism, which leads 
to low HO-1 inducibility, may represent an independent prognostic marker 
for restenosis after PCI and stent implantation. Interestingly, the effect of this 
particular allele, with more than 29 repeats, is attenuated in smokers, who 
have chronic exogenous carbon monoxide exposure [4].

Interleukin (IL)-10 is an important component in the inflammatory 
response. The Genetic Determinants of Restenosis (GENDER) study by 
Monraats, which included 3,105 patients treated with percutaneous inter-
vention stent deployment, has indicated that genetic variants in IL-10 may 
predispose to the risk of restenosis. The primary end-point of this study 
was target-vessel revascularization. Genotyping of the –2849G/A, –1082G/
A, –592C/A, and +4259A/G polymorphisms of the IL-10 gene was assessed 
along with adjustment for clinical variables. It was demonstrated that three 
polymorphisms significantly increased the risk of restenosis. The results of 
this study also indicated that the association of the IL-10 gene with reste-
nosis was independent of flanking genes. Monraats et al. concluded that 
IL-10 is associated with restenosis; furthermore, Monraats et al. suggest 
that anti-inflammatory genes also may be involved in developing resteno-
sis. Finally, the authors suggest that a new targeting gene may be used to 
improve drug-eluting stents [22].

Monraats et al. in another study examined the polymorphisms of genes for 
caspase-1, interleukin-1-receptor, and protein tyrosine phosphatase nonre-
ceptor type 22, which are important mediators in the inflammatory response. 
Caspase-1 is also important in apoptosis, programmed cell death. Patients 
with the 5352AA genotype in the caspase-1 gene showed an increased risk 
of developing restenosis of stents. Monraats et al. suggest that the possibility 
of screening patients for this genotype may lead to better risk stratification 
and provide indications for improving individual treatment in addition to 
providing a new target for drug-eluting stents [6].

Shah et al. identified 46 consecutive cases of PCI with bare-metal stents 
where the patients subsequently developed symptomatic in-stent restenosis 
of the target lesion (>/= 75% luminal narrowing) within 6 months. Moreover, 
46 matched controls with respect to age, race, vessel-diameter, and gender 
without in-stent restenosis after PCI with bare-metal stents were also iden-
tified. Single-nucleotide polymorphisms from 39 candidate atherosclerosis 
genes were genotyped for this study. Interestingly, ALOX5AP, a gene within 
the inflammatory pathway involving chemical inflammatory mediators 
called leukotrienes and linked to coronary atherosclerosis, has been shown 
to be associated with in-stent restenosis [9].

Polymorphisms that may contribute to thrombotic events may not 
always predict an increased rate of these same kinds of events with bio-
materials. For example, polymorphisms of receptors involved in plate-
let adhesion and aggregation-modulating platelet thrombogenicity and 
found to predispose to premature arterial thromboses in individuals at 
risk are not necessarily correlated with acute stent thrombosis. Sucker 
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et  al., comparing the genotype prevalence of respective polymorphisms 
in patients with acute coronary stent thrombosis and healthy control sub-
jects, did not find an increased risk of carriers of prothrombotic variants 
of platelet receptors for this complication [5]. However, being aware of the 
existence of such variations and delving into the exact causes of in-stent 
stenosis can ultimately assist in creating enhanced stents with minimized 
in-stent stenosis [2, 5, 8, 9].

Platelet Receptor Genes

It has been suggested by Rudez et al. that a common variation in the plate-
let receptor gene P2Y12 may serve as a useful marker for risk stratification 
for developing restenosis after percutaneous coronary interventions (PCI). 
Common variations in the P2Y12 gene were assessed by genotyping five 
haplotype-tagging single-nucleotide polymorphisms (ht-SNPs). These were 
assessed in 2,062 PCI-treated patients who received a stent. These patients 
participated in the Genetic Determinants of Restenosis (GENDER) Study. 
Target vessel revascularization (TVR) was assessed here, too. The study 
demonstrated that common variation in the P2Y12 gene can predict resteno-
sis in PCI-treated patients [23].

Adjunct Therapy Resistance Stratification

Clopidogrel is a P2Y12 receptor blocker agent used to reduce the risks of 
acute coronary syndromes and considered an important adjunct therapy for 
stent deployment together with aspirin, yet clopidogrel-resistance genotypes 
may occur. It is important to realize that adjunct therapy resistance may be 
an important contributor to biomaterial failure in selected patients. This 
should also be taken as a consideration when assessing novel biomaterials 
and their applications [2, 7, 23, 24, 63].

Common variation in the P2RY12 gene has been demonstrated to be a 
significant determinant of the inter-individual variability in residual on-
clopidogrel platelet reactivity in patients with coronary artery disease. This 
was corroborated in a study by Rudez et al. of 1,031 consecutive patients 
with coronary artery disease scheduled for elective percutaneous coronary 
interventions [23].

 Clopidogrel is mentioned here since it plays an important role in adjunct 
systemic therapy together with aspirin for the success of stent deployment 
[2, 67, 68]. However, it should be noted that there are individual differences 
when clopidogrel is used that may influence the failure or success of a stent 
deployment. Price et al. have shown that platelet reactivity in clopidogrel 
therapy, as measured by a point-of-care platelet function P2Y12 assay, is 
associated with thrombotic events after percutaneous coronary intervention 
(PCI) with drug-eluting stents (DES). Moreover, high post-treatment plate-
let reactivity measured with a point-of-care platelet function assay has been 
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associated with post-discharge events after PCI with DES, including stent 
thrombosis. The authors suggest that the investigation of alternative clopido-
grel dosing regimens to reduce ischemic events in high-risk patients identi-
fied by this assay is warranted [67, 68].

The example of clopidogrel was presented for several reasons. Since 
clopidogrel is used as an adjunct systemic therapy after stent deployment, 
its individual variability, which may be assessed by platelet receptor poly-
morphism, may influence the risk of thrombotic events [8, 24]. Furthermore, 
this assessment may further assist in deciding whether resistance to adjunct 
therapy rather than the biomaterial alone may play a role in the risk for 
thrombosis [2, 24, 67, 68].

Endothelial Cell Trafficking Stratification

Identifying which patients may benefit from the biomaterial and its relevant 
medical technologies is critical. In fact, careful patient selection with exclusion 
and inclusion criteria for a particular intervention is often done in clinical med-
icine. An important reason for such patient selection is to address risk versus 
benefit [1, 2]. The example below underlines how patient selection according 
to progenitor endothelial cells capabilities can be influential in the success 
or failure of implanting a cardiac stent. Endothelial cells, which line the vas-
culature as a monolayer, play a critical role in the implementation of cardiac 
stents. They express and excrete a variety of molecules that regulate vascular 
tone, permeability, inflammation, thrombosis, and fibrinolysis, all of which 
are important components in hemocompatibility. They are also involved in 
wound repair. The expression levels of these molecules change according to 
interactions with the surrounding extracellular matrix and a variety of periph-
eral cells. They are also a target for pharmacological agents. Interestingly, a 
failure to re-endothelialize and form a confluent layer on the lumen of the 
stent is thought to be responsible late (>30 days) thrombosis of cardiac stents.

A clinical study performed by Georges et al. [69] suggests that the char-
acteristics and numbers of circulating endothelial progenitor cells have a 
potentially important impact on stent restenosis. Patients with angiographi-
cally demonstrated in-stent restenosis were compared with patients with 
a similar clinical presentation that exhibited patent stents. Both groups of 
patients had similar medication administration that could potentially influ-
ence endothelial progenitor numbers. Their characteristics were determined 
by the colony-forming unit assay, endothelial-cell markers, and adhesive-
ness. Interestingly, patients with in-stent restenosis and with patent stents 
displayed a similar number of these cells. However, fibronectin-binding 
was compromised in patients with in-stent restenosis compared with their 
controls having patent stents. Furthermore, patients with diffuse in-stent 
restenosis exhibited reduced numbers of cells in comparison with subjects 
with focal in-stent lesions. The authors conclude that an intact endotheli-
alization machinery is important for vessel healing after stent placement 



14 Biomaterials Science: An Integrated Clinical and Engineering Approach

and as a means of preventing restenosis; moreover, their ability to traffic to 
damaged vasculature is an important characteristic that could affect stent 
restenosis. Interestingly, the authors point out a potential, future-risk strat-
ification using such markers and related characteristics of these cells for 
the likelihood of patients developing in-stent restenosis. Furthermore, this 
study emphasizes the need for a careful selection of patients for whom such 
a biomimicry should take place.

These preliminary results can lead to the following:

 1. Identification of markers to carefully select patients as candidates for 
successful stent deployment, as George et al. suggest

 2. Identification of cell markers, such as surface ligands, that are needed 
for adhesion of endothelial cells

 3. Immobilization of these markers and/or their relevant counter-
parts on stents for both patients with their deficiencies as well as for 
patients with no deficiencies to enhance adhesion

In summary, the work by George et al. corroborates the importance in the 
success of stent deployment of creating a careful pre-selection of patients by 
predefined criteria that can be measured by assays [69].

Special Clinical States

There are several clinical states where hemocompatibility may be modified. 
It is important to be aware of these states, as many patients may be facing 
them at some point in time. This section will focus on some of the common 
ones, such as pregnancy, cancer, and autoimmune states. It should be noted, 
however, that hypercoagulability can be inherent and be acquired in many 
other ways. Understanding these special clinical states will aid in further 
optimizing hemocompatibility designs [34–46].

Pregnancy

Pregnancy is considered to be a hypercoagulable state and a risk factor for 
deep venous thrombosis (DVT). The risk for DVT is further increased when 
personal or family history of thrombosis or thrombophilia exists. Venous 
thromboembolism, a phenomenon which includes both deep venous throm-
bosis (DVT) and pulmonary embolism (PE), complicates an estimated 0.5 to 
3.0 pregnancies per 1,000. Thromboembolism is a leading cause of maternal 
death in the United States, and therefore this risk requires careful evalua-
tion [2, 33, 35, 36, 38–41].
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 Hypercoagulability of pregnancy is caused by modifications in the plasma 
levels of many clotting factors. Fibrinogen can be increased up to 3 times 
the normal value while protein S, a physiological anticoagulant, decreases. 
Thrombin also increases. Protein C and antithrombin III are not predisposed 
to change. An impairment in fibrinolysis due to an increase in plasminogen 
activator inhibitor-1 (PAI-1) and the placenta-synthesized PAI-2 is observed. 
These changes have been suggested to be a preparation for the prevention of 
bleeding during labor [33, 35, 36, 38–41].

Other etiologies for hypercoagulability of pregnancy have also been 
pointed out. Venous stasis can be a culprit, and may occur at the end of the 
first trimester, from enhanced distensibility of the vessel walls by hormonal 
effect as well as prolonged bed rest. Acquired etiologies include antiphos-
pholipid antibodies, as in systemic lupus erythematosis, which can exist 
before pregnancy. Congenital etiologies that can cause hypercoagulability in 
pregnancy and in the general population include factor V Leiden mutation, 
prothrombin mutation, protein C and S deficiencies, and antithrombin III 
deficiency [2, 33–41].

Pregnant women with prosthetic valves have an increased incidence of 
thromboembolic complications. An important consideration is adequate 
and effective antithrombotic therapy. Among other important consideration 
to take into account here is the ability of a therapeutic agent to cross the 
placenta and cause harm to the fetus. Warfarin, for example, is known to 
cross the placenta. Since warfarin use in the first trimester of pregnancy is 
associated with a substantial risk of embryopathy and fetal death, warfarin 
is typically stopped when a patient is trying to become pregnant or when 
pregnancy is detected. Typically, heparin, particularly low-molecular-weight 
heparin, is used alternatively and does not typically cross the placenta. This 
treatment may be continued until delivery [33–41].

When assessing biomaterials, it is important to take into consideration such 
hypercoagulable states and their underlying physiological mechanisms, as 
many patients can have these concomitant conditions. Suggestions would 
include using models with these coagulation changes to assess these condi-
tions, especially where a specific need for a particular medical device during 
this condition should arise. Furthermore, altering the coagulation concentra-
tions in order to define a pregnancy-related model may introduce interesting 
and insightful information as a whole for innovative surface modifications of 
biomaterials [1, 2, 33–41].

Autoimmune States

There are many autoimmune states in which the body produces antibod-
ies against a variety of antigens. One of the problems that may be faced 
in these states is hypercoagulability. One particularly noteworthy state is 
the antiphospholipid syndrome (APS), which is the most common acquired 
thrombophilia, characterized by venous and arterial thrombosis, recurrent 
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pregnancy loss, and various other clinical manifestations in the presence of 
antiphospholipid antibodies (aPL) [2, 13, 14]. This syndrome can also per-
turb the function of endothelial cells, which are important in forming a 
confluent layer within the lumen of the stent in order to minimize in-stent 
stenosis. Similar to other autoimmune diseases, the etiology of APS has 
been suggested to occur from a combination of genetic and environmental 
factors [2, 13, 14, 42–46].

One important interaction related to thrombosis is that of aPL with endothe-
lial cells (EC). It has been demonstrated that aPL antibodies active endothelial 
cells in vitro as an enhanced expression of adhesion molecules on human 
umbilical vein endothelial cells along with enhanced monocyte adherence to 
ECs in vitro. The adhesion molecules that have been demonstrated to show 
increased expression include intercellular cell-adhesion molecule-1 (ICAM-1), 
vascular cell adhesion molecule-1 (VCAM-1), and (E-selectin) [14, 42–45].

The perturbance of ECs in APS has been demonstrated in a clinical study 
by Cugno et al. This study assessed the plasma levels of soluble adhesion 
molecules (s-ICAM-1, s-VCAM-1, s-E-selectin), soluble thrombomodulin 
(sTM), von Willebrand factor (vWF), and tissue plasminogen activator (tPA) 
using solid-phase assays in 40 selected APS patients as well as 40 healthy 
subjects matched accordingly by age and sex. Circulating endothelial cells 
by flow cytometry and brachial artery flow-mediated vasodilation were also 
evaluated. Their results indicated no noteworthy difference in plasma levels 
of sTM, s-E-selectin, and s-VCAM-1 between the APS group and controls dif-
fer. However, a significant increase in s-ICAM-1 (P = 0.029), t-PA (P = 0.003), 
and vWF titres (P = 0.002) was observed along with significantly higher lev-
els of circulating mature endothelial cells in patients (P = 0.05), which were 
decreased when vitamin K antagonists and antiplatelet treatments were 
administered to the APS patients group. In addition, it was demonstrated 
that mean brachial artery flow-mediated vasodilation responses were sig-
nificantly impaired compared with those of healthy subjects (P = 0.0001) [42].

It is evident that the function of ECs can be impaired in APS. Much can be 
learned about ECs in the APS milieu [14, 42, 43]. Enhanced characterization 
of ECs in a variety of clinical settings may lead to a better understanding of 
their role and variability in these settings. This knowledge may be re-applied 
to attempt to improve surface modification in biomaterials, particularly in 
cardiac stents, in order to better assist ECs to form a confluent layer within 
cardiac stents to minimize in-stent thrombosis [1]. That is, more potential 
targets may be identified for enhanced surface modification of biomateri-
als [1,8]. That may assist in developing a biomaterial accessible for a larger 
patient population that would otherwise not be able benefit from biomateri-
als implanted in their bodies [1].

Since autoimmune states may develop at different ages, it is important 
to know of their existence and the hypercoagulability potential that may 
occur in autoimmunity such as APS. For example, a patient with APS 
implanted with a biomedical device with a specific biomaterial may be 
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more prone to thromboembolic phenomena [1, 43–46]. A variety of modifi-
cations in the coagulation system may affect the blood–biomaterial interac-
tions and should be considered. Therefore, an enhanced characterization 
of the blood–biomaterial interactions in autoimmune models may ulti-
mately lead to the development of an enhanced surface modification of the 
biomaterial [1].

Cancer

Cancer can lead to an acquired thrombophilic condition associated with 
a significant risk of thrombosis. Both venous and arterial thromboembo-
lism are common complications for patients with cancer, who also present 
with a hypercoagulable state. The hypercoagulability, also referred to as the 
prothrombotic state, of malignancy is due to the ability of tumor cells to 
activate the coagulation system and cause a variety of associated clinical 
symptoms [2, 10–12].

There are multifactorial pathogenesis mechanisms for thrombosis in can-
cer. An important one is attributed to the tumor cells’ capacity to interact 
with and activate the host hemostatic system cells, which can produce and 
secrete substances that have procoagulant substances and inflammatory 
cytokines. Tumor cells can allow physical interactions between themselves 
and a variety of other cells, which can include monocytes, platelets, neutro-
phils, and vascular cells. The generation of acute-phase reactants, abnor-
mal protein metabolism, hemodynamic compromise, and necrosis can also 
promote thrombus formation. Anticancer therapies such as surgery, che-
motherapy, and hormonal therapy can also assist in inducing procoagulant 
release, endothelial damage, and stimulation of tissue factor production by 
host cells [2, 10–12, 15].

One interesting example of hypercoagulability of malignancy was shown 
with non-small cell lung cancer (NSCLC), which comprises of 75% of all lung 
cancers. Here, it was shown that human full-length tissue factor (flHTF), 
the physiological initiator of blood coagulation, is aberrantly expressed in 
certain solid tumors. Furthermore, flHTF and its soluble isoform, alterna-
tively spliced human tissue factor (asHTF), have been shown to contribute to 
thrombogenicity of the blood of healthy individuals [15]. It would be inter-
esting to see what the variability of the expression of this factor in blood-
biomaterial interaction and assess its role in biomaterial hemocompatibility 
failure at different timelines of contact with blood [1, 15].

Cancer is quite prevalent in society and thus should be used as a model to 
assess the thrombogenicity of a biomaterial. As in the case of antiphospho-
lipid antibodies, a more thorough investigation is needed in order to better 
understand how cancer cells interaction with the various coagulation fac-
tors and assess biomaterial–blood interactions [1, 2, 10–13, 15]. Interestingly, 
existing evidence does not suggest a mortality benefit from oral anticoagula-
tion in patients with cancer, because of the increased risk of bleeding. The 
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potential complications of thrombosis after having a biomaterial implanted 
are, however, evident [1, 2, 10–12, 15].

Biodegradable and Bioabsorbable Cardiac Stents

It is important to distinguish between biodegradable and bioabsorbable 
cardiac stents. When using cardiac stents as a reference point, biode-
gradable stents can refer to polymer-based stents that can degrade and 
have their by-products assimilate into the body [25, 27, 60]. There are 
exceptions, where a polymer such as polylactic acid undergoes a degra-
dation of the polymeric chemical backbone, which is controlled mainly 
by simple hydrolysis and is independent of a biological mediation 
[1, 25, 27, 28, 60]. Corrodible metallic stents have been considered bioab-
sorbable, as they directly assimilate into tissues rather than truly degrade 
[27, 47–49, 51–53, 55, 60].

A variety of biomaterials exist for these stents. Two metals proposed 
for bioabsorbable stents include Mg-based and Fe-based alloys [50–52, 
54–56, 60]. Additional suggested materials involved in clinical evaluation 
have included poly-L-lactic acid (PLLA), polyglycolic acid (PGA), poly (D, 
L-lactide/glycolide) copolymer (PDLA), and polycaprolactone (PCL) [51–60].

The potential advantages are enormous in terms of hemocompatibil-
ity, assuming that there are minimal initial thrombogenic events and the 
material can produce its desired mechanical results for the necessary 
period of time. It is evident that fully biodegradable/bioabsorbable plat-
forms are attracting both clinical and research interest. As mentioned 
previously, a biomaterial can be designated to orchestrate a necessary 
event and then degrade into absorbable constituents. The main question is 
whether these events can be achieved as intended. For example, for stents, 
it has been questioned how material parameters such as the elastic modu-
lus, yield strength level, and material hardening all influence stent recoil 
and collapse. Yet biodegradability has shown its success in various animal 
studies, showing that these stents suggested less neointimal thickening, 
thrombosis, and inflammation while retaining an adequate radial force 
[60, 64–66].

A fully biodegradable or bioabsorbable stent, particularly in a drug-
eluting stent scenario, would need several important features. A con-
trolled, sustained drug release is required when using drug elution. 
Sufficient mechanical strength and structural functionality must be 
maintained in order to prevent negative vessel remodeling, as well as 
to avoid stent deformity and potential strut fractures. Compatibility 
with non-invasive coronary angiography is needed in order to maintain 
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follow-ups. No residual stent prosthesis in the area should be present once 
biodegradability is completed. No potential adverse reactions with the 
coronary artery should take place. Vasomotion restoration of the artery is 
necessary [1, 27, 51–62].

Should Cardiac Stents Be Biodegradable/Bioabsorbable?

Overview

The injured vessel, after percutaneous coronary intervention, can  necessitate 
scaffolding. There has not been a consensus about the necessary time for 
such a scaffolding. Current DESs have demonstrated their capacity in pro-
viding scaffolding for injured vessels and limiting in-stent restenosis. 
Typical permanent polymers used in sirolimus- and paclitaxel-eluting stents 
include poly(ethylene-co-vinyl acetate), poly(n-butyl-methacrylate), and 
poly(styrene-b-isobutylene-b-styrene) [17–21, 60, 65].

There have been long-term safety concerns about the permanent nature 
of the stent material and polymers. Several noteworthy adverse effects that 
occur with DES include delayed healing, endothelial dysfunction, chronic 
arterial-wall inflammation, impaired neointimal formation, and late-
acquired stent malapposition [9–15, 64]. In addition, particularly serious 
concerns are late and very late stent thrombosis, which appear long after 
stent deployment. These can lead to severe clinical outcomes, including 
death [2, 47, 48, 50–60, 64, 65].

The durable polymers used in DES have been shown to provoke an inflam-
matory response in animals, such as giant cell infiltration around the stent 
struts, and progressive granulomatous and eosinophilic reactions. These 
reactions can increase beyond the first year. Chronic inflammation may 
decrease efficacy [60, 64–66]. Reports of increased rate of endothelial dys-
function after DES implantation compared with bare-metal stent (BMS) 
implantation have given impetus to considering biodegradable and bioab-
sorbable options for cardiac stents [2, 16–21, 57–60].

Moreover, these effects can increase the incidence of very late stent throm-
bosis, a rare event, after DES implantation [16–21]. In addition, delayed loss of 
anti-restenotic efficacy has also been observed with the early DES technolo-
gies [22, 23]. Chronic arterial-wall inflammation and endothelial dysfunction 
may be associated with the increased rate of target vessel revascularization 
at a late stage, which has been found particularly in patients with complex 
lesions, including those with diabetes [24, 25].

Among the biodegradable polymers implemented, polylactic acid, poly-
glycolide, and poly(D,L-lactic-co-glycolic acid) are particularly common. 
These can be completely metabolized as they break into monomers, water, 
and carbon dioxide. Stents with these biodegradable polymers have anti-
proliferative agents as eluting agents, which include sirolimus, tacrolimus, 
biolimus, and paclitaxel [27, 51–60].
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Therefore, there are still not sufficient clinical data to make an assessment 
for the clinical utility of these biodegradable stents when they are compared 
to DES. More follow-up data are needed, particularly when assessing late 
stent thrombosis [2, 60].

Bioabsorbable Stents

When discussing bioabsorbable stents, it is noteworthy to describe metal bio-
absorbable stents. Mg- and Fe-based alloys are two common classes. Fe and 
Mg both possess low toxicity. Metals have superior mechanical properties 
compared to polymers, as these alloys have similar mechanical properties to 
316L, a particularly common alloy for fabricating stents. The alloy 316L has 
been considered a standard reference for mechanical properties related to 
new biomaterials for various stent applications [51–60].

An important clinical use for the bioabsorbable Mg-based stent has been in 
pediatrics. A successful implantation of such a stent into the left pulmonary 

TABlE 2.1

Suggested Potential Advantages and Disadvantages of Biodegradable Cardiac Stents.
(These have been compared to permanent metallic cardiac stents. Important clinical 
considerations are mentioned in both the advantages and disadvantages sections.)

Suggested Advantages Suggested Disadvantages

Possible higher drug-loading capacity [57,70,76] More data clinical data needed for their use 
to limit important adverse effects such as 
late stent thrombosis [60,70,71]

May facilitate enhanced targeted drug delivery, 
limit smooth muscle cell proliferation and 
enhance endothelialization on lumen [70]

Not as strong and can result in early recoil 
post implantation [60]

May reduce need for a protracted dual 
antiplatelet therapy [81]

May be associated with significant degree 
of local inflammation [60]

May assist repeated percutaneous 
revascularization or surgical intervention if 
metallic stents can be avoided [78]

Relatively slow bioabsorption rate; 
moreover, still may result in restenosis 
[60]

Prevention of jailing of side branches and 
difficulties at ostial lesions [79]

Radiolucent, which can interfere with their 
positioning [60]

Facilitated magnetic resonance imaging/CT as 
metallic artifacts seen in metallic stents may be 
disruptive [80]

Possible difficulties with stent deployment 
without fluoroscopic visualization 
assistance [60]

Lack of freeze stent recoil, thereby allowing late 
favorable positive remodeling [79]

Limited mechanical performance may be 
abserved [60]

Limited recoil rate, thereby necessitating 
thick struts. These can limit their profile 
and deliver capacities particularly in 
small vessels [60]

May need special storage conditions and 
shorter shelf life [60] 
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artery of a preterm baby allowed the reperfusion of the left lung. The reper-
fusion persisted throughout the 4-month follow-up period during the degra-
dation process of the stent until it was completed. The degradation process 
was clinically well tolerated by the baby [49, 60].

The bioabsorbable magnesium stent was also evaluated in the human 
coronary arteries in the PROGRESS-AMS (Clinical Performance and 
Angiographic Results of Coronary Stent) study [57]. This study was a pro-
spective, multi-center, consecutive, non-randomized study of 63 patients 
with coronary artery disease that addressed the safety and feasibility of this 
stent deployment in human coronary arteries. The primary endpoint of this 
study included major adverse cardiac events (MACE) at 4 months. These 
were defined as cardiac death, nonfatal myocardial infarction, and ischemia-
driven target lesion revascularization. In a sub-study of PROGRESS-AMS, 
Ghimire et al. assessed the endothelium independent coronary smooth mus-
cle vasomotor function 4 months after implantation of the stent in 5 patients. 
This group was compared with a control group of permanent metal stents 
(n = 10) undergoing follow-up angiography and who were free from angio-
graphic restenosis [59].

The bioabsorbable stent was shown to be safe overall, with a high proce-
dural success rate of 99.4%. Moreover, the stent showed its ability to degrade 
well. No adverse events or distal embolization were observed. In addition, the 
targeted vessel regained its vasoreactivity properties. A major disadvantage, 
however, was its association with higher than expected restenosis rates. These 
results were associated with early recoil and neointima formation [57, 59, 60].

These materials show that ultimately their advantages as well as disadvan-
tages must be correlated with clinical trials and long-term follow-ups. That 
is, ultimately, their widespread use will be dependent on clinical end-points 
that include morbidity and mortality parameters being well stratified [2].

Drug-Eluting Balloons (DEB)

While a complete discussion of the topic of drug-eluting balloons is beyond 
the scope of this chapter, its relevance to hemocompatibility will be dis-
cussed. Their salient advantage over DES is their ability to not leave behind 
an implant. It should be noted, however, DEB cannot overcome the important 
mechanical limitation of acute recoil, which can be seen with postballoon 
angioplasty [72].

Several architectures can exist for DEB, yet only one will be discussed here. 
The DEB may consist of several components, which can include a balloon, 
elongated members, and reinforcing strands. Reinforcing strands between the 
inside surface of the balloon and the outside of the elongating member can 
enhance the balloon when inflated as it is subjected to high pressures. When 
the balloon is not collapsed, a lumen can exist between the inner surface of the 
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balloon and the outer surface of the elongated member. Within the lumen, flex-
ible members can be disposed. The flexible members can have both an external 
surface as well as an internal cavity that contains the therapeutic agent criti-
cal to the DEB activity. A connecting channel can network the outer surface of 
the balloon with the internal cavity. The balloon is subjected to high pressures 
when being inflated [73]. A 60-second drug-elution time can be anticipated 
[60, 72].

Various materials may be used to construct the DEB. For the strands of the 
DEB, a polymer blend, metal alloy, laminar or composite construction may be 
used. Substances for the balloons and members with elongated materials used 
include polytetrafluoroethylenes, polyethylenes, polypropylenes, polyure-
thanes, nylons, and polyesters (including polyalkylene terephthalate polymers 
and copolymers). Therapeutic agents for treating restenosis include sirolimus, 
tacrolimus, everolimus, cyclosporine, dexamethasone, paclitaxel, actinomycin, 
geldanamycin, cilostazole, methotrexate, vincristine, and mitomycin [72, 73].

Several important discoveries have given rise to the use of local paclitaxel 
delivery with through-coated balloons. First, sustained drug release is not 
required for a long-term antiproliferative effect. Second, a rapid uptake of 
paclitaxel by vascular smooth muscle cells occurs and can be retained for up 
to 1 week, thereby allowing a prolonged antiproliferation. Third, paclitaxel 
has a strong lipophilic nature for its retention to the vessel wall, making it an 
important therapeutic agent for DEB [72, 74].

Several important advantages for DEB have been indicated by Waksman 
et al. A homogenous drug transfer to the entire vessel wall along with a rapid 
release of high concentrations of the drug has been observed. This transfer may 
be sustained for up to a week in the vessel wall. It should be noted, however, 
that such delivery has little impact on long-term healing. The absence of a poly-
mer may decrease chronic inflammation and the trigger for late thrombosis. 
DEBs may assist in avoiding stent placement in bifurcations or small vessels. 
This may minimize the abnormal flow patterns that may occur with a stent. 
Local delivery of DEB may also reduce the overdependence on antiplatelet 
therapy [72].

Several indications have been suggested for the use of DEB. An important 
indication of the DEB, especially for paclitaxel-eluting balloons, would be 
for the treatment of in-stent restenosis. Other indications for the use of DEB 
include tortuous vessels, small vessels, or long diffuse calcified lesions, which 
can result in stent fracture. In addition, obstructing scaffolding of major side 
branches or in bifurcated lesions may be another indication of DEB [72, 77].

The efficacy of a paclitaxel-eluting balloon for the treatment of sirolimus-
eluting stent (SES) restenosis has been assessed by an important prospec-
tive single-blind randomized trial by Habara et al. with a follow-up time 
of 6 months as the primary end-point. The trial consisting of a total of 50 
patients with SES restenosis in which patients were randomly assigned to 
either a paclitaxel group (n = 25) or a conventional balloon angioplasty group 
(n = 25). An incidence of recurrent restenosis of 8.7% in the DEB group was 
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shown versus 62.5% for the conventional balloon angioplasty (p = 0.0001). 
The study showed a target lesion revascularization of 4.3% for the DEB ver-
sus 41.7% for the conventional balloon angioplasty (p =0.003). Furthermore, 
it was shown that a cumulative major adverse cardiac events-free survival 
was significantly better for the DEB group (96%) compared to the 60% for the 
balloon angioplasty group (p = 0.005) [75].

Conclusion

In this chapter, we have focused on the patient’s needs when addressing 
biomaterials. Cardiac stents have been addressed extensively in this chapter 
to emphasize this point. This reflects the understanding of the existence of 
individual differences between patients and the diverse nature of patient 
variability, which may be acquired or genetic, or both. An important test 
of the validity of the biomaterial and its implementation is the analysis of 
the results of human clinical trials with long-term follow-ups. However, we 
highlight that it always should be remembered that the final endpoint is the 
individual patient.
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Abstract

The miniaturization of electromechanical systems offers unique oppor-
tunities for scientific and technological progress in the medical sciences. 
Micromechanical devices and systems are inherently smaller, lighter, and 
faster than their macroscopic counterparts, and in many cases are also more 
precise. Micromechanical devices are fabricated using many of the same tech-
niques and materials commonly used in integrated circuit (IC) processing 
in conjunction with various “micromachining” processes. Therefore, micro-
mechanical devices can be readily integrated with electronics to develop 
high-performance closed-loop controlled micro-electro-mechanical systems 
(MEMS). While integrated circuit technology has brought unprecedented 
computational power ever closer to the point of use, MEMS enables the devel-
opment of smart systems by providing the required interface between the 
available computational power and the physical world through perception 
and control capabilities of sensors and actuators. The sensors gather infor-
mation from the environment; the electronics process this information and 
direct the actuators to manipulate the environment for a desired purpose. 
MEMS is not just a new technology, it is also a new method for manufacturing 
low-cost, miniature, high-performance, functionally sophisticated electrome-
chanical devices and systems for medical applications. MEMS is already hav-
ing a significant impact in existing biomedical sciences, but what is more 
exciting is that it is opening up entirely new areas for treatment, diagnosis, 
and scientific study. This chapter will review MEMS technology and why it 
is of interest in medical applications, as well as review a few of the current 
efforts in employing MEMS technology to important medical applications.

What Is MEMS Technology?

Micro-electro-mechanical systems, or MEMS, is a technology that in its most 
general form can be defined as miniaturized electro-mechanical devices and 
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mechanical structures that are implemented using the techniques of micro-
fabrication. The physical dimensions of MEMS devices can vary from over 
one millimeter on the higher end of the dimensional scale down to below 
one micron. Likewise, the types of MEMS devices can vary from relatively 
simple structures in which there are no mechanically moving elements, to 
extremely complex and sophisticated electromechanical systems with multi-
ple moving elements controlled by microelectronics integrated onto a single 
substrate. Obviously, the one main criterion of MEMS is that there are at least 
some elements on the substrate having a mechanical functionality regard-
less of whether any of the elements move.

While the functional elements of MEMS are miniaturized structures, sen-
sors, actuators, and microelectronics, the most notable (and perhaps most 
interesting) elements are the microsensors and microactuators. Microsensors 
and microactuators are appropriately categorized as “transducers,” which are 
defined as devices that convert energy from one form to another. For example, 
microsensor devices typically convert a mechanical movement into an electri-
cal signal. Conversely, microactuators typically convert electrical signals into 
mechanical movements. Over the past 25+ years MEMS technologists have 
created an extremely large number of microsensors for almost every imagin-
able sensing modality, including pressure, temperature, inertial force, chemi-
cal and biological species, magnetic fields, and radiation. Importantly, many 
of these micromachined sensors have demonstrated performances exceeding 
those of their macroscale equivalents. For example, the micromachined ver-
sion of a pressure transducer will usually outperform a pressure sensor made 
using macroscale manufacturing techniques. Not only is the performance 
of MEMS devices exceptional, but also their method of production leverages 
batch fabrication techniques used in the integrated circuit (IC) industry, which 
translates into low per-device production costs, smaller size and weight, and 
other benefits as well. Consequently, with MEMS technology it is possible to 
not only achieve stellar device performance, but to do so at a relatively low 
cost level. Because of the exceptional performance and cost benefits, the com-
mercial markets for microsensor devices are growing at a rapid rate.

In tandem with developments in microsensors, the MEMS research and 
development community has also demonstrated a number of microactua-
tors, including microvalves, optical switches, micromirror display arrays, 
microresonators, micropumps, microflaps on airfoils, and many others. 
Surprisingly, even though these microactuators are extremely small, they 
can frequently cause effects at the macroscale level. That is, these tiny actua-
tors can perform mechanical feats far larger than their size would imply. For 
example, researchers have located small microactuators on the leading edge 
of airfoils of an aircraft and have been able to steer this aircraft using only 
these microminiaturized devices [1].

The real potential of MEMS starts to become fulfilled when these minia-
turized sensors, actuators, and structures can all be merged onto a common 
silicon substrate along with integrated circuits. This enables the realization of 
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smart products by augmenting the computational ability of microelectronics 
with the perception and control capabilities of microsensors and microactua-
tors. The integrated circuits can be thought of as the “brains” of a system, and 
MEMS augments this decision-making capability with “eyes” and “arms,” 
to allow microsystems to sense and control the environment. Microsensors 
gather information from the environment through measuring mechanical, 
thermal, biological, chemical, optical, and magnetic  phenomena. The elec-
tronics then process the information derived from the sensors and through 
some decision-making capability direct the microactuators to respond by 
moving, positioning, regulating, pumping, and filtering, thereby control-
ling the environment for some desired outcome or purpose. Because MEMS 
devices are manufactured using batch fabrication techniques similar to ICs, 
unprecedented levels of functionality, reliability, and sophistication can be 
placed on a small silicon chip at a relatively low cost. MEMS technology is 
extremely diverse and fertile, both in its expected application areas and in 
how the devices are designed and manufactured. Already, MEMS is revolu-
tionizing many product categories by enabling complete systems-on-a-chip 
to be realized. MEMS is having a huge impact in medical applications, and 
the number and diversity of MEMS applications in medicine is expected to 
grow extremely quickly as the technology develops and matures.

Although major progress has been made in recent decades, the history of 
MEMS technology traces back to the earlier days of the integrated circuit 
industry. The discovery of the piezoresistive effect in silicon was reported 
in 1954 by Prof. C. S. Smith, which led to the creation of the entire silicon-
based sensor industry. It is still one of the most widely used sensing method-
ologies in MEMS [2]. Perhaps the first and most far-reaching vision of the 
promise of miniaturized electromechanical systems was provided in a talk 
by Prof. Richard Feynman at an annual American Physical Society meeting 
in 1959 aptly entitled “There’s Plenty of Room at the Bottom” [3]. In this talk, 
Prof. Feynman discussed many possibilities and opportunities of micro- 
miniaturized devices, but since the microelectronics industry did not yet 
exist, he did not foresee how these devices would be made and even ques-
tioned whether they would be commercially useful.

One of the first techniques of bulk micromachining, the isotropic etch-
ing of silicon, was reported in 1960 [4]. A few years later, in 1967, the still 
widely used bulk micromachining technique of anisotropic silicon etch-
ing was reported [5]. The first published paper in the scientific literature 
using the term micromachining was in 1982 [6]. This paper, entitled “Silicon 
as a Mechanical Material,” published in the Proceedings of the IEEE by Kurt 
Petersen, is probably the most referenced paper in the entire MEMS field and 
highlighted many of the advantages of silicon as a material for mechanical 
systems. In the 1980s and 90s, a huge number of papers and patents in the 
MEMS technology domain occurred, and this growth has steadily contin-
ued to the present day. One of the first commercial MEMS products was 
the micromachined pressure transducer using the piezoresistive properties 
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of silicon discovered by Smith several decades before [7]. Interestingly, this 
MEMS device technology was also the first to be widely used in medical 
applications.

The Advantages Offered by MEMS 
Technology for Medical Applications

There are many important benefits of MEMS technology for medical applica-
tions. First, MEMS are made using integrated circuit-like processes, which 
enable the integration of multiple and diverse functionalities onto a single micro-
chip. The ability to integrate miniaturized sensors, miniaturized actuators, 
and miniaturized structures along with microelectronics has far-reaching 
implications in countless medical products and applications. For example, 
implantable and ambulatory medical devices usually require sophisticated 
and diverse functionality, such as closed-loop control capability for precision 
drug delivery, but they also must have small size and weight to prevent them 
from being a burden to the patient or increasing the risk of complications. 
Moreover, higher levels of functionality also enable higher performance 
levels and reliability since devices can be made to be self-calibrating, self-
maintaining, self-healing, etc.

Second, MEMS borrows many of the production techniques of batch fabri-
cation from the integrated circuit industry, and therefore the per-unit device 
or microchip cost of complex miniaturized electromechanical systems can 
be radically reduced—similar to the per-die cost reductions we have experi-
enced in the IC industry. Although the cost of the production equipment and 
each wafer can be relatively high, the fact that this cost can be spread over 
many dies in batch fabrication production can drastically lower the per-part 
cost. With huge pressures to contain medical costs in every industrial coun-
try, increasingly sophisticated and complex treatment methodologies will be 
done on an out-patient and ambulatory basis requiring devices to have mul-
tiple and diverse functionality as described above, but without commensu-
rate increases in cost. MEMS is one of the only technologies that can provide 
this level of technological capability and performance at a low cost level. 
The lower cost of these miniaturized electromechanical systems also allows 
them to be easily and massively deployed and more easily maintained and 
replaced as needed. Consequently, MEMS devices are extremely well suited 
for disposable medical applications.

Third, integrated circuit fabrication techniques coupled with the tremen-
dous advantages of silicon and many other thin-film materials in mechanical 
applications allows the reliability of miniaturized electromechanical systems 
to be exceptionally high. A similar effect was exhibited in the technological 
transition from discrete electronic components mounted on a printed circuit 
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board to the era of integrated circuits. Discrete electronics soldered onto 
printed circuit boards do not have nearly the same level of high reliability 
that is seen with integrated circuits. As miniaturized sensors and actuators 
are integrated onto a single microchip with electronics, similar improve-
ments in system reliability are being provided by MEMS technology. For 
example, MEMS inertial sensor technology used in crash airbag sensors for 
automobiles is providing the extremely high reliability levels demanded by 
this application. Obviously, most medical applications require exceptional 
reliability, and MEMS technology is well suited to meet these demands.

Fourth, miniaturization of microsystems enables many benefits, includ-
ing increased portability, lower power consumption (very important for 
implantable medical device applications), and the ability to place radically 
more functionality in a smaller amount of space and without any increase 
in weight.

Fifth, the ability to make the signal paths smaller allows the overall perfor-
mance of electromechanical systems to be enormously improved.

The largest growth area in medicine is in alternate care sites, including 
off-site treatment centers, surgical centers, home care, nursing homes, and 
ambulatory care. This is being driven by the need to reduce treatment costs as 
well as improve patient comfort and outcomes. However, most alternate care 
applications also require the medical devices to be less expensive, smaller, less 
intrusive, more interoperable, lighter, safer, more user friendly, and more func-
tional than ever before. In short, MEMS is a technology that can simultane-
ously meet all of these demanding requirements in the medical device market.

How Are MEMS Made?

MEMS fabrication uses many of the same techniques that are used in the 
integrated circuit domain, such as photolithography, physical vapor deposi-
tion, oxidation, diffusion, ion implantation, and LPCVD, and combines these 
capabilities with highly specialized micromachining processes. The most 
widely used micromachining processes are discussed below. For information 
relating to integrated circuit fabrication techniques, readers are referred to [8].

Bulk Micromachining

The oldest micromachining technology is bulk micromachining. This tech-
nique involves the selective removal of the substrate material in order to 
realize miniaturized mechanical structures and components. Bulk micro-
machining can be accomplished using chemical, physical, or mechanical 
(as well as combinations of these) methods. However, chemical methods 
are more widely used in MEMS industry.
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A widely used bulk micromachining technique is chemical wet etching, 
which involves the immersion of a substrate into a solution of reactive chemi-
cal that will etch exposed regions of the substrate at measurable rates [9]. 
Chemical wet etching is popular in MEMS because it can provide a very high 
etch rate and selectivity. Furthermore, the etch rates and selectivity can be 
modified by altering the chemical composition of the etch solution, adjusting 
the etch solution temperature, modifying the dopant concentration of the 
substrate, and controlling which crystallographic planes of the substrate are 
exposed to the etchant solution.

The basic mechanism of chemical wet etching involves reactant transport 
to the surface of the substrate, followed by reaction at the substrate surface 
between the etchant solution and the substrate material, and then transport 
of the reaction products from the substrate. If the transport of reactants to 
the surface of the substrate or transport of reaction products away from the 
substrate surface are the rate-determining steps, then etching is defined as 
“diffusion limited” and the etch rate can be increased by stirring the solu-
tion. If the surface reaction is the rate-determining step, then etching is 
“reaction-rate limited” and etch rate is very dependent on etch solution tem-
perature, etch solution composition, and substrate material. In practice, it is 
usually preferred that the process is reaction-rate limited since this gives 
more repeatability and higher etch rate.

There are two general types of chemical wet etching in bulk micromachin-
ing: isotropic wet etching and anisotropic wet etching [9–12]. In isotropic wet 
etching, the etch rate is not dependent on the crystallographic orientation of 
the substrate, and the etching ideally proceeds in all directions at equal rates. 
The most common isotropic etchant for silicon is a solution of HNO3, HF, and 
HC2H3O2. The reaction is given by

HNO2 + HNO3 + H2O → 2HNO2 + 2OH– + 2H+

Holes and (OH)– ions are supplied by HNO3 when it combines with H2O 
and trace concentrations of HNO2. Note that the reaction is autocatalytic 
because of the regeneration of HNO2. Increasing the concentration moves 
the reaction toward diffusion-limited etch-rate dependence, and etching 
can be controlled by stirring. Increasing HF concentration or temperature 
increases the surface reaction rate. In theory, lateral etching under the mask-
ing layer etches at the same rate as the etch rate in the normal direction. 
However, in practice lateral etching is usually much slower without stir-
ring, and consequently isotropic wet etching is almost always performed 
with vigorous stirring of the etchant solution. Figure 3.1 illustrates the pro-
file of the etch using an isotopic wet etchant with and without stirring the 
solution.

Any etching process requires a masking material to be used, preferably 
with a high selectivity relative to the substrate material. Common masking 
materials for isotropic wet silicon etching include silicon dioxide and silicon 
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nitride. Silicon nitride has a much lower etch rate compared to silicon diox-
ide and therefore is more frequently used.

The etch rate of some isotropic wet etchant solution mixtures are depen-
dent on the dopant concentration of the substrate material. For example, the 
commonly used mixture of HC2H3O2:HNO3:HF in the ratio of 8:3:1 will etch 
highly doped silicon (> 5 x 1018 atoms/cm3) at a rate of 50 to 200 microns/
hour, but will etch lightly doped silicon material at a rate 150 times less. 
Nevertheless, the etch-rate selectivity with respect to dopant concentration 
is highly dependent on solution mixture.

The much more widely used wet etchants for silicon micromachining are 
anisotropic wet etchants. Anisotropic wet etching involves the immersion 
of the substrate into a chemical solution where the etch rate is dependent on 
the crystallographic orientation of the substrate. The fact that etching varies 
according to silicon crystal planes is attributed to the different bond configu-
rations and atomic densities that the different planes expose to the etchant 
solution. Wet anisotropic chemical etching is typically described in terms of 
etch rates according to the various normal crystallographic places, usually 
<100>, <110>, and <111>. In general, silicon anisotropic etching etches more 
slowly along the <111> planes than all the other planes in the lattice, and the 
difference in etch rate between the various lattice directions can be as high 
as 1000 to 1. It is thought that the reason for the slower etch rate of the <111> 
planes is that these planes have the highest density of exposed silicon atoms 
in the etchant solution, as well as 3 silicon bonds below the plane, thereby 
leading to some amount of chemical shielding of the surface.

The ability to delineate the different crystal planes of the silicon lattice in 
anisotropic wet chemical etching provides a higher-resolution etch capability 

Without stirring

With stirring

FIGuRE 3.1
The etch profile, with and without stirring, using an isotropic wet chemical etchant.
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with tighter dimensional control than is possible with isotropic etching. It 
also provides for two-sided processing to embody self-isolated structures 
where only one side is exposed to the environment. This assists in the pack-
aging of the device and is very useful for MEMS devices exposed to harsh 
environments, such as pressure sensors.

Anisotropic etching techniques have been around for over 25 years and 
are commonly used in the manufacturing of silicon pressure sensors as well 
as bulk micromachined accelerometers.

Figure 3.2 is an illustration of some of the shapes that are possible using 
anisotropic wet etching of a <100> oriented silicon substrate, including an 
inverted pyramidal and a flat bottomed trapezoidal etch pit. Note that the 
shape of the etch pattern is determined primarily by the slower etching <111> 
planes. Figure 3.3a and Figure 3.3b are SEM photographs of a silicon substrate 
after an anisotropic wet etching. Figure 3.3a shows a trapezoidal etch pit that 
has been subsequently diced across the etch pit, and Figure 3.3b shows the 
backside of a thin membrane that could be used to make a pressure sensor. 
It is important to note that the etch profiles shown in these figures are only 
for a <100> oriented silicon wafer; substrates with other crystallographic ori-
entations will exhibit different shapes. Occasionally, substrates with other 
orientations are used in MEMS fabrication, but given the cost, lead times, 
and availability, the vast majority of substrates used in bulk micromachining 
have <100> orientation.

Self-limiting etches{111}
<100>

{100}
{111}

{111}

Backside Mask

Frontside Mask

54.74°

Boron-doped
Si membrane

FIGuRE 3.2
The shape of the etch profiles of a <100> oriented silicon substrate after immersion in an aniso-
tropic wet etchant solution.
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There are three basic types of anisotropic wet etchants that are commonly 
used. The first and by far the most popular anisotropic etchants are aque-
ous alkaline solutions such as KOH, NH4OH, NaOH, CsOH, and TMAH 
[9, 10]. These etchants have high etch rates and a relatively high etch-rate 
ratio between the <100> and <111> planes. Also, TMAH is sometimes pre-
ferred for use on pre-processed microelectronic wafers, since this etchant 
does not etch aluminum appreciably under certain conditions. The draw-
backs of these etchants are that they have a relatively high etch rate of sili-
con dioxide, which is frequently used as a masking material. There is also 
the potential for alkali contamination of the wafer using these etchants, 
although there are cleaning procedures that can be employed to minimize 
these risks.

Another popular anisotropic wet etchant is ethylene-diamine and pyro-
catechol, or EDP. This etchant has a higher etch rate ratio of the <100> and 
<111> planes and has a larger variety of masking materials that can be used 
compared to the aqueous alkaline solutions. The drawbacks of EDP are that 
it is a carcinogenic material, and when using this solution it can be difficult 
to see the wafer etching. Also, EDP is a thick orange-yellow material and can 
be hard to clean up.

The last type of anisotropic etchant is hydrazine and water (N2H2:H2O). 
One advantage of this etchant is that it has a very low silicon dioxide etching 
rate, yet it has a relatively poor etch rate ratio of the <100> and <111> planes. 
The biggest disadvantage of hydrazine etching is that it is a very hazardous 
material. Although it was used in the early days of micromachining, given 
that its disadvantages outweigh its advantages, it is now rarely used.

Useful anisotropic wet etching requires the ability to successfully mask 
certain areas of the substrate, and consequently an important criterion for 
selecting an etchant is the availability of good masking materials. Silicon 
nitride is a commonly used masking material for anisotropic wet etchants 
since it has a very low etch rate in most etchant solutions. Some care must be 
exercised in the type of silicon nitride used, since any pinhole defects will 

FIGuRES 3.3a And b
SEMs of a <100> oriented silicon substrate after immersion in an anisotropic wet etchant.
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result in the attack of the underlying silicon. Also, some low-stress silicon-
rich nitrides can etch at much higher rates compared to stoichiometric silicon 
nitride formulations. Thermally grown SiO2 is frequently used as a mask-
ing material, but some care must be exercised to ensure a sufficiently thick 
masking layer when using KOH etchants, since the etch rates of oxide can 
be high. Photoresists are unusable in any anisotropic etchant. Many metals, 
including Ta, Au, Cr, Ag, and Cu, hold up well in EDP, and Al holds up in 
TMAH under certain conditions.

In general, the etch rate, etch rate ratios <100>/<111>, and etch  selectivities 
of anisotropic etchants are strongly dependent on the chemical composi-
tion and temperature of the etchant solution. The etch rate [R] obeys the 
Arrhenius law given by

[R] = Ro exp (–Ea/kT) (micron/hour)

where Ro is a constant, Ea is the activation energy, k is Boltzman’s constant, 
and T is temperature in degrees Kelvin. Both Ro and Ea will vary with the 
type of etchant, etchant composition, and crystallographic orientation of the 
material being etched. Fortunately, there is a wealth of published literature 
characterizing many of the commonly used anisotropic etchants, and read-
ers are referred to [9, 10] for more information.

Frequently, when using bulk micromachining it is desirable to make thin 
membranes of silicon or control the etch depths very precisely. As with any 
chemical process, the uniformity of the etching can vary across the substrate, 
making this difficult. Timed etches whereby the etch depth is determined 
by multiplying the etch rate by the etch time are difficult to control, and etch 
depth is very dependent on sample thickness uniformity, etchant species 
diffusion effects, loading effects, etchant aging, surface preparation, etc. To 
allow a higher level of precision in anisotropic etching, the MEMS field has 
developed solutions to this problem, namely etch stops. Etch stops are very 
useful in controlling the etching process and providing uniform etch depths 
across the wafer, from wafer to wafer, and from wafer lot to wafer lot. There 
are two basic types of etch stop methods that are used in micromachining: 
dopant etch stops and electrochemical etch stops.

Etch stops in silicon are commonly made by the introduction of dopants 
into the silicon material. The most popular etch stop is heavy p-type dop-
ing of silicon with boron (>5 x 1019 cm–3) to create an etch stop. The lightly 
doped region of the wafer will etch at the normal rate and the highly doped 
region of the silicon will have a very slow etch rate. The dopant is introduced 
into the silicon using the standard techniques of diffusion or ion implanta-
tion followed by an anneal, providing for a controlled depth and reasonable 
uniformity of the dopants in the substrate. Figure 3.4 is a graph of the nor-
malized etch rate of <100> oriented silicon wafer in KOH at various concen-
trations as a function of the boron dopant concentration [13, 14]. As can be 
seen, the etch rate falls off very quickly at dopant concentrations above 1019 
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boron atoms per cm3. One of the problems with boron etch stops is that the 
surface of the silicon will be so highly doped that it may not be useful. For 
example, the material at the concentrations required for a good etch stop 
would not be useful for making a piezoresistive device.

The other etch stop method used in silicon bulk micromachining is the elec-
trochemical etch stop [15–19]. Figure 3.5 is an illustration of a three-terminal 
electrochemical etch setup. Electrochemical etching of silicon using an aniso-
tropic etchant is useful since it provides very good dimensional control (e.g., 
diaphragm thickness is reproducible) and can make diaphragms with lightly 
doped material, which is required for high-quality piezoresistive devices. 
The disadvantage of electrochemical etch stops is that they require special 
fixturing to each wafer in order to make electrical contacts, and an electronic 
control system is needed to control and apply the correct voltage potential to 
the wafer during the etch.
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etchant concentrations.
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Surface Micromachining

Surface micromachining is another very popular technology for the fabrica-
tion of MEMS devices. There is a very large number of variations of how 
surface micromachining is performed, depending on the materials and 
etchant combinations that are used [20, 21, 22]. However, the common theme 
involves a sequence of steps starting with the deposition of some thin-film 
material to act as a temporary mechanical layer onto which the actual device 
layers are built, followed by the deposition and patterning of the thin-film 
device layer of material referred to as the structural layer, and then followed 
by the removal of the temporary layer to release the mechanical structure 
layer from the constraint of the underlying layer, thereby allowing the struc-
tural layer to move. A diagram of a surface micromachining process is given 
in Figure 3.6, showing an oxide layer being deposited and patterned. This 
oxide layer is temporary and is commonly referred to as the sacrificial layer. 
Next, a thin film layer of polysilicon is deposited and patterned, this being 
the structural mechanical layer. Finally, the temporary sacrificial layer is 
removed and the polysilicon layer is now free to move as a cantilever.

Some of the reasons surface micromachining is so popular is that it provides 
for precise dimensional control in the vertical direction. This is because the 
structural and sacrificial layer thicknesses are defined by deposited film thick-
nesses, which can be accurately controlled. Also, surface micromachining 
provides for precise dimensional control in the horizontal direction, since the 
structural layer tolerance is defined by the fidelity of the photolithography and 
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FIGuRE 3.5
The setup for a three-terminal electrochemical etch of silicon.
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FIGuRE 3.6
A surface micromachining process.



42 Biomaterials Science: An Integrated Clinical and Engineering Approach

etch processes used. Other benefits of surface micromachining are that a large 
variety of structural, sacrificial, and etchant combinations can be used, and 
some are compatible with microelectronics devices to enable integrated MEMS 
devices. Surface micromachining frequently exploits the deposition character-
istics of thin films such as conformal coverage using low-pressure chemical 
vapor deposition (LPCVD). Lastly, surface micromachining uses single-sided 
wafer processing and is relatively simple. This allows higher integration den-
sity and lower resultant per die cost compared to bulk micromachining.

One of the disadvantages of surface micromachining is that the mechani-
cal properties of LPCVD structural thin-films are usually unknown and 
must be measured. Also it is common for these types of films to have a high 
state of residual stress, frequently necessitating a high-temperature anneal to 
reduce residual stress in the structural layer. Also, the reproducibility of the 
mechanical properties in these films can be difficult to achieve. Additionally, 
the release of the structural layer can be difficult owing to a stiction effect 
whereby the structural layer is pulled down and stuck to the underlying 
substrate by capillary forces during release. Stiction can also occur in use, 
and an anti-stiction coating material may be needed.

The most commonly used surface micromachining process and material 
combination is a phosphosilicate glass (PSG) sacrificial layer, a doped poly-
silicon structural layer, and the use of hydrofluoric acid as the etchant to 

FIGuRE 3.7
SEM of a polysilicon micromotor fabricated using a surface micromachining process.
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remove the PSG sacrificial layer and release the device. This type of sur-
face micromachining process is employed in the widely used MEMSCap 
MUMPS process technology [22]. Figure 3.7 and Figure 3.8 are SEMs of two 
surface micromachined polysilicon MEMS devices.

Another variation of the surface micromachining process is to use a metal 
structural layer, a polymer layer as the sacrificial layer, and an O2 plasma as the 
etchant. The advantage of this process is that the temperature of the sacrificial 
and the structural layer depositions are sufficiently low so as not to degrade 
any microelectronics in the underlying silicon substrate, for processes that inte-
grate MEMS with electronics. Also, since the sacrificial layer is removed with-
out immersion in a liquid, problems associated with stiction during release are 
avoided. A process similar to this is used to produce the Texas Instruments 
digital light processor (DLP) device used in projection systems [22].

Wafer Bonding

Wafer bonding is a micromachining method that is analogous to welding in 
the macroscale world and involves the joining of two (or more) wafers together 
to create a multi-wafer stack. There are three basic types of wafer bonding, 
including direct or fusion bonding; field-assisted or anodic bonding; and 

FIGuRE 3.8
SEM of a polysilicon resonator structure fabricated using a surface micromachining process.
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bonding using an intermediate layer. In general, all bonding methods require 
substrates that are very flat, smooth, and clean, in order for the wafer bond-
ing to be successful and free of voids. Direct or fusion bonding is typically 
used to mate two silicon wafers together, or alternatively, to mate one silicon 
wafer to another silicon wafer that has a thin film on the surface such as an 
oxide layer. Direct wafer bonding can be performed on other combinations, 
such as bare silicon to a silicon wafer with a thin film of silicon nitride on the 
surface as well. The basic wafer bonding process has five steps [23]:

 1. Hydration and cleaning of the wafer surfaces (RCA clean, piranha 
immersion, etc.)

 2. Physical contacting and pressing together of wafers (must be done 
quickly and in a clean environment since the substrates will have a 
surface charge after cleaning that will attract particles and prevent 
bonding or cause voids)

 3. Inspection (usually infrared inspection if the wafers are made of sili-
con) of pre-anneal bond quality

 4. Elevated temperature anneal,
 5. Infrared inspection of post-anneal bond quality

Figure 3.9 illustrates some of the steps involved in the direct wafer bond-
ing process. The wafers are initially held together after physical contact as 
a result of the hydrogen bonds created by hydration of the surfaces. The 
two wafers to be bonded can be pre-processed and then aligned during the 
bonding procedure so as to register features on the top wafer to features on 
the bottom wafer. After the elevated temperature anneal, the bond strength 
between the two wafers can be similar to that of single crystal silicon. There 
is relatively low residual stress in the bonded layers after anneal. It is impera-
tive that the wafers are flat, smooth, and clean prior to bonding and that the 
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FIGuRE 3.9
Direct or fusion wafer bonding.
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bonding process is performed in a very clean environment. The hydration 
of the surfaces makes them highly charged and attractive to particles in the 
environment. Any particles attached to the wafer surfaces prior to bonding 
will result in voids between the two wafers or the inability of the wafers 
to bond. Although the anneal can be performed at lower temperatures, the 
bond strengths tend to strengthen as the anneal temperature is increased.

As mentioned, wafer bonding is analogous to welding in the macroscale 
world. Wafer bonding is used to attach a thick layer of single crystal silicon 
onto another wafer. This can be extremely useful when it is desirable to have 
a thick layer of material for applications requiring appreciable mass or in 
applications where the material properties of single crystal silicon are advan-
tageous over those of thin-film LPCVD materials. Direct wafer bonding is 
also used to fabricate silicon-on-insulator (SOI) wafers having device layers 
several microns or more in thickness.

Another popular wafer bonding technique is anodic bonding, which is 
illustrated in Figure 3.10. In anodic bonding a silicon wafer is bonded to a 
Pyrex® 7740 wafer using an electric field and elevated temperature [24–26]. 
The two wafers can be pre-processed prior to bonding and can be aligned 
during the bonding procedure. The mechanism by which anodic bonding 
works is based on the fact that Pyrex 7740 has a high concentration of Na+ 
ions; a positive voltage applied to the silicon wafer drives the Na+ ions from 
the Pyrex glass surface, thereby creating a negative charge at the glass sur-
face. The elevated temperature during the bonding process allows the Na+ 
ions to migrate in the glass with relative ease. When the Na+ ions reach the 
interface, a high field results between silicon and glass, and this combined 
with the elevated temperatures fuses the two wafers together. As with direct 
wafer bonding, it is imperative that the wafers are flat, smooth, and clean 
and that the anodic bonding process is performed in a very clean environ-
ment. Any particles on the wafer surfaces will result in voids between the 
two wafers. One advantage of this process is that Pyrex 7740 has a thermal 
expansion coefficient nearly equal to that of silicon, and therefore there is a 
low value of residual stress in the layers. Anodic bonding is a widely used 
technique for MEMS packaging.

In addition to direct and anodic bonding there are other wafer bond-
ing techniques that are used in MEMS fabrication. One method is eutectic 
bonding, which involves the bonding of a silicon substrate to another silicon 
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FIGuRE 3.10
The setup for anodic wafer bonding.
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substrate at an elevated temperature using an intermediate layer of gold on 
the surface of one of the wafers [27]. Eutectic bonding works because the dif-
fusion of gold into silicon is extremely rapid at elevated temperatures. In fact 
this is a preferred method of wafer bonding at relatively low temperatures.

Another wafer-bonding technique used in MEMS is glass frit bonding [28]. 
In this process, glass is spun or screen-printed onto a substrate surface. Next, 
this wafer is physically contacted to another wafer, and then the composite 
is annealed in order to flow the glass intermediate layer and thus bond the 
two wafers together.

Last, various polymers can be used as intermediate layers to bond wafers, 
including epoxy resins, photoresists, polyimides, and silicones [29]. This 
technique is commonly used during various fabrication steps in MEMS such 
as when the device wafer becomes too fragile to handle without mechanical 
support.

High-Aspect-Ratio MEMS Fabrication Technologies

Deep Reactive Ion Etching of Silicon

Deep reactive-ion etching, or DRIE, is a relatively newer fabrication technol-
ogy that has been widely adopted by the MEMS community [30, 31]. This 
technology enables very high-aspect-ratio dry plasma etches to be performed 
into silicon substrates. The sidewalls of the etched holes are nearly vertical, 
and the depth of the etch can be hundreds or even thousands of microns into 
the silicon substrate.

Figure 3.11 illustrates how deep reactive ion etching is accomplished. The 
etch is a dry plasma etch and uses a high-density plasma to alternatively etch 
the silicon and deposit an etch resistant polymer layer on the sidewalls. The 
etching of the silicon is performed using a SF6 chemistry, whereas the deposi-
tion of the etch-resistant polymer layer on the sidewalls uses a C4F8 chemistry. 
Mass flow controllers alternate back and forth between these two chemistries 
during the etch. The protective polymer layer is deposited on the sidewalls as 
well as on the bottom of the etch pit, but the anisotropy of the etch removes 
the polymer at the bottom of the etch pit faster than the polymer is removed 
from the sidewalls. The resultant etched sidewalls are not optically smooth. 
If the sidewalls are magnified under SEM inspection, a characteristic wash-
board or scalloping pattern is seen in the sidewalls. The etch rates on most 
commercial DRIE systems varies from 1 to over 5 microns per minute. DRIE 
systems are single wafer tools. Photoresist can be used as a masking layer 
for DRIE etching. The selectivity with photoresist and oxide varies, but typi-
cal values are 75 to 1 and 150 to 1, respectively. For a through-wafer etch, a 
relatively thick photoresist masking layer will be required. The aspect ratio 
of the etch can be as high as 30 to 1 or more, but a value of 15 to 1 is more 
typical. The process recipe depends on the amount of exposed silicon owing 
to loading effects in the system, with larger exposed areas etching at a much 
faster rate compared to smaller exposed areas. Consequently, the etch must 
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FIGuRE 3.11
How deep reactive ion etching works.

FIGuRE 3.12
SEM of the cross section of a silicon wafer demonstrating high-aspect-ratio and deep trenches 
that can be fabricated using DRIE technology.
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frequently be characterized for the exact mask feature and depth to obtain 
desirable results. DRIE is a commonly used process technology for the imple-
mentation of MEMS and microfluidic devices for medical applications.

Deep Reactive Ion Etching of Glass

Glass substrates can also be etched deep into the material with high-aspect 
ratios. This is a much newer process technology and it has been gaining in 
popularity in MEMS fabrication [32]. Figure 3.13 shows a structure fabricated 
into fused silica using this technology. The typical etch rates for high-aspect-
ratio glass etching range between 250 and 500 nm per minute. Depending 
on the depth of the photoresist, metal or a polysilicon can be used as a mask. 
This deep, high-aspect-ratio etching technology can be used to make MEMS 
and microfluidic devices from glass materials, which obviously has consid-
erable utility in medical applications.

LIGA

Another popular high-aspect-ratio micromachining technology is called 
LIGA, which is a German acronym for “Lithographie, Galvanoformung, 
Abformung” [33]. This is primarily a non-silicon based technology and 
requires the use of synchrotron generated X-ray radiation. The basic process, 
outlined in Figure 3.14, starts with the cast of an X-ray radiation sensitive 
Polymethylmethacrylate (PMMA) onto a suitable substrate. A special X-ray 
mask is used for the selective exposure of the PMMA layer using X-rays. The 
PMMA is then developed and will be defined with extremely smooth and 

120 um  125 um 

FIGuRE 3.13
SEM of deep, high-aspect-ratio trenches etched into fused silica using a plasma etch technology.
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nearly perfectly vertical sidewalls. Also, the penetration depth of the X-ray 
radiation into the PMMA layer is quite deep and allows exposure through 
very thick PMMA layers, up to and exceeding 1 mm. After the development, 
the patterned PMMA acts as a polymer mold and is placed into an elec-
troplating bath and nickel is plated into the open areas of the PMMA. The 
PMMA is then removed, thereby leaving the metallic microstructure.

Because LIGA requires a special mask and a synchrotron (X-ray) radia-
tion source for the exposure, the cost of this process is relatively expensive. 
A variation of the process that reduces the cost of the micromachined parts 
made with this process is to reuse the fabricated metal part (step 5) as a 
tool insert to imprint the shape of the tool into a polymer layer (step 3) (see 
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FIGuRE 3.14
The steps involved in the LIGA process to fabricate high-aspect-ratio MEMS devices.
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FIGuRE 3.15
SEM of a tall high-aspect-ratio gear made using LIGA technology.
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hot embossing section), followed by electroplating of metal into the polymer 
mold (step 4) and removal of the polymer mold (step 5) [34]. Obviously this 
sequence of steps avoids the need for a synchrotron radiation source each 
time a part is made and thereby significantly lowers the cost of the process. 
The dimensional control of this process is quite good, and the tool insert can 
be used many times before it is worn out.

Hot Embossing

Hot embossing is a process used for replicating deep high-aspect-ratio 
structures in polymer materials by fabricating the metal tool insert using 
LIGA or comparable technology and then embossing the tool insert pattern 
into a polymer substrate, which is then used as the part. Figure 3.16 illus-
trates the hot embossing process. A mold insert is made with the inverse 
pattern (shown in black cross-hatched pattern) using an appropriate fabri-
cation method. The mold insert is placed into a hot embossing system (see 
Figure  3.17 for an example of a hot embosser) that includes a chamber in 
which a vacuum can be drawn. The substrate and polymer are heated to 
above the glass transition temperature, Tg, of the polymer material, and the 
mold insert is pressed into the polymer substrate. The vacuum is critical for 
the polymer to faithfully replicate the features in the mold insert, since oth-
erwise air would be trapped between the two surfaces, resulting in distorted 
features. Finally, the substrates are cooled to below the glass-transition tem-
perature of the polymer material and force is applied to de-emboss the sub-
strates. As shown in Figure  3.18, hot embossing can successfully replicate 
complicated, deep, and high-aspect-ratio features. This process can make 
imprints into a polymer hundreds of microns deep with very good dimen-
sional control. The advantage of this process is that the cost of the individual 
polymer parts can be very low compared to the same structures made using 
other technologies. Because of the overwhelming cost advantages combined 
with very good performance, this polymer molding process is very popular 
for producing microfluidic components for medical applications [35].

Heat plastic substrate and 
mold insert to above 
plastic Tg, pull vacuum 
on chamber.

Apply forces to emboss 
plastic substrate.

Cool plastic substrate and 
mold insert to de-
molding temperature and 
apply force to de-emboss.

FIGuRE 3.16
The hot embossing process to create microdevices. (Courtesy of the MEMS and Nanotechnology 
Exchange at CNRI)



51Medical Applications of Micro-Electro-Mechanical Systems Technology

Other Micromachining Technologies

In addition to bulk micromachining, surface micromachining, wafer bond-
ing, and high-aspect-ratio micromachining technologies, there are a number 
of other techniques used to fabricate MEMS devices. We shall review a few 
of the more popular methods in this section, but readers are referred to [9, 10] 
for an exhaustive catalog of MEMS processes.

FIGuRE 3.17
A hot embossing platform during use. (Courtesy of the MEMS and Nanotechnology Exchange 
at CNRI)

FIGuRE 3.18
SEM of a variety of small test structures made in a plastic substrate using hot embossing tech-
nology at the MEMS and Nanotechnology Exchange. The height of the plastic microstructures 
is nearly 300 um, and the smallest features have a diameter of about 25 um. (Courtesy of the 
MEMS and Nanotechnology Exchange at CNRI)
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XeF2 Dry Phase Etching

Xenon difluoride (XeF2) in a vapor state is an isotropic etchant for silicon [36]. 
This etchant is highly selective with respect to other materials commonly 
used in microelectronics fabrication, including LPCVD silicon nitride, ther-
mal SiO2, and aluminum. Since this etchant is a completely dry release pro-
cess, it does not suffer from the stiction problems of wet release processes. 
Figure 3.19 is a cross-sectional SEM of a cantilever beam made by isotropic 
etching of the silicon substrate using XeF2 to partially undercut the metal 
material of the cantilever.

This etchant is popular with micromachining of microstructures in pre-
processed CMOS wafers where openings in the passivation layers on the 
surface of the substrate are made to expose the silicon for etching.

Electro-Discharge Micromachining

Electro-discharge micromachining, or micro-EDM, is a process used to 
machine a conductive material using electrical breakdown discharges to 
remove material [9]. A working electrode is made from a metal material onto 
which high-voltage pulses are applied. The working electrode is brought 
into close proximity to the material to be machined, which is immersed 
in a dielectric fluid. The minimal sizes of features that can be made with 
micro-EDM are dependent on the size of the working electrode and how it 
is fixtured, but holes as small as tens of microns have been made using this 
method. One issue with micro-EDM is that it is a slow serial process.

FIGuRE 3.19
SEM of a beam undercut using XeF2 isotropic etching of silicon.
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Laser Micromachining

Lasers can generate an intense amount of energy in very short pulses of light 
and direct that energy onto a selected region of material for micromachin-
ing [9]. Among the many types of lasers now in use for micromachining are 
CO2, YAG, and excimer. Each has its own unique properties and capabilities 
suited to particular applications. Factors that determine the type of laser to 
use for a particular application include laser wavelength, energy, power, and 
temporal and spatial modes; material type; feature sizes and tolerances; pro-
cessing speed; and cost. The action of CO2 and Nd:YAG lasers is essentially a 
thermal process, in which focusing optics are used to direct a predetermined 
energy/power density to a well-defined location on the work piece to melt or 
vaporize the material. Another mechanism, which is nonthermal and referred 
to as photoablation, is the exposure of organic materials to ultraviolet radia-
tion generated from excimer, harmonic YAG, or other UV sources. Similar to 
microEDM, laser micromachining can produce features on the order of tens of 
microns, but it is a serial process and therefore slow. Figure 3.20 is a photo of 
some very small holes made in a medical catheter using laser micromachining.

Focused Ion Beam Micromachining

Another versatile tool for performing micromachining is the focused ion 
beam (FIB) [9]. The accelerating voltages are adjustable from few keV to sev-
eral hundred keV. The spot sizes can be focused down to below 25 nm, mak-
ing it capable of producing extremely small structures. The user can input a 
3-D CAD solid model of desired etching topology; the computer-controlled 
stage with sub-micron positional accuracy allows very precise registration 
of sample. In addition to material removal, the FIB can also be used to per-
form ion-induced deposition, lithography, implantation doping, mask repair, 
device repair, and device diagnostics. Many of these tools can also be outfit-
ted with a secondary column for mass analysis of particles removed from the 
substrate using uSIMS.

FIGuRE 3.20
Very small holes made in a medical catheter using laser micromachining.
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MEMS Process Sequence development and Process Integration

The making of MEMS devices involves bringing together a multiplicity of 
processing steps into what is called a process sequence [22]. The number of pro-
cessing steps involved in fabricating a MEMS device can vary from less than 
ten for a simple process sequence to a few hundred for a more complicated 
one. A common thread in MEMS device implementation is that most MEMS 
process sequences are customized to the device that is being fabricated. That 
is, the process sequence for any one MEMS device is likely to be vastly differ-
ent from the process sequence used to implement any other MEMS device. 
This is quite a different situation from what is found in microelectronics, 
where there are typically only three components made, namely transistors, 
resistors, and capacitors, and a small number of process sequences com-
monly used for fabrication, including CMOS, Bipolar, and BiCMOS. In con-
trast, there are a vastly larger number of MEMS devices, each having its own 
unique and custom process sequence. This means that the development of 
the process sequence for any MEMS device is typically very challenging, 
and most successful MEMS development projects engage MEMS fabrication 
experts early and extensively. Process integration is defined as understand-
ing, characterizing, and optimizing to the greatest extent possible the inter-
relationship of the individual processing steps in a process sequence. Given 
the customization of MEMS process sequences, it should not be surprising 
that process integration is of critical importance in any MEMS development 
effort. Specifically, skilled MEMS fabrication technologists having relevant 
practical experience are needed to successfully develop a process sequence for 
a MEMS device. Moreover, the skills of these technologists must be directly 
relevant to MEMS device process development, that is, device development 
skills learned in other related fields such as microelectronics are usually not 
sufficient and do not directly transfer well to MEMS process sequence devel-
opment. The learning of MEMS process development and process integra-
tion requires many years of education and practical experience and cannot 
be adequately covered in a small section of a chapter. Readers are referred to 
[22] for more information about this subject.

MEMS Device Technologies

Microsensor Technology

Many types of sensors exist that use micromachined devices, including pres-
sure; acoustic; temperature (including infrared focal plane arrays); inertial 
(including acceleration and rate rotation sensors); magnetic field (Hall, mag-
netoresistive, and magnetotransistors); force (including tactile); strain; opti-
cal; radiation; and chemical and biological [9, 12, 37, 38]. As discussed above, 
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sensors are transducers that convert one form of energy, such as mechani-
cal force, to another form of energy, usually an electrical signal. There are 
several basic physical principals by which sensors function, including resis-
tive, magnetic, photoconductive piezoresistive, piezoelectric, thermocouples 
and thermopiles, diodes, and capacitive. All of these sensing principles have 
been successfully demonstrated in MEMS sensor devices. There are far too 
many variations of MEMS sensors to review even a fraction of them reported 
in the literature, and therefore we will limit ourselves to reviewing only a 
few of the transduction principles used in the implementation of microsen-
sors. Readers are referred to [9, 11, 12, 37, 38] for more information.

A piezoresistive material is one in which the resistance is influenced by 
applied mechanical strains [9, 11, 12, 37, 38]. This phenomenon is most promi-
nent in semiconductors where the strain induces changes in the electronic 
band structure of the material, thereby making the carrier scattering rates 
dependent on direction of transport. This effect can be used to make a variety 
of sensors by placing the piezoresistive elements at a position where the strain 
is maximized. A useful quality factor of piezoresistive materials is the gauge 
factor (GF), which is given by the normalized change in resistance divided 
by the strain. A higher gauge factor implies a more sensitive piezoresistor-
to-mechanical deformation. Silicon as a material can have a very high gauge 
factor, approaching 200 in some special configurations. In comparison, metal 
resistors typically have gauge factors of around 2. Piezoresistors are used 
primarily as strain measurement sensors where the resistor (strain-sensing 
element) is placed on a compliant surface or structure such as illustrated 
in Figure 3.21 for pressure sensors and accelerometers. Note that microma-
chining allows the substrate to be selectively removed, which significantly 
reduces the stiffness in the sensing region of the device. This allows the stain 
to be maximized in a localized region of the sensor where the piezoresistors 
are located, thereby also maximizing the sensitivity of the sensor device. 
Typically, the piezoresistors are placed into a Wheatstone bridge circuit con-
figuration, although other configurations can be used as well. The fabrication 
of two types of pressure sensors using the piezoresistive effect to transduce 
the mechanical strain into an electrical signal is described below.

Diffused Resistors

Pressure Sensor

Diffused Resistor

Accelerometer

Proof Mass

FIGuRE 3.21
Two types of MEMS silicon sensors made using the piezoresistive effect in semiconductors. 
Piezoresistors are formed by diffusing a suitable type and concentration of dopants into the 
substrate material. The substrate is partially removed to reduce the mechanical stiffness where 
the piezoresistors are located. This has the effect of increasing the strain under loading at these 
locations and, more importantly, of increasing the sensitivity of the sensors.



56 Biomaterials Science: An Integrated Clinical and Engineering Approach

Capacitive sensing is very commonly utilized in MEMS sensors owing to 
its inherent simplicity [9, 11, 12, 37, 38]. In general, the capacitance of a two 
terminal device is given by

C = (eo er A)/d

where eo is the dielectric constant of free space, er is the relative dielectric 
constant of any material between the electrodes, A is the area of the capaci-
tor, and d is the separation of the electrodes [39]. In general, capacitors 
can be made to function as sensors in five ways, as shown in Figure 3.22: 
(a) varying the distance between electrodes, (b) varying the position of 
the center electrode relative to two outer electrodes giving a differential 
measurement, (c) varying the overlap between electrodes, (d) varying the 
differential overlap between electrodes and (e) varying the position of the 
dielectric in the space between electrodes. As an example of how a capaci-
tive structure can be used to implement an accelerometer, see Figure 3.23, 
where a pair of electrodes is separated by a distance that can change as the 
compliant cantilever is deflected under acceleration loading in the direc-
tion normal to the device.

Another widely used physical phenomenon for making sensors in 
MEMS is the piezoelectric property of some materials [9–12, 37, 38]. 
Piezoelectricity occurs when a mechanical strain produces an electrical 
polarization (i.e., voltage potential) in the material. Likewise, an applied 
electrical field will also induce a mechanical strain in the material. The first 
effect is primarily used for sensors, while the second is usually employed 
for actuators. Silicon and germanium are centrosymmetric crystals and 
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FIGuRE 3.22
Various configurations for using a capacitor as a sensing element.

Proof Mass

Direction of Acceleration

FIGuRE 3.23
MEMS capacitive-based accelerometer.
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therefore display no piezoelectric effect (unless strain is induced). Other 
materials that lack a center of symmetry, such as quartz, lead zirconate 
titanate (PZT), and zinc oxide (ZnO), are commonly used as piezoelectric 
materials in MEMS sensors. The latter two can be deposited in thin-film 
form on silicon or other material substrates.

Microactuator Technology

A variety of basic principals are used to implement MEMS actuators, includ-
ing electrostatic, piezoelectric, magnetic, magnetostrictive, bimetallic, and 
shape memory alloy. Each of these has its respective advantages and dis-
advantages, and therefore careful consideration of the specific application 
requirements must be part of the selection process. We shall review a few 
of the more popular methods for MEMS microactuators here. Readers are 
referred to [9–12, 37, 38] for a more comprehensive review.

Electrostatic actuation is based on the mutual attraction of two oppositely 
charged plates. The force F generated between plates under the application 
of a voltage potential V is given by

F = 1/2 (eo er A) (V/d)2

where eo is the permittivity of free space, er is the relative permittivity of a 
dielectric, A is the area of the plates, V is the applied voltage potential on the 
plates, and d is the separation between the plates [41]. There are some inher-
ent advantages of electrostatic microactuators that make them attractive and 
popular for MEMS devices, including being easy to fabricate and integrate 
with electronics, having very low power consumption during operation, and 
being able to exhibit very high mechanical bandwidths. Some of the disad-
vantages of electrostatic actuators are that the force is non-linear with dis-
placement and applied voltage, the resultant force is relatively small, and the 
operating voltages can be relatively high.

Another popular method of implementing microactuators for MEMS is 
based on the bimetallic effect. The bimetallic effect uses the differing ther-
mal expansion coefficients of two different materials to realize a thermal-
based microactuator. When these two materials are made into a composite 
structure and heated, a thermally induced stress is generated in the struc-
ture if it is sufficiently compliant. The thermal strain is given by

α = (afilma – afilmb) (Tele – Tamb)

where afilma and afilmb are the thermal expansion coefficients of the top and bot-
tom films, respectively, and Tele and Tamb are the temperature of the bimetallic 
element and ambient, respectively [9, 12]. Some of the attributes of a bimetal-
lic microactuator for MEMS are high power consumption for heating, low 
mechanical bandwidth, relatively complex design and fabrication, relatively 
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large deflections (at least compared to electrostatic actuation), a linear deflec-
tion versus power relationship, and sensitivity to environmental conditions.

A simple bimetallic microactuator can be made by depositing a thin-film 
of aluminum onto a thin compliant silicon cantilever (Figure  3.24) while 
passing current through the aluminum layer. As the aluminum layer heats 
up through Joule heating, the cantilever will bend because of the different 
expansion coefficients of the two materials, with the aluminum metal having 
a larger expansion under heating than the silicon semiconductor material. 
Obviously, the choice of materials used in a bimetallic microactuator will 
depend on the application.

Yet another popular material for implementing microactuators in MEMS 
is shape-memory alloys [40–42]. A shape-memory alloy is a material that 
undergoes a martensite to austensite phase change upon heating. During 
this phase change, the material will return to its unstrained shape (i.e., the 
material has memory). Figure  3.25 is an illustration of the shape memory 
effect. Shape memory alloys can be sputter deposited in thin film form on 
silicon wafers. Heating of the film is usually achieved by Joule heating. The 
shape memory effect is a reversible effect and can be repeated many times. 
The attributes of shape memory in MEMS actuators include the following: 

Aluminum thin film

Silicon

FIGuRE 3.24
A bimetallic microactuator made from a thin film aluminum layer on a silicon cantilever. When 
heated, the aluminum has a higher thermal expansion coefficient than silicon and causes the 
cantilever to deflect downward.
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FIGuRE 3.25
The shape memory effect. The SMA sample in the martensite phase (top) is at room temperature 
and unstrained. In the middle, the sample is strained at room temperature. At bottom, the SMA 
sample is heated and the sample undergoes a phase change from the martensite to the aus-
tensite phase, and the strain is completely recovered. This cycle can be repeated over and over.
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they exhibit very high energy densities; they have enormous recoverable 
strain levels (strains of over 8% have been demonstrated); since they are ther-
mally activated, the power consumption can be high and the mechanical 
bandwidth low; the processing is somewhat complicated; and the material 
can fatigue if repeatedly cycled at high strain levels.

MEMS Design Tools

MEMS design is frequently more demanding than the design of integrated 
circuits. In the integrated circuits domain, a process technology and the asso-
ciated design rules usually already exist. The designers merely need to build 
these into their computer-aided design tool, which usually only considers the 
electrical effects, and come up with a design. In MEMS technology, the situa-
tion is much more complicated. As we have already mentioned, a customized 
process sequence must frequently be developed for each device type as part of 
the product development effort, and design rules are not known until a pro-
cess sequence is finalized. Furthermore, the material properties are usually 
not fully known and are highly dependent on the process sequence and condi-
tions, which also are not known beforehand. Also, many MEMS devices have 
several physical phenomena (electrical, mechanical, thermal, chemical, etc.) 
occurring simultaneously that leads to many strongly coupled fields, thereby 
making the design process more challenging. Importantly, the IC designer 
usually does not need to know much about the fabrication, whereas in MEMS 
design, the designer must be an expert in MEMS fabrication [22, 43].

Fortunately, there are some design tool capabilities now available to the 
MEMS community that are suitable for process, physical, device, and systems 
modeling [44]. The process-modeling tools are essentially the same as those 
used by the integrated circuit industry and enable the designer to create pro-
cess models and mask artwork. Numerical techniques are available to simulate 
the processing steps. Although these tools are quite good for predicting electri-
cal behavior, they are not very good for predicting mechanical material prop-
erties. One important feature of MEMS process design tools is the ability to 
create representative 3-D renderings of the devices. The physical-level design 
tools are used to model the behavior of components in the real 3-D continuum 
using partial differential equations. These tools can be analytical or numeric; 
the numeric techniques include finite-element, boundary-element, and finite-
difference methods. These tools are based mostly on finite-element tools that 
are modified versions of FEM tools used in macroscale design. The device level 
models are macro-models or reduced-order models that capture the physical 
behavior of a component (over a limited range) and are compatible with the 
system level models. Care must be exercised to ensure that the dynamic range 
of the model is not overextended. System level models are high-level block 
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diagrams and lumped-parameter models that describe the system as a coupled 
set of ordinary differential equations.

Backend MEMS Processes: Device Release and Die Separation

Backend processes for MEMS are usually more challenging then those found 
in microelectronics. One reason is that many MEMS products have movable 
elements that are made from silicon or other thin film materials, and these 
elements can be easily broken during handling, assembly, packaging, and 
testing. The backend processes for MEMS frequently involve the releasing of 
the movable elements and die separation. In some MEMS process sequences, 
particularly surface micromachining, a sacrificial material layer is removed 
to “release” the moveable element on the MEMS device. The release of the 
movable elements prior to die separation means that the fragile MEMS 
devices must survive the cutting and separation processes, which frequently 
require special fixturing. Likewise, if the die separation is performed first, 
a means to perform the release of the MEMS device in a batch mode rather 
than individually will require a special fixturing.

Another issue is the release process itself. Many times the release is per-
formed using an immersion into a strong chemical solution, such as hydro-
fluoric acid, for the removal of a sacrificial oxide layer. The wafer must then 
be rinsed and dried and the retracting liquid can cause the movable element 
to be brought into contact with the underlying substrate and remain stuck. 
This is commonly referred to as stiction and a widely used solution to this 
problem is CO2 super-critical point drying [45]. Additionally, sometimes a 
vapor hydrofluoric (HF) acid is used instead of immersion to avoid stiction 
during release.

While super-critical drying or vapor HF etch may solve the problem of 
stiction during release, it is not uncommon for compliant MEMS devices to 
come into contact with the underlying substrate during use as well. This can 
also result in stiction, which can cause the MEMS device to become inoper-
able. Self-assembled monolayers and environmental control of the MEMS 
device in the package are frequently used to overcome the stiction effects 
during use [46].

MEMS assembly, testing and packaging are other demanding areas of the 
technology. There are very few MEMS wafer level functional test systems 
available; the test equipment that is available is very application specific. 
MEMS testers must usually apply suitable stimulus to device under test 
(pressure, inertia, etc.). Consequently, a test system for a pressure sensor will 
invariably be very different from a tester for an inertial sensor.

Assembly in MEMS is demanding because many MEMS devices are very 
fragile, so standard pick and place equipment may not be appropriate. Also, 
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many standard die attach adhesives are often not appropriate, and the effect 
of stress on them from the use of an adhesive and as a function of time must 
be considered.

MEMS packages often must allow controlled access of the die to the envi-
ronment (e.g., pressure sensors require a port allowing the pressure to be 
applied to the strain-sensitive membrane) and simultaneously protect die 
from all other environmental effects. Obviously, considerations for mate-
rial biocompatibility must be taken into account in the packaging for MEMS 
used in medical applications. This will limit the choices of materials and 
techniques used for packaging. Furthermore, there are no MEMS packag-
ing standards, and existing packaging solutions tend to be highly propri-
etary. Even for mature MEMS markets, packaging solutions are frequently 
fragmented by the use of different package types to accommodate different 
customer needs. Consequently, the cost of the packaged MEMS device is fre-
quently dominated by the cost of the assembly, testing, and packaging of 
the component. It is not uncommon for this cost to be 50 to 90% of the total 
packaged device cost.

The Materials Used in MEMS

There is an enormous diversity of materials used to fabricate MEMS 
devices, including semiconductors, metals, glasses, ceramics, and polymers. 
Furthermore, since the functionality of MEMS devices is not only electrical, 
but mechanical, chemical, thermal, etc., the choice of a material or a set of 
materials for a given application frequently depends on its electrical as well 
as non-electrical material properties. Silicon is the most popular material 
used in MEMS. This is partly owing to the established infrastructure and 
extensive knowledge base of silicon as a material and how to fabricate with 
it. Silicon is an extremely good mechanical material that has a yield strength 
nearly equal to that of stainless steel, and its strength-to-weight ratio is one 
of the highest of all engineering materials. Nevertheless, if silicon is strained 
beyond its limit, it will catastrophically fail. This is unlike most metals that 
plastically deform if loaded beyond their yield points. Another important 
fact about silicon is that it is an anisotropic material and therefore the mate-
rial properties will vary significantly depending on the orientation of the 
crystal axes. Although silicon is the most commonly used substrate mate-
rial, various types of glass substrates, such as fused silica and Pyrex are also 
commonly used in MEMS technology. Depending on the application, metal, 
polymer, ceramic, or other semiconductor substrates are also sometimes 
employed.

A variety of thin films are also used in MEMS fabrication, with the more 
popular ones being polysilicon, silicon nitride, deposited glasses, aluminum, 
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platinum, and gold. These thin films frequently are deposited using either 
vapor chemical methods, such as low-pressure chemical vapor deposition 
(LPCVD) and plasma-enhanced chemical vapor deposition (PECVD), or by 
means of physical vapor deposition, including sputtering and evaporation. 
These deposited thin-film materials can have a large residual (or built-in) 
stress. The residual stresses in thin films are dependent on material type, 
temperature of deposition, and method of deposition, and can vary from 
highly compressive to highly tensile.

It is extremely desirable that the mechanical properties of the materials 
used in a MEMS device are accurately determined before initiating design. 
Unfortunately, this can be difficult to achieve in practice since the material 
properties, especially many of the mechanical material properties, are highly 
dependent on the exact processing conditions and sequence used in the fab-
rication of the MEMS device. Therefore, since most every MEMS device has 
its own customized process sequence, the development of a MEMS device 
and the fabrication sequence must be done in conjunction with the materi-
als properties measurements. Once they are experimentally determined, the 
measured material property data can then be fed back into models in order 
to improve or optimize the design.

The measurement of properties of thin film materials can be challenging. 
For example, the film cannot be removed from the substrate and have a load-
deflection measurement done on it without changing the stress state of the 
film. Fortunately, the MEMS community has devised a number of different 
test structures that can be used to measure the most important of the mate-
rial properties (Figure 3.26). Readers are referred to [11] for more information.

Biocompatibility of MEMS Materials

The choice of materials used in any MEMS device will need to satisfy the 
specific requirements of the intended application, which are often very 
challenging. However, in the medical domain, the challenges are often con-
siderably more difficult since they usually entail the more stringent and rig-
orous requirements of biocompatibility and biostability. These requirements 
include the following: the materials do not cause or induce toxicity in any sur-
rounding tissues; the materials do not react with any other materials, tissues, 
serums, or solutions that they are in contact with to form toxic byproducts; 
and the materials do not cause significant negative chemical, electro-chemi-
cal, or mechanical effects on the surrounding tissue. Moreover, the surround-
ing environment of the MEMS device must not compromise the performance 
of the device. For example, a MEMS drug delivery device should not have its 
operational performance affected by the tissue it is implanted into during 
its operational lifetime. Also, if the intended application of a MEMS device 
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involved implantation, the device must withstand long-term exposure to the 
physiological environment into which it is placed. This includes enduring 
the influence of the surrounding tissues on the device’s function over its life-
time of operation.

Despite these very demanding requirements, MEMS devices have been 
used in several medical applications, primarily as sensor devices. In most 
of these applications the devices are not used in implanted applications, and 
the devices are packaged in such a way that the sensor is not in direct con-
tact with tissue. Instead the device is packaged within an enclosure that is 
made of approved and commonly used suitable materials, usually synthetic 
polymers such as polyethylene and polyurethanes. Importantly, the medi-
cal industry tries to use already-approved and “off-the-shelf” materials since 
the cost of the experimental work for new materials for new applications is 
frequently prohibitive.

Nevertheless, recently several research groups have been examining the 
biocompatibility of MEMS devices and materials, particularly for implantable 

 

FIGuRE 3.26
SEM of an array of thin film polysilicon beams that are clamped at both ends and that have a 
compressive residual stress. As can be seen, the beams are buckled by the compressive residual 
stress in the polysilicon layer. Fortunately, the residual stress can be reduced or eliminated by 
a high temperature anneal. For example, it is very common to perform a high-temperature 
anneal on polysilicon thin films that have been deposited using LPCVD to reduce the high 
compressive residual stress in these layers in a surface micromachining process.
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medical applications. In one recent published study [47], the biocompatibil-
ity and biofouling of the materials used in a MEMS-based implantable drug 
delivery device was studied to determine the vivo inflammatory and wound 
healing response of the materials used in the device, including gold, silicon 
nitride, silicon dioxide, silicon, and a formation of SU-8. These tests were per-
formed using the cage implant system, with the materials being placed into 
stainless steel cages and implanted into a rodent model. At 4, 7, 14, and 21 days, 
the leukocyte concentrations were measured. The researchers reported that 
the inflammatory responses elicited by the MEMS materials examined were 
not significantly higher than those of the empty cage control tests over the 
duration period of the experiments. They also examined fouling of the mate-
rials by inspecting samples that had been implanted for 4, 7, 14, and 21 days 
into rodents. The extracted sample materials were inspected using a scanning 
electron microscope to measure the amount of surface cell attachment on the 
samples, including macrophages and foreign body giant cells, two of the prin-
cipal ways of determining biofouling. Significantly, the researchers reported 
that the materials gold, silicon nitride, silicon dioxide, the formation of SU-8 
examined, and silicon were all found to be biocompatible, with gold, silicon 
nitride, silicon dioxide and SU-8 all exhibiting reduced biofouling.

As demonstrated by this research and others, the issue of biocompatibility 
of MEMS materials is a difficult subject that requires careful and extensive 
study. Readers are referred to [48] for more information.

Applications of MEMS in Medicine

There is a wide variety of applications for MEMS in medicine. The first and 
by far the most successful application of MEMS in medicine (at least in terms 
of number of devices and market size) are MEMS pressure sensors, which 
have been in use for several decades [49, 50]. The market for these pressure 
sensors is extremely diverse and highly fragmented, with a few large mar-
kets and many smaller ones. Nevertheless, the contribution to patient care 
for all of these applications has been enormous. More recently, MEMS iner-
tial sensors, specifically accelerometers and rate sensors, are being used as 
activity sensors. Perhaps the foremost application of inertial sensors in medi-
cine is in cardiac pacemakers, in which they are used to help determine the 
optimum pacing rate for patients based on their activity level. MEMS devices 
are also starting to be employed in drug delivery devices, for both ambu-
latory and implantable applications. MEMS electrodes are also being used 
in neuro-signal detection and neuro-stimulation applications. A variety of 
biological and chemical MEMS sensors for invasive and non-invasive uses 
are beginning to be marketed. Lab-on-a-chip and miniaturized biochemical 
analytical instruments are being marketed as well.
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Given the fragmentation of the applications and markets for these devices 
combined with the tremendous growth of new applications of MEMS in 
medicine, an exhaustive list of all current applications is nearly impossible 
and would be quickly dated. Therefore, we shall review several examples of 
the MEMS devices in most widespread use today. The theme to the success 
of MEMS technology in these medical applications can be directly attributed 
to several unique benefits of MEMS technology, including low cost, high 
 performance, high reliability and stability, small size, and increased func-
tionality (on-chip temperature compensation and calibration).

MEMS Pressure Sensors

The pressure sensor was the first MEMS device of significant technological 
and economic importance. These types of sensor devices continue to repre-
sent a large and important part of the MEMS component industry with annual 
sales of well over $1B for an enormous diversity of applications, including 
automotive, aerospace, industrial control, medical, and environmental con-
trol. Essentially these devices are composed of a thin diaphragm of material 
that is usually made of silicon that deflects under the application of a differ-
ential pressure loading across the diaphragm. A number of schemes can be 
used for transduction of the diaphragm deflection into an electrical signal, 
including piezoresistive, optical, capacitive, and piezoelectric. Nevertheless, 
it is most common to employ the piezoresistive effect of silicon in these sen-
sors. The piezoresistive effect demonstrated in semiconductors whereby a 
relatively large change in resistance occurs when the semiconductor is sub-
jected to a strain was first reported by Smith in 1954 [2]. Basically, the piezo-
resistors are positioned on the diaphragm at locations where the strain is 
the largest as the diaphragm is deflected. This transduction mechanism is 
attractive owing to the large size of the piezoresistive effect in semiconduc-
tors, thereby enabling high sensitivity levels to be obtained, the relative sim-
plicity of implementation and readout circuitry required, and low cost.

These types of sensors have now been on the market for several decades. 
Given the length of time that these devices have been produced for the com-
mercial marketplace, it should be no surprise that there has been a significant 
progression of technology development associated with silicon-based pres-
sure sensors over the years. In fact, the historical development of pressure 
sensors in many ways reflects the broader development of silicon microma-
chining and MEMS technology with the first use of isotropic and anisotropic 
wet chemical etching, eutectic bonding, anodic bonding, and direct silicon 
fusion bonding. Sze and Brysek [12, 51] both have an excellent review of the 
history of MEMS pressure sensors.

The first application of a MEMS device for medical use was the pres-
sure sensor. Currently, these type of devices represent the largest market 
for MEMS in the medical commercial sector with millions of sensors used 
each year, including tens of millions of disposable pressure sensors that are 
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employed to monitor the blood pressure of the patient through the patient’s 
intravenous (IV) tubing; more than a million intrauterine pressure sensors 
that monitor pressure around an infant’s head during delivery; more than 
half a million disposable angioplasty devices that are used to monitor pres-
sure in balloon catheters; and a smaller but still significant number of pres-
sure sensors to measure pressure across the membrane in kidney dialysis 
systems accounting for tens of thousands of devices per year. Additionally, 
there are several smaller MEMS medical pressure sensor markets, which 
include MEMS pressure sensors for measuring pressure in the stomach 
or other organs during endoscopic procedures; MEMS pressure sensors 
to monitor for obstructions in the fluid lines of drug infusion pumps; and 
MEMS pressure sensors used in sphygmomanometers and other noninva-
sive blood pressure monitors.

By far the largest market for MEMS pressure sensors in the medical sec-
tor is the disposable sensors used to monitor blood pressure in IV lines of 
patients in intensive care. These devices were first introduced in the early 
1980s and captured the majority of the market very quickly. These devices 
replaced other technologies that cost over $500 and that had a very substan-
tial recurring cost since they had to be sterilized and recalibrated after each 
use. MEMS disposable pressure sensors are delivered pre-calibrated in a 
sterilized package from the factory at a cost of around $10. These devices are 
connected to an artery in the patient through a saline-filled IV line. The sen-
sor device is isolated from the saline solution by a non-toxic, non-allergenic 
polymer gel, which is located between the deflecting silicon membrane of 
the device and the solution. This protects the on-chip sensor circuitry from 
the solution and the patient from stray currents from the sensor. We dis-
cuss the fabrication of one of the most prominent disposable pressure sensor 
devices sold in the market in more detail below.

A similar MEMS pressure sensor device and package is used to measure 
intrauterine pressure during birth. The device is housed in a catheter that 
is placed between the baby’s head and the uterine wall. During delivery, 
the baby’s blood pressure is monitored for problems during the mother’s 
contractions.

Some of the other notable examples of MEMS pressure sensor applications 
include the following:

•	 MEMS pressure sensors are used in hospitals and ambulances as 
monitors of a patient’s vital signs, specifically the patient’s blood 
pressure (see above) and respiration. The MEMS pressure sensors 
in respiratory monitoring are used in ventilators to monitor the 
patient’s breathing.

•	 MEMS pressure sensors are used for eye surgery. They are employed 
to measure and control the vacuum level used to remove fluid from 
the eye, which is cleaned of debris and replaced back into the eye 
during surgery.
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•	 Special hospital beds for burn victims that employ inflatable mat-
tresses use MEMS pressure sensors to regulate the pressure inside 
a series of individual inflatable chambers in the mattress. Sections 
of the mattress can be inflated as needed to reduce pain as well as 
improve patient healing.

•	 Physician’s office and hospital blood analyzers employ MEMS pres-
sure sensors as barometric pressure correction for the analysis of 
concentrations of O2, CO2, calcium, potassium, and glucose in a 
patient’s blood.

•	 MEMS pressure sensors are used in inhalers to monitor the patient’s 
breathing cycle and release the medication at the proper time in the 
breathing cycle for optimal effect.

•	 MEMS pressure sensors are used in kidney dialysis to monitor the 
inlet and outlet pressures of blood and the dialysis solution and to 
regulate the flow rates during the procedure.

•	 MEMS pressure sensors are used in drug infusion pumps of many 
types to monitor the flow rate and detect for obstructions and block-
ages that indicate that the drug is not being properly delivered to the 
patient.

•	 Many types of medical drilling equipment also use MEMS pressure 
sensors to monitor blood and/or other internal fluids during the 
drilling process.

The physically smallest MEMS pressure sensor is the GE NovaSensor 
intracardial catheter-tip blood pressure sensor, which is used for diagnos-
tics during cardiac catheterization. The size of this device measures only 
150 microns by 400 microns by 900 microns [52]. The implementation of this 
device as well as a few other types of pressure sensors for medical applica-
tions is described in more detail below.

Integrated MEMS Pressure Sensor for disposable Medical Applications

The integrated pressure sensor (IPS) process technology was originally 
d eveloped and put into production by Motorola (now Freescale Semi-
conductor) in 1991 and represents one of the most successful and long-
standing high-volume MEMS products in the medical market. This sensor 
employs the piezoresistive effect to measure the deflection of a thin silicon 
membrane and combines bipolar microelectronics for signal conditioning 
and calibration on the same silicon substrate as the sensor device, thereby 
making it a fully integrated MEMS product (actually the first fully inte-
grated high volume MEMS product). The transduction approach taken to 
measure membrane deflection under pressure loading is somewhat unusual 
since it uses a single piezoresistor element to measure strain, as opposed to 
the conventional approach of using multiple, distributed piezoresistors (e.g., 
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Wheatstone bridge). Freescale has used two types of piezoresistive trans-
ducers, the “X-ducer™” and the “Picture Frame.” The original “X-ducer” 
design resembles an “X” located at the edge of the pressure-deflecting mem-
brane (Figure 3.27a). The X-ducer design had the benefit of reducing the off-
set distribution that is an undesirable attribute of some Wheatstone bridges. 
The process technology has been improved over the years, tracking recent 
developments in micromachining and design, and Freescale now uses what 
is called a “picture frame” piezoresistor configuration that allows approx-
imately 40% greater output signal than the X-ducer design (Figure 3.27b). 
Other process improvements include using an electrochemical etch stop to 
precisely control the pressure-sensing membrane thickness and reduction of 
the area consumed by the sensor [53]. 

The fabrication process sequence begins with a single crystal p-type silicon 
substrate (Figure 3.28) [54]. A diffusion to create an n+ region is performed, 
and this will be used to form the buried layer for the bipolar transistor 
devices. A 15-micron-thick layer of n-type silicon is epitaxially grown on 
the surface of the wafer, and this is followed by a deep diffusion to create 
p+ regions to electrically isolate the bipolar transistors (Figures  3.28a, b). 

(a)

(b)

FIGuRE 3.27 (See color insert.)
(a) Optical photograph of top surface of Freescale Semiconductor pressure sensor that employs 
the original “X-ducer.” An “X” has been added to show the transducer layout. (b) The newer 
“picture frame” piezoresistor configuration. (Reprinted with permission, copyright Freescale 
Semiconductor, Inc.)
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Subsequently, a diffusion is performed to create a p+ region that will be used 
to make low-resistance connections. This is followed by performing another 
diffusion to form p– regions that will be used to make the piezoresistors of 
the sensor device (Figure 3.28c). Yet another diffusion is performed to create 
an n+ region to make the bipolar transistor emitter and to provide ohmic 
contact to the n-type epi (Figure 3.28d).

A layer of chrome silicide (CrSi) is deposited, patterned, and etched to 
form resistors. These CrSi resistors on the top surface of the substrate are 
laser trimmed after packaging to calibrate the sensor offset and adjust the 
sensor span. A 1.5-micron-thick layer of aluminum is deposited, patterned, 
and etched to make electrical contact and connection to the transistors 
and sensor elements of the device. A layer of PECVD silicon nitride is then 
deposited to passivate and protect the top surface of the substrate. The SiN is 
removed only from the electrical pads by a photolithography and etch pro-
cess (Figure 3.28e). Then, the wafer is immersed in a wet anisotropic etch 
solution, and electrical contact is made to the n-type silicon layer that was 
epitaxially grown to allow an electrochemical etch stop. As the etchant solu-
tion reaches the junction between the p-type silicon substrate and the n-type 
silicon epi layer, the etching process terminates, thereby allowing for precise 
control of the sensor membrane thickness (Figure 3.28f). As an optional step, 

Silicon Wafer

(a) Starting wafer p-type silicon substrate, followed by n+
diffusion to create bipolar buried layer. �en a 15-micron
thick layer of n-type silicon is deposited using epitaxy.

Silicon Wafer

(b) Deep p+ diffusions are performed to form isolation
for the bipolar transistors.

Silicon Wafer

(c) A p+ diffusion is performed to form low-resistance
connections and a p-diffusion is performed to make the
piezoresistor element.

Silicon Wafer

(d) A n+ diffusion is performed to form emitter for
bipolar transistor formation.

Silicon Wafer

(e) Chrome silicide resistors are formed that will be laser-trimmed
to calibrate the pressure sensor after packaging. �en a 1.5-
micron thick aluminum layer is deposited and patterned to
electrically contact and connect the devices.  A passivation 
layer of silicon nitride is then deposited using PECVD. �e
SiN is removed from the bond pads.

Silicon Wafer

(f) A backside wet anisotropic etch is performed using an
electrochemical etch stop created by biasing the epi layer.

Silicon Wafer

(g) Optional: a wafer is bonded to the backside using glass frit to
create a sealed reference cavity for absolute pressure sensor.

Reference
Cavity

CrSi Glass Fritp+Si SiN Alp-Sin+Si n-type Si epi SiO2

Backside Bonded Wafer

FIGuRE 3.28
Process technology for Freescale Manifold Air Pressure (MAP) Sensor.
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a silicon wafer may be bonded to the backside of the sensor wafer to create 
sealed pressure reference cavities for each sensor device (Figure 3.28g). This 
would be used for implementing an absolute pressure sensor. Wafer bond-
ing is performed using a glass frit layer between the two substrates.

From a fabrication standpoint, the Freescale pressure sensor example has 
several very interesting attributes. First, this technology is unusual in that 
it integrates a bipolar transistor microelectronics process technology with 
a MEMS bulk micromachining process technology. The bipolar transistors 
form amplifiers that convert the millivolt-level transducer output into a volt-
level device output. Nearly all other MEMS-integrated process technologies 
that have been demonstrated merge CMOS with MEMS devices. Second, con-
trol over the mechanical dimensions of MEMS devices made by bulk micro-
machining are typically not very precise; however, the Freescale technology 
employs an electrochemical etch stop that enables precise control of the mem-
brane thickness, which is extremely important for determining the mechani-
cal stiffness of the pressure sensor membrane (i.e., the amount of membrane 
deflection that is to result from a certain level of pressure loading). This etch 
stop layer is an epitaxially grown n-type layer that is reverse-biased during 
the etching; when the etchant solution reaches this layer, the etch terminates. 
This same epitaxial layer in the process sequence is also used in the fabrication 
of the bipolar transistors. Third, the microelectronics is fabricated first, and 
the MEMS are subsequently fabricated. This is possible since all of the MEMS 
processing steps subsequent to the microelectronics fabrication are performed 
at relatively low processing temperatures. Fourth, the process uses <100> ori-
ented silicon wafers to enable the micromachining steps to be done. Normally, 
<111> oriented wafers are used for the fabrication of bipolar transistor devices, 
and therefore Freescale needed to develop a special bipolar transistor process 
for this substrate orientation. Fifth, the device wafer can be bonded to another 
wafer to form a sealed reference cavity for implementing an absolute pressure 
transducer, or it can be left “as is” to implement a differential pressure trans-
ducer without any major changes to the process sequence. Last, the chrome 
silicide resistors enable the circuits and sensors to be easily trimmed for cali-
bration, thereby allowing any offsets to be inexpensively eliminated.

The major disadvantages of this process are that it employs wet anisotro-
pic bulk micromachining to implement the pressure sensor, and therefore a 
large amount of die area is consumed by the sidewalls of the exposed crys-
tallographic planes in the silicon substrate. This is costly compared to the 
area that would be used to implement a surface-micromachined sensor hav-
ing the same membrane dimensions. Also, the wet-etch process must expose 
only the back of the wafer to etchant; this requires specialized etch fixturing. 
Finally, bipolar transistors consume large amounts of power compared to 
CMOS electronics, and thus the Freescale integrated MEMS pressure sensor 
has higher power consumption levels than some other technologies. The 
bipolar circuitry cannot be used to form complex digital circuits, so this fab-
rication process is limited to analog devices.
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Extremely Small-Sized Catheter-Tip disposable 
MEMS Blood Pressure Sensor

While the previous device example has been an outstanding success in the 
medical market, its success is more directly tied to the much larger auto-
motive market. The next device example is of a non-integrated pressure 
sensor that was entirely developed for the medical market. This device is 
notable because of its extremely small size, allowing it to be used on cardiac 
catheters. The unique fabrication technology to fabricate the pressure sen-
sor devices allows the small size to be achieved; this was developed by GE 
NovaSensor, as first reported, in 1988 [52]. It can be used to make both low- 
and high-range pressure sensors with some slight variations in the process 
sequence, but we shall review only the low-pressure sensor process technol-
ogy. Readers can refer to [52] for information on the fabrication of the high-
pressure sensor device.

The process begins with the use of a standard thickness silicon wafer with 
<100> orientation (Figure 3.29a). A thin film layer is grown or deposited onto 
the surface of the wafer followed by a photolithography and etch to expose 
square openings in the masking layer. The wafer is then etched using an 
anisotropic wet chemical etchant to form pyramidal pits in the surface of the 
wafer (Figure 3.29b). This resultant shape is due to the fact that the thickness 
of the wafer is nominally 525 microns and the masking openings are 250 
microns, and therefore the anisotropic etchant self-terminates on the exposed 
<111> crystallographic planes, resulting in an etch pit depth of approximately 
175 microns. The masking layer is removed, and then a second silicon wafer 
that is p-type with an n-type epitaxial layer is directly bonded to the wafer 
having the previously etched pyramids on the surface (Figure 3.29c).

The thickness of the epitaxial silicon layer will set the thickness of the 
diaphragm of the resultant pressure sensor. Subsequently, the bulk of the 
bonded top wafer is removed using a controlled-etch process, thereby leav-
ing only the bonded epitaxial layer on the bottom wafer (Figure  3.29d). 
Piezoresistors are then made in selected regions on the silicon diaphragm 
using ion implantation (Figure  3.29e). Metal is deposited, patterned, and 
etched to form electrical connections to the piezoresistors on the diaphragm. 
Next, the composite wafer is lapped and polished back to reduce its thick-
ness to about 140 microns, thereby opening up the cavity from the backside 
of the diaphragm (Figure 3.29f). An image of three of these tiny pressure 
sensors located on the head of a pin is shown in Figure 3.30.

Wireless MEMS Pressure Sensors

A more recent advancement in MEMS pressure-sensor technology enables 
sensors to be interrogated remotely; that is, the pressure reading from the 
sensor is wirelessly transmitted to an external reader. These devices do not 
require wiring in order to operate. This is most important when the pressure 
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sensor is to be implanted into the patient to monitor a body or device func-
tion for extended periods of time.

One example of this technology is being developed for monitoring 
abdominal aortic aneurysms (AAA). An aneurysm is a region of an artery 
that has a weakened wall and expands as a result of the patient’s blood pres-
sure. If left untreated, the artery can rupture and result in death. AAA is the 
13th leading cause of death in the United States and the 3rd leading cause of 
sudden death in males over 60 years in age. The prevalence is approximately 
2.7 million patients in the United States alone. A common treatment is to 
place a stent-graft in the artery [55]. However, there is no way to determine 
whether the graft is leaking once it is installed.

To allow for pressure monitoring in this artery, a new wireless pressure 
sensor technology was developed that essentially merges a capacitive-
based pressure sensor with an inductor to form a resonant tank circuit. 
The resonant frequency of the circuit is proportional to the square root of 
the product of the capacitance and the inductance. The capacitor value var-
ies with pressure and thereby changes the resonant frequency. This con-
figuration is extremely simple and is installed using a delivery catheter. 

 

(a) Starting wafer with masking layer on surface. (d) Removal of p-type silicon from bonded top
wafer to leave behind thin n-type epitaxial layer.

(e) Ion implantation into selected regions on
surface of thin diaphragm to make piezoresistors,
followed by the deposition, patterning, and
etching of metal to form electrical connections to
the piezoresistive devices.

(f ) �e back of the bottom wafer is lapped and
polished to thin it, thereby opening up the cavity
and exposing the backside of the pressure-
sensitive diaphragm.

(b) Pattering of masking layer, followed by
anisotropic wet etching.

(c) Preparation of a wafer with a n-type epitaxial
layer grown on surface, followed by direct
bonding of the two wafers together.

Silicon Oxide n-type epi layer Ion-Implanted Piezoresistors

FIGuRE 3.29
Cross-section of the process technology for the NovaSensor pressure sensor.
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Importantly, the device requires no power source since the external reader 
merely scans the frequency spectrum and remotely detects when a reso-
nant frequency is obtained. This technology has been approved by the FDA 
and is being marketed by CardioMEMS [55]. A photograph of the sensor 
device is shown in Figure 3.31. The external reader used to wirelessly inter-
rogate the implanted wireless pressure sensor in shown in Figure 3.32.

There are many other applications for wireless pressure sensors. One exam-
ple is the monitoring of the pressure inside a patient’s cranium in hydrocepha-
lus. Hydrocephalus is one of the most common birth defects, occurring in one 

FIGuRE 3.30
Three ultra-small silicon pressure transducers located on the head of a pin.

FIGuRE 3.31
Photograph of the CardioMEMS implantable wireless pressure transducer device.
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out of one thousand births. The primary characteristic of this disease is the 
excessive accumulation of cerebrospinal fluid (CSF) in the inter-cranial cavity. 
This causes an abnormal dilation of the brain ventricles and harmful pres-
sure on the brain tissues, which can lead to severe brain damage, blindness, 
or death. The treatment is to place a ventriculoperitoneal shunt mechanism, 
essentially a one-way check valve, so that when the CSF pressure in the intra-
cranial cavity increases, the fluid is allowed to drain away. This shunt valve 
must be maintained over the patient’s lifetime, since these shunt valves can 
become sticky or clog. On average they must be replaced every six years or 
so, resulting in about 36,000 shunt-related procedures per year. Therefore, an 
implantable pressure sensor to monitor the pressure inside the cranial cav-
ity is highly beneficial. This application also requires a wireless interroga-
tion mechanism, since any lead wires would be very problematic. Therefore, 
researchers are working on resonant frequency devices similar in device func-
tion to that of the wireless sensor described above. A photograph of a recently 
developed wireless intracranial pressure sensor is shown in Figure 3.33 [56].

MEMS Inertial Sensors

Similar to the development of MEMS pressure sensors, mostly the automotive 
market drove most of the development of MEMS inertial sensors, primarily 

FIGuRE 3.32
External reader used to interrogate the CardioMEMS implantable wireless pressure trans-
ducer device.
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for crash airbag deployment sensors. These inertial sensors have proven to 
have excellent performance and reliability as well as a low cost. This technol-
ogy has allowed the proliferation of a multitude of airbag sensors in recent-
model vehicles and is attributed to having saved many lives in auto accidents.

MEMS inertial sensor technology also has many applications in medicine. 
These devices typically employ either piezoresistive, piezoelectric, or capacitive 
transduction mechanisms. These devices incorporate a proof mass that is sus-
pended by one or more tethers that deflect when the proof mass experiences an 
inertial force (see discussion above). The movement of the proof mass is detected 
and converted into an electrical signal by the transduction mechanism. Ideally, 
the inertial sensor gives an output signal that is directly related to the position 
of the proof mass. These devices can be used to measure vibration frequency 
and amplitude, as well as in DC applications for angular measurement.

One important application of MEMS inertial sensors is in cardiac pacemak-
ers, which are implanted in the patient’s chest to regulate heartbeat. The b enefit 
of the inertial sensor for this application is that it can measure the activity level 
of the patient in his or her daily routine, and the signal from the sensor can 
be used to pace the heart at the appropriate level. That is, when the patient 
engages in physical activity, the sensor detects this increased activity level and 
outputs this information to a microprocessor in the pacemaker to increase the 
rate of the heart so that the patient can maintain a higher activity level— similar 
to what the heart would do normally. The Model 40366 variable-capacitance 
silicon accelerometer from Endevco Corporation is one MEMS accelerometer 
used in this application. It is packaged in a surface mount configuration with 
a small footprint [57].

Another application of MEMS inertial sensors is in patient-activity moni-
toring during sleep or daily motion. These are increasingly being used on 
elderly patients to make sure that they are well, performing their daily 

FIGuRE 3.33
Implantable wirelessly interrogated pressure sensor designed to measure the intracranial cere-
brospinal fluid pressure of hydrocephalus patients.
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exercise, etc. If three devices are used and configured orthogonally, the 
movement of the patient in three directions can be accurately detected and 
monitored. Some of the devices used for these applications include the 
STMicroelectronics LIS244AL dual-axis accelerometer having a full-scale 
output range of +/– 2 g, the STMicroelectronics LIS302 three-axis accelerom-
eter, and the Analog Devices ADXL311 two-axis accelerometer [58].

MEMS Clinical Diagnostics

MEMS are well suited for clinical medicine owing to its fast response time, 
small size, capability for multiple functionality, accuracy, low cost, and abil-
ity to dramatically reduce sample size and reagent usage. Moreover, MEMS 
technology allows medical diagnostics to be performed on a handheld unit 
at the patient’s bedside, so-called point-of-care, or POC, thereby allowing 
quicker test results and lower overall testing costs. A variety of clinical tests 
have been performed using MEMS technology, including enzyme-linked 
immunosorbent assay (ELISA) [59], polymerase chain reaction (PCR) [60, 61], 
capillary electrophoresis [62], and electroporation [63]. It is beyond the scope 
of this section to cover all of the different MEMS clinical diagnostic systems 
reported in the literature; therefore, readers are referred to [64] for a review 
on this subject area. Nevertheless, to illustrate the capability of MEMS in 
clinical medicine a successful demonstration of a MEMS-based diagnostic 
system that has been on the market for over a decade is described below.

A portable clinical blood analyzer from i-STAT, a division of Abbott 
Laboratories, uses a silicon substrate as a MEMS-based disposable chemical 
sensor cartridge for POC blood-chemistry analysis. It is a handheld device 
with the electronics in the reader; the serum manipulation and chemical 
reaction takes place within the disposable cartridge. The sensor electrodes, 
gels, and membranes are made using MEMS fabrication processes on the 
disposable cartridge. The microfluidic channels are of molded plastic. The 
handheld instrument contains all of the electronics that interface with the 
disposable MEMS cartridge, a screen to display test results, a key-pad for 
controlling the unit, and actuators to operate the microfluidic components 
(Figure 3.34). This instrument automatically performs calibration, steers the 
blood sample through the microfluidic channels on the test cartridge, takes 
measurements on the serum sample, and displays the results on the screen 
of the handheld unit [65]. This instrument can save hours compared to tra-
ditional clinical laboratory analysis. The tests that can be performed include 
sodium, potassium, chloride, urea, glucose, hematocrit, ionized calcium, 
PO2, pH, PCO2, creatinine, lactate, celite, and kaolin ACT [66].

Other POC MEMS or microfluidic devices approved for use by the FDA and 
on the market include Abaxis’s PicoloXpress™, Agilent’s 2100 Bioanalyzer™, 
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Biosite’s Triage™, Cepheid’s Xpert™, MicroParts’ GmbH Bilichek™, and the 
Veridex CellSearch™ [64].

MEMS Medical MicroProbes

A number of researchers have been developing microfabricated neural inter-
faces for a variety of medical applications [67]. These are usually miniaturized 
probes that can be used to electrically sense or stimulate the surrounding tis-
sue. Within this category of devices are also miniaturized probes that can be 
used to sense or deliver chemicals in the tissue. The goal has been to develop 
probes that can be relatively permanent and have high fidelity and a large 
bandwidth. Perhaps the first reported work on using MEMS to implement 
microprobes was in 1970 [68]. Since that time, a large amount of progress has 
been reported in the literature [69–71].

One application of these probes is for cortical implants. Direct stimula-
tion of the visual cortex of the brain was demonstrated in the late 1960s 
using an array of surface electrodes [72]. The advantage of this approach 
is that direct interfacing with the brain bypasses the peripheral sensory 
organs, which may be damaged by injury or disease [73, 74]. Figure 3.35 
illustrates one configuration for a cortical implant for visual prosthesis. 
A key element in this design is the array of microprobes that is inserted 

FIGuRE 3.34
The i-STAT clinical diagnostic POC handheld unit.
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into the brain tissue. The microprobes stimulate the surrounding tissues 
via injected electrical currents to provoke a series of luminous points 
to appear (an array of pixels) in the field of vision of the blind person 
(See Figure 3.36). The visual prosthesis system is composed of two distinct 
subsystems: the implanted microprobe array and an external electronic 
controller [73].

The implanted microprobe array is inserted into the visual cortex and 
connected to the controller by a wire to receive the visual and control data 
[75, 76]. Energy to power the microprobe array is also supplied through 
the connecting wiring. More sophisticated systems connect the microprobe 
array to the controller wirelessly using a radio frequency communica-
tion linkage. The implantable microprobe array contains all of the circuits 
necessary to generate the electrical stimuli and to oversee the interface 
between the microprobes and the surrounding biological tissue. A battery-
operated camera is positioned externally to capture and process the image 
data as well as to generate a signal to electrically stimulate the implanted 
microprobes.

Visual prosthetics based on cortical implants have been tested on sev-
eral patients and have demonstrated proof of principle. Patients with these 
implants have been able to obtain some limited visual functionality, such 

FIGuRE 3.35 (See color insert.)
Illustration of one implementation of a cortical implant for visual prosthesis.
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as the ability to recognize levels of brightness, shades of colors, and geo-
metrical shapes [77]. However, presently these devices are far from having a 
performance level remotely equivalent to the replacement of a living eye. It is 
important to note that these types of electrode array architectures are likely 
to be well suited for implanting in other sensory or motor regions of the 
cerebral cortex for other medical conditions, including deafness, epilepsy, 
paralysis, and Parkinson’s disease [76].

Future Trends

The future of MEMS includes higher levels of integration, more func-
tionality for each device, and smaller dimensional scales. As fabrication 
capabilities continue to improve, it is expected that it will be possible in the 
future to easily integrate a multiplicity of sensor and actuator types on a 
single slab of silicon with state-of-the-art electronics. Moreover, the integra-
tion of other types of technologies, such as photonics and nanotechnology, 
will become increasingly prevalent. This will enable enormous amounts 
of functionality to be squeezed into a very tiny amount of space and at a 
very low relative cost. The size scale of many MEMS devices is continu-
ously being reduced by advancements in fabrication technologies. This fact, 
coupled with the benefits derived from making things smaller as a result of 
the scaling laws (as well as economic forces) will provide a relentless driv-
ing force for continuous size reductions. The current trend toward reducing 
the length of hospital stays is putting a greater emphasis on outpatient and 
home care. Many of the monitoring products originally developed for hos-
pitals are being made less expensive and less complicated for use in home 
care environments. The market for lower-cost MEMS devices is accordingly 
expanding.

1024 sites and 64 data channels on 400µm centers 

FIGuRE 3.36 (See color insert.)
Photograph of MEMS microelectrode array for visual prosthesis.
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Conclusions

MEMS is revolutionizing the design of mechanical and electromechanical 
systems through miniaturization, batch fabrication, and integration with 
electronics. MEMS technology is not about a specific application or device, 
nor a single fabrication process. Rather, this technology provides new and 
unique capabilities for the development of smart products for many applica-
tions, including medicine and biology. MEMS has a promising future in the 
medical arena since it is one of the few technologies that can meet many of 
the stringent requirements for health care environments in the modern era, 
along with enormous functionality in a small package, high performance 
and reliability, and low cost.
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Other Information

Readers are referred to three very popular additional sources of information 
concerning MEMS technology. The first source is the web site MEMS and 
Nanotechnology Clearinghouse, which is located at http://www.memsnet.org 
and is an informational portal about MEMS technology that includes events, 
news announcements, directories of MEMS organizations, and a MEMS mate-
rial database. The second source is the MEMS and Nanotechnology Exchange 
located at http://www.mems-exchange.org. This web site represents a large 
MEMS foundry network and offers MEMS design, fabrication, packaging, 
product development, and related services, as well as considerable informa-
tion about MEMS and Nanotechnologies. Lastly, readers are referred to sev-
eral electronic discussion groups concerning MEMS technology that have 
very active participation from thousands of MEMS developers and research-
ers from around the world. These sites can be accessed through http://www.
memsnet.org/about/groups.
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Abstract

Polymeric nanoparticle delivery systems have the potential to significantly 
impact the treatment of cancer. Nanoparticle drug delivery systems offer the 
ability to design a delivery vehicle that maximizes the therapeutic index of a 
drug encapsulated into nanoparticles (NPs), target it to cancerous tissue, and 
release it in a controlled manner for optimal dosing. This chapter describes 
the barriers associated with various delivery routes, specifically tissue, cel-
lular, and molecular. Nanoparticle delivery approaches across tissue barriers 
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such as pulmonary, nasal, oral, and transdermal are discussed along with 
systemic biodistribution and interactions of nanoparticles with their bio-
logical environment. A discussion of design considerations to optimize the 
delivery system is included to provide a guide for the engineering of a deliv-
ery system for specific applications.

Introduction

Nanotechnology [1] has a very broad definition depending on scale, and nano-
medicine is a multidisciplinary field using nanotechnology for medical applica-
tions such as therapy and diagnosis [2–8]. While the National Nanotechnology 
Initiative (NNI) defines nanotechnology as materials that have an upper size 
limit of 100 nm (www.nanogov.com), many nanocarriers ranging from 5 to 
150 nm are now in various phases of clinical trials [7–9]. Nanomedicine can 
provide an opportunity for improved drug development because early clini-
cal phases often cast light on the side effects limiting the drug’s therapeutic 
dose. In addition, a sharp increase over the past few years in the number of 
patent applications and high-impact factor publications in this area highlight 
the level of interest in nanomedicine by both academic and industry investi-
gators [10]. In 2009, the NNI budget of $1.5 billion was allocated to a number 
of funding agencies, reflecting a steady growth in addition to the $8 billion 
invested since 2001. To develop a common direction in the fight against cancer, 
the National Cancer Institute (NCI) showed a clear commitment to nanomedi-
cine with the recent allocation of $144 million. This initiative was established 
with clear objectives to form academic and commercial partnerships, establish 
outstanding training programs, leverage additional funds, and reduce the risk 
of investment in new products (www.nano.cancer.gov).

Current therapies and diagnostic systems are still lacking in precision, effi-
cacy, sensitivity, and safety. A large percentage of drug candidates (50–80%) 
developed by the pharmaceutical industry fail during clinical trials. In addi-
tion, the efficacy of many drugs that are being approved for therapy are still 
limited for certain diseases, leaving ample room for improvements using 
new technologies. Generally, therapeutic drugs have to be administered in 
high-dose regimens because of short half-life, thereby increasing the sys-
temic toxic side effects. The physico-chemical properties of drugs, such as 
solubility, charge, molecular size, and stability, affect their systemic phar-
macokinetics. In general, nanocarriers deliver drugs in the optimum dosage, 
increase drug’s bioavailability, enhance drug’s efficacy, improve patient com-
pliance, and allow the use of drugs with a broad range of physico-chemical 
properties. Nanotechnologies could thus provide new approaches for deliv-
ering drugs (small molecules, proteins, nucleic acids) at the optimal dose 
in a controlled release to specific tissues, cells, and even cellular organelles. 
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Nanotechnologies could also re-integrate drugs that previously failed in 
clinical trials and displace certain classes of drugs by achieving suitable 
pharmacokinetic and toxicological properties [11, 12]. TNP-470 is an example 
of a drug used for cancer therapy that had encouraging efficacy, but was 
stopped in clinical trials because of its neurotoxic side effects. However, it 
has reemerged as a successful nanodelivery formulation [13–15]. A polymer-
drug conjugate formulation reduced neurotoxic side effects by preventing 
the compound from crossing the blood–brain barrier [16, 17].

Polymer, antibody, and small-molecule drug conjugates have been lead-
ing the nanocarriers market, and many molecules are still in various phases 
of clinical translation [18–21]. Early efforts in nanomedicine were focused 
on understanding and engineering the properties of already available 
therapeutic and diagnostic modalities, rather than development of novel 
therapies. The last few years saw tremendous progress in the use of many 
nanoparticles, such as liposomes, nanocrystals, micelles, nanoemulsions, 
polymeric nanoparticles, hybrid nanoparticles, being utilized for therapy 
and diagnosis [22]. One example of a recently successful nanomedicine for-
mulation is Abraxane, an albumin-bound paclitaxel formulation that allows 
higher dosage of the drug without additional side effects. Today, commercial 
nanomedicine is at a nascent stage of development, but its potential is grow-
ing largely owing to recent success of certain nanomedicine formulations, 
improved understanding of the benefits of non-toxic nanomaterials, and the 
development of novel materials and drug delivery systems.

Clinical Impact of NPDDS

The physico-chemical properties of nanoparticles can be engineered at the 
molecular level [23, 24]; their shape, size, and charge can be controlled, and 
the surface density of the targeting ligand can be optimized for specific 
applications [25–37]. The fine-tuning of nanocarrier properties controls drug 
distribution throughout the body for optimum efficacy. One can develop a 
nanocarrier that will accumulate in certain tissues owing to its physico-chem-
ical properties, as well as select a therapeutic load based on the distribution 
properties of the nanocarriers. Tuning of the physico-chemical properties of 
nanoparticles to achieve site-specific accumulation is an attractive approach 
that takes advantage of physiological defects and cellular interactions with 
nanomaterials. For example, albumin-bound paclitaxel nanoparticle formula-
tions (Abraxane, 130 nm) were tested for in vivo efficacy using various tumor-
cell-line xenograft models (lung, breast, ovarian, prostate, and colon) in mice 
[38]. MX-1 breast cancer and SK-OV-3 tumor xenograft models showed almost 
complete reduction of tumor size and the highest survival time differences 
when compared to Taxol formulations. This result is believed to be due to a 
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more efficient transport across the endothelial barrier. Furthermore, Abraxane 
was approved by the Food and Drug Administration (FDA) in 2008 for breast 
cancer therapy. A comparative preclinical study of the albumin-bound pacli-
taxel (Abraxane) and paclitaxel formulated in Cremophor (Taxol) showed 
~50% greater clearance (CL) and volume of distribution (Vz), allowing a toler-
ated dose of 280 mg/m2. The higher volume of distribution correlated with 
the albumin-drug complex is believed to be associated with the higher intra-
tumoral concentration of Abraxane and the higher allowable dosages that 
displayed comparable side effects to the Taxol formulation [12]. Similar results 
have also been shown with a PLA-PEG micellar formulation (Genexol-PM) 
[39]. After intravenous administration of Genexol-PM in mice models, the 
biodistribution of paclitaxel showed 2- to 3-fold higher concentrations in mul-
tiple tissues, including tumor tissue, with a peak ~400 ug/g approximately 2 
h post-injection when compared to Taxol. The in vivo antitumor efficacy of 
Genexol-PM, as measured by reduction in tumor volume of SK-OV-3 human 
ovarian cancer and MX-1 human breast cancer xenograft mice, was substan-
tially greater than that of Taxol [40]. There have been numerous nanomedi-
cine technologies that have been developed using approved materials and 
new materials designed for specific applications [41–44]. Thus, the scale of 
complexity has drastically increased to design safer and more effective nano-
materials for therapy and diagnosis.

This early success is leading to tremendous expectations to develop novel 
technology platforms for therapy and diagnosis using multifunctional 
systems for improved sensitivity of detection, and improved specificity 
and material properties [45–50]. It is anticipated that the next generation of 
multifunctional NPs will provide molecular information such as cellular 
protein expression and molecular changes as a result of treatments. This 
information could be used to evaluate the therapeutic efficacy of drugs and 
extent of tumor invasion and metastasis for therapy assessment [51–55]. 
For example, using intravital microscopy, R. K. Jain et al. [51] have shown 
substantial pathologic differences between cancerous and healthy tissues. 
Tumors displayed leaky, dilated blood vessels, abnormal basement mem-
branes and ECM, decreased pH, and impeded blood and lymphatic flow. 
An understanding of angiogenesis mechanisms, intercellular tumor inter-
actions, stromal microenvironment, biomechanics, extracellular matrix 
components, cell mobility, and in vivo cell signals could impact the design 
of more efficient therapeutic drug delivery systems.

Crossing Epithelial Barriers

Although numerous agents need to be administered through oral [56–59], 
nasal, or pulmonary drug delivery [60–63] to increase patient compliance, 
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these routes of administration represent significant barriers. Instead of 
spending large amounts of resources to modify a drug to improve its tis-
sue adsorption, nanocarriers can be engineered to transport any type of 
drug across biological barriers, increase adsorption, and reduce drug deg-
radation in the site microenvironment [64–71]. Molecules can be transported 
through an epithelial membrane by either paracellular transport or transcel-
lular transport. Paracellular transport is a one-step passive phenomenon that 
occurs when molecules move between cells by crossing tight junctions [72]. 
Transcellular transport can be either an active or passive two-step process 
and occurs when the molecule crosses both the apical and basolateral mem-
brane. In most epithelia, tight junctions have a relatively high permeability, 
as this surface is involved in vectorial transport for the absorption of nutri-
ents or other necessary molecules [72].

Pulmonary delivery

Pulmonary drug delivery is an efficient route of administration for rapid 
systemic delivery and quick onset of pharmacological activity. It avoids first-
pass hepatic clearance, has reduced enzymatic degradation, and presents a 
high surface area for drug absorption [73, 74]. The lower respiratory tract is 
composed of a large tube, the trachea, which branches into two bronchiole 
tubes, and then a series of diverging conduits that decrease in size and ter-
minate in the alveoli [75, 76]. The alveoli are small sacs that provide a large 
surface area, approximately 100 m2 [74, 75, 77], for gas exchange. The cellular 
makeup of the alveolar sacs consists of thin, simple squamous epithelial cells 
(type I cells), larger epithelial pneumocytes (type II cells), and alveoli-spe-
cific macrophages [78]. Type II cells secrete pulmonary surfactant that aids 
in reducing lung surface tension and inhibits protein degradation [79, 80]. 
Type II cells are also the progenitor of type I cells, which represent the most 
prevalent cell type and serve as the site of gas exchange. The alveolar mac-
rophages protect the lungs by continually migrating throughout the alveoli, 
engulfing microorganisms and particulate matter. A mucus layer also covers 
the airway and bronchioles [81]. This layer is cited as being approximately 
15 μm in the airway and 55 μm in the bronchioles. This mucus is gener-
ally biphasic with a solution-type layer and a gel layer. The solution layer is 
moved upward by what is known as the mucociliary escalator, which acts to 
clear particulates from the airway. Mucus in the nasal cavity is turned over 
approximately every 20 minutes, whereas mucus turnover in the pulmonary 
airway is thought to be more on the scale of every 4–6 hours [81]. The physio-
logical characteristics of the pulmonary system, such as high alveolar surface 
area coupled with thin squamous cells, provide rapid access to a high volume 
of blood. However, drug delivery via the pulmonary route must overcome 
several barriers in order to be effective, including premature deposition in 
the upper airways [82], entrapment by the mucus membrane and clearance 
by the mucociliary escalator [81, 83], and alveolar macrophage clearance [74].
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Micro- and nanoparticle formulations to bypass barriers in pulmonary drug 
delivery have been investigated. In particular, pulmonary delivery of nanocar-
riers may be employed to treat lung-specific pathologies, or can be directed 
towards systemic drug delivery. Lung-specific ailments may include asthma, 
cystic fibrosis, fungal infection, lung cancer, and tuberculosis [75, 84, 85]. The 
diffusion of nano-sized molecules in the lungs (drugs, nanoparticles, peptides) 
appears to be governed by factors such as size, surface charge [86], and hydro-
phobicity [79]. With regards to aerosol delivery, sub-1-μm particles are liable 
to be exhaled because of their small size and virtually nonexistent inertial 
impact, yet nanoparticles <100 nm are able to penetrate deeply in the lungs 
and settle in the alveoli [82, 87, 88]. Thus <100 nm vectors deposit in  the alveoli 
and are able to be absorbed through the epithelial cells and enter the blood-
stream [77, 82, 88]. Moreover, nanoparticles <100 nm may avoid clearance via 
macrophage phagocytosis [82] and are able to diffuse through the mucus 
layer in the lungs [82]. In vivo studies conducted by Kwon et al. [89] show that 
inhaled 50-nm fluorescently labeled magnetic nanoparticles were able to enter 
systemic circulation and accumulate in tissues such as the liver, testis, spleen, 
lung, and brain. Yacobi et al. [86] investigated the transcellular transport across 
rat alveolar epithelial cell monolayers using polystyrene nanoparticles with 
varying sizes (20 nm and 100 nm) and surface charges. Positively charged 
nanoparticles were shown to exhibit a higher flux than negatively charged 
particles, and 20-nm particles were shown to cross the cell monolayer more 
rapidly than 100-nm particles. The influence of hydrophobicity on pulmonary 
absorption in vivo of small, 60–700 Da, molecules was reviewed by Patton et 
al. [79]. A range of molecules were deposited in vivo at the bifurcation of the 
trachea via injection. This model has shown to be representative of lung, spe-
cifically alveolar, absorption as it avoids absorption in the nasopharynx and 
oropharynx. Hydrophobic molecules were shown to rapidly absorb through 
the lung within a matter of minutes, while hydrophilic molecules were 
reported to take an average of 60 minutes to absorb 50% of the administered 
dose. Furthermore, Dames et al. [90] investigated the feasibility of magneti-
cally targeting the lungs using superparamagnetic iron oxide nanoparticles 
(SPIONs). Polyethylenimine-coated SPIONs with a hydrodynamic diameter of 
80 nm were delivered via aerosol in vivo and preferentially directed to one 
lung using a magnetic field. This type of technology may have implications as 
a local targeting mechanism.

With inhaled therapies, it has been shown that particles must be <5 μm in 
diameter to deposit in the deeper regions of the lungs, and the optimal size for 
alveolar deposition is 1–3 μm. Larger particles deposit via impaction or sedi-
mentation in the bronchial pathways, and particles >10 μm are trapped in the 
oropharynx by impaction [82, 88]. These particles will in turn be cleared by the 
mucociliary escalator. Currently, the future of particle-borne systemic pulmo-
nary drug delivery seems to be up in the air. In 2007, Pfizer pulled Exubera, an 
inhalable <5-μm insulin-carrying particle [91], off the market after discover-
ing an increased risk of cancer in former smokers [92]. Though these were not 
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nano-scale formulations, the findings have put a damper on the pulmonary 
delivery of insulin, and consequently on the investigation of particle-borne 
pulmonary delivery. Research will therefore need to show that nanoparti-
cle-mediated pulmonary drug delivery is more effective than conventional 
treatment, and is safe across a wide patient demographic. That being said, the 
pulmonary route is an efficient desirable candidate for nanocarrier-mediated 
drug delivery because it offers rapid absorption and extensive bioavailablility.

Transmucosal delivery

The transmucosal administration route is efficient owing to the inherent 
absorptive properties of mucosal surfaces and the rich blood supply that 
translates to rapid transport into systemic circulation [70]. Mucus, an adhe-
sive gel composed of a densely woven network of natural mucin polymers 
interspersed with a variety of glycoproteins, creates an effective barrier to 
diffusion across mucosal surfaces [81]. Furthermore, mucus is constantly 
secreted and turned over, an action that serves to clear particulate matter. 
Delivery across the mucosal layers will require nanocarriers to traverse this 
thick web and evade adhesion to the sticky mucin fibers. The thickness of 
mucus layers is known to vary between different types of tissues [81]. In 
addition to the physical variability of mucosal membranes, the pH can vary 
greatly depending on the physiological locations of the mucosal surface. 
Studies have demonstrated that lung and nasal pH are generally neutral, 
while a cross-sectional pH gradient exists in gastric mucus. This gastric pH 
can change from ~1–2 at the luminal surface to a pH ~7 at the epithelial sur-
face [81]. These variations between mucosal membranes must be considered 
when designing a nanoparticle for transmucosal delivery.

Two specific transmucosal routes of interest are the nasal and oral routes. 
The nasal route has three possible modes of entry: the nasal epithelium [93], 
the bronchial epithelium [94], and possibly a direct link to the brain via the 
olfactory nerve. The oral route has two possible modes of entry: through 
the oral mucosa, such as buccal, gingival, sublingual, or palatal routes [70], 
and through the gastrointestinal epithelia. Drug delivery via transmucosal 
routes occurs via three primary modes: paracellular uptake, endocytosis by 
enterocytes, and endocytosis by membranous microfold cells (M cells) [95]. 
Since cells lining mucosal membranes are arranged in monolayers, particles 
can translocate between tight junctions of neighboring cells, thereby induc-
ing paracellular translocation.

The nasal epithelium has moderate permeability, low enzymatic activity, 
and the ability to avoid first-pass metabolism, and it displays rapid onset 
of pharmacological activity, making it an attractive route for drug delivery. 
Moreover, the ease of intranasal delivery may improve patient compliance 
owing to the possibility of self-administration. However, drugs delivered via 
the intranasal route must avoid many obstacles as well. Primary concerns of 
intranasal delivery include a limited volume of drug that can be delivered 
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into the cavity (25–200 μL), irritation of the nasal mucosa, a molecular weight 
cutoff around 1 kDa, and large interspecies variability. Furthermore, because 
of the high viscosity of the lining mucosa, the diffusion rate of compounds 
across the mucosal membrane must be greater than the mucociliary clear-
ance rate [96]. Vila et al. [97] have clearly shown the advantages of nanopar-
ticles (~200 nm) vs. microparticles (1.5 um) in crossing the nasal mucosa. 
The results, illustrated using fluorescent microscopy, show that nanopar-
ticles with a stealth surface are transported across the nasal mucosa barrier. 
However, no quantifiable data is provided, and the transport mechanism is 
unknown, therefore limiting the assessment of efficacy. Research has been 
done into direct nose to brain delivery of drugs through the olfactory nerve 
and trigeminal nerves, the olfactory nerve delivering drugs to the rostral 
brain areas and the trigeminal nerve to caudal brain areas. Wang et al. [98] 
have been able to improve the absorption of estradiol into the cerebrospi-
nal fluid (CSF) through encapsulation in 260-nm chitosan nanoparticles, and 
have shown significantly higher amounts of estradiol in the CSF through 
intranasal administration over intravenous administration. This suggests 
direct transport of the drug to the brain via the olfactory nerve. Another 
in vivo study investigated poly(lactide)-poly(ethylene glycol) (PLA-PEG) 
nanoparticles functionalized with wheat germ agglutinin (WGA), a  lectin 
[99]. Nanoparticles ~90 nm were loaded with the fluorescent  molecule 
6- coumarin. After intranasal administration, significantly higher concentra-
tions of the WGA-functionalized nanoparticle were observed in the olfactory 
bulb, olfactory tract, cerebrum, and cerebellum compared to unfunctionalized 
dye-loaded particles. This study suggests that direct nose to brain delivery is 
possible when employing nanocarriers. However, intracellular transport via 
the olfactory nerve could prove difficult because of the variability in nerve 
diameter, which ranges from 100 to 700 nm [100].

The orotransmucosal route can occur through the buccal, sublingual, pala-
tal, or gingival mucosa and is attractive owing to the high rate of blood flow, 
the avoidance of destruction by gastric acid, and the avoidance of first-pass 
metabolism [70]. The routes of orotransmucosal delivery vary in permea-
bility, with sublingual being the most permeable, with buccal, and palatal 
and gingival being the least permeable. Permeability is based on the relative 
thickness of the epithelia and the amount of keratinization. Thinner epithe-
lia with less keratinization are the most permeable. Drug absorption through 
the oral mucosa is a diffusion-driven process, thus buccal and sublingual 
tissues are the principle focus of orotransmucosal drug delivery because of 
their relatively high permeabilities. The sublingual mucosa is most often 
used for drug delivery of acute disorders because of its high permeability 
and high blood flow. Challenges of the orotransmucosal route include the 
hydrophobic and hydrophilic barriers of the oral mucosa that must be over-
come, involuntary swallowing, which can result in drug loss, and an enzy-
matic barrier that causes rapid degradation of proteins and peptides. These 
challenges could be overcome with engineered nanocarriers designed for 
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optimal absorption through both the hydrophilic and hydrophobic barriers 
as well as enhanced mucoadhesion. Encapsulation may protect drugs from 
enzymatic degradation.

Orogastric drug delivery is an effective route of administration owing to 
high patient compliance. However, there are several challenges, such as low 
oral bioavailability of the drug from degradation in the stomach, inactiva-
tion and digestion of the drug by proteolytic enzymes, and slow diffusion 
across intestinal epithelium because of the high molecular weight and low 
lipophilicity of most drugs [71]. As mentioned previously, the mucosal lin-
ing thickness varies within the gastrointestinal tract, and pH variability will 
also affect nanoparticle efficiency [81]. Multiple nanocarrier approaches have 
been investigated for orogastric drug delivery, including floating particles 
in the stomach, bioadhesive particles, and cell-specific targeting particles. 
M cells are a subtype of epithelial cells found in Peyer’s patches in tissue such 
as the intestinal mucosa [102]. M cells sample the lumen of the small intestine 
and initiate immune sensitivity in lymphocytes. Various pathogens utilize M 
cells as a means of crossing the intestinal tract, and nanoparticles may also 
take advantage of this route [103–105]. Fluorescent confocal microscopy stud-
ies of PLGA-PVA nanoparticles functionalized with Ulex europaceous agglu-
tinin 1 (UEA-1), a lectin, showed capability as a transmucosal carrier [103]. 
Particles approximately 400 nm in diameter were shown to localize in the 
Peyer’s patches of mice after oral administration. In another study, ~200-nm 
nanoparticles were synthesized with varying formulations of poly(lactide-
co-glycolide) (PLGA), PLGA-PEG, or poly(caprolactone)-poly(ethylene glycol) 
(PCL-PEG) [104]. These were functionalized with an RGD-binding domain, 
and in vitro studies showed preferential translocation across Caco-2 and Raji 
co-cultures. Furthermore, orally administered nanoparticles were localized 
in Peyer’s patches of mice. In regards to floating particles, drugs are admin-
istered orally and can be encapsulated within a functional carrier to improve 
physical interactions with the biological environment of the stomach. Sato 
et al. [106] investigated riboflavin-encapsulated microballoons, studying their 
buoyancy and pharmacokinetics. By encapsulating riboflavin within a solid 
polymer microballoon, they demonstrated improved excretion half-life of 
the drug from the increased buoyancy. Moreover, improved release  kinetics 
of the drug were also observed. The use of bioadhesive nanoparticles has 
also been investigated for oral drug delivery. Chitosan nanoparticles have 
been shown to promote paracellular permeability of intestinal epithelium 
using an Ussing chamber technique [101]. The group fabricated chitosan-
coated poly(isobutylcyanoacrylate) core-shell nanoparticles and introduced 
them to the mucosal side of the intestinal epithelium on the “donor” side of 
the chamber. Nanoparticle diffusion across the biological barrier from the 
donor chamber to the acceptor chamber was tracked using 14C mannitol as 
a tracer. Results from the study indicated the chitosan-coated nanoparticles 
had increased bioadhesion to the mucosal membrane, which then allowed 
for more rapid diffusion via paracellular transport across the intestinal 
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epithelium. Furthermore, it has been shown that negatively charged parti-
cles derived from very hydrophilic polymers enhanced bioadhesive proper-
ties and are readily absorbed by M cells and absorptive enterocytes lining 
the oral canal [95]. Nanocarrier technologies will need to protect the drug 
molecule from acidic degradation, efficiently avoid mucus adhesion, and 
facilitate the delivery across the gastrointestinal tract. This can be achieved 
by tailoring the size, surface charge, and biofunctionality of the nanocarrier. 
Moreover, targeting specific cell types for internalization or modifying the 
physiochemical properties may aid in orogastric delivery efficiency.

Transdermal delivery

Skin acts as a biological barrier, serving to offer thermal insulation, prevent 
water loss, and protect the body’s internal organs from the external environ-
ment and foreign substances. Proponents of the transdermal delivery route 
seek to alleviate the pain associated with needle-mediated delivery meth-
ods, decrease the production of dangerous waste from needles, and improve 
patient compliance [107]. Transdermal delivery can avoid first-pass hepatic 
clearance while also avoiding pitfalls of oral delivery such as gastrointestinal 
tract degradation [108]. Sustained delivery can also be achieved, prolonging 
drug concentrations in the blood at therapeutic levels. Transdermal therapy 
evidently presents advantages over traditional delivery routes such as hypo-
dermic injection, intravenous delivery, and oral administration, but there are 
definite barriers that transdermal delivery must overcome. Skin is generally 
less than 2 mm thick and composed of several layers: the epidermis, dermis, 
and hypodermis [109]. The outermost layer, the epidermis, is further divided 
into the stratum corneum, stratum granulosum, stratum spinosum, and stra-
tum basale. Transdermal delivery endeavors to deliver drugs into either sys-
temic circulation or locally in the skin. The primary barrier to transdermal 
delivery being the stratum corneum, the outermost 10–20 μm of the epidermis 
[109, 110]. The stratum corneum is composed of corneocytes, dead squamous 
cells filled with keratin filaments enclosed by an envelope of cross-linked pro-
teins and surrounded by a semi-continuous matrix of lipids [111]. Therefore, 
to overcome these barriers, therapeutics used in transdermal delivery have 
generally been lipophilic molecules with a size less than 500 Da [112].

There are several approaches to increase drug flux through the stratum 
corneum for transdermal delivery, and these can be classified as physi-
cal or chemical approaches. Physical methods to increase skin permeabil-
ity include iontophoresis, sonoporation, electroporation, and microneedle 
delivery. Iontophoresis is a method in which charged drugs are mobilized 
through the skin via an electromotive force [113]. By modulating the electri-
cal current, drug dosage can be moderately controlled [114]. Sonoporation 
is a method that uses ultrasonic sound waves to enhance the permeability 
of the skin [115]. Sound waves are able to disturb the lipid structure within 
the stratum corneum, thus increasing the permeability of lipophilic drug 
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TABlE 4.1

Advantages and Disadvantages of Delivery Route

Delivery Route Advantages Disadvantages Reference

Intravenous •	Rapid bioavailability
•	Conventional method of sustained drug delivery

•	Pain associated with injection site
•	Precipitation of solubilized drug due to phase 

separation of drug formulation
•	Inflammation of vein walls
•	Renal and hepatic clearance

[222]

Pulmonary •	High available surface area for particle absorption
•	Rapid bioavailability
•	Rapid onset of pharmacological activity
•	Low enzymatic activity
•	Reduced first-pass hepatic clearance

•	Pulmonary macrophage clearance
•	Difficulty controlling particle deposition in the airway
•	Links discovered between microparticle-borne 

pulmonary delivery and occurrence of cancer in 
former smokers

[73, 74, 77]

Nasal •	Porous endothelial basement membrane provides 
favorable for particle diffusion

•	Rapid onset of pharmacological activity
•	Low enzymatic degradation
•	Reduced first-pass hepatic clearance

•	Possible loss of olfaction in parts of the nasal passage
•	Relatively small surface area for absorption

[93] 

Orogastric •	Non-invasive
•	Improved patient compliance
•	No technical equipment required
•	Self-administration and increased convenience of 

“home-based” therapy c

•	Enzymatic degradation
•	Low bioavailability due to degradation in the stomach
•	Low diffusivity across the intestinal epithelium

[66]

Orotransmucosal •	Non-invasive
•	Improved patient compliance
•	Delivers to highly vascularized tissue
•	Bypass gastrointestinal tract metabolism and first-pass 

hepatic clearance
•	No technical equipment required

•	Hydrophobic/hydrophilic barriers of the oral mucosa. 
Enzymatic degradation

•	wAbsorption variable

[70]

Transdermal •	Minimized pain relative to needle-mediated delivery
•	Improved patient compliance
•	Reduced first-pass hepatic clearance

•	Impermeability of the skin as a biological barrier
•	May require chemical/physical methods to improve 

diffusivity through the epidermis

[107, 108]
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molecules. Electroporation is a method in which a sequence of electrical 
pulses can be used to disrupt the lipid structures in the skin. This has been 
shown to create microscopic pores within the disrupted stratum corneum, 
thus allowing the transport of drugs such as methotrexate through the skin 
[116]. Microneedles, fabricated from metal, silicon, or polymer [117–119], have 
been used to create a relatively painless mechanism for penetrating the skin 
and delivering therapeutics. An advantage of using these microneedles is 
that with a smaller needle comes less compression on the tissue as the needle 
is inserted. This decreased compression can lead to less stimulation of pain 
receptors as well as a decrease in discomfort associated with the insertion of 
a larger-diameter needles.

Chemicals enhancers and bio-molecules are another means of increas-
ing the permeability of the skin [120, 121]. Chemical enhancers work by 
partially solubilizing the lipid structure of the stratum corneum and have 
been investigated via high-throughput methods developed by Mitragotri 
et al. [120, 122]. Chemical enhancers make up a broad spectrum of chemi-
cal compounds, such as surfactants and fatty acids. These formulations 
can include single-component systems, for instance ethanol [121], or multi-
component systems, such as sodium laureth sulfate with phenyl piperazine. 
Aside from chemical enhancers, biochemical methods to penetrate the skin 
have been investigated. Chen et al. [123] used a short, synthetic peptide to 
increase the transdermal delivery of insulin in vivo. It appears the peptide 
TD-1 (ACSSSPSKHCG) creates a temporary inlet by which insulin is able 
to penetrate. Time-lapse studies of insulin blood concentration after topi-
cal administration following TD-1 treatment showed a marked decline after 
15 minutes. These results suggest that while coadministration of TD-1 with 
insulin was not requisite for improved transdermal delivery, the effects of 
TD-1 were limited over time. Further investigation revealed that the peptide 
increased FITC-labeled insulin concentrations deep within hair follicles, a 
region populated with vasculature. The connection between hair follicle pen-
etration and improved systemic delivery has not been completely substanti-
ated. Magainin is a natural peptide that has also been shown to increase skin 
permeability by disrupting the lipid structure within the stratum corneum 
[124]. This peptide has previously been reported to increase the permeabil-
ity of bacterial membranes [125] by tightly binding lipids, creating a tension 
that forms pores. When used in conjunction with the chemical enhancer 
N-lauroyl sarcosine in an ethanol solution, magainin enhanced transdermal 
permeability [124]. While these methods offer a means to increase skin per-
meability, nanoparticle formulations may offer a vehicle for the transdermal 
delivery of drugs. Nanoparticle drug delivery systems could have an impact 
on the delivery of large molecules or non-lipophilic drugs that are not as 
viable for transcutaneous delivery.

Nanoparticles serve as vehicles for delivering a wide range of drugs, and 
physico-chemical properties, including size, surface charge, and physical 
morphology of nanoparticles, can be controlled for optimal transdermal 
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delivery. The aim of nanoparticle treatments will be to enhance the perme-
ation of drugs through the skin, shield drugs from metabolism occurring 
during transport, and prolong drug-residence time in systemic circulation. 
Many nano-sized formulations are currently being investigated for trans-
dermal delivery, in a diverse range of treatments. Liposomes [109] have been 
used to deliver a variety of therapeutics [126–128]. Dubey et al. [126] devel-
oped melatonin-loaded elastic liposomes approximately 126 nm in diameter 
for the transcutaneous treatment of jet lag. Liposomal formulations loaded 
with 1% melatonin were incubated with human cadaver skin at 32°C for time 
periods up to 24 hours in a custom-built Franz diffusion cell. Melatonin lev-
els in a compartment across the cadaver skin were measured using high-
performance liquid chromatography (HPLC). This study showed improved 
melatonin flux across skin with elastic liposomes as transdermal vector in 
comparison to free drug. Moreover, topical liposomal formulations loaded 
with ibuprofen have shown equivalent effectiveness compared to orally 
administered ibuprofen in clinical trials [129]. In addition to the apparent 
benefits of transdermal delivery in the medical field, nanoparticle technolo-
gies have also found a niche in other markets. The cosmetics industry looks 
to nanoparticles for improved skin hydration, delivery of acne medication, 
lubricant properties to increase comfort, and improved aesthetic value of 
their products [130]. Isotretinoin, a retinoic acid derivative used to treat acne, 
has been loaded into solid lipid nanoparticles 30–60 nm in diameter. This 
formulation was able to reduce systemic distribution of isotretinoin and 
elevate concentrations in the skin [131]. Lipid nanoparticles have been inves-
tigated for their ability to form a monolayer on the skin and retain the skin’s 
moisture. Polymeric and lipid nanoparticles may also act as solid lubricants, 
thus improving patient comfort. Nanoparticle formulations can be synthe-
sized in ways that reduce irritation responses and may also be used to serve 
as controlled release of active ingredients.

Mechanical stimuli have been used in conjunction or in series with lipo-
somal vectors to further enhance skin permeability and drug uptake. The 
physical methods to improve skin permeability are generally done prior to 
application of topical liposomal solutions. Thus, the skin permeability is 
temporarily improved via micro pores formed by this treatment, and the 
liposomal vectors can diffuse across the skin with less difficulty. Badkar 
et al. [134] delivered 274 nm liposomes encapsulating colchicine by first 
increasing skin permeability with electroporation and then mediating 
liposomal transdermal delivery via iontophoresis. Microneedles represent 
another physical method employed to improve transdermal drug delivery 
and have been used in conjunction with liposomes to transdermally deliver 
docetaxel [135]. McAllister et al. [118] have delivered 25-nm and 50-nm latex 
nanoparticles across human cadaver and mouse epidermis by increas-
ing skin permeability with polymeric, metallic, and silicon microneedles. 
Furthermore, iontophoresis has been combined with 110-nm enkaphalin-
loaded, charged liposomes to successfully transport drugs across the skin 
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barrier [132]. Micellar formulations and core-shell nanoparticles have also 
been investigated for transdermal delivery [108, 136, 137]. Nanoparticle 
formulations can be combined with other delivery mechanisms such as 
microneedles [138], chemical enhancers [121], or mechanical stimuli [139] in 
order to optimize skin permeation. It is believed that the controlling factors 
in transcutaneous transport of nanoparticles are size, surface charge, and 
lipophilicity.

The transdermal route is a promising avenue for drug delivery. Along with 
current advances in transdermal delivery methods, nanoparticles may serve 
as an excellent vehicle for carrying drugs. In this regard, nanoparticles will 
need to be either localized in the skin for cutaneous delivery, or be delivered 
transdermally into systemic circulation. Transdermal delivery is effective 
owing to its ability to deliver doses over long periods of time, avoid first-pass 
clearance in the liver, and avoid metabolic degradation in the GI tract.

Long-Circulating NPs

The inherent material properties of nanoparticles can be used for specific 
applications as a non-ligand-mediated targeted systems. Anderson et al. [43] 
developed new materials defined as “lipidoid” for siRNA delivery using 
high-throughput in vitro screening. Their work determined the best formu-
lation to deliver siRNA in the liver at single nanomolar concentrations based 
on serum stability and toxicity using macrophages, HeLa, and HepG2 cells. 
In vivo non-human primate results showed significant knockdown at a very 
low, 2.5 mg/kg dose. In contrast, long-circulating NPs will require reduced 
mononuclear phagocyte system (MPS) uptake to increase their circulation 
time and accumulation in the site to be treated. Nanocarriers can be engi-
neered to reduce their clearance from systemic circulation [140–142]. Surface 
functionalization can be tuned to increase residence time in the blood, 
reduce nonspecific body distribution, and, in some cases, target specific tis-
sues or cell surface antigens with targeting ligands such as peptides, apat-
mers, antibodies, and small molecules. For instance, it is well established 
that hydrophilic polymers, most notably poly(ethylene glycol) (PEG), can be 
grafted, conjugated, or adsorbed to the surface of nanoparticles to form a 
corona, which provides steric stabilization and confers “stealth” properties 
that reduce rapid clearance, such as the prevention of protein adsorption. 
Thus, over the past 20 years, numerous approaches to improve nanoparticle 
blood residence and accumulation in specific tissues for therapy and diagno-
sis have been developed [140, 143, 144]. The resultant rapid clearance is due to 
interaction with blood cells and proteins, phagocytosis by the mononuclear 
phagocyte system (MPS) in the liver, and filtration by the spleen [142, 145]. 
Non-PEGylated liposome drug-encapsulated formulations accumulated 
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more in the liver than PEGylated formulations. This resulted in a lower drug 
concentration in tumor xenograft models [146].

In addition, it was shown that nanoparticles larger than 50 nm did not 
differentially accumulate in the liver [147]. However, nanoparticles smaller 
than 50 nm substantially accumulated in the liver (~60% of injected dose), 
and these results were confirmed by a reduced amount of nanoparticles 
circulating in the blood. Splenic filtration size limit was found to be ~100 
nm. It is also well accepted that the surface charge and surface functional 
groups of nanoparticles can affect their interactions with their microenvi-
ronments [7, 148–150]. Cedervall et al. [148] found that protein adsorption 
kinetics and characteristics depend on particle size and surface hydropho-
bicity. The results suggest that a layer of albumin is adsorbed on ~100% of 
the 200-nm nanoparticles’ surface, while there is ~60% surface coverage for 
smaller nanoparticles (70 nm). In contrast, nanoparticles with a hydrophilic 
surface showed 10–20% surface coverage of protein. The higher curvature of 
smaller nanoparticles reduces the adsorption of larger proteins. Interestingly, 
the results showed competitive binding between high affinity proteins and 
lower affinity proteins, whereby an adsorption exchange occurred and high 
affinity proteins displaced other adsorbed proteins despite being at lower 
concentrations. The same group [149] showed, using polystyrene beads, that 
protein adsorption was significantly dependent on the size and charge of 
nanoparticles. Mass spectroscopy analysis has identified proteins with dif-
fering functions, such as immunoglobulin, lipoproteins, complement path-
way proteins, and coagulation factor proteins. The fraction of the proteins 
adsorbed on the surface of the nanoparticles will clearly affect their in vivo 
behavior, such as complement activation, biodistribution, blood circulation 
half-life, and aggregation.

Vascular endothelium will prevent circulating NP diffusion into tissues 
and thus promote liver and spleen filtration. Typically, most endothelia 
are continuous with tight junctions between the cells and an underlying 
basement membrane, which prevents most nanoparticles from exiting 
the circulation via the paracellular route. In the liver, the discontinuous 
endothelium is fenestrated, thus allowing nanoparticles from 50 to 100 
nm to pass across the endothelium to the underlying parenchymal cells. 
In other tissues, such as the spleen, the endothelium lacks a basement 
membrane and has larger fenestrations, which allows nanoparticles to 
exit circulation. Under certain physiological and pathological conditions, 
the endothelium can become leaky, consequently allowing the accumula-
tion of nanoparticles determined by size exclusion and distribution of the 
leaky vasculature. This phenomenon is enhanced in some cancers by the 
reduced lymphatic drainage, leading to the accumulation of nanoparticles 
in tissues through a process termed the enhanced permeability and retention 
(EPR) effect [151–154]. Therefore, nanoparticles can take advantages of spe-
cific physiological defects of the endothelium to accumulate at specific sites 
and increase the local drug concentration.
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In addition to the paracellular route of exit from the circulation, NPs can 
be engineered to cross physical barriers in a process known as transcytosis, 
the intracellular transport across a cell [69, 155, 156]. This allows the passage 
of macromolecules through the endothelium/epithelium, and is thought to 
be size dependent, whereby larger macromolecules pass through less easily 
than smaller molecules [157–160]. Schnitzer et al. [159, 160] have developed 
an antibody that binds specifically to lung caveola for the delivery of thera-
peutics across the endothelium barrier. The luminal expression of caveola 
on the lung endothelium enabled the transport from blood circulation to 
reach tissue accumulation of ~90% in less than one hour. Thus, the strategy 
to target caveola differentially expressed in specific tissues offers exciting 
possibilities for imaging and therapy.

Tissue Diffusion: Effect of Size, Charge, and Shape

Once out of the circulation, nanoparticles will accumulate in the periph-
eral extracellular matrix of the leaky tissues. The tumor microenvironment 
imparts special challenges that nanoparticles must overcome to successfully 
deliver therapeutic agents. As a result of the fenestrated, abnormal vascu-
lature and reduced lymphatic development, tumors are characterized by 
an elevated interstitial fluid pressure, hypoxic solid tumor centers, and an 
acidic tumor microenvironment [51, 161–163]. The disorganized, heteroge-
neous, and tortuous tumor vasculature causes reduced blood flow [161], and 
the high interstitial fluid pressure creates a hydrostatic barrier opposing the 
convective transport of drugs and nanoparticles into solid tumors.

Next, nanocarriers must negotiate the labyrinth of ECM components 
to penetrate tumor tissue and reach their intended target. Diffusion of 
nanoparticles can be diminished by their interaction with the interstitial 
matrix and the tortuosity of the interstitium [161, 164]. In general, shape, size, 
and surface properties of the nanocarriers will contribute to their ability to 
penetrate tissues. Studies have demonstrated that channels exist within the 
extracellular matrix for these particles to diffuse [165], and further evidence 
exists for similar channels in the brain [165–167]. Once outside the circula-
tion, there is evidence of how well nanomaterials can diffuse through tis-
sues [163, 165, 168–170]. Previous studies on the diffusion of macromolecules 
through tumor interstitium provide insight into the parameters effecting 
intratumor diffusion. Studies conducted on the diffusion of inulin, bovine 
serum albumin, and dextran through ex vivo murine fibrosarcoma and 
polymeric ECM models showed the molecular weight cutoff to be >40,000 
Da. Krol et al. [171] investigated the available volume fraction (KAV), the inter-
stitial space within the ECM that can contain therapeutic agents, by quan-
tifying the diffusion of fluorescently labeled macromolecules in the ECM 
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of rat fibrosarcoma and also gels composed of 2% gelatin, 1% chondroitin 
sulfate, and PBS. Indications of tissue diffusivity come from in vitro stud-
ies using 3D models [172–177] or in vivo intradermally or subcutaneously 
injected nanoparticles [169]. Particles with diameters larger than 60 nm tend 
to have difficulty diffusing through the collagen matrix and tend to concen-
trate in the vascular periphery [161]. Multicellular spheroid (MCS) cultures 
were used to model the parameters controlling nanoparticle penetration 
into solid tumors [178]. Polystyrene beads of varying sizes, 20–200 nm, were 
tested against spherical cultures of human cervical carcinoma (SiHa), and 
it was discovered that tumor penetration through the extracellular matrix 
was limited to particles <100 nm. Apparently larger particles were unable 
to maneuver through the collagen network. Subsequently, collagenase was 
immobilized onto the nanoparticle surface in order to disrupt the ECM and 
showed improved penetration. Nanoparticle size has also been shown to 
mediate intratumor dispersion of nanoparticles [182]. In vivo time studies 
have shown that PEGylated gold nanoparticles of varying sizes were initially 
localized in the perivascular regions of tumors. Over a 24-hour time period, 
it was shown via microscopy that 20-nm particles diffused rather far from 
the initial blood vessels. In contrast, 60-nm particles migrated from the ves-
sel to a lesser extent, and 100-nm particles were greatly hindered in their dif-
fusion through tumors. Thus, a means of locally disrupting the tumor ECM 
while also targeting tumors for drug delivery may improve chemotherapy 
efficacy. Charged particles may create electrostatic interactions with charged 
elements in the interstitial matrix, such as positively charged collagen or 
negatively charged glycosaminoglycans [161]. These interactions may cause 
NP aggregates to form and also affect the stability of the NPs. Though these 
models provide an estimation of factors affecting nanoparticle diffusion 
through the ECM, in vivo tests will need to fully develop an understanding 
of nanoparticle diffusion into the ECM that takes into account all cellular/
matrix interactions, mechanical forces, and fluid dynamics [164].

Employing nanoparticles to target tumor tissue is a current paradigm 
that aims to improve intratumor accumulation and localization of thera-
peutic agents. Thus, investigating antibody–tumor interaction is critical 
to understanding the most effective methods for not only targeting but 
improving the distribution of therapeutics within tumors. Graff et al. 
[176] have described, using mathematical models, the relative rates of 
antibody intratumor diffusion and parameters affecting tumor penetra-
tion. Through analysis and simulations, the key factors to increase tumor 
accumulation were defined as minimum molecular weight, high antigen 
expression, gradual antigen metabolism, high multi-bond interaction to 
antigen, bolus dosage, and optimized release kinetic. Interestingly, the 
correlation between antigen-turnover kinetics and antibody–antigen dis-
sociation was defined to be one of the most important factors to balance. 
Details for protein engineering to improve tumor accumulation are very 
well discussed in a review [172]. Tumor targeting systems are separated in 
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multiple compartments such as the targeting ligand molecular properties 
(size, charge, blood circulation half-life, and toxicity), the antigen proper-
ties (expression level, expression distribution, and recycling) and the inter-
actions between the molecule and its antigen (specificity and affinity). It 
is suggested that a small molecule should be engineered with high blood-
circulation half-life, low toxicity, and high antigen-binding specificity to 
bind to a homogeneously distributed antigen with a high expression level 
and affinity in the 1–10 nanomolar range. Lower-affinity characteristics 
have been shown to help diffusion farther into tissues owing to the relative 
ease with which they dissociate from antigens compared to higher-affinity 
binding. Also, lower-affinity antibodies, because of this dissociation, do 
not irreversibly bind to antigens and undergo less endocytic degradation. 
Conversely, retention time in the tumor decreases, leading to lower thera-
peutic efficacy [179, 180]. Low binding affinity entails a higher percent of 
unbound antibodies that are free to diffuse out of the tumor via convec-
tive clearance. Moreover, the vascular architecture heterogeneity of tissues 
and the reduced contact of cancer cells with blood flow [181] will affect the 
therapy and imaging efficacy.

Cellular Interactions and Uptake: Size, Charge, and Kinetics

Nanoparticles must first cross the plasma membrane to deliver drugs or 
agents to the cytosol. The cellular mechanisms that mediate nanoparticle 
internalization will be controlled primarily by the adsorption of proteins 
on the nanoparticle surface. Thus, the physical and chemical properties 
of the nanoparticle—size, shape, surface charge, hydrophobicity, surface 
functional groups, and targeting ligands—will determine nanoparticle–
protein interaction and ultimately cellular response [183, 184]. Moreover, 
the mode by which nanoparticles enter cells is relevant because it will 
dictate the initial cellular microenvironment to which the nanoparticle 
will be exposed [185]. NPs will enter by a variety of methods, including 
clathrin-mediated endocytosis, caveolae-mediated endocytosis, clathrin- 
and caveolae-independent endocytosis, and macropinocytosis [185–187]. 
In clathrin-mediated endocytosis, receptor binding initiates the forma-
tion of a vesicle ~120 nm via the invagination of the cellular membrane 
[186, 187]. The cytoplasmic face of the membrane is coated with clathrin 
molecules, which aid in forming the budding vesicle. The clathrin coat is 
shed intracellularly, and these vesicles are further directed towards early 
endosomes, and then lysosomes or the trans-Golgi network. Caveolae are 
flask-shaped cavities in the plasma membrane that are ~60 nm in diameter 
and formed by membrane proteins identified as calveolins [186, 188]. When 
substrates bind to the surface of the calveolae, vesicle budding occurs and 
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the substrates are internalized. These vesicles then fuse with the caveo-
somes or multivesicular bodies, thereby possibly bypassing lysosomal 
incorporation and degradation [186]. Clathrin- and calveolae-independent 
endocytosis may occur where ~90 nm vesicles are internalized without 
the presence of these proteins. A special form of clathrin- and calveolae-
independent endocytosis is macropinocytosis [186]. In macropinocytosis, 
the binding of receptor tyrosine kinases initiates the formation of ruffles 
in the plasma membrane, which then engulf fluids [189]. These ruffles may 
close off and form vesicles termed macropinosomes, which are directed 
towards lysosomes.

Size can be a factor in the endocytosis of nanocarriers. While particles >500 
nm are phagocytosed by macrophages and those <5 nm are rapidly cleared 
by renal filtration and urinary excretion [190, 191], NPs <100 nm are able to 
exit circulation via extravasation and are internalized by endocytosis [185, 
186, 191]. Chithrani et al. [26] have shown size- and shape-dependent uptake 
in HeLa cells, where 50-nm spherical gold nanoparticles were favorably endo-
cytosed. DeSimone’s group have developed nanofabricated nanoparticles and 
microparticles to study the effect of the size and shape on the cellular internal-
ization pathway [28] and NPs’ in vivo biodistribution [192]. Nanoparticles were 
more rapidly internalized through a caveolae-mediated endocytosis mecha-
nism by Hela cells than were microparticles, and the fraction of nanoparticles 
taken up was substantially higher. The fastest uptake of nanoparticles (~150 
nm) was found to be due to simultaneous internalization through multiple 
pathways. Interestingly, rod-like nanoparticles were internalized much more 
efficiently than their spherical counterparts. The influence of nanoparticle 
shape on cellular uptake is hypothesized to be dependent on the region of 
contact with cellular membranes. Various polystyrene ellipsoid and spherical 
microparticles were investigated for uptake in alveolar macrophages, and it 
was shown that for ellipsoid particles, internalization was favored when con-
tacting the cell in a perpendicular manner [193]. Furthermore, cationic nano-
carriers with a high aspect ratio will be internalized more easily [161]. Discher 
et al. [194] have shown that filomicelle (20–60 nm diameter and 2–18 μm 
length) circulation time was substantially longer than their spherical coun-
terparts, with a strong dependence on their length, with a plateau at length 
>8 μm. In vivo results were correlated with in vitro fluid-flow experiments on 
macrophages, showing a slower cell-uptake kinetic caused by shear-inducing 
flow alignment and reduced cell–particle contact. In addition, filomicelles 
were found to accumulate in the lung and be rapidly taken up by epithelial 
cells. Paclitaxel-loaded filomicelles also increased apoptosis in human lung 
tumor xenograft mice models and reduced tumor size 7 days post injection. 
However, the data shows tumor reduction only at one time point, and com-
parative results with spherical particles were not published.

Because nanoparticles will first interact with the endothelial lining, Peetla 
et al. [195] used Langmuir films to provide a biomimetic endothelial cell 
model membrane (EMM) to understand the varied interactions between 
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nanoparticles and lipid membranes resulting from changes in size and surface 
charge. Changes in surface pressure were used to identify interaction between 
particles and the membrane. It was found that positively charged, 60-nm 
polystyrene nanoparticles increased the surface pressure, indicating that the 
phospholipid layer had condensed. The positive charges may have created 
electrostatic interactions with the phosphate head groups. Negative charges 
had no effect, and neutral charged particles reduced the surface pressure. A 
reduction in surface pressure suggests a dispersion of the lipid layer. Likewise, 
size was shown to influence surface pressure: 20-nm particles always increased 
the surface pressure when compared to larger, 60-nm particles, regardless of 
surface charge. The authors stressed that this model is applicable only to endo-
thelial cells, and interactions may be different based on the different chemical 
composition of the membranes of interest, especially the influence of mem-
brane proteins, lipids, and carbohydrates. Moreover, they emphasize that this 
model is merely a lipid monolayer and might not be representative of the inter-
action of nanoparticles with a full plasma membrane lipid bilayer, complete 
with transmembrane proteins and extracellular matrix components.

Intracellular vs. Extracellular Drug Delivery

Finally, the nanocarriers will have to release the payload extracellularly or 
intracellularly. In general, intracellular delivery is a more efficient strategy for 
increasing cytotoxicity and in some cases reducing drug resistance [196, 197]. 
Impaired drug delivery, mutations in cellular genetics, and non-genetic envi-
ronmental factors can result in multidrug resistance (MDR), a phenomenon 
of cancerous cells being resistant to structurally unrelated drugs that have 
discrete and separate modes of action [198–200]. There are several methods by 
which tumor cells can be resistant to drugs, namely activation of ATP-driven 
efflux pumps, inhibition of the influx of drugs to the cytoplasm, activation of 
DNA repair mechanisms, and activation of detoxifying agents [199]. Much of 
the research has focused on the efflux of hydrophobic drugs by ATP-binding 
cassette (ABC) transporters. These ATP-dependent transmembrane proteins 
are known to confer MDR to cancer cells, and cancer cell line cultures have 
been shown to overexpress certain ABC transporters [199, 201]. P-glycoprotein 
(Pgp), a twelve-pass transmembrane ABC transporter, is known to export 
drugs such as docetaxel, paclitaxel, doxorubicin, daunorubicin, etoposide, 
actinomycin D, methotrexate, mitoxantrone, and others [201–204]. It is hypoth-
esized that loading nanoparticles with drugs will decrease drug recognition 
by efflux pumps, leading to higher intracellular concentrations and thus 
more efficient treatment [199, 205]. Moreover, the flexibility of nanocarrier 
engineering may be employed to circumvent MDR through coadministration 
of chemotherapeutic agents with drug efflux protein inhibitors [196, 199, 200, 
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206, 207]. Also, combinatorial methods employing nanoparticles loaded with 
anti-cancer therapeutics and pro-apoptotic inhibitors have been investigated. 
Devalapally [197] loaded poly(caprolactone)-poly(ethylene glycol) (PCL-PEG) 
micelles with paclitaxel and C6-ceramide, a pro-apoptotic signaling messen-
ger. In another study, nanoemulsions approximately 140 nm in diameter have 
also been developed which, when loaded simultaneously with paclitaxel and 
the pro-apoptotic MDR modifier curcumin, effectively inhibited multidrug-
resistant SK-OV-3 ovarian adenocarcinoma cells [208].

The intracellular delivery of therapeutic agents may be most beneficial 
when directed towards specific cytoplasmic components or organelles, such 
as endosomes, lysosomes, mitochondria, or the nucleus (Figure  4.2) [209]. 
Thus, nanocarriers will require engineering in order to cross the plasma 
membrane and release their payload within organelles or in the cytoplasm. 
Partitioning across the cellular membrane is a described mechanism used 
for vesicular and positively charged dendrimeric vesicles to enter cells, thus 
passage into cells is governed mostly by receptor-mediated endocytosis 
[210]. Likewise, receptor ligands, such as folic acid and transferrin, can be 
employed to initiate receptor-mediated endocytosis [209], but endosomal/
lysosomal escape is often necessary in order to avoid enzymatic degrada-
tion of the therapeutic agent. Intelligent carriers are engineered to escape 
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FIGuRE 4.1
Examples of nanocarriers for drug delivery or medical imaging. By tuning the physiochemi-
cal properties and conjugating the particles with targeting ligands, site-specific delivery can 
be achieved. Particles can also be loaded with drugs or imaging agents to deliver a payload at 
the target site.
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endosomes and/or release payloads intracellularly via pH-, temperature-, 
environment-, or light-responsive systems [211]. Endosomes have a charac-
teristic pH between 5.0 and 6.5 [9], and nanoparticles have previously been 
designed to have pH-sensitive release. Shenoy et al. [212] synthesized poly(β-
amino ester)-based 113-nm nanoparticles that escaped endosomes through 
polymer dissolution in acidic pH conditions. Polymeric cationic coatings 
have also allowed nanoparticles to escape endosomes [213]. Core shell fluo-
rescent silica nanoparticles of 60 nm were coated with poly(ethylenimine) 
and shown by confocal microscopy to disperse in the cytosol. Controlled-
release nanoparticles have been designed that utilize β-cyclodextrins as pH-
sensitive caps covering 2-nm pores on ~100-nm silica nanoparticles. These 
delivered their payload in vitro by virtue of endosomal drop in pH [214].

Biomolecules can direct nanoparticles across cellular barriers and fur-
ther target specific organelles such as the nucleus and mitochondria. 
Cell-penetrating peptides can be conjugated to nanoparticles to facilitate 
transcellular movement. HIV-1 trans-activating transcriptional activator 
peptide (TAT) is one such biomolecule that can successfully maintain cell-
penetrating activity after conjugation to nanoparticles. In addition to cellu-
lar internalization, TAT-conjugated gold nanoparticles have been shown to 
localize in the nucleus [215]. This organelle-specific internalization could be 
customized to inhibit or promote organelle-specific activities. The mitochon-
dria may be another opportune target for intracellular drug delivery because 
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FIGuRE 4.2 (See color insert.)
Specific cellular or intracellular targets may increase nanoparticle treatment efficacy. To avoid the 
degradation of the payload, nanoparticles may need to actively escape endosomal or lysosomal 
compartments. Delivery of the payload to specific organelles may be mediated by the nanocarrier.
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of its critical role in cell survival and unique characteristics. Properties of the 
mitochondria of primary interest for drug delivery are its internal pH of 8 and 
its negative membrane potential (–130 to –150 mV) [209]. Cationic, lipophilic 
moieties are favorable for mitochondrial targeting due in part to the nega-
tive membrane potential of the mitochondria. The chemical environment of 
the mitochondria may also be utilized for pH-sensitive controlled release as 
mentioned previously. Organelle-targeting nanoparticles have been inves-
tigated and described for improved therapeutic treatments [216–218]. The 
interaction of nanoparticles with intracellular proteins is another avenue of 
research that may improve the efficacy of nanomedicine technologies.

Conclusion

With the understanding of the many factors affecting the pharmacokinetic 
and biodistribution of nanoparticles, it is clear that optimization of formula-
tions for specific applications are required to decrease cytoxicity and improve 
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FIGuRE 4.3 (See color insert.)
Once within the body, nanoparticle fate will be determined by interaction with proteins. The 
physiochemical properties and surface engineering of a nanoparticle will determine the par-
ticle/protein interaction. Electrostatic interactions between the nanoparticle surface charge 
and the positive and negative domains of proteins, along with non-polar interactions between 
hydrophobic regions, will determine protein adsorption. Hydrophilic coatings, such as PEG, 
can confer “stealth” properties. Various ligands attached to the nanoparticle surface can target 
cell-specific moeities and mediate cellular processes.
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efficacy and sensitivity. It becomes more obvious that one NPDDS may not 
be efficient for all therapeutic applications, and molecular changes could sig-
nificantly affect their performance. The successful clinical translation of any 
diagnostic or therapeutic nanocarrier may require high-throughput optimiza-
tion of many physico-chemical parameters, including surface hydrophilicity, 
surface charge, surface functional groups, particle size, core materials, linker 
composition, nanoparticle shape, and targeting ligand density, for optimiza-
tion of therapeutic efficacy, reduced toxicity, and pharmacokinetic param-
eters. These factors will affect the hepatic and excretion clearance, circulation 
time, tissue accumulation, and efficacy. In addition, multiple mathematical 
models are described to engineer nanoparticles for therapy and diagnosis. 
Certainly, non-degradable nanoparticles that accumulate intracellularly are 
likely to have a number of toxic effects [190, 219, 220]. In addition, the endo-
thelium is a key tissue owing to its direct contact to circulating nanoparticles 
and is an important mediator of a large number of physiological responses, 
so in many cases it is important to prevent nanoparticle-carrying toxic drugs 
to be taken up by non-diseased endothelial cells [221]. Moreover, accumula-
tion in tissues such as bone marrow and brain could be lethal depending 
on the toxicity of the nanomaterial, Therefore, non-degradable nanoparticles 
need to be targeted and designed for rapid excretion. More importantly, the 
progress of biology and genomics to discover and isolate new markers, as 
well as a better understanding of the disease microenvironments, is of criti-
cal importance to the development of more effective nanoscale systems for 
therapy and diagnosis.

In summary, nanomedicine has already resulted in numerous successful 
formulations in the clinic, and an increasing number of novel therapeutic 
and diagnostic modalities are in the early or late phases of development for 
many human diseases. It is expected that medicine will be practiced differ-
ently for years to come because of the benefits of nanotechnology.
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Biomaterials, Dental Materials, and 
Device Retrieval and Analysis

Jack E. Lemons

Introduction

The disciplines associated with surgical implants in dentistry have 
evolved significantly during the period of the 1960s through the 2000s. 
In the 1960s, many different treatments were provided to restore intraoral 
function based on various implant designs (shape and size), biomateri-
als (implant), and dental (intraoral) materials. Within the profession, this 
situation was reviewed at many levels, and many opinions were provided 
about the factors influencing the clinical survival of implant versus other 
treatment modalities. Within each decade, consensus conferences were 
held where professionals provided analyses from the basic, applied, and 
clinical sciences [1–6]. From the various analyses, the device designs, the 
bio- and dental materials, and associated treatment options evolved from 
many to very few choices. This outcome was based on collaborations and 
a willingness to change the details of device selection and patient care. 
Importantly, clinical survival outcomes over the longer term (>5 years), 
when judged by objective criteria, evolved from about 50% to greater than 
90%. Data from combinations of in vitro and laboratory in vivo investiga-
tions were correlated with information from clinical in vivo studies, and 
were then utilized to alter the discipline. One aspect of these studies was 
based on device retrieval and analysis (DRA), which will be the central 
theme of this chapter.
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Methods and Procedures

Experience gained over the period since the late 1960s within the authors’ 
program has focused on studies of surgical implant biomaterials and intra-
oral dental materials, and were based on observations from retrieved and 
analyzed devices and prostheses from human clinical applications. This 
approach focused on functional conditions, primarily on two central themes: 
(1) interfacial transfers of elements, and (2) interfacial transfers of forces. The 
ever-evolving worldwide science from basic and applied viewpoints has 
strongly supported analyses utilizing these themes. The inclusion of individ-
uals with materials, mechanical, and biomedical engineering backgrounds 
has permitted interactions within a multidisciplinary university program 
based in the school of dentistry departments and sections of biomaterials, 
biomechanics, and prosthodontics.

The key components needed for conducting this type of program include 
specimens and records; facilities for studies; expertise that evolves with 
experience; faculty, staff, and students; and funding. Specimens have been 
provided by dental professionals who were willing to share specimens and 
the details of treatments. During removal, and in strict compliance with 
the Institution Review Board (IRB) and Human Information Protection and 
Portability Act (HIPPA) programs, devices, tissues, and intraoral prostheses 
are treated the same as specimens for pathology. Most are placed in neutral 
buffered formalin and transferred using approved packaging and labeling. 
Upon receipt, a code is assigned, and all confidential information is main-
tained within limited access areas and information storage programs. All 
specimens are treated as infected, and all involved individuals must comply 
with barrier protection and confidentiality protocols.

After initial observation and photography for records, specimens are 
reviewed during a DRA meeting that includes individuals from physical, 
biological and clinical disciplines. As specimens are imaged for viewing by 
all participants, the clinical investigators review and present the history and 
clinical outcome. This is followed by other clinical discipline interactions, 
including oral surgery, restorative, periodontology, and pathology, along 
with engineering and other physical science–based investigators. Students 
participate, and the discussion addresses a central question: “What factors 
have contributed to this result and what might have been done to improve 
the outcome?” This evolves into a separation of key factors concerning (1) 
the patient, (2) the technology of treatment, and (3) the device/prosthesis. 
All follow-ups are then based on hypotheses and key factors, which then 
evolves into protocol-driven in vitro or in vivo–oriented research. Students 
become involved in reports and master of science (MS) or doctor of philoso-
phy (PhD) project and degree activities. In most situations, abstracts, presen-
tations, and publications are developed for peer review by all stakeholders. 
From this perspective, peer-review exchanges have provided the insights for 
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progression within the various areas, contributing to longer-term stabilities 
and functionalities of dental implant–based restorative treatments.

Another aspect of peer review that involves most stakeholders is based 
within professional organizations that develop consensus standards, such 
as the American Dental Association (ADA) Standard Committee on Dental 
Products (SCDP) [7]; the American Society for Testing and Materials (ASTM) 
Committee F04 on Medical Devices [8]; and the International Standards 
Organization (ISO) Technical Committee (TC) 106 [9] on dental products, 
which includes standard subcommittees on restorative materials (SCIs) and 
the SC8 on dental implants. Examples of specialized workshops and sym-
posia at ASTM that includes biomaterial and biomechanical information 
are listed in Table 5.1. In all situations, ASTM and ADA standards have pro-
vided rapidly evolving documents since the 1960s that permit consistent use 
of biomaterial and dental material products. Within the author’s university 
program this integrates dentistry, medicine (orthopedic surgery), and engi-
neering (materials and bioengineering). The program has received and ana-
lyzed more than 8,000 devices obtained from revision surgeries. Since 2005 
[10] the program has evolved to now include postmortem in-situ specimens, 
including the implant and the anatomical region supporting the implant. 
Therefore, in most situations, this type of specimen—a device and pros-
thesis in place and functioning up to the time of death, followed by enbloc 
retrieval—and its clinical history provide opportunities to evaluate clinical 
success.

Results and Discussion

The bio- and dental materials utilized over the early decades (1950s–1980s) 
of dental implant treatments included metallics, ceramics, polymerics, and 
combinations/composites of these substances [11–17]. Examples of devices 
received for examinations are shown in Figures  5.1–5.4. Central within 
the metallics were the iron, cobalt, and titanium alloys. The ceramics were 
constituted primarily from aluminum and zirconium oxides plus calcium 
phosphate–based compounds. Ceramic biomaterials also included polycrys-
talline (vitreous) carbon and carbon-silicon. The polymerics primarily used 
for dental implant body components were polyethylene, polymethyl meth-
acrylate, and polysulfone, with some use of porous combinations, including 
modified polytetrafluoroethylene (Proplast®).

Dental materials included everything that was available for crowns, 
bridges, bars, dentures, removable dentures, etc. This list is extensive, and 
readers are referred to several dental materials books [18–20] for the tech-
nical details. The metallics for crowns and bridges were often precious-
grade (Au, Pd, Pt) alloys plus base-metal (Ni, Co, Cr, Mo, Be) alloys with 
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some extensions to copper and other types of alloys. Alloys were utilized 
with porcelain and/or polymers such as acrylic and BisGMA composites for 
occlusal surfaces. Several issues evolved about biodegradation phenomena, 
especially when some base-metal alloys were combined with biomaterial-
grade alloys and similar material abutments and bars.

During this period, the designs were as varied as the bio- and dental mate-
rials themselves, which in broad categories included subperiosteal, transos-
teal, endosteal (plate and root-form) and ramus frames [21, 22]. Each design 
utilized a different combination of dental materials and intraoral prosthesis 
constructions that were supported by clinical and company advocates. This 
multiplicity of applications, when considering DRA, provided opportunities 

TABlE 5.1

List of Workshops and Symposia Held in Student Organizations that Included 
Information on Biomaterials and Biomechanics Based on Explant Device Retrieval 
and Analysis

Symposium on Bone Graft Substitutes, ASTM Book, 2003/2004
Symposium on Cross Linked and Thermally Treated Ultra-High Molecular Weight 
Polyethylene for Total Joint Replacements, ASTM STP 1445, 2004

Symposium on Spinal Implants: Are We Evaluating Them Appropriately? November 2004, 
ASTM STP 2004

Symposium on Titanium, Niobium, Zirconium, and Tantalum for Medical and Surgical 
Applications, November, 2004, ASTM STP, 2006

Symposium on Wear of Articulating Surfaces: Simulation and Clinical Measurements, 
November 2005

Symposium on Fatigue and Fracture of Medical Metallic Materials and Devices, Joint E-8 and 
SMST, November 2005

Workshop on Nanotechnology and Medical and Surgical Devices at Materials, November 2006
Workshop on Medical Devices Metrology and Standards Needs, November 2006
Workshop on Regenerative Medicine and Growing Cartilage, November 2007
Second Symposium on Fatigue and Fracture of Medical Metallic Materials and Devices, 
May 2008

Workshop on Future of Arthroplasty Standards: Planning for the Next 5 Years, November 2008
Workshop on Explant Shipping: The Black Hole between Explantation and Analysis, 
November 2008

Workshop on What’s on What’s Available in Fatigue Lifetime Prediction Software, E08-F04, 
November, 2008

Workshop on Developing a Proposed Regulatory Strategy for Neurotoxicity Testing Battery, 
May 2009

Workshop on Fretting Fatigue of Metallic Medical Devices and Materials, November 2009
Workshop on Biological and Synthetic Bone Grafts: Current Status and Future Directions, 
May 2010

Symposium on Mobile Bearing Total Knee (MBK) Replacement Devices, May 2010
Symposium on Static and Dynamic Spinal Implants: Are We Evaluating Them Appropriately? 
November 2010

Workshop on Toxicological Assessment of Residues on Implants: Effects – Toxicology – Limit 
Values, November 2010
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FIGuRE 5.1
Examples of root-form dental implants received for investigation. (From Lemons, in Anusavice 
et al., eds, Phillips’ Science of Dental Materials, 12 ed., Elsevier, Philadelphia, PA)

FIGuRE 5.2
Examples of plate-form dental implants received for investigation. (From Lemons, in Anusavice 
et al. (eds), Phillips’ Science of Dental Materials, 12 ed., Elsevier, Philadelphia, PA)
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to investigate the details of individual bio- and dental materials on a relative 
basis specific to biocompatibility and clinical outcome.

The biomaterials have now evolved to a situation where most root-form 
designs are constructed from titanium and alloys with or without surface 
modifications, including calcium phosphate (CaPO4) coatings [23]. Some 
properties of these biomaterials are summarized in Table 5.2. Multiple sur-
face modifications have been introduced in recent years for dental implant 
root form designs that can be categorized broadly as as-processed; subtrac-
tion (e.g., acid etching and abrasive blasting); and addition (compounds and 
coatings). Some surface treatment descriptions are summarized in Table 5.3.

The dental implant types, in terms of design, have also evolved to now 
be primarily root-form systems. These shapes include mostly cylinders and 
cones, with and without threads and plateaus. Once again, readers are referred 
to the various dental implant textbooks for more detailed information [18–20].

Three areas will be used as examples of how the engineering-based 
approaches to device-interface conditions found during DRA and further 
investigated have contributed to available information for the profession. 
These areas will be tissue integration, biodegradation, and corrosion and 
biomechanical fractures of components. Integration of bone along dental 
implant interfaces has been categorized as fibrous, osseous, or osseointegra-
tion and mixed (called fibro-osseous integration) [22]. A question is, does the 
biomaterial surface chemistry and/or micro-topography influence the type 

FIGuRE 5.3
Examples of subperiosteal dental implants received for investigation. (From Lemons, in 
Anusavice et al. (eds), Phillips’ Science of Dental Materials, 12 ed., Elsevier, Philadelphia, PA)
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and amount of tissue integration along dental implant interfaces with bone? 
The answer of course can be yes or no, depending on conditions during heal-
ing and longer-term function. Studies have shown that all surfaces will show 
fibrous connective tissue under conditions of micromotions (>100 microm-
eters) during initial healing. Comparisons of surface oxides for alloys have 

TABlE 5.2

Summary of Material–Biomaterial Properties Applicable for the Selection of Dental 
Implants

Properties

Unalloyed 
Titanium 

(I-IV) 
Wrought 

Condition

Titanium 
Alloy 

(Ti6A14V) 
Wrought 

Condition

Cobalt 
Alloy 

(Co-Cr-Mo 
Cast 

Condition)

Iron Alloy (316LSS 
Fe-Cr-Ni Wrought 

Condition)

Annealed
Cold 

Worked

Density (g/cc) 4.5 4.6 8.3 7.9 7.9
Yield strength (ys)
MPa
(ksi)

170–485
(25–70)

795–827
(115–120)

490
(71)

240–300
(35–44)

700–800
(102–116)

Ultimate tensile 
strength (UTS)

MPa
(ksi)

250–550
(35–80)

860–896
(125–130)

690
(100)

600–700
(87–102)

1000
(145)

Elastic modulus (e)
GPa
(ksi x 103)

96
(14)

105–117
(15–17)

200
(29)

200
(29)

200
(29)

Endurance limit 
(fatigue)

MPa
(ksi x 103)
Elongation (%) 15–24

170–240
(24.6–35)

10–15

300
(43)

8

300
(43)

8

230–280
(33.3–40.6)

7–22

TABlE 5.3

General Classification and Description of Surface Modifications for Surgical 
Implant Biomaterial

Classification Condition Comments

As Processed Machined, cast, polished, molded, 
compacted, sintered, anodized, hot 
isostatically pressed (hipped) coined

Processed specific to metallic, 
ceramic and polymeric biomaterials 
(Al2O3, titanium, CaPO4)

Addition Sprayed (plasma or flame), deposit 
from solution, deposit from plasma 
vapor, irregular molding, sintering 
of particles, anodized and electron 
beam assisted deposition (ebad) 

Very technique-dependent, 
standards about properties

Subtraction Acid and dual acid etching, laser 
ablation, ion milling, blasting, 
sputtering

Variable micro- and nano-
topographics and chemistries 
Al2O3, CaPO4, SiO2 and TiO2
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shown that bone integration does not exist for chromium oxide on stainless 
steel and is limited for chromium oxides on cobalt alloys. Oxides on titanium 
and alloys with and without ion implantation as well as aluminum and zir-
conium oxide ceramics, carbons, and calcium phosphates have shown bone 
integration for a wide range of dental implant designs. Several of those bio-
materials have also demonstrated bone integration along very smooth sur-
faces such as aluminum oxide (sapphire), although current systems now are 
finished with various shapes and sizes of nano-micro-topographies. Claims 
exist about enhanced rates of healing with various surface conditions. Our 
overall evaluations indicate most metallic and ceramic biomaterials exhibit 
bone integration after several weeks with maturity within a year. Overall, the 
magnitudes of bone-to-implant contact (BIC) range from about 20 to above 
80% of the implant body section surface areas [24–26]. Our studies support 
high or magnitudes of BIC for calcium phosphate–coated (treated) surfaces; 
however, our results and those of other controlled studies are inadequate 
for correlation with clinical survival evaluations. One recent finding is that 
calcium phosphate coatings and post coating loss surfaces of cast cobalt alloy 
show bone integration after decades of in vivo function. This is called the 
custom osseous integrated implant (COII) system.

Biodegradation phenomena, primarily corrosion of metallics, have been 
an issue within some dental implant constructs, with several analyses 
initiating in the 1970s [27–37]. Subsequent studies provided guidelines 
on “acceptable combinations” from an electrochemical corrosion evalua-
tion viewpoint. These data were expanded considerably, and recent stud-
ies now include alloy combinations tested under electrochemical (galvanic 
coupling) conditions. As a general guide (detailed information now avail-
able from product manufacturers), groupings of “acceptable and possible 
unacceptable” electrochemical combinations of metallics are summarized 
in Figures 5.4 and 5.5. Prior overviews have shown that high noble dental 
alloys (Au, Pt, Pd, Ir) when combined (coupled) with titanium alloys and 
cobalt alloys (Co-Cr-Mo) do not result in significant corrosion magnitudes 
of either part. However, some adverse conditions have been associated with 
combined titanium alloy and cobalt alloy compared with stainless steels, 
nonprecious (nickel- chromium) alloys (especially with Be), copper alloys, 
and amalgams.

A number of patient, technology, and biomaterial issues have been noted 
related to biomechanical fractures of intraoral prosthesis (primarily con-
nectors and cantilevers), abutment components, and body sections of dental 
implants [38, 39]. Examples of such mechanisms usually present structural 
fatigue often caused by surface irregularities, inadequate structural dimen-
sions, and/or fretting and corrosion processes. The extensive use of unal-
loyed titanium at grade I and II property magnitudes were shown to be 
at increased risk because of lower strength. The alloys and higher grades 
of titanium (III, IV) have shown limited numbers of biomechanical frac-
tures. In some situations, such as the early root-form designs made from 
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polycrystalline aluminum oxide, biomechanical fractures at the transgingi-
val region were identified as a significant issue.

The introduction of computer-assisted design and manufacturing (CAD/
CAM) has reduced the incidence of misfit of components and the associated 
leakage fretting, corrosion, and fatigue fractures.

Summary and Conclusion

Advances over decades, based on multidisciplinary interactions between 
the disciplines associated with surgical implants in dentistry, have strongly 

Active 10

Interaction 5

Passive 1
Ti/Co Ti/SS Co/SS

FIGuRE 5.5
Corrosion of surgical-grade alloys versus one another when coupled alloys are electrically con-
nected (non-fretting conditions).

Nobel Semi Nobel Base Amalgam Copper

FIGuRE 5.4
Corrosion characteristics of dental material alloys coupled electrically with surgical implant-
grade titanium (T-IV), titanium alloys, or cobalt alloys (non-fretting conditions).
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influenced ever improving stability and longevity of implant-based clinical 
treatments. Information derived in part from observations made while ana-
lyzing retrieved and postmortem in-situ devices have contributed to aspects 
of these improvements. Evolution of the disciplines of biomaterials and bio-
mechanics has benefited from the willingness of the dental profession to 
accept changes.

Overall, biomaterials for the construction of dental implant body sections 
have evolved over four decades from once being many and varied to now 
being metallics of titanium and alloys, sometimes including calcium phos-
phate surface modifications. In part, this evolution has been a result of the 
acceptance of root-form designs as the most popular implant design. Dental 
materials are now constituted and finished for combination with root-form 
constructs, with this area being enhanced by CAD/CAM technologies. 
Analyses of human device retrieval and analysis have often emphasized 
the biomaterial and biomechanical aspects of tissue-interface conditions, 
thereby supporting conditions for currently accepted integration by bone, 
where the construct and the force transfers are controlled by biomechani-
cal principles and dental materials selected to minimize biodegradation and 
fracture phenomena.

Looking forward, it is anticipated that combined synthetic and biological 
biomaterials will be utilized to further enhance dental implant treatment 
opportunities. The affiliated research and development of imaging science 
and technology applied to regenerative medicine hold promise for the future.
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6
Biomaterials and the Central 
Nervous System: Neurosurgical 
Applications of Materials Science

Urvashi M. Upadhyay

Introduction

A variety of biomaterials have been used in the treatment of various disor-
ders of the central nervous system (CNS). Materials that have historically 
been used include both biodegradable and non-biodegradable materials, 
such as silicone, natural and synthetic polymers, and lipids. The desired 
biodegradability of these materials is in large part determined by their 
intended application. That is, those materials that should remain func-
tional for long periods of time, such as deep brain stimulating electrodes, 
do not employ biodegradable materials, whereas devices implanted for the 
short-term purposes of tissue scaffolding or drug-delivery are made with 
degradable materials [1].

Regardless of a material’s stability over time, it must be deemed biocompati-
ble before it may be implanted intracranially. Biocompatibility with tissue out-
side the central nervous system does not always predict biocompatibility with 
brain and spinal cord tissue, nor does short-term biocompatibility predict long-
term tolerance to implantation. For example, degradable poly(methylidene) 
malonate (PMM)–based microspheres have been implanted into rat striatum 
and acutely show no evidence of inflammation; however, several months post-
implantation, inflammation, necrosis, and animal death occurred, presumably 
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when PMM began to degrade [2]. Interestingly, many other biodegradable 
polymers do demonstrate tolerable long-term intracranial biocompatibility, 
highlighting that each new material’s stability must be assessed individually 
before considering CNS implantation.

Understanding a material’s biocompatibility requires an intimate under-
standing of the brain’s immune system and inflammatory cascade. Within 24 
hours of the tissue damage that is expected with the implantation of any device, 
microglia enter the damaged tissue site and begin the process of phagocyto-
sis of dead cells [2–4]. Several groups have demonstrated that these microglia 
then secrete neurotrophic factors, such as brain-derived neurotrophic factor 
(BDNF) or glial cell line–derived neurotrophic factor (GDNF) [3, 4] that may 
exert some neuroprotective role. In the days following, astrocytes arrive at 
the injured site; they have also been shown to release neurotrophic factors [5, 
6]. With activated macrophages/microglia, a release of certain chemical fac-
tors such as the chemokine monocyte chemotactic protein (MCP-1) and the 
pro-inflammatory cytokine tumor necrosis factor-alpha (TNFα) is seen [7]. 
TNFα, in turn, has demonstrable neurotoxic activity, suggesting that released 
inflammatory factors may reduce neuronal viability surrounding the site of an 
implanted device [7–11]. Certainly the limitation of many implanted intracra-
nial devices may be the failure of the device to evade the host’s immune system 
over the long term. Some have even stated that the major clinical limitation 
of brain-machine-interface (BMI) technology is the inability to consistently 
record from a single neuron over time as a result of the brain’s robust foreign 
body response to implanted electrodes [11, 12].

Though identifying materials suitable for intracranial implantation may 
appear daunting, many materials have been used historically with great suc-
cess for varied clinical CNS applications. Applications of biomaterials cur-
rently in use include shunt systems used to treat hydrocephalus, intracranial 
drug-delivery vehicles, hydrogel scaffolds for CNS repair, microelectrodes 
for deep brain stimulation, and vehicles for delivery of neural stem cells [1]. 
In the following text, we will explore the various biomaterials in use in the 
CNS at the experimental and clinical levels. We will explore their relative 
safety, limitations, and strengths and, in turn, will identify the ideal char-
acteristics of materials that may be used safely in the neurosurgical theater.

Cerebrospinal Fluid Shunt Systems

One of the most common clinical entities encountered in neurosurgery is 
that of hydrocephalus, a condition characterized by excessive accumulation 
of cerebrospinal fluid (CSF) due to either excessive production or inadequate 
clearance. The most common treatment for hydrocephalus is placement 
of a shunt system that diverts excess CSF from the cerebral ventricles or 
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subarachnoid space to another potential space in the body where the fluid 
will be readily absorbed. This method of diverting CSF has been used for 
over fifty years [1, 13, 14]. The typical shunt system comprises a proximal 
catheter (which sits in the ventricular or subarachnoid space) that connects 
to a valve that controls drainage of CSF and a distal catheter that carries the 
CSF to a distal location (Figure 6.1). The most common targets for CSF reab-
sorption are the peritoneal cavity, the right atrium of the heart, the pleural 
space, and more rarely the gall bladder [15, 16]. CSF shunt systems are made 
from medical-grade silicone, which would appear to be an ideal material 
given its low toxicity, stability, and minimal biological reactivity [1]. While 
shunt systems are highly effective in treating hydrocephalus, the hardware 
failure rates from shunt malfunctions or infections are extremely high. 
Eighty percent of newly placed shunts will succumb to obstruction within 

Ventricular Catheter

Distal Catheter

Valve

FIGuRE 6.1
Ventriculoperitoneal shunt system. (Photograph courtesy of Codman © 2007 Codman & 
Shurtleff, Inc.)
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ten years of implantation; half of these will fail from obstruction within one 
year of placement [1, 17]. Inflammation appears to play a key role in causing 
many shunt obstructions, be it at the ventricular catheter, valve, or distal 
catheter. Certainly, even routine placement of a shunt system requires pass-
ing a rigid ventricular catheter through brain tissue, resulting in cell death, 
tissue injury, and disruption of the blood–brain barrier (BBB) [1]. The resul-
tant tissue damage then begets a stereotyped inflammatory cascade around 
the implanted shunt. Microscopic analysis of the outer and inner surfaces of 
retrieved shunts does reveal biofilm formation. Further, gross examination 
of many shunt obstructions reveals choroid plexus or glial tissue ingrowth 
into the ventricular catheter [18, 19]. Other groups have reported collections 
of clotted blood, lymphocytes, macrophages, necrotic brain tissue, and epen-
dymal cells among the material clogging the proximal ventricular catheter 
[18]. Examination of obstructed valves reveals particulate matter made of 
fibroblasts, blood cells, and pathogenic bacteria [1, 18]. The other major cause 
of shunt malfunction is infection of the hardware, which occurs in as many 
as 10% of shunts within four months [15, 18]. A majority of infections are 
caused by normal skin flora, such as Staphylococcus species, which are intro-
duced into the shunt system at the time of original insertion and often result 
in biofilm formation [18]. The inner lumen of catheters represents a slightly 
sequestered environment where skin flora bacteria cannot be readily cleared 
by the brain immune system, resulting in a potential nidus for infection 
[19–21]. Approaches to reduction of shunt failure take either of two tacks: 
change in operative insertional technique, or modification of shunt material 
surfaces.

While rates of infection may decrease through changes in operative tech-
nique, shunt manufacturers have made efforts to modify the materials used 
in these systems to reduce rates of infection. One strategy involves antibi-
otic coating of shunt materials [20, 22]. On follow-up, patients who have had 
placement of antibiotic-coated shunt systems have not shown significant 
reduction in infection rates, leading some to postulate that the antibiotic may 
be inactivated with time or simply diffuse away from the site [14, 23]. Further 
attempts at surface modification include coating the surface with a hydro-
philic polymer or impregnating the material with antimicrobial agents [23]. 
The rationale for modifying the surface to be more hydrophilic is that it will 
reduce bacterial adhesion to the materials [22]. However, surface analysis of 
these materials revealed that they did have diminished bacterial adhesion 
but not bacterial colonization [22]. Efforts at manufacturing antimicrobial-
impregnated silicone shunt systems have been promising and are thought to 
be more effective than mere coating as the antimicrobial agents may achieve 
a sustained release and will have access to both the inner and out luminal 
surfaces of the shunt system [23]. Data on the long-term efficacy of these 
antibiotic-impregnated shunts is forthcoming. What is clear is that there is a 
comfort level with implanting silicone-based devices intracranially, though 
there remains much room for improvement in biocompatibility.



139Biomaterials and the Central Nervous System

Drug Delivery Systems

One of the significant challenges in the pharmacologic treatment of CNS con-
ditions is the necessity of crossing the BBB. Because of the selective perme-
ability of the endothelial cells in brain capillaries, many drugs do not cross 
the BBB with high efficiency [24, 25]. As a result, CNS drugs may require 
administration at high systemic doses to achieve appropriate intracranial 
concentrations. These high doses may result in a worsening of systemic side 
effects. Efforts in neuropharmacology have focused largely on improving a 
drug’s ability to hone in on the brain and cross the BBB more efficiently, or 
on strategies to circumvent the BBB, such as through intracranial delivery.

Systemic administration of drugs intended for the CNS may be ameliorated 
by the use of certain drug carriers that target the CNS tissue and/or facilitate 
crossing of the BBB [1]. There are many examples of drug carriers, including 
nanoparticles, polymeric micelles, liposomes, and dendrimers [26]. Liposomes 
are small vesicles whose cores are enclosed by phospholipid bilayer mem-
branes, which are fully biocompatible [1]. Liposomes have shown the most 
clinical promise, though traditional liposomes do little to improve crossing of 
the BBB without vector-mediated delivery [1, 25]. Without surface modifica-
tion, these liposomes are rapidly cleared by the reticuloendothelial system 
(RES); coating their surface with hydrophilic polymers greatly reduces this 
problem and prolongs their circulation time [27]. Further surface modifica-
tion with targeting vectors improves the tissue-specificity of liposomal drug 
formulations [27]. Doxil® is a pegylated (polyethylene glycol) liposomal for-
mulation of doxorubicin, an anthracycline antibiotic cum chemotherapy used 
to treat cutaneous tumors. The pegylated surface modification allows better 
skin targeting and reduces the cardiotoxicity usually seen with its adminis-
tration [28]. Intracranial drug targeting is largely in experimental stages but 
hinges on the understanding that intracranial tumors (both intrinsic and met-
astatic) demonstrate a breakdown in the BBB, thereby facilitating the crossing 
of liposomal drugs across the BBB [1, 29].

Other drug carriers that have shown promise include polymeric nanopar-
ticles, which are particles less than 100 nm in size attached to natural or syn-
thetic polymers that encapsulate or are attached to pharmacologic agents [30]. 
The polymers most commonly used are polyalkylcyanoacrylates (PACAs), 
polyacetates, polysaccharides, and copolymers [1, 31]. These polymeric NPs are 
thought to cross the BBB through receptor-mediated endocytosis or by the pro-
cess of diffusion [25]. Release of drug from the polymer is carried out through 
a process of hydrolytic degradation of the polymer [32]; this method of deg-
radation allows for sustained and controlled release of pharmacologic agents. 
Two opiod agonists, loperamide and dalargin, have profound CNS pharma-
cologic effects, but do not readily cross the BBB. Using polybutylcyanoacry-
late (PBCA) nanoparticles overcoated with surfactant and loaded with each 
of these agents, investigators were able to demonstrate good pharmacologic 
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effect in a rodent model [33, 34]. Animals had a more rapid onset of anesthesia 
and likely achieved less systemic exposure of these opiod agents [33, 34].

While strategies to improve the systemic administration of CNS drugs have 
been promising, patients are still exposed to potential side effects from non-
specific drug delivery. To address this limitation, several groups have explored 
strategies for delivering pharmacologic agents locally, within the brain. Most 
efforts have focused on the treatment of brain tumors, since chemothera-
peutic agents often cause significant side effects, such as bone marrow sup-
pression, nausea, and alopecia. Polymers that have been used intracranially 
include polylactide (PL), polyglycolide (PG), copolymers of lactide/glycolide 
(PLGA), and polyanhydride poly-bis-propane-sebacic acid (PCPP:SA). All of 
these polymers have been safely implanted intracranially and have demon-
strated good biocompatibility and long-term drug release [35]. Gliadel® is a 
polymer-chemotherapy composite wafer approved for intracranial implan-
tation for recurrent glioma tumors and has been demonstrated to be safe 
and non-immunogenic when administered intracranially [35] (Figure  6.2). 
Unfortunately, increases in survival in patients who have been treated with 
Gliadel® have been modest at best, with survival improved on the order of 
months [36]. Some have postulated that these modest increases in survival 
are due to inferior tumoricidal activity of carmustine (BCNU), the chemother-
apy in Gliadel®, or perhaps to the low drug payload achieved in these wafers. 
Others have suggested that the tumor target is not appropriate for intracra-
nial implantation, as high-grade glioma tumors are diffuse and infiltrative by 
nature. However, in spite of these limitations, the addition of Gliadel® to the 
neurooncology armamentarium has been significant as it has demonstrated 
that high concentrations of chemotherapy may be delivered intracranially 
and that such concentrations may be well tolerated and efficacious.

FIGuRE 6.2
(a) GLIADEL® Wafer (polifeprosan 20 with carmustine implant) is a registered trademark of 
Eisai Inc. GL188R1 © 2010 Eisai Inc. All rights reserved. September 2010. (b) Gliadel Wafers 
being implanted in the brain. (Courtesy of NCI 1997)
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Tissue Scaffolds

Site-specific therapeutic delivery has become more widely accepted as the 
means of delivering pharmacologic agents or placing extracellular matrices 
for neural growth, migration, and axonal regeneration in the central ner-
vous system (CNS) [12]. Hydrogels are a network of cross-linked insoluble 
polymers that serve as excellent tissue scaffolds for new nerve growth or 
support matrices for grafted cells into the CNS [1, 12]. Hydrogels have the 
unique property of swelling with water, and it is this property that gives 
them the rheologic properties necessary for CNS implantation (Figure 6.3). 
That is, swollen hydrogels can readily incorporate into CNS tissue given 
their elasticity [12, 35, 37]. In vitro work has demonstrated the polyethylene 
glycol (PEG)–based hydrogels support the growth of human neural progeni-
tor cells [37, 38]. Further work examining the biocompatibility of PEG-based 
hydrogels implanted into nonhuman primate striatum and cerebral cortex 
revealed that they generated no T-cell response, minimal gliotic scar at site of 
implantation, and low-density glial fibrillary acidic protein (GFAP) staining 
[35, 37]. Interestingly, investigators found that the magnitude of the inflam-
matory response was highly correlated with the degradation rate of the 
hydrogel. That is, the slower degrading and nondegrading hydrogels showed 
an attenuated inflammatory response, suggesting that it is the degradation 

6 mm

4 mm

FIGuRE 6.3
Swollen hydrogel following exposure to water may take several forms such as a tubular struc-
ture (above) or onion-ring structure (below). (From Elisseeff, J 2008. Hydrogels: Structure starts 
to gel. Nature Materials 7: 271–273)
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of these materials, rather than intrinsic properties of the materials, that 
make them less biocompatible [37]. These results taken together suggest that 
implantation of slowly degrading or nondegradable PEG-based hydrogels 
may be well tolerated in humans.

The relative static nature of these types of hydrogels suggests that they 
may not be useful in all CNS clinical applications. There may be situations 
in which a specific hydrogel’s mechanical properties change over time. For 
example, amphiphilic diblock copolypeptide hydrogels (DCHs) are syn-
thetic materials whose mechanical properties may be altered by altering 
the polypeptide backbone to gain certain functionality [12]. Specifically, 
this polypeptide may be altered to impart enzymatic degradability, cell–cell 
adhesion, and molecular signaling. Furthermore, DCHs may be thinned 
and deformed to allow for injection through a small-bore cannula; follow-
ing injection, these are rapidly reassembled into rigid gel networks [12] 
(Figure 6.4). This property allows for their minimally invasive deployment 
into the CNS. Investigators have also shown the DCHs induce little inflam-
matory response, glial scarring, or neurotoxicity in the CNS host tissue com-
pared with saline injection controls, suggesting that this material may be 
both a safe and versatile tissue scaffold for nerve regeneration.

Recent work on determining the role of matrix stiffness in promoting neu-
rite and axon outgrowth reveals that soft materials appear to be more suc-
cessful in promoting tissue growth in the CNS compared with materials to 
higher stiffness [39]. Fibrin gels, composed of fibrinogen and thrombin (the 
final two factors in the coagulation cascade), have been shown to support the 
growth of cells in vitro and in vivo. Some have suggested that fibrin in par-
ticular is useful in supporting neuronal regrowth because it does not sup-
port glial proliferation [39]. The fibrin gel’s preferential support of neuronal 
cell ingrowth is thought to result from the different ways neurons and glia 
respond to matrix stiffness and from the fibrin gel’s low elastic modulus, 
which promotes neuronal differentiation [39, 40]. Several groups have shown 
that the neurons appear to prefer to grow on soft surfaces and that the in vitro 
work utilizing soft materials such as fibrin gels holds promise for future in 
vivo work [39–41].

Microelectrode Systems

Much of the current understanding of systems neuroscience, that is, the study 
of neural networks and circuits, has developed with the help of implant-
able microelectrode technology, which allows for recording and stimula-
tion of a single neuron or a group of neurons. It is this understanding that 
has informed the development of deep brain stimulator (DBS) technology. 
DBSs are stimulating electrodes implanted traditionally into the subtha-
lamic nucleus, where stimulating signals are thought to feed into basal gan-
glia circuitry and override some of the motor symptoms associated with 
conditions such as Parkinson’s disease [42]. Other deep brain targets, such 
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as the ventral intermediate thalamic nucleus, may be targeted to alleviate 
debilitating tremors [43]. Breakthrough technology in human motor cortex 
electrophysiology has also shown great promise. Researchers have been able 
to utilize neural recordings to control limb prostheses to perform meaningful 
movements in paralyzed patients; this brain–machine interface is the topic of 
much focus and study [44]. While BMI technology appears promising, one 
of the long-term challenges to its widespread clinical use is the inability to 
consistently record from a single neural unit over time [42]. Several groups 
have demonstrated a robust foreign body response that develops over time 
in the area around implanted electrodes [42, 45–47]. Macrophages have been 
observed at the electrode–brain interface; this inflammatory response is elab-
orated by macrophage-secreted factors, such as TNFα and MCP-1 [7, 8, 42]. 
Furthermore, some investigators have demonstrated a correlation between 
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FIGuRE 6.4
Neutralized hydrogel is formed from the repeated treatment of an alcohol gel with NaOH and 
water, which shrinks as a result of the physical crosslinks formed between the chains of the 
gel. With treatment, the hydrogel’s physical properties may be controlled and changed. From 
Elisseeff, J 2008. Hydrogels: Structure starts to gel. Nature Materials 7: 271–273)
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inflammatory infiltrate and astrogliosis (a decreased neuronal cell density), 
both of which may impair microelectrode performance [42, 48]. Efforts to 
minimize this inflammatory response have focused on modifying surface 
chemistry. Investigators have found that using low protein-binding coatings 
on implanted microelectrodes may help in reducing the macrophage infiltrate 
[42]. With further advances and modifications in the microelectrode insula-
tion materials, one can envision designing high-performance implantable 
electrodes that may allow for long-term recording from a single neuron. The 
leap from this technologic advance to clinical application is a short one; with 
less biofouling of electrodes, the widespread use of BMI in paralyzed patients 
may be achieved.

Conclusions

Identifying properties of materials that are the least likely to incite the inflam-
matory cascade has been the goal of much work in biomaterials. The desired 
characteristics of an intracranial device require materials with rheologic 
properties different from those of other areas of the body. These include non-
toxicity, facile integration with host tissue, and tunable mechanical proper-
ties (such as rigidity and porosity). Materials currently under investigation 
share many but not all of these properties and are therefore limited in appli-
cation. Naturally occurring polymers tend to elicit less immune response 
and are often degradable, but lack optimal mechanical properties, such as 
rigidity. Other synthetic polymeric materials may have more tunable rigid-
ity but may lack other properties such as causing minimal tissue inflamma-
tion or structural damage. What is clear is that recent advances in the field 
of materials science have informed work in neurosurgical material clinical 
applications. A better understanding of which materials are less likely to 
incite inflammatory reactions, or less likely to succumb to biofilm formation, 
will certainly improve varied areas of neurosurgery from hydrocephalus to 
drug delivery.
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Biomaterials in Obstetrics and Gynecology

David Shveiky, Yael Hants

Introduction

The field of obstetrics and gynecology is dedicated to women’s health. We 
treat medical and surgical conditions throughout a woman’s lifetime. In 
addition to assisting in the creation of new lives through infertility treatment 
and obstetrics, we treat serious conditions such as infections and tumors of 
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the female reproductive tract. Also, attention is being turned to improving 
women’s quality of life. As populations age, we understand that our role as 
physicians continues through life in treating these conditions.

In this chapter we will discuss the role of various biomaterials in obstet-
rics and gynecology. We chose to present this on the time axis of a modern 
woman’s lifetime. In early reproductive years, many women try to post-
pone childbirth; biomaterials used for contraception are discussed. While 
most women conceive spontaneously, some will need assistance with infer-
tility treatment. Here also, biomaterials are being used, especially in pre-
venting pelvic adhesions that block the fallopian tubes. We briefly discuss 
the concerns regarding the presence of biomaterials, such as hair dye and 
breast implants, during pregnancy and describe natural and synthetic bio-
materials used for the induction of labor when indicated. In later reproduc-
tive age, uterine fibroids are a major health problem. We present the use 
of small-particle injection to block blood supply to these tumors. Finally, 
a separate section is dedicated to the use of biomaterials in the growing 
field of female pelvic reconstructive surgery in order to improve women’s 
quality of life.

Trying to Postpone Childbirth

Biomaterials used in Contraception

Decreased fertility is a known characteristic of affluent Western societies. 
This is mainly a consequence of effective family planning measures and a 
desire to postpone childbearing. Despite that, it was estimated that about 
54% of all pregnancies and up to 78% of teenage pregnancies in the United 
States are unintended [1]. The most common family planning measures 
include periodic abstinence, withdrawal, barrier methods such as condom 
or diaphragm use, spermicides, oral contraceptives (“the pill”), intrauterine 
devices (IUDs), and male or female sterilization.

In order to demonstrate the use of biomaterials for contraception, we 
chose to focus on the intrauterine device (IUD) as a prototype and 
to describe as well the spermicides and implantable devices.

Intrauterine Devices (IUDs)

The intrauterine device (IUD) is one of the most effective methods for pre-
venting unwanted pregnancy. It lacks the systemic metabolic effects asso-
ciated with oral contraceptives, and it provides a long-term protection. In 
Western European countries, 15–30% of married couples use the IUD, while 
less than 1% in the United States do [2]. According to a frequently told urban 
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legend, the first IUD users were desert caravan drivers who used intrauter-
ine stones to protect their female camels from pregnancy [3]. This story, 
despite being not well documented, is a demonstration of an early use of 
biomaterials as a contraceptive method. In 1909, Richter reported his experi-
ence with a silkworm catgut ring with coils of nickel and bronze [4]. This 
preliminary IUD was the base of the 1930s Grafenberg ring, made of coiled 
silver and gold.

Modern IUDs include the copper IUD and progesterone (or levonorg-
estrel LNG)-eluding IUDs (Mirena®).

The copper IUD is made of a plastic stem and arms, and is covered with 
coiled copper. The TCu380A IUD (Paragard®), currently approved by the 
Food and Drug Administration, is widely used in the United States. This 
IUD creates a copper surface area of 300 mm2 in the vertical arm and 40 mm2 

on each of the transverse arms. The lifespan of this IUD is at least 10 years, 
with reported efficacy even after 12 years of use.

Mechanism of action of the copper IUD is the release of copper ions into 
the endometrium. This creates a local inflammatory response. There is a dra-
matic increase in endometrial leukocyte count with local secretion of inflam-
matory cytokines. Pregnancy is prevented mainly by the spermicidal effect 
of this inflammatory process. In addition to phagocytosis by endometrial 
macrophages, some of the products of these leukocytes create a toxic envi-
ronment to the spermatozoa. Additionally, copper has the ability to impede 
sperm transport through the cervical mucous and sperm viability. A third 
mechanism of action is debatable: it has been claimed that the environment 
around the IUD may be hostile also to the blastocyte, thus interfering with 
early embryo implantation.

The LNG-releasing IUD (Mirena®) was approved by the FDA in 2000. This 
T-shaped device contains a reservoir of LNG on its vertical arm. LNG is a 
progestin (a synthetic derivative of testosterone that activates progesterone 
receptors) that is released at a rate of 20 micrograms per 24 hours by this 
intrauterine system. It acts directly on the endometrium, interfering with 
the endometrial maturation required for implantation. In addition, it has an 
inhibitory effect on ovulation as well as an effect of thickening the cervical 
mucous. The inhibitory effect on endometrial maturation is responsible for a 
significant reduction in menstrual blood flow and dysmenorrhea (pain with 
menstruation). Indeed, Mirena® was approved by the FDA in 2009 for the 
indication of heavy menstrual bleeding. It reduces menstrual blood loss by 
90% one year after insertion.

Both the copper IUD and the LNG-releasing IUD have excellent efficacy, 
with a 5-year pregnancy rate of only 1.4% for the TCu380A IUD and 0.7% for 
the Mirena®.

When comparing efficacy of contraceptive devices, one must take into 
consideration that there is a difference between “typical failure rate” and 
“perfect failure rates.” For example, if a couple is relying on condoms for 
contraception, the typical failure rate will be higher than the perfect rate, 
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because couples tend too often to forget to use the condom. In the case of 
IUD, the typical failure rate almost equals the perfect failure rate.

Adverse effects of IUDs include the risk for an infection and pelvic inflam-
matory disease, especially around insertion, heavy menstrual bleeding (with 
the copper IUD) and menstrual abnormalities, uterine perforation at inser-
tion, and septic abortion in case of pregnancy in the presence of IUD. Despite 
that, the IUD remains a safe and effective contraception method utilizing 
biomaterials to increase women’s liberty and choice.

Implantable Devices

Norplant is a levonorgestrel (LNG) subdermal implant. It is implanted under 
the skin in a simple office procedure under local anesthesia and provides 
contraceptive protection for 5 years. It releases LNG to the blood stream at 
a rate of 80 mg/day in the first year, then 30–35 mg/day for another 4 years. 
The blood levels of this progestin remain stable at 0.25–0.35 ng/dL, sufficient 
for its contraceptive activity. LNG blocks the LH surge required for ovula-
tion. It also thickens the cervical mucous to prevent transport of sperm to 
the uterus.

Norplant is a very effective contraceptive agent, with only 1% pregnancy 
over 5 years. One product that has been used consists of 6 rods measuring 
34 x 2.4 mm, each containing 36 mg of LNG. Its use involves insertion under 
the skin at the upper arm using a special trocar, with removal after 5 years 
of use [5].

Spermicides

A spermicidal agent is a material introduced into the vagina before inter-
course that immobilizes or kills sperm cells. Spermicides typically contain a 
surfactant, nonoxynol 9, that is spermicidal and also provides a mechanical 
barrier that blocks sperm transfer into the cervical canal.

Spermicides are available in the form of foam, cream, and suppositories. 
A contraceptive sponge made of polyurethane that contains nonoxynol 9 
was available in the United States until 1994 and is still available in some 
European countries. The advantage of this device is that it remains effective 
for 24 hours after insertion and does not need to be inserted right before 
intercourse.

In addition to its contraceptive activity, nonoxynol 9 is known to reduce the 
risk of vaginal infections such as bacterial vaginosis and other sexually trans-
mitted diseases, including HIV. Being toxic to some of the normal flora of the 
vagina, spermicides may increase the risk for colonization of pathogenic bac-
teria, such as E. coli, thus increasing the risk of urinary tract infection.

Although older studies raised concerns about potential teratogenicity of 
nonoxynol 9, several large studies found no greater risk of congenital mal-
formations in embryos conceived despite the use of this contraceptive agent.
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Finally, spermicides are much more effective when used along with 
mechanical barriers, such as a condom or a diaphragm [5].

Permanent Tubal Sterilization

Essure®, Conceptus Inc.

After completion of the family, many women seek a permanent measure of 
contraception. Until recently, the most popular permanent contraception 
was tubal ligation. This operative procedure, usually done laparoscopically, 
requires general anesthesia and short hospital stay. New emerging technol-
ogy, first approved by the FDA in 2002, has revolutionized permanent ster-
ilization. Essure® is a trans-cervical contraceptive device that offers women 
seeking permanent contraception in a non-surgical non-hormonal solution. 
In this office procedure, flexible inserts are inserted into the fallopian tube 
through the cervix and the uterus via hysteroscopy. The inserts are made of 
inner polyethylene terephthalate (PET) fibers to induce tissue fibrotic reac-
tion and are held in place by a flexible stainless steel inner coil and a dynamic 
outer nickel titanium alloy coil. PET fibers are being used because of their 
ability to induce tissue ingrowth into medical devices in other procedures, 
such as arterial grafts. The physician performing the hysteroscopy identifies 
the fallopian tube ostia and inserts these coils. During the next three months, 
there is an inflammatory response caused by the invasion of macrophages, 
fibroblasts, giant cells, and plasma cells, resulting in fibrosis in the fallopian 
tube around the insert. This natural “plug” prevents sperm from reaching 
the eggs. After three months, a hystero-salpingogram is performed by inject-
ing dye through the cervix to ensure a complete blockade of both fallopian 
tubes. A follow-up study of 5 years reported excellent results with zero preg-
nancies and a 99.74% success rate. Failures in this study were to the result of 
the inability to insert or of the expulsion of the device. The risks include pain 
and cramping, uterine perforation, inability to insert, allergic reaction to the 
materials, and vasovagal response (fainting) during insertion. In the first 3 
months there is risk of failure as well as ectopic pregnancy, and therefore a 
complementary contraceptive method is recommended [6].

Adiana® Hologic, Inc.

This permanent sterilization method is a combination of controlled thermal 
damage to the lining of the fallopian tube followed by insertion of a non-
absorbable biocompatible silicone elastomer matrix into the tubal lumen. 
This procedure is done under hysteroscopic guidance as well. A catheter is 
inserted into the tubal ostium and delivers radiofrequency (RF) energy for 1 
minute, causing a lesion in the fallopian tube lumen. Then, a 3.5-mm silicone 
matrix is placed in the injured area. During the next few weeks, tubal occlu-
sion is achieved by fibroblast ingrowth into the matrix, which serves as per-
manent scaffolding and allows for space-filling. As with the Essure® device, 
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tubal occlusion is assessed 3 months after device placement. Adiana® matrix 
is not visible by X-ray, but can be seen by ultrasound [7, 8].

Trying to Conceive

Biomaterials used for Prevention and Treatment of Infertility

Infertility is generally defined as one year of unprotected intercourse without 
conception. This is a common condition that affects 10–15% of couples and has 
important psychological and medical, as well as economic and demographic, 
implications. During the last three decades there was no change in the 
prevalence of infertility, but the demand for infertility treatment has grown 
substantially. During this period, new emerging technologies, mainly ART 
(assisted reproductive technologies), inflicted a dramatic change in the field of 
infertility treatments and improved the prognosis for many infertile couples.

Pelvic Adhesions

About 60% of infertility cases are attributed to the female factor. One of the 
most common identifiable female causes of infertility is the presence of pelvic 
adhesions causing tubal blockage. This factor constitute up to 23% of female 
causes. Pelvic adhesions occur in 60–90% of women following major gyne-
cologic surgery. They cause infertility by preventing the normal transport of 
the oocyte, sperm, or fertilized egg through the fallopian tube. Apart from 
preventing conception, adhesions can cause considerable acute or chronic 
pelvic and abdominal pain and small bowel obstruction. They may also 
complicate future surgeries by causing difficulties in access and dissection, 
prolongation of operative time, increase in blood loss, and predisposition to 
injury to the bowel or urinary system [9–11].

Adhesions usually result from the normal peritoneal inflammatory wound 
healing response and develop in the first five to seven days after surgery 
[12]. They are composed of fibrous tissue but also contain blood vessels, fat, 
and nerves. Several factors involved in mechanisms of adhesion formation 
include peritoneal injury, the attendant inflammation, imbalance in the plas-
min system, and the proximity of injured surfaces [9].

Hence, preventive strategies have been designed in order to target these 
steps individually or in combination. Limiting the injured area, a vital aspect 
of prophylaxis, is largely a surgical endeavor achieved by meticulous atten-
tion to operative technique and tissue handling as well as by using mini-
mally invasive techniques when possible.

However, since injury can only be minimized but not completely avoided, 
adjuncts to injury limitation techniques are necessary to reduce the risk of 
adhesions [9].



155Biomaterials in Obstetrics and Gynecology

Barriers agents are one of the methods traditionally employed for this pur-
pose. Barriers may be either liquid or solid, and the latter can be absorbable 
or non-absorbable. Several synthetic barriers with different characteristics 
are commercially available, but the evidence for the use of these products is 
not adequate for definite conclusions to be drawn, and further research in 
this field is warranted.

The following biomaterials are examples of products being used for adhe-
sion prevention [10, 11, 13, 14].

Interceed®, Ethicon Women’s Health & Urology, Somerville, NJ, USA

Interceed® is an oxidized regenerated cellulose. It was the first degradable 
barrier used in clinical practice to cover traumatized peritoneum in the 
 pelvis. Interceed® can be cut as necessary, requires no suturing, and is com-
pletely absorbable. It is applied over raw tissue surfaces at the end of sur-
gery after hemostasis has been achieved. It forms a gelatinous protective coat 
within eight hours of application, and is broken down into its monosaccharide 
constituents and absorbed within two weeks. In order to evaluate the efficacy 
of intercede in the prevention of the development of post-surgical adhesions, 
many studies have been carried out. A meta-analysis of 11 randomized con-
trolled trials has shown that the barrier is safe and significantly reduces the 
incidence of de novo adhesions, as well as the reformation of adhesions that 
were previously lysed, compared with no treatment in laparoscopy. Rather 
than acting systemically, this product is site specific. Therefore, its efficacy is 
limited to surgical situations where raw surfaces can be completely covered 
with the product and its benefit is limited to the site of barrier placement. The 
main disadvantage of this product is that it is not effective unless the entire 
area is completely hemostatic. The presence of small amounts of blood in 
the peritoneal cavity or post-operative bleeding results in blood permeating 
the mesh, fibrin deposition and, finally, adhesion formation. Therefore, there 
is no substitute for meticulous hemostasis and good surgical techniques and 
tissue handling to maximize the benefit from this product.

Intercoat®, Ethicon Women’s Health & Urology, Somerville, NJ, USA

Intercoat® is an absorbable adhesion barrier gel used to prevent adhesion 
formation in women. Its gel formulation makes it easy to apply on surgical 
areas with precision. It is an effective adjunct to peritoneal surgery and is 
intended to reduce the incidence, extent, and severity of postoperative adhe-
sions at the surgical site. This barrier is composed of a combination of poly-
ethylene oxide (PEO) and sodium carboxymethylcellulose (CMC), which is 
stabilized with calcium and made isotonic through the use of sodium chlo-
ride. As oppose to the solid alternative, Intercoat® is injected into the perito-
neal cavity with a syringe that is provided with the product, instead of being 
placed directly over the exposed area. It allows for application in one single 
layer to the traumatized tissue, thus creating a temporary barrier during the 
healing process.
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The effectiveness of Intercoat® was proved in two clinical trials. Using the 
American Fertility Society (AFS) adnexal score as a measure of the severity 
of pelvic adhesions, it was shown that application of Intercoat® improved 
or did not worsen in 91% of cases as opposed to the 63% in the control 
group [15, 16].

Seprafilm®, Genzyme, Cambridge, Massachusetts, USA

Seprafilm® is an adhesion barrier composed of hyaluronic acid and carboxy-
methylcellulose. It is a membrane applied to the traumatized tissue during 
surgery and is absorbed from the peritoneal cavity within seven days.

Seprafilm® is a site-specific agent and acts as a mechanical barrier, pre-
venting opposite tissue surfaces from sticking to each other. Its function 
lasts for 7 days and is completely excreted from the body within 28 days. 
It is a brittle film that has a tendency to fracture when bent, thus making 
it hard to use in laparoscopic surgery. In a blind prospective, randomized, 
multicenter study, the treatment of patients after myomectomy (resection of 
uterine fibroids) with Seprafilm® significantly reduced the extent and area of 
post-operative adhesions. Potential side effects include induced foreign body 
reaction, higher incidence of pulmonary emboli, and intraperitoneal abscess 
formation, but these findings were not statistically significant in the rele-
vant trials. High cost is another limitation because, for an effective protec-
tion from intestinal obstruction, a mean of 4.5 sheets per patient is required. 
Seprafilm® was approved by the FDA for use in open surgery in the United 
States in 2006 [10, 11, 13].

Fallopian Tube Blockage

There are instances where fallopian tube blockage is desired. Hydrosalpinx 
is a condition of the fallopian tube being dilated and filled with fluid. This 
condition may be secondary to pelvic inflammatory disease or surgery of the 
reproductive system and results in a dilated, non-functional fallopian tube. 
Hydrosalpinx appears as an irregular cystic mass in the pelvis and may 
cause no symptoms, but in some instances may get infected and cause a tubo-
ovarian abscess. In cases of severe infertility requiring assisted reproductive 
technologies, in-vitro fertilization (IVF) is commonly performed. During this 
treatment, after ovarian hyper-stimulation with hormones (gonadotropins), 
eggs are retrieved from the ovaries. These eggs are fertilized in vitro with 
the male partner’s sperm to create embryos. These embryos are then trans-
ferred into the uterus for implantation of pregnancy. In the past two decades, 
studies have shown lower implantation rates in women with hydrosalpinx. 
Further studies demonstrated that the fluid in these dilated fallopian tubes 
is toxic to the embryos. In addition, this fluid may mechanically wash out 
the recently transferred embryos from the uterus. Therefore, disconnection 
of the fallopian tubes from the uterus is desired in these cases. While tradi-
tionally performed surgically by tubal ligation or resection of the fallopian 
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tubes, this can be now achieved by using the Essure® or Adiana® procedure, 
previously discussed in detail [6, 7]. Thus, using the biomaterials originally 
designed for contraception, we are able to assist reproduction.

The Use of Biomaterials during Pregnancy

During pregnancy, women are advised not to be exposed to chemicals or 
fumes. This is because certain chemicals tend to interfere with the bio-
chemical reactions that occur during fetal development and thus may cause 
genetic defects or birth defects in the fetus. These are several examples of 
controversial materials in common use. In this chapter we will focus on two 
examples of biomaterials that are commonly used by women and may raise 
controversies about their safety during pregnancy.

Hair dye

Although hair coloring is a common practice in women of childbearing 
age, only few studies have addressed the issue of hair dying safety before 
or during pregnancy. These substances can enter the body via direct skin 
absorption as well as inhalation of fumes, resulting in an elevated systemic 
concentration associated with a teratogenic effect. Of major concern are per-
manent hair dyes that contain ammonia, which has a strong chemical fume, 
and many health care providers recommend avoiding their use during the 
first trimester.

During the last decades, studies attempting to link the use of hair dying 
materials and various childhood cancers, including neuroblastoma, have 
yielded inconsistent results.

In teratologic studies on pregnant rats following topical application of 
12 hair-dying formulations, no significant soft tissue or skeletal changes 
were noted. Other studies showed no evidence of teratogenic effects in rats 
or rabbits after administration of hair dye by gavage.

Future studies of hair-dye use during pregnancy should be designed to 
gather necessary information for more specific analysis of association with 
teratogenic effects or childhood tumors. It is important to emphasize that at 
this time, there is no conclusive evidence to claim that the use of hair dyes is 
unsafe during pregnancy [17, 18].

Breast Implants

A breast implant is a prosthesis mostly used in post-mastectomy breast recon-
struction and for cosmetic breast augmentation. The breast implants that are 
approved by the Food and Drug Administration (FDA) are composed of an 
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elastic silicone rubber shell filled with sterile saline solution or cohesive sili-
cone gel.

Ever since the beginning of breast implant use, there have been concerns 
raised regarding potential damaging effects on children born of mothers 
with breast implants. Whether silicone crosses the placenta has not been 
evaluated in women, but there is little evidence of any elevation of blood or 
serum silicon concentrations in women with silicone breast implants. There 
are also no studies of teratologic effects of silicone in humans. A review of 
the published literature suggests that the information is insufficient to show 
definitive conclusions [19].

“A Time to Be Born”

The use of Biomaterials during labor and delivery

Labor and delivery is a natural process that we strive to keep natural. 
Nevertheless, in the developed world it is usually done under medical 
supervision in order to be able to provide medical assistance and to respond 
promptly to complications during or after labor. As a natural process with 
minimal intervention, very few biomaterials are used during labor. In this 
chapter we will present one biomaterial used for induction of labor.

Induction of labor is a medical intervention meant to initiate the process 
of labor in order to deliver the baby earlier than expected. Indications for 
induction may include high-risk conditions in pregnancy, such as post-
term, gestational hypertensive disorders and pre-eclampsia, and diabetes. 
Non-medical and sometimes controversial indications may include planned 
delivery because of the patient’s or doctor’s wishes.

Parturition, or the initiation of labor, is a complex process involving both 
maternal and fetal signals that is not fully understood. It does include a local 
secretion of prostaglandins, mainly prostaglandin E2 (PGE2), in the cervix 
in a process called cervical ripening. Cervical ripening includes softening, 
some shortening, and initial dilatation of the cervix preparing for labor. 
Prostaglandins also increase the concentration of receptors to the hormone 
oxytocin in the uterine muscle to enable effective contractions.

Prostaglandins can be given directly into the cervix or vagina in a form of 
gel, tablets, or a vaginal insert of controlled released PGE2 (Propess®). While 
drugs are beyond the scope of this chapter, we will focus on a mechanical 
method for cervical ripening: Laminaria.

Laminaria japonicum is a type of kelp or seaweed that is extensively culti-
vated in China, Japan, and Korea. It acts as a hygroscopic or osmotic cervical 
dilator by absorbing local fluids in the cervix and expanding, thus provid-
ing controlled mechanical pressure inside the cervical canal. This, in turn, 
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increases local production of prostaglandins, causing cervical ripening. A 
synthetic product with similar hygroscopic ability, Lamicel®, is commer-
cially available. Apart from its use for induction of labor, Laminaria is used 
for cervical dilation prior to dilatation and curettage (D&C) of the uterus for 
the treatment of missed abortion or in cases of medical abortion. In fact, it is 
widely used in order to reduce complications related to cervical dilation by 
its ability to promote controlled cervical ripening [20].

Improving Quality of Life

The use of Biomaterials in the Treatment of 
Benign Gynecologic Conditions

Uterine Artery Embolization

Uterine fibroids (leiomyomas, myomas) are the most common tumors of 
the female genital tract. According to recent studies, the lifetime risk of 
fibroids in a woman over the age of 45 is more than 60%, with incidence 
higher in blacks than in whites. Although most fibroids cause no symptoms, 
fibroid uterus remains a leading cause of hysterectomy. Fibroid tumors are 
regulated by many factors, mainly ovarian steroids, estrogen and proges-
terone, growth factors, and angiogenic factors. Black race, nulliparity, obe-
sity, polycystic ovary syndrome, hypertension, and diabetes are associated 
with increased risk of fibroids. The genetic basis of uterine fibroids has not 
been elucidated yet; however, recent studies demonstrated the role of key 
genes in the pathogenesis of these tumors, including genes related to alcohol 
metabolism and apoptosis. Additionally, a few familial syndromes of uterine 
fibroids were described, raising the possible role of the gene coding to the 
protein fumarate hydratase, a Krebs cycle enzyme.

Until recently, the mainstay of treatment of uterine fibroids was hyster-
ectomy. In the past two decades, minimally invasive techniques have been 
utilized to improve symptoms of fibroids without hysterectomy. One of 
the most effective uterine-sparing methods is uterine fibroid embolization 
(UFE). Embolization is a minimally invasive means of blocking the arteries 
that supply blood to the fibroids. In this procedure, a catheter in introduced 
into the uterine arteries using angiographic techniques. Then, small parti-
cles of polyvinyl alcohol (PVA) are injected into the arteries, which results 
in their blockage. This procedure was first used to reduce blood loss during 
resection of fibroids (myomectomy). Surprisingly, patients who were treated 
with UFE prior to myomectomy showed reduction in their fibroid size and 
improvement of symptoms while awaiting surgery. Recent studies have 
shown that UFE is a safe and effective uterine-sparing treatment for uterine 
fibroids.
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The same technique is being used to treat severe bleeding after childbirth. 
Despite modern medicine, bleeding remains a leading cause of mortality 
during labor. When possible to transfer a bleeding patient to the interven-
tional radiology suite, this treatment may save the patient’s life without the 
need for a hysterectomy. In conclusion, UFE, with the injection of PVA par-
ticles into the uterine arteries, is a minimally invasive uterine-sparing treat-
ment for fibroids that may also be utilized as a life-saving measure [21–24].

Female Pelvic Reconstructive Surgery

Pelvic floor dysfunction consists of a variety of conditions affecting women in 
later reproductive years and after menopause. These include urinary incon-
tinence and pelvic organ prolapse as well as bowel symptoms and sexual 
dysfunction. As the population ages, more and more patients present with 
these symptoms. Moreover, many more women are now willing to share 
their complaints with their gynecologists with an increased demand for 
quality of life. Epidemiological studies have shown that up to 50% of women 
may experience one or more of these conditions in their lifetime [25]. Many 
of these conditions are caused by damage to the vaginal supporting struc-
tures and the fibromuscular layer of the vaginal walls. Vaginal birth, aging, 
and conditions that increase abdominal pressure are the main risk factors. 
The field of female pelvic medicine and reconstructive surgery utilizes cut-
ting edge technology in the treatment of these conditions. Biomaterials used 
in this field include biologic and synthetic grafts and slings, as well as inject-
able bulking agents to treat urinary incontinence. This growing field is prob-
ably the greatest consumer of biomaterials in modern gynecology. Owing 
to the limited scope of this chapter, we will discuss only a few examples of 
biomaterials used in this field.

Mid-urethral Slings for Stress Urinary Incontinence [25, 26]

Stress urinary incontinence (SUI) is a condition of urine leakage that occurs 
with increased intra-abdominal pressure such as coughing, sneezing, and 
laughing. It is a common condition that affects millions of women world-
wide at all ages. It prevalence increases with age, and parity is a known risk 
factor, especially in the younger age group. The pathogenesis of this condi-
tion is related to the loss of the support provided by the connective tissue 
under the urethra, causing urethral hypermobility. In a smaller portion of 
the patients, there is an intrinsic defect in the sealing mechanism within the 
urethra. Until two decades ago, the surgical treatment of SUI included an 
abdominal surgery requiring a lower abdomen incision and recreation of a 
hammock-like support under the urethra. Mid-urethral slings have revolu-
tionized the current treatment of SUI. In this procedure, a synthetic polypro-
pylene sling is implanted between the vagina and mid-urethra via a vaginal 
incision of 2 cm. This procedure can be performed under local anesthesia or 
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sedation, requires no hospitalization, and is very successful, with cure rates 
of over 80% (completely dry) and over 90% significantly improved. The sling 
can be passed behind the pubic bone (TVT) or through the obturator fora-
mens (TVT-O or TOT).

Vaginal Mesh for Pelvic Organ Prolapse (POP) [27–31]

Failure of the vaginal fibromuscular tissue, also known as the endopelvic fas-
cia, to maintain integrity of the vaginal walls causes pelvic organ prolapse. 
When the weakness is in the apex of the vagina and the utero-sacral and 
cardinal ligaments that normally support the uterus in place are stretched, 
uterine prolapse or vaginal vault prolapse occurs. When the anterior vaginal 
connective tissue is weakened, the bladder comes down, causing cystocele, 
and when the bowel is pushing through a weakened posterior vaginal wall, 
rectocele occurs. The main symptoms of POP are bulge, pressure, obstructed 
urination and defecation, sexual dysfunction, and loss of self-image. Surgical 
repair of PAP can be performed abdominally (sacral colpopexy and paravag-
inal repair) or by using the less invasive vaginal approach. Vaginal repair can 
be done using the patient’s native tissue in a procedure called colporrhaphy, 
in which the vaginal fibromuscular tissue is plicated with the correction of 
the connective tissue defect and reduction of the prolapsed organ, or using a 
graft material to augment tissue strength. POP can be looked at as a hernia of 
the pelvic organs through a weakened vagina. The experiences from abdom-
inal hernia show that repair can be improved by mesh interposition. In the 
last three decades, many clinical and scientific efforts have been targeted to 
find the ideal graft to use in vaginal repair. The ideal graft should be chemi-
cally and physically inert, non-carcinogenic and non-immunogenic, mechan-
ically strong, generally available and inexpensive, resistant to infection and 
shrinkage, pliable, and easy to be applied surgically. Since this ideal mesh 
does not exist, many products are being widely used for vaginal prolapse 
repair. The sources of grafts include autografts (grafts that are harvested 
from various parts of the body, such as the fascia lata and gracilis fascia) and 
xenografts (cadaveric fascia lata from humans or collagen matrix laminates 
from porcine dermis or porcine small intestine submucosa (SIS)). The most 
obvious advantage of biologic grafts is avoidance of morbidity to the donor 
site. Several studies have shown better cure rate of cystocele with the use of 
biologic grafts compared to traditional repair. Synthetic grafts were devel-
oped to provide the advantages of availability, promotion of postoperative 
fibroblast activity in the tissue, less infection, and no risk of rejection. These 
grafts are built as a meshwork that serves as a scaffold for the patient’s con-
nective tissue to grow over. Many biomaterials have been used in vaginal 
mesh, including absorbable polyglycolic acid and polyglactin 910 and the 
non-absorbable polypropylene, polyester, polytetrafluoroethylene (PTFE), 
and its expansion (Gore-Tex). There are also composite mesh grafts that 
 contain both biologic and synthetic materials. Mesh grafts are also classified 
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by the size of the pores and by being multifilamentous or monofilamentous. 
The bigger the size of the pore (as in type 1 mesh, >75 µm) the better its qual-
ity, since macrophages can then pass through these pores to fight bacteria.

Several studies have shown the potential advantage of VMC with synthetic 
mesh over traditional anterior colporrhaphy for anterior vaginal wall prolapse 
repair. There is significant debate as to the relative safety of these devices. 
Complications of synthetic vaginal mesh include erosion to the vagina, rare 
erosions to pelvic organs such as bladder and rectum, infection, pain during 
sex, and constant pelvic pain. The Society of Gynecologic Surgeons workgroup 
had developed evidence-based guidelines for vaginal mesh repair. It was sug-
gested that native tissue repair remains appropriate compared with biologic 
graft use. Nonabsorbable synthetic graft use may improve anatomic outcomes 
of anterior vaginal wall repair, but there are trade-offs in regard to additional 
risks. Recently it was concluded that there is limited evidence to guide decisions 
regarding whether to use graft materials in transvaginal prolapse surgery.

Other biomaterials used in urogynecology and pelvic reconstructive sur-
gery include injection of botulinum toxin into the bladder wall to treat refrac-
tory cases of overactive bladder with urinary frequency, urgency, and urge 
incontinence; bulking agents, such as collagen or carbon particles, injected to 
the bladder neck to treat stress urinary incontinence in patients who are poor 
surgical candidates; porcine small intestine submucosa (SIS) to treat recto-
vagina fistulae; and many more that are beyond the scope of this chapter.

Conclusion

In this chapter we described the use of biomaterials in obstetrics and gyne-
cology through the life course of a modern woman. We demonstrated their 
use earlier in life, when pregnancy is not desired, in fertility treatment, dur-
ing pregnancy and delivery, and in the treatment of common gynecologic 
problems later in life. Biomaterials have been used for thousands of years in 
this field, and it is expected that their use will keep growing exponentially, 
utilizing top materials to make women’s lives better.
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Tissue Engineering: Focus on 
the Cardiovascular System
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Introduction

Owing to limited regenerative capacity of the adult mammalian heart, any 
significant myocardial cell loss is mostly irreversible and can lead to progres-
sive loss of ventricular function and eventual heart failure. Tissue-engineered 
cardiac constructs can be applied to repopulate scar tissue with a new pool of 
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contractile cells, restoring function to the failing heart. Appropriate selection 
of cells and biomaterials is the key factor in the construction of viable and 
clinically relevant engineered tissue for myocardial regeneration. Various 
stem cell types have been proposed for use in treatment of injured heart tis-
sue. However, the optimal cell type has yet to be established.

In this chapter, we will focus on derivation of human stem cells for use in 
clinical applications of this nature. Implementation of human embryonic stem 
cell and induced pluripotent stem cell (iPS)–based therapies will be discussed, 
along with a review of the potential of adult stem cells, including bone marrow 
cells (hematopoietic and mesenchymal stem cells), resident cardiac stem cells, 
and skeletal muscle stem cells (satellite stem cells), in such clinical protocols.

The biomaterials used for creation of three-dimensional (3D) engineered tis-
sues dictate the scaffolding capacities necessary for organizing cells into appro-
priate tissue structures both in vitro and in vivo. The various applications of 
biomaterials for such purposes will be discussed. Recent breakthroughs in tis-
sue engineering disciplines allowing for the design of biomaterial-based heart 
tissue constructs have transformed this avenue into a promising approach 
toward advancing myocardial repair. As the quality of engineered tissues con-
tinues to be optimized, vascularization of engineered tissues in efforts to aug-
ment construct viability, thickness, and architecture will also be introduced.

Human Cell Types for Cardiac Regeneration

Human Embryonic Stem Cells (hESCs)

The extensive proliferative and differentiative capacities of early embryonic 
blastocyte-derived hESCs render them one of the most promising sources 
of human cells for repair of injured tissue. Ever since successful isolation 
of hESCs [1], which occurred twenty years after first reports of mouse ESC 
(mESC) derivation [2, 3], extensive research efforts have been invested toward 
inducing cardiomyocyte (CM) population propagation and purification from 
hESC pools. The hESC in vitro–derived CMs (hES-CMs), first described by 
Gepstein and colleagues [4] and later by others [5], have been extensively 
characterized. Their unique early-stage cardiac potential features sarcomeric 
structural patterning, spontaneous contractility, capacity to both structur-
ally and functionally integrate with preexisting cardiac tissue, responsive-
ness to pharmacological agents, and expression of cardiac-specific genes 
[4–8]. Moreover, hES-CMs exhibit significant proliferative capacity both in 
vitro (15–25% BrdU+ cells) and in vivo, when compared with that of mESC-
CMs (<1% BrdU+ cells) [9, 10]. Our works have shown that the number of pro-
liferating hES-CMs can be significantly augmented when cultured together 
with endothelial and fibroblast cells on 3D polymeric scaffolds (Figure 8.1), 
presumably via paracrine signaling [11]. Furthermore, upon transplantation 
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FIGuRE 8.1 (See color insert.)
In-vitro construction of engineered vascularized cardiac muscle using a multi-cellular strategy of hES-CMs, endothelial cells, and embryonic fibro-
blasts seeded within a porous polymer scaffold of PLLA/PLGA. (A) The endothelial cells (vWF, green) within the scaffold self-organized to lumen 
vessel structures located in close proximity to the hES-CMs (troponin I red). (B) Higher magnification reveals that the hES-CMs matured to a certain 
degree, presenting developed cytoplasm and sarcomeric pattering (troponin I, red). Nuclei are stained with DAPI (blue).
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into animal hearts, hES-CMs underwent a maturing process, as observed 
through their elongation and development of sarcomeric patterning [12] 
(Figure 8.2a, b).

While the potential of hES-CMs toward repair of the human heart has 
not been put to clinical tests, the contribution of differentiated hESCs to the 
reversal of myocardial infarction has been evaluated in a number of pre-
clinical trials [13–17]. Upon injection of hES-CMs to the infracted rat heart 
together with a unique prosurvival protein cocktail, Laflamme and cowork-
ers [14] reported CM survival after transplantation, cell proliferation, graft 
area expansion with time, attenuation of ventricular dilation, and preser-
vation of contractile function. Similarly, formation of stable cardiomyocyte 
grafts providing functional benefit have been described by Caspi et al. [13] 
after injection of hES-CMs to infarcted rat hearts. In line with these reports, 
Van Laake et al. [17] demonstrated transient functional improvement of 
infarcted mouse hearts following hES-CMs transplantation.

Rat heart  Graft(A) (B)

(C) (D)

500 µm

FIGuRE 8.2 (See color insert.)
Transplantation of the engineered human vascularized cardiac tissue demonstrating localiza-
tion of the hES-CMs (troponin I, red) in the graft area next to the myocardium (A), and struc-
tural maturation of the CMs in the graft area (B). The graft area was occupied with intense 
vascularization, as detected by staining with aSMA antibody (host and human derived vessels, 
brown, C) and with human specific endothelial CD31 antibody (human implanted vessels, 
brown, D). Nuclei were stained with DAPI (A, B in blue) or with hematoxylin (C, D in blue).
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Induced Pluripotent Stem Cells (iPS Cells)

The first successful reprogramming of mouse fibroblasts toward cells bearing 
characteristics similar to those of mESCs was reported at 2006, as described 
by Takahashi and Yamanaka [18]. Shortly after, similar protocols were applied 
toward human cells, to yield human iPS cells [19, 20]. Reprogramming was 
achieved by overexpression of the Oct3/4, Sox2, Klf4, and c-Myc transcriptional 
factors [19] or a combination of Oct4, Sox2, NANOG, and LIN28 [20], using ret-
roviruses. Subsequent studies confirmed that mouse and human somatic cells 
can be reprogrammed to the pluripotent state by means of the same or similar 
sets of factors to yield cells similar to hESCs in morphology, gene expression, 
and differentiation potential, both in vitro and in vivo [21–25]. Later studies 
demonstrated that introduction of Oct4 and Sox2 alone suffice for achieving 
reprogramming [22]. Derivation of iPS cells from somatic cells enabling prepa-
ration of patient-specific cell samples for cell therapies is dependent on viral 
induction of the required gene expression and, therefore, limits its clinical prac-
ticality. Thus, current research efforts concentrate on stimulating pluripotency 
without the use of viruses [26–28]. To date, the use of transposons [28], transfec-
tion of expression plasmids [27], and delivery of reprogramming proteins [26] 
has already been introduced as alternative means of inducing cell fate while 
avoiding use of viruses. Generation of stable iPS cells via delivery of proteins 
has been described for Oct4, Sox2, Klf4, and c-Myc fused to a cell-penetrating 
peptide (CPP), but demonstrated significantly reduced efficiency (~0.001% of 
input cells) compared with virus-based protocols (~0.01% of input cells) [26].

In-vitro differentiation of iPS toward CMs has been the focus of much 
attention in recent years. Researchers have already demonstrated similar 
behavior between mouse iPS-derived CMs (iPS-CMs) and CMs derived 
from well-established mESCs lines [29–31]. More recently, the generation of 
human iPS-CMs has also been described [25, 32–36] and reviewed [37–39], 
with claimed responses to chronotropic agents and the ability to functional 
syncytium in vitro. Moreover, as in the case of hESC-CMs, their response to 
cardiovascular drugs in vitro [33, 34] render them powerful models for in-
vitro cardiac electrophysiological and drug screening studies.

While their capacity to generate CMs in vitro has been proven, reports of 
iPS-CMs transplantation studies will be necessary to provide further infor-
mation regarding their true potential and safety in treatment of the infarcted 
myocardium. Clinical application of iPS-CMs will provide for genetically 
appropriate tissue grafts, eliminate many political and ethical obstacles, and 
usher in a new era of stem cell research.

Bone Marrow Stem Cells

The heterogeneous bone marrow (BM) tissue comprises a number of stem cell 
subpopulations, including the hematopoietic stem cells (HSCs; 0.001–0.01% 
of total BM cell population) and the mesenchymal stem cells (MSCs; ~0.01% 
of the total BM cell population). Endothelial precursor cells have also been 
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isolated from human BM, and effectively improved heart function upon 
transplantation into ischemic myocardium [40]. The possibility of directing 
BM cell differentiation toward generation of CM pools, either in vitro or in 
vivo, has been intriguing researchers for many years.

Successful in-vitro induction of CMs from BM cell sources [41–47] has 
encouraged researchers to assess their therapeutic potential toward repair of 
myocardial infarction. Orlic and collaborators were the first to demonstrate 
that direct injection of BM stem cells into ischemic cardiac regions can lead 
to a rise in CM levels and enhanced heart function [48, 49], a finding subse-
quently substantiated by later works of other groups [50, 51]. In contrast, several 
groups have reported limited BM cell plasticity in vivo, suggesting paracrine 
activity lacking cell therapeutic value [52–54]. In these studies, BM cells were 
reported to differentiate into mature hematopoietic-forming blood cells, but 
no CMs were detected in the treated region. Such varied results may be the 
result of BM population heterogeny, disparities in cell harvesting techniques 
and yields, or the timing of cell injection. However, while the CM-generating 
potential of BM cells injected into the infarcted myocardium remains contro-
versial [48, 49, 52–54], the induced improvement in cardiac function remains 
unequivocal.

A review of the clinical status of injected BM stem cells uncovers signifi-
cantly discrepant results (see review [55] for a summary table) with regards 
to effectiveness of clinically applied BM stem cells [55]. More specifically, the 
REPAIR-AMI [56] and BOOST [57] trials reported improved left ventricu-
lar ejection fraction upon BM cells transplantation, where any differences 
noted between control and experimental groups became insignificant by the 
18-month follow-up examination [58]. Similarly, a meta-analysis summariz-
ing the results of 18 studies, involving a total of 999 patients undergoing 
BM cell transplantation in the cardiac tissue [59], concluded that such treat-
ment leads to improved left ventricular ejection fraction, decreased infarct 
size, and reduced left ventricular end systolic volume. In contrast, a dou-
bled-blinded, randomized and controlled trial involving transplantations of 
similar nature [60] demonstrated a reduction in infarct size, but no change 
in left ventricular ejection fraction. These contrasting reports can be rooted 
in disparities in cell-harvesting techniques, the timing of cell injection, 
administration methods, patient demographics, and the heterogeny of the 
BM population used for injection. Despite the inconclusive degree of efficacy 
of BM-based transplantation toward renewing cardiac function, all works 
demonstrate feasibility, safety, and at least partial efficacy.

Mesenchymal stem cells (MSCs), typically isolated from BM stroma and 
capable of differentiating to form osteoblasts, adipocytes, chondrocytes, skel-
etal muscle cells, [61] and others, have recently also been purified from adipose 
tissue as well [62]. Their isolation is significantly facilitated by their exten-
sive adhesiveness and lack of hematopoietic markers. Works demonstrating 
development of CMs from MSCs stimulated in vitro [45, 63], together with 
the less immunogenic nature of MSCs, have initiated transplantation studies 
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exploring the potential of MSC-derived CMs in treatment of the infarcted 
heart. Preclinical studies yielded improved ventricular function upon MSC 
transplantation to the infarcted heart [64–70], with a seemingly paracrine-
dependent mechanism [64, 66, 68]. Moreover, improved left ventricular func-
tion was achieved within six months of intracoronary delivery of autologous 
bone marrow MSCs in 69 patients with acute myocardial infarction [71]. 
Several ongoing trials are evaluating administrations of allogenic or autolo-
gous MSCs, and are certain to influence MSC-based heart repair applications.

Resident Cardiac Stem Cells

Recent reports have described cardiac progenitor cell pools embedded within 
the heart, which feature proliferative and differentiative properties. These 
cardiac progenitor cells have been classified into four groups and include car-
diac side population (SP) cells, c-kit+ cells, Islet-1+ cells and stem cell antigen-1 
(Sca-1+) cells. It is still unclear whether these cellular groups represent distinct 
cell types or progressive stages of the same cell source. Cardiosphere-forming 
stem cells, derived from primary cultures of human biopsy patients, include 
about 30% subpopulation of c-kit–expressing cells, and 20% exhibiting full car-
diogenic potential have been also described [72, 73]. SP cells, constituting ~1% 
of the adult heart [74, 75] are characterized by exclusion of metabolic dyes such 
as Hoechst and Rhodamine. The c-kit+ cells, making up approximately 0.01% 
of the entire myocyte population, express a c-Kit-specific receptor [76]. Islet-1+ 
cells have been successfully isolated from both infantile rat hearts [77, 78] and 
human adult hearts [79], with enriched c-kit+ cells and islet-1+ cell pools in the 
right atrium [79]. To date, Sca-1+ cells [74] have been isolated from the murine 
but not from the human heart. The prospect of applying cardiac progenitor 
cell-derived CMs toward myocardial repair has been the focus of many recent 
investigations. While SP cells have been shown to differentiate into CMs both 
in vitro and in vivo [80–82], their therapeutic potential toward the infarcted 
heart has not been extensively evaluated. c-kit+ cells have been described to 
regenerate infarcted myocardium and improve cardiac function after trans-
plantation [79, 83]. Islet-1+ cells were shown to differentiate in vitro into CMs 
upon co-culture with neonatal CMs. Sca-1+ cells isolated from murine hearts 
differentiated into CMs both in vitro and, after cell transplantation, in vivo 
[84, 85]. Although very unique, resident cardiac stem cells are rare and insuf-
ficient to naturally regenerate the infarcted myocardium. Future research will 
require evaluation of their reliable production in sufficient quantities and 
their autologous potential in cell therapy of the heart.

Adult Skeletal Muscle Stem Cells

Adult skeletal muscle stem cells, residing below the basal membrane of skel-
etal muscle tissue, proliferate and differentiate to give rise to myoblasts that 
first form myotubes and then mature skeletal muscle fibers. While these 
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cells, also termed satellite cells, are further committed than ESCs, they have 
been reported to give rise to cardiogenic, neurogenic, osteogenic, and adipo-
genic lineages [86, 87]. Their notable and advantageous harvestability, pro-
liferative capacities in vitro, lower tendency to form teratomas, and minimal 
sensitive to ischemic conditions render them ideal candidates for cell ther-
apy protocols. Thus, it was no surprise that skeletal muscle stem cells were 
among the first stem cell sources to be considered for heart repair and were 
the first to be put to the test in clinical trials. However, their inability to form 
gap junctions and to couple with host myocardium raises deep concerns for 
development of arrhythmias post-transplantation. In addition, these cells 
fail to form cardiomyocytes in vivo and remain committed to the skeletal 
muscle lineage [88].

Preclinical transplantation studies of skeletal muscle stem cells to the 
rat hearts resulted in improved ventricular contractile functioning [89, 90]. 
Unfortunately, these cells did not mange to couple directly with the myo-
cardium, and the risk of ventricular arrhythmias exists. Interestingly, the 
transplantation of skeletal muscle stem cells overexpressing Cox-43, by 
gene manipulation, improved electrical coupling to the myocardium [91]. 
Clinical studies applying cells of such source toward cardiac repair have 
been thoroughly reviewed by Murry and colleagues [92], who conclude that 
hundred of autologous skeletal muscle stem cells can be generated after 
expansion in vitro and can be effectively engrafted in the scar myocardium 
area. Conclusions regarding functional heart improvement as well as safety 
parameters remain to be fully determined. The recent MAGIC clinical trial 
reported disappointing results regarding the benefit of autologous skeletal 
muscle cells in reversal of impaired heart functioning [93]. While the study 
demonstrated technical feasibility, it failed to determine functional efficacy 
and avoidance of arrhythmia [93].

Biomaterial Strategies for Cell Delivery into the Heart

Combinations of cells with biocompatible scaffolds, forming engineered 
tissues, can reduce cell loss and preserve cells in the desired engraftment 
position in vivo, compared to their administration in an aqueous solution. 
Moreover, formation of engineered tissue ex vivo allows for tight control of 
tissue-construct properties, including differentiation, maturation, and orga-
nization, which may result in improved functionality following implantation.

This section will review the most commonly employed biomaterial-based 
tissue engineering techniques. Polymeric, biodegradable porous scaffolds 
into which cells are seeded, adhere, and proliferate will be described. These 
scaffolds are said to gradually degrade, leaving space for further cell growth 
and development of the new tissue. Non-injectable and injectable hydrogels 
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will be introduced, and their cell-entrapping qualities will be detailed. The 
high water and natural proteins and/or synthetic polymer content of hydro-
gels provide an extracellular matrix (ECM)-like environment supportive of 
prolonged cell survival. Scaffold-“free” tissue engineering approaches will be 
introduced, including the cell sheets and cell aggregation techniques. In the 
cell sheet approach, confluent and intact cell layers are harvested and over-
laid to create 3D tissue constructs. The cell aggregation technique, also void 
of biomaterials, encourages cellular self-assembly within rotating shakers, 
eventually leading to 3D tissue patch construction. Use of natural, acellular 
ECM components derived from native tissues will also be described as a 
common scaffolding method. Lastly, protein-engineered biomaterials, com-
posed entirely of recombinant proteins, will be described, as well as their 
advantageous design flexibility.

Polymeric Porous Scaffolds

Porous matrices are commonly employed as scaffolds for tissue-engineer-
ing purposes. They allow for direct cell seeding where cells can fill the 
micropores, proliferate, adhere to scaffold walls, and assume their shape. 
Particulate leaching methods using microspheres or salt grains offer regu-
lation over scaffold microstructure, porosity, and interpore connectivity 
[94, 95]. Synthetic polymers, such as poly-lactic acid (PLA), poly-glycolic 
acid (PGA), and the PLA-PGA co-polymer [96, 97], serve as typical scaffold 
materials in such protocols. Polyglycerol sebacate (PGS) [98] and polycapro-
lactone (PCL) [94] represent an additional two commonly used scaffold 
reagents. Synthetic polymers allow for simple tailoring of the scaffold’s 
mechanical, morphological, and degradative properties. In many cases, 
scaffolds are supplemented with natural ECM matrix components (matri-
gel, collagen, or fibronectin) to foster cell adhesion. Porous scaffolds can 
also be designed using naturally occurring proteins, such as collagen, 
gelatin, fibrin, and alginate [99], all of which support cell adhesion and 
proliferation.

In a collaborative work with Gepstein et al. [11], we have demonstrated that 
hES-CMs, endothelial, and embryonic fibroblast cells seeded within a PLLA-
PLGA (50/50) scaffold successfully form 3D human, vascularized cardiac 
muscle constructs (Figure 8.1). The patch was occupied with differentiated 
CMs arranged in a sarcomeric pattern and exhibited synchronic beating, as 
well as contractions responsive to both positive and negative chronotropic 
agents [11]. The endothelial and embryonic fibroblast cells were shown to be 
responsible for formation of the intense inter-CM vascular networks observed 
in vitro (Figure 8.1a). Transplantation of these vascularized human cardiac 
constructs into rat myocardium led to intense graft vascularization and for-
mation of functional human blood vessels [12] (Figure  8.2c, d). Implanted 
hES-CMs continued to thrive and mature and underwent elongation and 
directed alignment [12] (Figure 8.2a, b).
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Hydrogels

A hydrogel is a network of polymers that are water insoluble and contains 
significant water content (usually more then 90%). As such, they closely imi-
tate natural ECM environment. Hydrogels can be prepared from synthetic 
polymers (e.g., poly-ethylene-glycol (PEG)), or natural materials (e.g., fibrin, 
collagen, alginate, and chitosan), or a combination of the two [100]. Hydrogels 
can be polymerized in vitro, cultured for the desired time ex vivo and then 
sutured to the infarcted area (non-injectable hydrogels), or injected with cells 
into the body as a liquidous materials (injectable hydrogels) and then be 
polymerized in situ (via UV light, temperature, or pH differences).

Non-Injectable Hydrogels

Zimmermann et al. [101] have reported use of the non-injectable hydrogels for 
preparation of engineered heart tissue (EHT). Collagen-matrigel matrix was 
used to culture neonatal CMs or embryonic chick CMs and subsequently sub-
jected to mechanical stretch during in-vitro cultivation. The EHT displayed 
myocardium-like properties, and contained interconnected, longitudinally ori-
ented cardiac cells. A large (thickness/diameter: 1–4 mm/15 mm), force-gener-
ating EHT prepared from neonatal rat heart cells, using the same scaffolding 
techniques, has been recently described as undergoing electrical coupling with 
native myocardium upon transplantation, with no evidence of arrhythmia 
[102]. Moreover, the grafted tissue prevented further ventricular dilation, and 
induced systolic wall thickening and improved fractional area shortening of 
infarcted hearts. Guo et al. [103] generated cardiac tissue using mESC-derived 
CMs. mESC-CMs were embedded in a ring shape within a Type I collagen 
and matrigel matrix, and after being stretched in vitro for 7 days displayed 
spontaneous beating movements and response to physical and pharmaceutical 
stimulation in vitro. No teratomas were detected upon its subcutaneous trans-
plantation into nude mice after 4 weeks. Simpson and associates [104] used 
a Type I collagen matrix embedded with human MSC to produce a cardiac 
patch that was transplanted to the infarcted rat heart. Cardiac remodeling of 
the infracted heart was achieved, where 23% of the engrafted cells were still 
detectable one week after implantation, but no longer detectable after 4 weeks. 
Shapira-Schweitzer et al. [100] recently described the use of hybrid PEG and 
fibrinogen hydrogel to support rat neonatal cardiac cells and hESC-CMs. The 
PEG-fibrinogen hydrogel polymerized after exposure to UV light and sup-
ported maturation of embedded hES-CM cells within 10–14 days in culture. 
The matured cells expressed cardiac-specific markers and responded to phar-
macological agents.

Injectable Hydrogels

The less invasive delivery of injectable hydrogels renders them more clini-
cally appealing than preformed tissue-constructs. These hydrogels solidify 
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at body temperature, assume the infarcted zone geometry, and provide a 
matrix for cell retention, migration, proliferation, and neovascularization 
in vivo. The Leor and Cohen groups [105, 106] have been pioneers in the 
use of injectable alginate hydrogels for repair of infarcted myocardium, 
and have demonstrated improved rat cardiac function upon its delivery to 
the heart [105]. More recently, these researchers reported reversed left ven-
tricular enlargement and increased scar thickness [106] upon intracoronary 
injection of alginate biomaterial into the swine heart. Kofidis and colleagues 
[107] successfully delivered mESCs by injectable matrigel to the infarcted 
mouse heart and observed enhanced heart functioning when compared 
with controls animals. In parallel, Lu et al. [108] considered an injectable, 
temperature-sensitive chitosan hydrogel for delivery of mESCs to the 
infarcted rat heart and reported effective cell transfer that correlated with 
improved cardiac functioning.

Biomaterial-“Free” Tissue Engineering

Cell Aggregation

As biomaterials can introduce undesirable and/or toxic by-products, stim-
ulate unfavorable host responses, or interrupt critical cell–cell interactions, 
biomaterial-free tissue engineering techniques, employing only cells and 
their naturally secreted ECM for development of 3D tissues, have been 
attracting much attention [109]. Murry et al. have practiced this method 
in creating human cardiac patches of fully controllable sizes, formed by 
forcing hES-CM cells to aggregate within a rotating shaker [109]. Cardiac 
populations became increasingly enriched with mature CMs over time, 
and the addition of endothelial and fibroblast cells led to enhanced in 
vitro performance (higher force generation), and to improved rat heart 
engraftment outcomes, as determined by graft sizes and viability after 
transplantation [110].

Cell Sheets

The cell sheet biomaterial-free tissue engineering approach, first described 
in 2002 by Shimizu et al. [111, 112], can be implemented toward preparation 
of 3D cardiac tissue by harvesting confluent CM layers from culture dishes 
and then laying them one over another to form 3D cardiac tissue. This pro-
cess utilizes temperature-sensitive cell culture dishes made of poly(N-iso-
propylacrylamide) (PIPAAm), which become hydrophilic and non-adhesive 
at reduced temperatures. Alternatively, stimulation of protease activity can 
induce detachment of whole cell layers. This approach to construct genera-
tion preserves critical cell-to-cell contacts, maintains expression of adhesion 
proteins, and stimulates secretion of extracellular matrix components nat-
ural to the tissue, but lacks the mechanical stiffness required for mainte-
nance of physiological conditions. Cardiomyocyte sheets have been reported 
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to synchronously and spontaneously beat when partly overlaid one over 
another [111]. A keynote paper published by Miyahara and colleagues [67] 
described the construction of a cell sheet from adipose tissue–derived MSCs. 
After transplantation into the infarcted rat heart, the cell sheet gradually 
evolved to form a thick, vascularized graft, which contained CMs and undif-
ferentiated MSCs and stimulated improved heart functioning.

decellularized Matrix

Tissue-engineered constructs can also be generated from decellularized 
cadaveric tissue to then serve as the basis for engineering whole tissue 
organs or segmental patches. Following treatment with detergents, only 
ECM and vascular network components remain, which can then be re-
seeded with functional cells and cultured under physiological conditions. 
This approach takes advantage of natural blood supply networks, intended 
to enhance graft viability. Proof of concept studies have been performed by 
Ott and colleagues [113], who demonstrated feasibility of rat heart decellu-
larization while preserving its natural chambers, valves, and vasculature. 
The acellular heart construct, re-seeded with CMs or endothelial cells and 
sustained in a bioreactor that provided pulsatile flow and pacing, reached 
~34% recellularization and exhibited pumping function equivalent to ~2% of 
adult rat heart potential within 8 days in culture.

Tissue constructs formed of decellularized matrices embedded with stem 
cells have been evaluated by Tan et al. [114] in the context of heart repair. 
Decellularized small intestinal submucosa (SIS) embedded with MSCs and 
cultivated in vitro for 5–7 days was then transplanted into an infarcted rabbit 
heart and monitored for one month. Heart function was more significantly 
upgraded following engraftment SIS-MSC grafts, compared to acellular SIS. 
Moreover, MSCs migrated toward the infarcted area, where they differenti-
ated into CMs and smooth muscle cells.

Singelyn et al. have proposed combination of decellularized and injectable 
biomaterial matrices for formulation of a myocardial matrix more closely 
mimicking the natural tissue [115]. They decellularized porcine myocardial 
tissue, which was then processed to form a viscous myocardial matrix gel-
able at 37oC. Intense neovascularization was detected within the graft area, 
following its injection into the rat myocardium, with a significant increase 
in the number of mature blood vessels at 11 days post-transplantation. 
Similarly, Wei et al. combined the decellularization and cell sheet engi-
neering approaches [116] to generate thick cardiac patches. MSC cell sheets 
inserted between slices of acellular bovine pericardium scaffold layers were 
transplanted four weeks after infraction in rats, underwent integration, and 
became enriched with neo-vessels and neo-muscles, where blood vessel den-
sity increased four-fold, compared to the untreated infarct group. In addi-
tion, a small fraction of transplanted MSCs expressed mature CM markers.
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Valve engineering via decellularized matrices is a rapidly growing disci-
pline, yet extends beyond the scope of this chapter.

Protein-Engineered Biomaterials

Protein-engineered biomaterials, composed of genetically engineered pro-
tein domains, provide biopolymers with exact molecular-level sequence 
specification [117–120] and offer significant advantages over both traditional 
natural and synthetic polymers. The molecular design, which outlines the 
specification of a chain structure, can be altered by modifying the sequence 
of amino acids to form new classes of engineered proteins with adjustable 
mechanical properties, self-assembly features, degradation profiles, and 
biological interactions. The sequence is then encoded into an artificial gene, 
and then expressed in an appropriate microbial host. In recent years, Tirrell 
and his group [119–123] have applied protein-engineering techniques 
toward generation of ECM protein domain biomaterials. Sophisticated 
protein-engineered hydrogels composed of intracellular peptide domains, 
which gel upon the mixing of two separate components, have been recently 
described [124]. Mechanical and biological properties of protein-engineered 
biomaterials determine cellular activity and tissue regeneration potential. 
Mechanical properties of protein-based biomaterials can be controlled 
using several techniques, including incorporation of elastin-like peptides, 
cross-linking, and manipulation of biomaterial degradability. The latter can 
be regulated by incorporation of amino acid sequences susceptible to spe-
cific cellular proteases. Biological considerations of protein-based materials 
include the density and presentation of cell-adhesive peptide domains (RGD 
and CS5 peptide sequences). Careful selection of cell-binding domains and 
their spatial density are critical to the design of successful protein-based 
biomaterials.

In the context of the cardiovascular system, it was shown that protein-engi-
neered biomaterials derived from the ECM domains of CS5 and elastin are 
suitable for generation of small diameter vascular grafts, as they encourage 
endothelial cell adhesion while providing the necessary physical strength 
and elasticity [125]. Response of endothelial cells to RGD domain density 
has also been described, and has been recognized as a means of modulating 
cellular function [121].

The scope for using protein-engineered biomaterials in tissue engineering 
can be further expanded to include unnatural (non-canonical) amino acids. 
Incorporation of amino acid analogues into the biomaterial design can intro-
duce new chemical functionality, providing a great deal of design versatility 
and creativity and expanding the potential applications of these materials. 
Examples include incorporation of photoactive [126], fluorinated [127], and 
unsaturated amino acid analogues that enable photo-patterning, enhanced 
protein stability, and chemical tethering, respectively.
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Vascularization Strategies in Tissue Engineering

Vascularization is the process whereby new blood vessels assemble within 
tissues, providing the nutritive support crucial for extended tissue survival. 
Incorporation of functional blood vessels is therefore essential to the via-
bility of thick and metabolically demanding tissue constructs, such as the 
heart [128, 129], whether sustained in vitro or in vivo. Upon implantation, 
pre-existing blood vessels are expected to integrate with host vasculature, 
enhancing graft perfusion and accelerating host neovascularization via 
paracrine signaling pathways. Therefore, in addition to considering appro-
priate selection of biomaterials and cell types for tissue construction, vascu-
larization techniques must also be addressed [130].

To date, several vascularization approaches are available, and one or a com-
bination of any of the following three major techniques are typically utilized:

•	 In-vitro multi-cellular culturing strategy
•	 In-vivo prevascularization protocols
•	 Growth factor (GF)–induced vascularization

In-vitro Multicellular Culturing Strategy

The multicellular strategy entails co-seeding of endothelial cells and vas-
cular mural cells with cells specific to the tissue of interest within 3D scaf-
folds. Cells are then allowed to self-assemble to form vascular networks 
embedded within the engineered tissue of choice [128, 131]. Vascular mural 
cells provide physical support to endothelial cells and release angiogenic 
growth factors (GFs), which stimulate vascularization. Embryonic fibroblasts 
and mesenchymal precursor cells are extensively used in these protocols 
because of their high differentiation capacity toward mural cells. In recent 
years, our group has employed and calibrated the multicellular strategy for 
induction of vascular network formation within engineered muscle tissues 
[11, 131]. Engineered vascularized human cardiac tissue was successfully 
constructed by co-seeding hESC-CMs and endothelial and embryonic fibro-
blast cells onto 3D biodegradable, highly porous PLLA/PLGA polymeric 
scaffolds [11] (Figure 8.1). The resulting tissue exhibited synchronic beating, 
as detected by both visual inspection and confocal laser calcium imaging 
studies. Ultrastructural analysis and immunostaining for cardiac-specific 
proteins confirmed the presence of differentiated cardiomyocytes arranged 
in a typical sarcomeric pattern, T-tubules, sarcoplasmic reticulum (SR), and 
gap junctions between neighboring cardiomyocytes. In addition, cardiac 
construct contractions were responsive to both positive and negative chro-
notropic agents. Transplantation of the vascularized cardiac patches into rat 
hearts demonstrated evolution of a stable, relatively mature grafts in vivo [12] 
(Figure 8.2a, b). We have also demonstrated that a multicellular preparation of 
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hESC-CMs, endothelial cells, and embryonic fibroblasts results in increased 
graft vascularization (Figure 8.2c, d) and in anastomosis of the pre-existing 
human vessels with host rat vascular networks.

In-vivo Prevascularization Protocols

In-vivo prevascularization protocols recruit the body as a bioreactor for 
induction of construct vascularization in vivo. Constructs are implanted into 
environments rich in vascular supply (intra-abdominal, subcutaneous, or 
intramuscular regions), where they can be invaded with newly formed vas-
cular networks. Within a few days of implantation, host-derived blood vessels 
penetrate the graft, forming a stable and functional vascular network within 
the construct. Subsequently, the vascularized constructs are transferred into 
infarcted hearts to determine functionality. In a recent work pioneered by 
Dvir et al. [132], a cardiac patch was first engineered in vitro and then vascu-
larized upon implantation onto the omentum, a blood vessel–enriched region. 
After graft vascularization and subsequent implantation into infracted hearts, 
the cardiac patches underwent structural and electrical coupling with the host 
myocardium, leading to beneficial effects on both systolic and diastolic left 
ventricular function. The arteriovenous loop (AV loop), another attractive 
in-vivo configuration model, has been employed to prevascularize cardiac 
patches as well. In this model, intrinsic vascularization is induced in an iso-
lated and protected space, created by a polycarbonate chamber in which a 
macrovascular arteriovenous shunt loop (AVL) is enclosed [133], and has been 
successfully applied toward production of contractile 3D cardiac tissue [134]. 
For this purpose, neonatal cardiac myocytes embedded within fibrin gel were 
cultured in vivo in silicone chambers in proximity to the femoral artery and 
vein of adult rats. At 3 weeks post-transplantation, cardiac cells were found 
to be organized, vascularized, and functional within the chambers. In a sub-
sequent publication, Morritt et al. successfully designed thick, vascularized 
cardiac tissue constructs (maximum thickness of ~2 mm) by placing an AV 
loop inside a semi-sealed polycarbonate chamber later implanted into the 
groin of a rat [135]. The chamber was seeded with cardiomyocytes in matrigel 
and contained differentiated, spontaneously contracting cardiomyocytes and 
abundant vascularization within a few weeks of implantation.

GF-Induced Vascularization

Scaffolds designed to release one or a combination of angiogenic GFs have 
proven an exciting strategy for vascularization induction both in vitro and 
in vivo. GFs, such as VEGF, PDGF, angiopoietin, and FGF, all critical to 
angiogenesis [136], all present a unique platform for accelerating vascular-
ization. GFs can be incorporated into scaffolds by their simple addition to 
scaffold polymer solutions, or can be encapsulated in microspheres to enable 
sustained and controlled release. Administration of multiple GFs has been 
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demonstrated to stimulate mature and functional blood vessel formation 
in vivo [137]. Richardson et al. described a unique scaffold system deliver-
ing VEGF and PDGF-BB, each with distinct release kinetics. Only their co-
administration resulted in a synergistic effect in vivo, yielding mature, stable 
vessels covered with smooth muscle cells [137]. Peters et al. demonstrated 
that PLG scaffolds incorporating VEGF and seeded with human microvas-
cular endothelial cells significantly increased the density of host blood ves-
sels penetrating to the graft site within 7 days of implantation [138].

Conclusions

Engineering cardiac tissue represents a multidisciplinary, emerging field that 
promises to regenerate diseased heart tissue. These techniques comprise novel 
and experimental means for repairing infarcted myocardium and enhancing 
cardiac function. Preclinical and clinical studies have determined the feasi-
bility and efficacy of the proposed methods yearning to enhance myocardial 
functioning. However, significant levels of cell death or loss following cell 
injection constitute one of the major obstacles facing researchers attempting 
to design productive engraftment techniques. In this regard, the creation of 
preformed cardiac construct or injectable-based biomaterial systems in tissue 
engineering protocols is expected to have a notable impact on cell-delivery effi-
ciency. Biomaterials will allow for optimization of cell delivery and retention 
while also providing for improved tissue formation in vitro, with enhanced 
graft survival and functionality following implantation. Vascularization has 
emerged as a prerequisite for designing large tissues in vitro and for enhanc-
ing graft survival following implantation by providing a robust source of 
oxygen and nutrient supply as well as intracellular signaling critical to fur-
ther tissue development. While various vascularization strategies have been 
described, the optimal method has yet to be defined. In summary, combina-
tion of the leading stem cell type, scaffolding biomaterial, and vascularization 
techniques will allow for effective cardiac graft construction and cell therapy.
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Tissue Engineering: Focus on the 
Musculoskeletal System

Michael Keeney, Li-Hsin Han, Sheila Onyiah, Fan Yang

Introduction

The musculoskeletal system defines the major structure of the body, and 
enables the whole body to move, stabilize itself, and maintain its form and 
function in load-bearing conditions. The major components of the muscu-
loskeletal system are bone, cartilage, muscle, tendon, and ligaments. The 
mechanical and biochemical properties of these tissues are vital to the func-
tion of the system. Current clinical practice on repairing orthopedic tissue 
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loss relies mostly on metallic implants such as total hip replacement. While 
effective, these approaches provide only mechanical support and do not 
mimic biological tissue structure and functions. Successful musculoskel-
etal tissue engineering requires a good understanding of the structural 
materials of specific tissues, which are organized in a hierarchical manner. 
Bones are composed of a central marrow canal surrounded by a bi-layer of 
trabecular and compact bone encased in an outer periosteum. Trabecular 
bone contains a tightly woven network of hydroxyapatite and type I col-
lagen fibers, which are composed of tropocollagen units formed by poly-
peptide helices. All tissues in the musculoskeletal system contain a similar 
type of hierarchy that defines the diverse tissue structure and functions in 
our body. The interactions between cells, matrix networks, and biological 
signals are crucial for the normal tissue structure and function, and dis-
ruptions in these processes often lead to musculoskeletal diseases and/or 
tissue degeneration. Loss of musculoskeletal tissues is common and may be 
caused by traumatic injury, aging, diseases, or unhealthy lifestyle choices 
such as alcohol abuse. While our body can regenerate minor injury, guided 
regeneration is required where the defect size is beyond the self-healing 
capabilities of the body.

Tissue engineering aims to restore and regenerate the lost tissue struc-
ture and function by delivering the right cues to guide tissue regenera-
tion. Collaboration between clinicians and engineers is very important for 
the advances in this field, and has continued to strengthen over the years. 
Such interdisciplinary interactions help identify the clinical needs, aid in the 
design process, and guide surgeons through this transition to tissue engi-
neering technologies. Most tissue engineering strategies are composed of 
single or a combination of three key components: scaffolds, cells, and instruc-
tive signals. Scaffolds can provide a 3D niche for cells to migrate, proliferate, 
and produce matrices that are needed for tissue repair. Biological or physical 
cues may also be incorporated into scaffolds to promote the desired cell phe-
notype and tissue function. Tissues in musculoskeletal system have a broad 
range of biochemical and mechanical properties; tissue-engineering strate-
gies must therefore be designed and optimized for specific needs of various 
tissues. There are many excellent sources from which an extensive review 
on scaffolds, cells, and signals can be obtained [1–6]. This chapter focuses on 
recent advances in research and technology development that aim to bridge 
the gaps between the research and clinical applications.

Scaffolds

Scaffolds in tissue engineering refer to three-dimensional carriers that serve 
as a temporary matrix to support desired cellular-fate processes and tissue 
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regeneration. The scaffold may also serve as a reservoir system that gradually 
releases biological signals such as bone morphogenetic protein-2 (BMP-2). 
Materials used for scaffolds are broadly classified into two categories: natural 
and synthetic. Natural scaffolds are derived from natural origins such as ani-
mal tissues and marine algae, while synthetic materials for tissue engineering 
include polymers and ceramics. The two most studied natural and synthetic 
polymers are type I collagen and poly-co-glycolic acid (PLGA), respectively. 
Both materials are FDA approved for specific applications. Table 9.1 summa-
rizes a list of commercially available tissue engineering products for muscu-
loskeletal regeneration. Many of these products utilize calcium phosphate 
or collagen materials, as both materials are FDA approved. Some products 
incorporate more complex strategies, such as stem cells or controlled delivery 
of growth factors. The FDA approval processes of the more complex strate-
gies often take much longer time and are very costly, but are crucial for pav-
ing the road of translating more exciting tissue engineering strategies into 
clinical settings.

TABlE 9.1

Commercially Available Tissue Engineering Products for Musculoskeletal Tissue 
Repair

Company Product Description

Biomet, Inc. Pro Osteon® Ha + calcium carbonate
Dentsply Friadent CeraMed Frios 

Algipore®

Derived from calcium carbonate in 
marine algae

OsteoGraf® Derived from natural hydroxyapatite
DePuy Inc. Healos® HA + collagen type I
Globus Medical, Inc. MicroFuse ST® PLGA microspheres
Interpore Cross International ProOsteon® Derived from calcium carbonate in 

marine algae
Medtronic Inc. Infuse® BMP-2 + collagen I
Orthovita Inc. Vitoss® β-TCP
Osteomed OsteoVation® Calcium phosphate
Osteotech Inc. Xpanse™ Demineralized bone

Plexur™ Allograft + polylactide-co-glycolide
Graftech® Allografts
Graft Cage® PEEK cage

Stryker OP-1® rhBMP-7 + collagen type I
Synthes, Inc Norian SRS® Carbonated apatite

chronOS® β-tricalcium phosphate
Wright Medical Technologies Inc. Osteoset® Calcium sulphate
Zimmer Inc. Triosite™ Biphasic calcium phosphate
Zimmer Inc. Collagraft® HA/β-TCP + collagen type I
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Collagen type I is an example of an extensively used polymer that is 
derived from natural origins. As these materials are natural to the human 
body, they are immediately recognized by cell surface receptors and can 
have significant control over cell functions such as attachment, migration, 
and proliferation. Collagen type I, in its raw form, can be used to fabricate 
a broad range of scaffold structures, including hydrogel, sponge, film, or 
as a composite. Decellularized tissues have also been explored as scaffolds 
using tissues such as submucosa from the urinary bladder, small intestine, 
or gallbladder. The advantage of these decellularized tissues is that they 
have a predefined structure and contain biologically relevant growth factors. 
However, since these naturally derived materials are often isolated from ani-
mal origins, their clinical uses are very limited owing to the potential threat 
of immunogenicity and batch-to-batch variance.

A new paradigm in scaffold production has arisen recently that utilizes 
matrix manufactured by the cells themselves in vitro. Choi et al. recently 
described a cell-derived extracellular matrix composed of cartilage matrix 
molecules secreted by porcine chondrocytes [7]. The chondrocytes were cul-
tured in monoculture for three weeks followed by a further three weeks in 
a 3D pellet. The pellet was then freeze dried to remove any cell debris and 
treated with DNase for purification. The final construct was a sponge-like 
cartilage material composed mainly of collagen type II and sulfated glycos-
aminoglycan. Rabbit MSCs were seeded on these scaffolds, and the ability to 
support chondrogenesis was evaluated both in vitro and in vivo in a mouse 
model. The chondrocyte-derived ECM was highly efficient at forming carti-
lage in vitro when seeded with MSCs and delayed cartilage degeneration in 
vivo. One limitation of this approach for clinical translation is the minimum 
six-week waiting period required for scaffold manufacture. Lareu et  al. 
 propose a strategy to overcome this problem by increasing the production 
rate of ECM proteins in vitro [8]. Dextran sulfate and neutral dextran were 
used as macromolecular agents, which resulted in a significantly improved 
conversion rate of procollagen to collagen, a key component of the carti-
lage extracellular matrix. This kind of procedure may be used to produce a 
patient specific cartilage surface in vitro, which could later be transplanted 
to the patient in place of the degenerated surface.

Protein engineering has also been utilized to make tissue-engineering 
scaffolds, which allows greater specificity over scaffold composition [9]. 
Modular peptide domains with various functionalities can be encoded into 
a plasmid DNA, which is then transfected into an organism of choice to 
produce proteins with molecular-level sequence specification. The materi-
als can be manufactured to contain functional modules that enhance cell 
signaling, adhesion, and biodegradability; likewise they can also incorpo-
rate domains not normally found in natural ECM, such as DNA-binding 
sequences [10]. However, one major drawback of many protein-engineered 
scaffolds is the relatively weak mechanical properties, which limit their 
uses for musculoskeletal-tissue engineering. In an attempt to overcome 
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this problem, muscle-mimicking protein has been engineered based on the 
molecular structure of titin [11], a complex molecular spring located within 
the I-band of muscle tissue and largely responsible for the muscle’s elas-
ticity. The polyprotein comprises a composite of GB1 and resilin, both of 
which were produced by overexpressing DH5α cells containing pQE80L 
vectors modified with genes representing both proteins. The collected pro-
teins were combined and photochemically crosslinked to produce biomate-
rial constructs. The resulting constructs were rubber-like and showed high 
resilience to low strain while acting as a shock-absorber under high strains, 
hence the material can effectively dissipate energy at high strain levels, 
much like that of muscle tissue. All the results from this study were based 
on the evaluation of mechanical properties; however, it would be interesting 
to quantify cell response, for example, whether stem cells can recognize this 
as a muscle-like ECM and differentiate down the myogenic lineage, or how 
cells attach and migrate along the synthesized surface. This research is an 
excellent example of how molecular engineering can be utilized to fabricate 
tissue-like materials.

Engineering Functional Materials

Engineering functionality into a synthetic material would better mimic nat-
ural extracellular environment and promote desired cell fate and tissue func-
tions. Extensive research effort has been dedicated to design the architecture 
of scaffolds to influence the cellular fate processes. When plated on electro-
spun grooved materials, cells will align in the direction of the grooves, and 
such a technique has been used to direct neuronal cell alignment for spinal 
cord regeneration. Specific pore sizes have also been engineered to attract 
certain cell populations, and this technique was explored to attract chondro-
cytes to the cartilage side of an osteochondral implant [12]. In a recent study, 
Engelmayr et al. have developed “accordion-like honeycombs” that contract 
with beating cardiac cells for cardiac tissue engineering (Figure 9.1) [13]. The 
scaffolds are fabricated using excimer laser microablation to induce an accor-
dion-like architecture in poly(glycerol sebacate) (PGS). The resulting scaf-
folds were seeded with neonatal rat myocytes, which pulsed the scaffold in 
a preferred direction according to the design of the honeycomb repeat units. 
Bi-layered scaffolds were also formed in this study by stacking scaffolds at 
an oblique angle, which enables interporous connectivity and cell infiltra-
tion throughout the network. As with all scaffold for tissue engineering, this 
design also faces a number of limitations [14]. The overall thickness of the 
scaffold may hinder oxygen diffusion throughout, hence preventing healing 
at the injury site. Various techniques have been designed to support vascu-
larization and oxygen diffusion throughout scaffolds, as discussed in the 
signals section below. This study demonstrates how architecture can be used 
to functionalize a tissue-engineering scaffold, and more in-vivo work would 
be important to further validate its efficacy for cardiac tissue engineering.
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Recent work has also highlighted the importance of physical cues such as 
substrate stiffness on stem cell differentiation [15]. Polyacrylamide gels with 
elastic moduli ranging from 1 to 100 kPa were fabricated as a platform to 
evaluate the effects on mesenchymal stem cell differentiation. Interestingly, 
cells cultured on materials with tissue-mimicking stiffness promote cell 
differentiation towards the corresponding tissue lineages. This study 
stimulatedion great enthusiasm on elucidating the role of mechano-physical 
environment on stem cell differentiation. However, it is important to note 
that results from this study were obtained from a two-dimensional culture, 
while cells in vivo reside in a three-dimensional environment. Therefore, 
how mechanical stiffness of scaffold regulates stem cell fate in 3D needs to 
be elucidated. Not only does the material stiffness play a key role in cell dif-
ferentiation, small functional chemical groups incorporated into scaffold can 
also induce lineage differentiation of stem cells [16]. MSC differentiation was 
shown to be influenced solely by small chemical functional groups while 
maintaining a constant material stiffness. Benoit et al. used modified PEG 
hydrogels with tethered functional groups to induce differentiation of MSCs 
down an osteogenic or adipogenic lineage. Hydrogels were fabricated by 
mixing a PEG solution with various functional groups and photopolymer-
ized by ultraviolet light. Protein and gene expression were measured along 
with fluorescent imaging of cell morphology to prove differentiation down 

FIGuRE 9.1
Accordion‐like honeycombs scaffolds that contract with beating cardiac cells for cardiac tissue 
engineering. Scanning electron micrographs demonstrated the fidelity of excimer laser microab-
lation in rendering an accordion‐like honeycomb designs in poly(glycerol‐sebacate) (PGS). Scale 
bars = 200 µm. (From Nat Mater 7: 1003–1010, 2008. With permission from the Publisher.)
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each specific lineage. It is important to note that stem cells were cultured 
in a 3D matrix in this study rather than the conventional 2D culture. The 
mechanism for differentiation remains unknown; however, the simple trans-
lation from 2D to 3D cell culture is a new trend in biomaterial research and 
is continually outputting new and exciting results that will have a significant 
impact on the design of future biomaterials.

Hydrogels

Despite the promise of cell-based therapy for tissue engineering, retaining 
cell viability upon transplantation remains a major hurdle for cell thera-
pies. Studies have shown that upon transplantation in vivo, cell viability 
is extremely low and cells often get rapidly cleared by the spleen and liver 
[17, 18]. Possible factors for rapid cell death include immune response and/
or environmental stress on the cells. Encapsulating cells in hydrogels may 
help decrease cell death by providing a protective carrier for transplanted 
cells. Cell encapsulation was initially demonstrated in the early 1980s for 
encapsulating islet cells in an effort to prolong their survival in vivo [19]. 
Late work has expanded to explore engineering 3D hydrogels to mimic the 
stem cell niche in vivo. Techniques have been developed to crosslink hydro-
gels while maintaining cell viability using various stimuli such as ions or 
light [20, 21].

Biodegradable hydrogels that can respond to an external stimulus to facili-
tate cell migration, and ECM synthesis represents a promising direction for 
musculoskeletal tissue engineering [22]. Lipase is an enzyme that catalyses 
the degradation of ester bonds, hence this enzyme can be used to control the 
degradation of ester-containing polymers [23]. The degradation rate of the 
polymer can be controlled by the concentration of lipase or even the num-
ber of ester-cleavable bonds included in the monomer mix. Peptides that are 
sensitive to cell-secreted proteases can also be incorporated into 3D scaffolds 
to fabricate a biodegradable hydrogel network. Inclusion of protease degrad-
able sequences in a polymer will facilitate cell migration, which is critical for 
many tissue regeneration processes. Lee et al. have developed a collagenase-
sensitive poly(ethylene glycol-co-peptide) diacrylate hydrogel that is suit-
able for cell migration, and a 3D pathway containing cell adhesive peptide 
was fabricated using photolithography to promote cell migration in specific 
directions [24]. Human dermal fibroblasts encapsulated within the hydro-
gel migrated only within the RGDS patterned region. Cell adhesive peptide 
such as RGDS can also be incorporated into PEG-based hydrogels using a 
thiol-acrylate mixed-mode polymerization technique [25]. This technique 
involves the co-polymerization of monomers with thiol-reactive functional 
groups such as cell recognizable peptide sequences, which are covalently 
linked to the polymer network. The inclusion of this sequence was required 
to increase the viability of cells encapsulated within the hydrogel. The hydro-
gels presented in both these studies study demonstrate a number of exciting 
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functionalities that can be introduced into a scaffold that are useful in the 
re-creation of cell niches.

Environmentally Responsive Hydrogels

Environmentally responsive materials have always been of interest to tis-
sue engineers because of the range of properties available at various pH 
and temperatures. Thermally responsive scaffolds are normally designed to 
impart some functionality upon reaching body temperature, such as by self-
hardening or acquiring shape memory, while the majority of research on pH 
responsive materials is focused on gene delivery, such as by releasing the 
DNA cargo once a drop in pH is detected within the lysosome.

Temperature-responsive hydrogels are ideal for minimally invasive surgeries, 
whereby the surgeon can inject solution that can self-harden at body tempera-
ture. Li et al. have designed a thermosensitive fast-setting hydrogel for deliver-
ing human mesenchymal stem cells that is injectable at 4°C and gels when the 
temperature rises above 24°C [26]. Gelation was achieved within 7 seconds at 
37°C with an elastic modulus of 119 KPa, which is in the range of myocardium 
tissues. This hydrogel system has also been used to protect the transplanted 
cells from the body’s immune response by delivering enzymes to capture 
superoxide secreted by inflammatory cells. Thermally responsive materials 
can also be used for the delivery of therapeutics. Zhang et al. have developed 
poly(N-isopropylacrylamide-co-acrylamide) hydrogels for targeted delivery of 
therapeutics to treat tumors in a mouse model [27]. Poly(N-isopropylacrylamide-
co-acrylamide) hydrogels remains circulatory at body temperature, and when 
the temperature is raised above 42°C, the nanogels become hydrophobic and 
aggregate easily. Zhang et al. proposed to take advantage of this temperature 
responsiveness to selectively aggregate therapeutic particles in a specific loca-
tion using a thermal pad in vivo. To show proof of principle, the nanogels were 
loaded with a fluorescent dye and injected through the tail vein of the mouse. 
A thermal patch was placed in the vicinity of a tumor and near infrared imag-
ing showed that fluorescent hydrogels aggregated in areas of applied heat. 
The final example is a shape memory polymer for bone-tissue engineering. Xu 
et al. have recently designed a thermally sensitive polymer constructed from a 
well-defined star-branched macromer containing a rigid nanoparticle core [28] 
(Figure 9.2). This polymer allows covalently conjugating an integrin-binding 
ligand without compromising the mechanical strength. This material can be 
molded to a specific shape at approximately 50°C and will retain that shape at 
body temperature. Such a material would be ideal for maxiofacial-type surgery 
when a scaffold must be molded to fit an irregularly shaped defect. If the scaffold 
does not match the defect shape, the materials can be reheated and remolded 
until a suitable compliance is achieved. Degradation rate of this hydrogel is also 
tunable by controlling the PLA polymer chain length. Altogether, these studies 
demonstrate that thermo-responsive materials are a family of smart materials 
for musculoskeletal tissue engineering applications.
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confirming the covalent conjugation of the fluorescently labeled peptide via click chemistry. 
(From PNAS 107:7652–7657, 2010. With permission from the Publisher.)
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Cells

Cells are the building blocks of living tissues and play a key role in tissue 
repair processes. Tissue engineering scaffolds can be implanted acellularly 
and become infiltrated with local cells upon implantation. However, as the 
body grows older and loses its ability to regenerate, stem population is 
decreased and injuries can occur more readily. Therefore, transplanting a 
vibrant population of cells with a new ability to regenerate can be used to 
aid this regenerative process. Stem cells represent a promising cell source 
for tissue engineering because of their unique ability to self-renew and dif-
ferentiate down multiple lineages. There are two major classes of stem cells: 
adult stem cells and embryonic stem cells. Adult stem cells are multipotent 
cells that can be isolated from many adult tissues, such as bone marrow and 
adipose tissues. Embryonic stem cells are derived from embryos, that is, 
fertilized female eggs, which are normally fertilized in vitro and donated 
to research with the consent of the donors. This section focuses on recent 
advances in cell-based therapy for musculoskeletal tissue engineering, 
with a focus on the use of adipose-derived stem cells (ADSCs), induced 
pluripotent stem (IPs) cells, and stem-cell homing.

Adipose-derived Stem Cells

Adipose-derived stem cells (ADSCs) are isolated from fat tissue and have 
advantages that include relative abundance and ease of isolation via a min-
imally invasive procedure. ADSCs have the potential to differentiate along 
multiple cell lineages into osteoblasts, chondrocytes, endothelials, myo-
cytes, and other cell types. [29]. ADSCs have been shown to secret a broad 
spectrum of paracrine factors, including vascular endothelial growth fac-
tor (VEGF), hepatocyte growth factor (HGF), and transforming growth 
factor-β (TGF-β). Under hypoxia conditions, ADSCs up-regulate VEGF 
production, which makes them particularly attractive candidates for treat-
ing ischemic diseases. Rehman et al. investigated the angiogenic poten-
tial of ADSCs in a murine hind-limb ischemia model [30]. Conditioned 
medium from ADSCs under hypoxia promoted endothelial cell prolif-
eration while decreasing the apoptosis. Injection of ADSCs into the tail 
vein of mice suffering from hind limb ischemia restored blood perfu-
sion in the ischemic limb to approximately 60% (relative to non-ischemic) 
after 10 days, while the non-treated groups showed a base line increase 
of only 25%. After direct injection of labeled ADSCs into the tibialis ante-
rior muscle, only 28% of implanted cells were detectable after one week, 
suggesting that cell survival after transplantation needs to be improved. 
In another study, by Bhang et al., ADSCs were delivered into a hind-limb 
ischemia model via a heparin-containing PLGA nanosphere/fibrin car-
rier loaded with fibroblast growth factor-2 (FGF2). The FGF2 was shown 
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to promote ADSC proliferation and inhibit apoptosis under hypoxia con-
ditions in vitro. Furthermore, the presence of FGF2 increased VEGF and 
HGF mRNA expression under hypoxia conditions, indicating that FGF2 
promotes ADSC survival and also up-regulates their angiogenic capability. 
When injected into the ischemic hind limb, limb perfusion was increased 
to approximately 55% (relative to non-ischemic), while ADSCs without FGF 
remained at approximately 35% (non-cell carriers did not increase above 
20%). Groups treated with FGF/ADSC also led to significant enhanced limb 
salvage (4 out of 10) compared to the control (0 out of 10) (Figure 9.3). This 
work demonstrates the promise of using a combination of ADSC and bio-
materials therapy for promoting tissue regeneration.

Induced Pluripotent Stem Cells

For repairing large tissue defects, it is often a challenge to obtain a large 
number of cells that can differentiate into the desired cell phenotype without 
immunogenicity. The recent discovery of induced pluripotent stem cells (iPS) 
will likely provide a solution to this problem by reprogramming the patient’s 
own differentiated cells back to a pluripotent state. Takahashi and Yamanaka 
first proved in 2006 that embryonic-like stem cells could be derived from 
adult fibroblasts, which can then be used to generate any type of differenti-
ated cells for repairing tissues [31]. Re-programming was achieved by virally 
introducing four factors, Oct3/4, Sox2, c-Myc, and Klf4, into adult fibroblasts 
under embryonic stem cell culture conditions. When injected subcutane-
ously into a mouse model, tumors formed containing a variety of tissues 
from all three germ lines, which confirmed the pluripotency of these cells. 
While the iPSCs demonstrated a lot of similarity to ESCs in terms of cell 
morphology, proliferation, pluripotency and tumorigenicity, they express a 
global gene expression pattern different from that of embryonic stem cells 
[32]. In a follow-up study by the same research group, germline transmission 
was achieved by using more specific markers for iPS selection, and adult 
chimaeras were successfully obtained from iPS cell clones [33]. Within this 
study, 20% of the offspring developed tumors attributed to reactivation of 
the c-myc transgene. While the work with iPSC is still relatively new, it holds 
great promise for wide applications for repairing musculoskeletal tissues, 
where large defects are common and iPSCs would offer a source for gen-
erating all the desired cell types, including osteoblasts, chondrocytes, and 
endothelial cells. More work needs to be done to control the specific differen-
tiation of iPSCs towards these lineages by defining the right induction cues.

Cell Homing

Localizing the transplanted cells to the disease or defect site in vivo is impor-
tant for successful tissue repair, and biological signals may be used to guide 
such homing processes. Upon intravenous injection, hematopoietic stem 
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Improvement of ischemic limb salvage by hADSC transplantation with local FGF2 delivery. (A) 
Representative photographs of HCPN‐, FGF2‐, hADSC‐, and hADSC þ FGF2‐treated ischemic 
hind limbs on days 0, 3, 14, and 28 after treatment. (B) Blood perfusion ratio of ischemic limbs 
measured by laser Doppler imaging 0, 3, 14, and 28 days after treatment. The ratio of ischemic to 
normal limb blood perfusion was significantly improved by combined therapy at all time points 
(*, p < .05, compared with hADSC+ FGF2 group). Abbreviations: FGF2, fibroblast growth factor‐2; 
hADSC, human adipose‐derived stromal cell; HCPN, heparin‐conjugated poly(lactide‐co‐ 
glycolide) nanosphere. (From Stem Cells, 27:1976–1986, 2009. With permission from the Publisher.)
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cells can engraft into the marrow with over 90% efficiency [34]. The mecha-
nism for stem cell homing is highly complex and multi-factorial, and stro-
mal derived factor-1 (SDF-1) is a key player in this process. SDF-1 is part 
of the chemokine family and is expressed by bone marrow stromal cells 
and endothelial cells. Its receptor, CXCR4, is expressed on human stem and 
progenitor cells [35]. Of particular interest to bone tissue engineering, para-
thyroid hormone treatment led to an increase in SDF-1 production at the 
growth plate in mice and a decrease in the serum [36]. This suggests a SDF-1 
gradient for the localization of stem cells to the growth front in mice. Aiuti 
et al. demonstrated that human hematopoietic progenitor cells migrated in 
vitro and in vivo towards a gradient of SDF-1 produced by bone marrow 
stromal cells [37]. Schantz et al. used this to their advantage in a bone tis-
sue engineering model via the delivery of three separate proteins [38] in an 
experiment designed to promote vascularization, stem cell recruitment, and 
bone formation, respectively. A polycaprolactone scaffold was connected to 
an external microneedle reservoir system that was programmed to sequen-
tially deliver VEGF, SDF-1, and BMP-6. In-vitro findings showed that MSCs 
expressed CXCR4 and migrated in response to stimulation by SDF-1; in-vivo 
results showed enhanced vascularization. This study is a good example of 
delivering biological signals to guide stem cell homing for the purpose of 
musculoskeletal tissue engineering.

Instructive Signals

Biological signals play an important role during normal tissue development 
process and mediate the tissue remodeling during injury. Musculoskeletal 
diseases such as osteoporosis and arthritis are often accompanied by a 
change in local biochemical cues, which set off the degenerative process. 
To improve endogenous regeneration, we can restore the local microenvi-
ronment by delivering the right signals. For bone tissue repair, active clini-
cal trials are going on to assess the efficacy of delivering recombinant bone 
morphogenetic protein-2 (rhBMP-2) from 3D collagen sponge implants [39]. 
Signals coordinate physiological responses on different length scales; soluble 
signals can act locally or systemically depending on their diffusion limit, 
access to the circulatory system, and stability in the body. Among the factors 
that play a role in this process, BMP-2 received premarket approval from the 
Food and Drug Administration (FDA) for spinal fusion in the case of disk 
generation from L4 to S1, acute tibial fractures, and sinus augmentations [40]. 
BMP-7 has received a Humanitarian Device Exemption (HDE) from the FDA 
for spinal fusion and as an alternative bone autograft when other treatments 
have failed [41]. Vaccaroet et al. performed a one-year study on the effect of 
BMP-7 as an iliac crest autograft for non-instrumented posterolateral fusions 
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in 12 (6 female, 6 male) patients with degenerative spondylolisthesis [42]. The 
Oswestry Disability Index (ODI) and dynamic radiographs showed solid bone 
fusion. Clinical trials are also investigating parathyroid hormone–related 
peptide (PTHrP), which is marketed as a treatment for osteoporotic fracture 
[43]. The clinical uses of BMPs include spinal fusion, treatment of long-bone 
defects and non-unions, and osteointegration with metallic implants [44]. 
Parathyoid hormone (PTH) is an anabolic agent whose recombinant human 
(rhPTH (1-34)) form is approved by the FDA [45]. This 34-amino-acid frag-
ment of PTH is currently used by post-menopausal women with osteoporo-
sis and men with advanced osteoporosis. Antagonists such as sclerostin are 
also being incorporated into clinical practices [46]. These clinical issues drive 
scientist to continue to find solutions through tissue engineering strategies.

Synergistic delivery

Synergistic delivery has emerged as an effective approach for delivering ther-
apeutic growth factors and genes in a physiological relevant manner to mimic 
the natural musculoskeletal tissue healing process [47]. The bone remodeling 
process is characterized by an early upregulation of angiogenic growth fac-
tors such as VEGF, which is followed by expression of bone morphogenic 
protein, insulin-like growth factor (IGF), and fibroblast growth factor (FGF). 
Such a multi-phasic factor expression induces angiogenesis, which creates 
highly vascular tissue optimal for bone regeneration later on [48]. Kumar et al. 
reported that bone formation was enhanced in a mouse model of segmental 
bone defect using genetically engineered mesenchymal stem cells (MSC) 
that expressed osteogenic and angiogenic factors [47]. The MSCs were either 
mock-transduced or transduced with recombinant adeno-associated virus 6 
(rAAV)-BMP2:VEGF or rAAV-GFP. The groups that received dual delivery 
of growth factors VEGF and BMP-2 resulted in prosperous bone growth 
and consequently an increase in bone mineral density, as reported by the 
DXA analysis. Micro-computed tomography (μCT) analysis also confirmed 
enhanced tissue repair in the group receiving simultaneous release of both 
growth factors. The control group that received VEGF alone did not exhibit 
sufficient tibiae bone correction, compared to the dual-delivery group. After 
16 weeks of physical therapy, the tibia from the dual-delivery treated groups 
showed a substantial improvement in peak load, stiffness, and toughness 
compared to the control. This study suggests the promise of using geneti-
cally modified stem cells to synergistically deliver multiple signals to pro-
mote musculoskeletal tissue repair. Biological signals such as growth factors 
can also be controlled-released from a 3D depot in situ to achieve synergistic 
delivery [49]. A dual growth factor–releasing scaffold consisting of VEGF165 
and BMP2 in PDLLA was developed to guide MSC differentiation and bone 
repair in a murine femur defect model. The results showed that groups 
receiving synergistic delivery of both angiogenic and osteogenic growth fac-
tors experience the strongest bone regenerative response. It is important to 



205Tissue Engineering: Focus on the Musculoskeletal System

note that the technology platform for synergistic delivery is versatile and 
can be applied to deliver growth factors of any type. Other examples include 
sequential delivery of FGF-2 and PDGF-BB [50] or by coexpressing FGF2 and 
cyr61 [51] to promote angiogenesis and muscle regeneration.

dnA delivery

Delivering genetic signals such as DNA into target cells holds great prom-
ise for directing stem cell differentiation by turning on activator signal-
ing pathways. Current approaches to gene delivery are two-fold: viral 
and non-viral. While highly efficient, viral vectors are limited by safety 
concerns such as immunogenicity and toxicity. Non-viral gene delivery is 
safer, but suffers from low-transfection efficiency and short-term expres-
sion. Extensive effort has been dedicated towards overcoming the many 
obstacles such as extracellular transport, intracellular transport, unpack-
ing the DNA-vector complex, and the nuclear transport [52]. Yang and 
colleagues have recently reported poly (β-amino esters) (PBAEs) as a prom-
ising biodegradable polymeric vectors for efficient gene delivery to adult 
or embryo-derived human stem cells with minimal toxicity compared with 
other physical methods such as electroporation [53]. PBAE/VEGF nanopar-
ticle-treated embryonic stem cells demonstrated significantly upregulated 
endothelial markers such as Tie 2, von Willebrand factor, and platelet 
endothelial cell adhesion molecules (PECAM). These results highlight the 
potential of using PBAE as biodegradable non-viral gene delivery system 
to direct stem cell differentiation via non-viral gene delivery.

DNA delivery is a complex process that involves many barriers at the 
extracellular and intracellular level. Developing methods to overcome such 
trafficking barriers would greatly facilitate their wide applications in tissue 
engineering applications. Hama et al. performed a quantitative comparison 
on intracellular trafficking and transcription efficiency between adenoviral 
and lipoplex systems. It was shown that the lipoplex vector was more effi-
cient at crossing the cell membrane, while the adenovirus was more efficient 
at endosomal escape and nuclear uptake. The major difference observed is 
that the lipoplex system required three orders of magnitude more intranu-
clear gene copies to achieve transfection efficiency on the level of the adeno-
virus. Nuclear localization signals (NLSs) act like a chauffeur for plasmid 
DNA and may aid DNA transport across the nuclear membrane. NLSs are 
like tags that present on the surface of a protein; the tag is identified intracel-
lularly by importins, which attach to the NLS and transport the protein to 
the nucleus. NLSs were discovered in the 1980s but have only recently been 
applied to gene therapy. The most commonly used nuclear import signal is 
the simian cancer virus large T antigen–derived sequence (SV40). Plasmids 
containing the SV40 sequence have been shown to promote nuclear import 
in all cell lines tested from a variety of species, such as human, rat, monkey, 
mouse, hamster, and chicken [54, 55]. The SV40-derived sequence in itself is 
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not an NLS. However, when a plasmid containing this sequence enters the 
cytoplasm, it quickly binds to transcription factors that contain NLSs. These 
NLSs are bound by importin and transported to the cell nucleus. Another 
sequence used to induce nuclear import is the multiple nuclear factor-ĸB 
binding sites. It was further demonstrated that transfection could be further 
increased by treating cells with tumor necrosis factor-α, an NF-ĸB activator 
[56]. In a separate work, Breuzard et al. have shown that up to 60 times more 
plasmid DNA can enter the nucleus using multiple NF-ĸB binding sites, 
which proves a case for increasing nuclear up-take of plasmid DNA [57]. 
While searching for similar sequences that could be combined with plasmid 
DNA, cell-type specific sequences were identified. As each cell type contains 
specific transcription factors and each transcription factor has specific bind-
ing sites, it was hypothesized that the binding sites could be incorporated 
into plasmid DNA for cell specific uptake. One example is the smooth mus-
cle specific DNA-targeting sequence, of which only a 176-bp sequence of the 
smooth muscle γ-actin promoter can promote plasmid DNA nuclear import 
in smooth muscle cells but not in other cell types [58]. It is proposed that 
NLS-containing transcription factors also bind to this promoter and facilitate 
nuclear import. In another study, Shen et al. have used a high-mobility group 
box 1 (HMGB1) protein, which contains lysine and arginine groups that can 
facilitate DNA condensing and also present NLSs for nuclear import [59]. 
When this system was further condensed with polyethyleneimine, transfec-
tion efficiency was increased from approximately 21% to 62% in HeLa cells. 
This system is bi-functional and achieves both DNA condensation and pre-
sentation of NLSs.

siRnA delivery

Advances in gene therapy provide a powerful tool to promote lineage-
specific differentiation via directly regulating the intrinsic signals of stem 
cells. Today, technology is being developed with the potential to either 
“turn on” a target gene, through DNA delivery, or “turn off” a gene by 
small interference RNA (siRNA) delivery. Unlike DNA delivery, the siRNA 
mechanism was a discovery within the past decade or so and was initially 
demonstrated in the nematode worm Caenorhabditis elegans [60]. When long 
pieces of double-stranded siRNA are present in the cytoplasm, cleavage 
occurs by interaction with an enzyme named dicer. The smaller fragment 
is then incorporated into a protein complex called the RNA-induced silenc-
ing complex (RISC). This protein complex causes unwinding of the siRNA 
and cleavage of the sense strand. The antisense strand is then transported 
to mRNA that contains the complimentary RNA sequence [61]. The mRNA 
strand is sliced and degraded by the cell while the RISC moves to seek out 
the next mRNA. In dividing cells, siRNA is diluted out within approxi-
mately 7 days, whereas in non-dividing cells it can remain present for sev-
eral weeks. siRNA can be delivered either locally to areas such as the eyes 
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and lungs, or intravenously, which requires transport through the blood 
system to the target site. Intravenous injection has the obvious limitations 
of being cleared by the liver and distributed throughout non-target tissues, 
but inhalation has been used to deliver siRNA to the lungs for the treat-
ment of respiratory syncytial virus (RSV) [62]. This study used a siRNA 
called ALN-RSV01, which acts against the mRNA of N-protein of RSV to 
down-regulate its expression. This was a safety and tolerability study, but 
testing has now entered phase II clinical trials. Another example of siRNA 
delivery is the intratumoral injection of siRNA condensed by using a PEI 
carrier [63]. Injection of siRNA complexes into tumors within the cranium 
successfully decreased the expression of pleiotrophin, a known promoter of 
U87 glioblastoma cell proliferation. While this is a tumor model, this tech-
nique can be easily adapted to treat other diseases such as osteoarthritis, by 
down-regulating tumor necrosis factor-α in mice suffering from collagen-
induced arthritis [64]. Although applying siRNA delivery for tissue engi-
neering applications is a relatively young field, it holds great promise for the 
future and we expect to see rapidly growing research efforts in this area in 
the near future.

Technology for Manufacturing Tissue Engineering Scaffolds

Tissue-engineering scaffolds aim to induce tissue regenerations by engineer-
ing the behaviors of individual cells. To reach this goal, a properly designed 
scaffold architecture should be developed to trigger desirable cellular fates 
for biological functions of specified organs [65]. This requires not only con-
trolling the biochemical and physical properties of scaffold materials, as 
previously mentioned, but also developing microstructures within the scaf-
folds. These microstructures should have dimensions comparable to the size 
of cells (1 to 100 micrometers); they facilitate tissue regeneration by physi-
cally directing cell morphology, positioning, and alignment that resemble 
those of tissues in vivo. The aforementioned honeycomb microchannels, 
which direct the polarization and self-alignment of seeded cardiomyocytes, 
are a good example. Likewise, microchannels of poly(lactide-co-glycolide) 
(PLG) were used to guide the unidirectional extension and growth of neu-
rons in three-dimensional space [66].

In addition to guiding cell morphology, microstructures also take impor-
tant roles in sustaining cell proliferation. For example, interconnected micro-
porosity is commonly used to facilitate the diffusion of nutrients, wastes, 
and signaling molecules in a tissue-engineering scaffold [67].

In fabricating a scaffolding microstructure, one needs first to decide which 
type of scaffold precursor should be used; this precursor is usually a fluid 
that can be solidified by certain mechanism.
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Polymerization

Free-radical polymerization is widely used to develop scaffolding microstruc-
tures. Materials for free-radical polymerization are composed of monomers 
and initiators. As the building blocks for microstructures, monomers have one 
or more crosslinking groups, which can be activated by free radicals and forms 
covalent binding between the monomers. The monomers can be either syn-
thesized materials or derivatives from the aforementioned natural materials. 
For example, gelatin and hyaluronan were modified by methacrylate groups 
and became crosslinkable gels [68, 69]. On the other hand, initiators generate 
the free radicals in response to specific stimulations, such as pH value, heat, 
and irradiation. For example, azobisisobutyronitrile (AIBN) decomposes and 
produces free radical 2-cyanoprop-2-yl at elevated temperature (above 50°C) 
[70]. As well, 4-(2-hydroxyethoxy)phenyl-(2-hydroxy-2-propyl)ketone (Irgacure 
2959), which is a commonly used photoinitiator for tissue engineering, pro-
duces free radicals upon irradiation with ultraviolet light [71]. Among the vari-
ous initiators, photoinitiators are mostly used for making three-dimensional 
tissue-engineering scaffolds because of the convenience and non-invasive 
process by irradiation [72].

Enzyme-catalyzed polymerization of proteins is another method for creat-
ing solid microstructures from biomaterials. In the mechanism to form a blood 
clot, for example, fibrinogen molecules crosslink and become solid fibrin gel in 
the present of thrombin [73]. This type of gelation has been used for cell-culture 
study and was applied to clinical application as “tissue glue” [74, 75]. Protein 
polymerization also takes place in the present of synthetic catalysts. For exam-
ple, in a light-activated state, ruthenium trisbipyridyl chloride [RuII(bpy3)2+] 
catalyzes the formation of dityrosine bonds between tyrosine-abundant pro-
teins, such as fibrinogen, and converts the peptides into a solid gel [76, 77].

Charged bio-polymers, such as chondroitin sulfate, alginate, and hyaluronan, 
can be electrostatically crosslinked by oppositely charged ions [78]; to crosslink 
alginate, for example, calcium ions are used. Ionic crosslinking can also become 
photo-controllable. Photoliable chelators for calcium, such as DM-nitrophen 
(a brand name for 1- (2-nitro-4,5- dimethoxyphenyl)- N,N,N’,N’-tetrakis 
[(oxycarbonyl) methyl]-1,2-ethanediamine), were used as “calcium cages” 
to temporarily bind to calcium ions and neutralize the ions’ charges; upon 
 irradiation, however, these chelators degrade and release the calcium ions, 
which then crosslink the charged polymers [79].

Microfabrication Platforms

Scanning Laser Stereolithography (SLS)

SLS by Continuous-Wave (CW) Laser

The main components of a SLS microfabrication platform include a colli-
mated laser and an optical lens; the lens focuses the laser beam in a bath of 
photocrosslinkable monomer; at the focal point the monomer solidifies and 
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becomes a volumic pixel (or voxel) [80]. In fabricating a scaffolding micro-
structure, a SLS platform scans the monomer with the focused laser beam, 
moving the focal point along a three-dimensional route and creating con-
tinuous voxels for the microstructure. The minimum feature that a CW-SLS 
platform can develop equals the size of a voxel, which is about 100–500 
microns. The scanning of the focal point, relative to the monomer bath, can 
be created by either moving the monomer bath by a three-dimensional stage 
or moving the focal point by motorized optics.

SLS by Femtosecond Pulsed (fs) Laser

The minimum features created by using SLS with fs-laser are drastically 
finer than with CW laser; the typical size of voxels created by fs-SLS is 200 
nm (0.0002 mm) [81]. The mechanism behind the performance of fs-laser 
is named by “two-photon absorption,” a non-linear effect that takes place 
under sufficiently strong irradiation, as in the case of using fs-laser [82]. In 
two-photon absorption, a light-sensitive molecule, such as photoinitiators, 
becomes sensitive to photons half the energy level at which the absorption 
of a single photon takes place. For example, given that a molecule absorbs a 
wavelength only around 380 nm in single-photon absorption, in two- photon 
absorption it absorbs 760 nm light. Red to near-infrared (640–800  nm) 
femtosecond lasers are frequently used to create voxels in monomers that 
polymerize in ultraviolet (320–400 nm) light. Because the probability that 
two-photon absorption takes place in a molecule is in proportion to the 
square of light intensity [83], under focused fs irradiation the monomers 
polymerize in a very narrow region, in the order of 100 nm, around the 
focal point.

Projection-Printing Stereolithography

Projection-printing stereolithography (PPS) develops a microstructure by 
forming a sequence of cross-sectional slices in a photocurable monomer [84]. 
A typical PPS platform includes a sequence of photomasks to pattern the 
cross-sections of microstructure, a light source to illuminate the photomask 
patterns, and an optical lens to project the illuminated patterns onto the pho-
tocurable monomer and cure the monomer according to the patterns; the sur-
face of monomer turns into a thin cross-sectional slice upon the projection. 
After the formation of each cross-sectional slice, the microstructure is repo-
sitioned (downward) by the stage to prepare for creating another slice; this 
procedure is repeated until every cross-sectional slice for a microstructure 
is built. PPS differs from SLS in that the former generates a one-dimensional 
scanning (to stack the cross-sectional slices) to fabricate a three-dimensional 
structure, while the latter generates a three-dimensional scanning (by the 
3-D motion of a motorized optics) to create continuous, small voxels in three-
dimensional space. This gives PPS a much higher fabrication speed, espe-
cially for making larger tissue-engineering scaffolds. The resolution of PPS 
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microfabrication depends on the quality of the projecting lens; normally, the 
minimum feature that PPS can fabricate is thinner than 10 micrometers, or 
at a cellular scale.

The photomasks for PPS can be fabricated like the ones for electronics pho-
tolithography [85]; however, it is more convenient and cost-efficient to use 
a dynamic photomask instead. The DLP chipsets (from Texas Instruments) 
for digital micromirror display are widely used digital photomasks [86, 87]. 
A  DLP chip has on its surface more than a million digitally controllable 
micromirrors; each micromirror can be electrostatically tilted to an “on” 
or an “off” state. Upon an illumination, the micromirrors at the “on” state 
reflect the incident light toward the projecting lens and become the bright 
pixels at the projected curing image. Using this dynamic mask, therefore, the 
photomask pattern for each cross-sectional slice of a microstructure becomes 
programmable, making scaffold microfabrication faster and easier.

Syringe-Pump Microfabrication

In syringe-pump microfabrication (SPM), monomers for microstructure are 
extruded at a stable rate from a microsyringe, which is actuated by a syringe 
pump. The monomer squeezed from the needle is immediately cured to form 
a continuous, micron-scaled line to construct microstructures; the method 
to cure the monomer depends on which type of crosslinkable material the 
monomer is. To cure alginic acid, for example, the needle tip is submersed in 
a calcium chloride solution; the extruded alginic acid is thus crosslinked by 
calcium ions through electrostatic binding [88]. As well, to cure a photocross-
linkable monomer, the tip of the needle can be continuously exposed to a 
curing wavelength [89]. The minimum feature (diameter of the line) created 
by this method is about 1 micron. Similar to SLS microfabrication, SPM is a 
3-D scanning method and includes a three-dimensional motorized system 
to continuously change the relative position between the syringe tip and the 
fabricated microstructure.

Selecting a Microfabrication Platform

In making microstructures for tissue engineering, it is important to select 
a fabrication platform to comply with the material properties of monomers, 
the solidifying mechanism, and the geometry of fabricated scaffolds. SLS 
and PPS platforms, for instance, are limited for photopolymerizable mono-
mers. On the other hand, microsyringe stereolithography has the advantage 
that it is applicable to every type of the aforementioned crosslinking mecha-
nism, including ionic and catalyzed crosslinking. Manufacturing resolution 
is another important issue to consider. For example, SLS with femtosecond 
laser offers sub-micron resolution and is suitable for patterning subcellu-
lar-scaled microstructures, while the other platforms are more suitable for 
making cellular-scaled microstructures. The time for creating scaffolds is 
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another important issue. The speed of scaffold manufacturing impacts 
fabrication cost and the feasibility for clinical applications. Longer manu-
facturing time also impacts cell viability when making cell-encapsulating 
scaffolds. Because CW-SLS, fs-SLS, and microsyringe stereolithography are 
3-D volumic scanning methods, the time for making one scaffold using these 
platforms is proportional to the scaffold volume, or the 3rd order of scaffold 
dimension; these platforms become very inefficient for building scaffolds of 
centimeter size. Compared to other platforms, PPS-developed microstruc-
tures through the aforementioned 1-D scanning have the advantage of build-
ing large scaffolds at a much higher fabrication rate. Table 9.2 summarizes 
the different aspects of the aforementioned platforms: their working prin-
ciples, fabrication speed, structure resolutions, and suitable monomer types.

Supercritical CO2 and Gas-foamed Scaffolds

Gas foaming is a technique that allows for processing polymers such as 
PLGA into highly porous scaffolds without using organic solvents or high 
temperature, which facilitates incorporating sensitive biological signals such 
as growth factors or nucleic acids. Supercritical CO2 has been employed to 
make polymeric scaffolds at approximately 31°C and 1500 psi. Under these 
conditions, the biomolecules remain intact while the polymer transforms 
into a liquid stage, and therefore encapsulation of biomolecules within the 
polymer can be achieved. When the pressure is decreased to ambient condi-
tions, the polymer reverts to a solid state and swells during the removal of 
CO2; a sponge-like scaffold is formed that is directly related to the rate of 
CO2 removal (Figure 9.4). Howdle and colleagues have performed extensive 
research on this topic using a variety of polymers, biomolecules, and even cells 
to form porous scaffolds for non-viral gene delivery and tissue engineering 
applications [90–93]. Plasmid DNA was complexed with a cationic poly-
mer and deposited on the PLA powder before freeze drying. The mixture 
was then exposed to supercritical CO2 at 35°C and 2500 psi. The pressure was 
gradually released to form porous constructs encapsulating the polyplexes. 
The resulting scaffolds showed a sustained release of functional polyplexes 
from the scaffolds, with a moderate level of transfection over 60 days. This 
study demonstrates the potential of using supercritical CO2-sustained deliv-
ery of functional polyplexes. Ginty et al. have evaluated viability of multiple 
cell lines (C2C12 cell line, 3T3 fibroblasts, chondrocytes, and hepatocytes) 
under supercritical conditions (35°C and 1070 psi) [94]. Cell/polymer com-
posites were exposed to supercritical CO2 for 30 seconds with an  additional 
80 seconds for pressurization and depressurization of the cylinder. Cell 
viability was confirmed and osteogenic differentiation of C2C12 cells was 
shown by alkaline phosphatase staining. Combining the supercritical 
technique of scaffold fabrication with biomolecule encapsulation provides 
a versatile platform for delivering biological cues from 3D depot to guide 
 tissue regeneration. High-pressure CO2 (800 psi) has also been demonstrated 



212
Biom

aterials Science: A
n Integrated C

linical and Engineering A
pproach

TABlE 9.2

Microfabrication Platforms for Tissue Engineering Scaffolds

cw-SLS fs-SLS PPS SPM

Working Principle Photocrosslinking Photocrosslinking by 
two-photon 
absorption

Photocrosslinking Extrusion and curing

Method to Create 3-D Microstructures 3-D Scanning 3-D Scanning 1-D Scanning 3-D Scanning
Suitable Monomers Photocrosslinkable Photocrosslinkable Photocrosslinkable Versatile
Structure Resolution (micron) 100 0.1 10 1
Fabrication Time Proportional to volume 

(∝L3)
Proportional to volume 
(∝L3)

Proportional to the 
number of cross-
sectional slices (∝L)

Proportional to volume 
(∝L3)

Abbreviations:
Cw-SLS: Scanning laser stereolithography by continuous-wave laser
fs-SLS: Scanning laser stereolithography by femtosecond pulsed laser
PPS: Projection-printing stereolithography
SPM: Syringe-pump microfabrication
L: Dimension of scaffold such as a length, width, or height
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to fabricate porous PLA scaffolds for bone tissue engineering applications 
 [95–97]. The polymer discs are pre-formed by compressing ground particles 
in a hydraulic press and subsequently exposing the disc to high pressure for 
48–72 hours. A porogen can also be used during this process to increase the 
porosity of the final scaffold. These scaffolds have been used for the delivery 
of polyplexes, naked plasmid, and growth factors for bone tissue engineer-
ing with excellent outcomes.

Self-Assembly from Amphiphilic Peptide

Amphiphilic peptides are molecular building blocks for forming highly 
porous scaffold by self-assembly [98]. A typical amphiphilic peptide contains 
four domains: (i) a hydrophobic site, (ii) a self-assembly site to form one-
dimensional alignment with other peptides, (iii) a charged peptide to promote 
hydrophilicity, and (iv) a bioactive peptide [99] (Figure 9.5). In an acidic envi-
ronment (pH < 5), which protonates carboxylic residues, these peptides form 
hydrogen bonds between each other and then form one-dimensional (1-D) 
β-sheet structures. Driven by thermodynamic law, the hydrophobic sides of 
the peptides aggregate and cause the β-sheets to self-assemble further, form-
ing cylindrical micelles. These cylindrical micelles form long, interconnected 
nanofibers (50–200 nm in diameter), which turn the amphiphilic peptide 
solution into a water-insoluble hydrogel network. These peptide hydrogels 
are reported to promote cell adhesion and proliferation by incorporating rel-
evant biological sequence [99]. A hydrophobic site other than alkane chains 
[98, 99] may further promote the forming of nanofibers. Ma and coworkers 
[100] used aromatic compounds, such as pyrene and fluorene, for the hydro-
phobic site; their report suggests that the π-π stacking among the aromatic 
compounds adds to the 1-D alignment among the peptides. Low mechani-
cal strength is one technical challenge of using  self-assembling  peptides. 

(a) (b)

FIGuRE 9.4

Micro‐CT images of a) the 30 and b) 60 min vented scaffolds. Changes in porosity, pore size 
and interconnectivity are clearly visible from the images (From J Mater Sci 41: 4197–4204, 2006. 
With permission from the Publisher.)
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To address this problem, Cui and coworkers [101] synthesized an amphiphilic 
peptide with diacetylene moiety at the hydrophobic site. After self-assembly, 
the as-formed nanofibers were crosslinked using UV light and reinforced 
the nanofiber network. The photocrosslinking among peptides, however, 
may lead to non-biodegradable scaffolds. The need for acidic solution to 
induce self-assembly is also an issue for encapsulating cells. Alternatively, 
Greenfield et al. [102] used calcium ions to induce nanofiber assembly by 
forming salt bridges between the peptides. Rheological testing showed that 
these calcium-bound nanofibers have a higher rigidity compared to nanofi-
bers assembled by hydrogen bonds.

A

B

C

2 4

3

5
1

FIGuRE 9.5
(A) Chemical structure of the peptide amphiphile, highlighting five key structural features. 
Region 1 is a long alkyl tail that conveys hydrophobic character to the molecule and, when com-
bined with the peptide region, makes the molecule amphiphilic. Region 2 is composed of four 
consecutive cysteine residues that when oxidized may form disulfide bonds to polymerize the 
self‐assembled structure. Region 3 is a flexible linker region of three glycine residues to provide 
the hydrophilic head group flexibility from the more rigid cross‐linked region. Region 4 is a 
single phosphorylated serine residue that is designed to interact strongly with calcium ions and 
help direct mineralization of hydroxyapatite. Region 5 displays the cell adhesion ligand RGD. 
(B) Molecular model of the PA showing the overall conical shape of the molecule going from 
the narrow hydrophobic tail to the bulkier peptide region. Color scheme: C, black; H, white; O, 
red; N, blue; P, cyan; S, yellow. (C) Schematic showing the self‐assembly of PA molecules into 
a cylindrical micelle. (From Science 294: 1684–1688, 2001. With permission from the Publisher.)
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Electrospun nanofibers

Electrospinning is a method of fabricating unlimitedly long nanofibers (100–
200 nm in diameter) from a viscous polymer [103]. An electrospinning plat-
form consists of a syringe, a direct current (DC) power source connected to the 
needle of the syringe, a syringe pump to extrude polymers, and a grounded 
plate to collect polymers. During fabrication, the polymer extruded from the 
syringe needle is highly charged (10–100 kV) by the DC power and is stretched 
by electrostatic repulsion between the polymer molecules; the electrostatic 
force induces a jet of polymer toward the grounded plate. Before reaching the 
grounded plate, as a result of charge repulsion the polymer jet performs a 
whipping motion, which leads to elongated, thin polymer fibers of submicron 
diameters. For most applications, the fibrous polymer should be solidified 
after being deposited onto the grounded plate; this can be achieved by using 
either a molten polymer that turns solid at room temperature, a dissolved 
polymer that rapidly dries, or a pre-polymer that solidifies in a post-crosslink-
ing. Compared to other scaffolding materials, electrospun nanofibers have an 
advantage of higher mechanical strength; the electrospinning process allows 
creating nanofibers from organic or inorganic materials of high Young’s mod-
ulus. Nanofibers woven from strong, synthetic materials, such as poly(lactic-
co-glycolic acid) (PLGA) and polycaprolactone (PCL), have been intensively 
used to create electrospun scaffolds for bone regeneration [103].

In addition to synthetic polymers, electrospinning has also been applied 
to fabricate scaffolds from natural materials. Rnjak and coworkers [104] cre-
ated a synthetic elastin scaffold from human tropoelastin and tropocollagen. 
Human dermal fibroblasts adhered to and proliferated across the electro-
spun nanofibers and deposited extracellular matrix proteins, such as type 
I collagen and fibronectin. The mechanical modulus of the created elastin 
scaffold was 0.3–1 MPa, which is comparable to the strength of human skin. 
The application of electrospun nanofibers is normally for 2-dimensional cell 
cultures; sheets of nanofibers could be applied to suturing surface tissues, 
such as at artery walls. To explore the application of electrospun sheets in 
3D, Panseri and coworkers [105] created a cylindrical grounded collector 
to weave PLGA/PCL nanofibers into tubular sheets or tubes. Their report 
shows that the electrospun tubes effectively induced nervous regeneration 
of the severed nerve tracts in a rat model.

Conclusions

While significant progress has been made in musculoskeletal tissue engineer-
ing research, translating these technologies into tissue engineering products 
has been slow, and a huge lag remains between research findings and commer-
cially available products. Further research is needed to address the challenges, 
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including vascularizing tissue engineered constructs, tissue heterogeneity, 
host-tissue integration, overcoming immunogenicity, and improved mechani-
cal properties. When designing a tissue engineering strategy, it is important 
to also consider the ease of use by clinicians for specific applications. While 
the FDA approval process is often long and costly for tissue engineering prod-
ucts, recent approval of musculoskeletal tissue engineering products releasing 
biologics or cells suggest more acceptance of advanced technology. Cell-based 
therapies that utilize differentiated cells or adult stem cells will likely be the 
first ones that get translated into clinical settings. Future efforts on better 
understanding of cell–niche interactions is also crucial, and recent advances 
in combinatorial approach for studying cell–materials interactions will likely 
provide a useful tool for further advances in this direction. In vivo testing of 
musculoskeletal tissue engineering products in appropriate animal models is 
crucial and will warrant the successful development of functional tissue sub-
stitutes for repairing musculoskeletal tissue injuries.

References

 1. Lanza, R.P., R.S. Langer, and J. Vacanti. 2007. Principles of tissue engineering. 3rd 
ed. Boston: Elsevier/Academic Press. xxvii, 1307 p.

 2. Hutmacher, D.W. 2000. Scaffolds in tissue engineering bone and cartilage. 
Biomaterials, 21(24): 2529–43.

 3. Ratner, B.D. 2004. Biomaterials science: An introduction to materials in medicine. 2nd 
ed. Boston: Elsevier/Academic Press. xii, 851 p.

 4. Atala A. and D.J. Mooney. 1997. Synthetic biodegradable polymer scaffolds. 
Tissue Engineering. Boston: Birkhäuser. xii, 258 p.

 5. ElÇin, Y.M. 2003. Tissue engineering, stem cells, and gene therapies. Advances in 
experimental medicine and biology. New York: Kluwer Academic/Plenum 
Publishers. ix, 340 p.

 6. Guilak, F. 2003. Functional tissue engineering. New York: Springer. xvi, 426 p.
 7. Choi, K.H., et al. 2010. The chondrogenic differentiation of mesenchymal stem 

cells on an extracellular matrix scaffold derived from porcine chondrocytes. 
Biomaterials 31(20): 5355–65.

 8. Lareu, R.R., et al. 2007. In vitro enhancement of collagen matrix formation and 
crosslinking for applications in tissue engineering: A preliminary study. Tissue 
Eng 13(2): 385–91.

 9. Sengupta, D. and S.C. Heilshorn. 2010. Protein-engineered biomaterials: Highly 
tunable tissue engineering scaffolds. Tissue Eng Part B Rev 16(3): 285–93.

 10. Dai, H., et al. 2005. Nonequilibrium synthesis and assembly of hybrid inor-
ganic–protein nanostructures using an engineered DNA binding protein. J Am 
Chem Soc 127(44): 15637–43.

 11. Lv, S., et al. 2010. Designed biomaterials to mimic the mechanical properties of 
muscles. Nature 465(7294): 69–73.



217Tissue Engineering: Focus on the Musculoskeletal System

 12. Sherwood, J.K., et al. 2002. A three-dimensional osteochondral composite scaf-
fold for articular cartilage repair. Biomaterials 23(24): 4739–51.

 13. Engelmayr, G.C., Jr., et al. 2008. Accordion-like honeycombs for tissue engineer-
ing of cardiac anisotropy. Nat Mater 7(12): 1003–10.

 14. Zimmermann, W.H. 2008. Tissue engineering: Polymers flex their muscles. Nat 
Mater 7(12): 932–33.

 15. Engler, A.J., et al. 2006. Matrix elasticity directs stem cell lineage specification. 
Cell 126(4): 677–89.

 16. Benoit, D.S., et al. 2008. Small functional groups for controlled differentiation of 
hydrogel-encapsulated human mesenchymal stem cells. Nat Mater 7(10): 816–23.

 17. Hofmann, M., et al. 2005. Monitoring of bone marrow cell homing into the 
infarcted human myocardium. Circulation 111(17): 2198–202.

 18. Toma, C., et al. 2002. Human mesenchymal stem cells differentiate to a cardio-
myocyte phenotype in the adult murine heart. Circulation 105(1): 93–8.

 19. Lim, F. and A.M. Sun. 1980. Microencapsulated islets as bioartificial endocrine 
pancreas. Science 210(4472): 908–10.

 20. Mazumder, M.A., et al. 2009. Core-cross-linked alginate microcapsules for cell 
encapsulation. Biomacromolecules 10(6): 1365–73.

 21. Nuttelman, C.R., M.C. Tripodi, and K.S. Anseth. 2005. Synthetic hydrogel niches 
that promote hMSC viability. Matrix Biol 24(3): 208–18.

 22. Nuttelman, C.R., et al. 2008. Macromolecular monomers for the synthesis of 
hydrogel niches and their application in cell encapsulation and tissue engineer-
ing. Prog Polym Sci 33(2): 167–179.

 23. Rice, M.A., J. Sanchez-Adams, and K.S. Anseth. 2006. Exogenously triggered, 
enzymatic degradation of photopolymerized hydrogels with polycaprolac-
tone subunits: Experimental observation and modeling of mass loss behavior. 
Biomacromolecules 7(6): 1968–75.

 24. Lee, S.H., J.J. Moon, and J.L. West. 2008. Three-dimensional micropatterning of 
bioactive hydrogels via two-photon laser scanning photolithography for guided 
3D cell migration. Biomaterials 29(20): 2962–68.

 25. Salinas, C.N., et al. 2007. Chondrogenic differentiation potential of human mes-
enchymal stem cells photoencapsulated within poly(ethylene glycol)-arginine-
glycine-aspartic acid-serine thiol-methacrylate mixed-mode networks. Tissue 
Eng 13(5): 1025–34.

 26. Li, Z., et al. 2009. Injectable, highly flexible, and thermosensitive hydrogels 
capable of delivering superoxide dismutase. Biomacromolecules 10(12): 3306–16.

 27. Zhang, J., et al. 2008. The targeted behavior of thermally responsive nanohydro-
gel evaluated by NIR system in mouse model. J Control Release 131(1): 34–40.

 28. Xu, J. and J. Song. 2010. High performance shape memory polymer networks 
based on rigid nanoparticle cores. Proc Natl Acad Sci USA 107(17): 7652–57.

 29. Gimble, J.M., A.J. Katz, and B.A. Bunnell. 2007. Adipose-derived stem cells for 
regenerative medicine. Circ Res 100(9): 1249–60.

 30. Rehman, J., et al. 2004. Secretion of angiogenic and antiapoptotic factors by 
human adipose stromal cells. Circulation 109(10): 1292–98.

 31. Takahashi, K. and S. Yamanaka. 2006. Induction of pluripotent stem cells from 
mouse embryonic and adult fibroblast cultures by defined factors. Cell 126(4): 
663–76.

 32. Yamanaka, S. 2009. A fresh look at iPS cells. Cell 137(1): 13–17.



218 Biomaterials Science: An Integrated Clinical and Engineering Approach

 33. Okita, K., T. Ichisaka, and S. Yamanaka. 2007. Generation of germline- competent 
induced pluripotent stem cells. Nature 448(7151): 313–17.

 34. Benveniste, P., et al. 2003. Hematopoietic stem cells engraft in mice with abso-
lute efficiency. Nat Immunol 4(7): 708–13.

 35. Lapidot, T., A. Dar, and O. Kollet. 2005. How do stem cells find their way home? 
Blood 106(6): 1901–10.

 36. Jung, Y., et al. 2006. Regulation of SDF-1 (CXCL12) production by osteoblasts: 
A possible mechanism for stem cell homing. Bone 38(4): 497–508.

 37. Aiuti, A., et al. 1997. The chemokine SDF-1 is a chemoattractant for human 
CD34+ hematopoietic progenitor cells and provides a new mechanism to 
explain the mobilization of CD34+ progenitors to peripheral blood. J Exp Med 
185(1): 111–120.

 38. Schantz, J.T., H. Chim, and M. Whiteman. 2007. Cell guidance in tissue engineer-
ing: SDF-1 mediates site-directed homing of mesenchymal stem cells within 
three-dimensional polycaprolactone scaffolds. Tissue Eng 13(11): 2615–24.

 39. NIH. 2009. rhBMP-2 versus autograft in critical size tibial defects. [cited 2010 
Sept. 6]; Available from: http://clinicaltrials.gov/ct2/show/NCT00853489.

 40. Axelrad, T.W. and T.A. Einhorn. 2009. Bone morphogenetic proteins in ortho-
paedic surgery. Cytokine Growth Factor Rev 20(5–6): 481–88.

 41. Moghaddam, A., et al. 2010. Clinical application of BMP 7 in long bone non-
unions. Arch Orthop Trauma Surg 130(1): 71–76.

 42. Johnsson, R., B. Stromqvist, and P. Aspenberg. 2002. Randomized radioste-
reometric study comparing osteogenic protein-1 (BMP-7) and autograft bone 
in human noninstrumented posterolateral lumbar fusion: 2002 Volvo Award in 
clinical studies. Spine (Philadelphia, Pa 1976), 27(23): 2654–61.

 43. Aspenberg, P., et al. 2010. Teriparatide for acceleration of fracture repair in 
humans: A prospective, randomized, double-blind study of 102 postmeno-
pausal women with distal radial fractures. J Bone Miner Res 25(2): 404–14.

 44. Bessa, P.C., M. Casal, and R.L. Reis. 2008. Bone morphogenetic proteins in tissue 
engineering: The road from laboratory to clinic, part II (BMP delivery). J Tissue 
Eng Regen Med 2(2–3): 81–96.

 45. Lane, N.E. and S.L. Silverman. 2010. Anabolic therapies. Curr Osteoporos Rep 
8(1): 23–27.

 46. Padhi, D., et al. 2010. Single-dose, placebo-controlled, randomized study of 
AMG 785, a sclerostin monoclonal antibody. J Bone Miner Res. 26(1): 16–26.

 47. Kumar, S., et al. 2010. Mesenchymal stem cells expressing osteogenic and angio-
genic factors synergistically enhance bone formation in a mouse model of seg-
mental bone defect. Mol Ther 18(5): 1026–34.

 48. Gerber, H.P., et al. 1999. VEGF couples hypertrophic cartilage remodeling, ossifica-
tion and angiogenesis during endochondral bone formation. Nat Med 5(6): 623–28.

 49. Kanczler, J.M., et al. 2010. The effect of the delivery of vascular endothelial 
growth factor and bone morphogenic protein-2 to osteoprogenitor cell popula-
tions on bone formation. Biomaterials 31(6): 1242–50.

 50. Li, J., et al. 2010. Synergistic effects of FGF-2 and PDGF-BB on angiogenesis and 
muscle regeneration in rabbit hindlimb ischemia model. Microvasc Res 80(1): 10–17.

 51. Rayssac, A., et al. 2009. IRES-based vector coexpressing FGF2 and Cyr61 provides 
synergistic and safe therapeutics of lower limb ischemia. Mol Ther 17(12): 2010–9.

 52. Luo, D. and W.M. Saltzman. 2000. Synthetic DNA delivery systems. Nat 
Biotechnol 18(1): 33–37.



219Tissue Engineering: Focus on the Musculoskeletal System

 53. Yang, F., et al. 2009. Gene delivery to human adult and embryonic cell-derived 
stem cells using biodegradable nanoparticulate polymeric vectors. Gene Ther 
16(4): 533–46.

 54. Miller, A.M. and D.A. Dean. 2009. Tissue-specific and transcription factor-medi-
ated nuclear entry of DNA. Adv Drug Deliv Rev 61(7–8): 603–13.

 55. Lam, A.P. and D.A. Dean. 2010. Progress and prospects: Nuclear import of non-
viral vectors. Gene Ther 17(4): 439–47.

 56. Reich, Z. 2005. Nucleic acid constructs capable of high efficiency delivery of 
polynucleotides into DNA containing organelles and methods of utilizing same. 
United States Patent Application.

 57. Breuzard, G., et al. 2008. Nuclear delivery of NFkappaB-assisted DNA/polymer 
complexes: Plasmid DNA quantitation by confocal laser scanning microscopy and 
evidence of nuclear polyplexes by FRET imaging. Nucleic Acids Res 36(12): e71.

 58. Miller, A.M. and D.A. Dean. 2008. Cell-specific nuclear import of plasmid 
DNA in smooth muscle requires tissue-specific transcription factors and DNA 
sequences. Gene Ther 15(15): 1107–15.

 59. Shen, Y., et al. 2009. High mobility group box 1 protein enhances polyethyleni-
mine mediated gene delivery in vitro. Int J Pharm 375(1–2): 140–47.

 60. Fire, A., et al. 1998. Potent and specific genetic interference by double-stranded 
RNA in Caenorhabditis elegans. Nature 391(6669): 806–11.

 61. Whitehead, K.A., R. Langer, and D.G. Anderson. 2009. Knocking down barriers: 
Advances in siRNA delivery. Nat Rev Drug Discov 8(2): 129–38.

 62. DeVincenzo, J., et al. 2008. Evaluation of the safety, tolerability and pharma-
cokinetics of ALN-RSV01, a novel RNAi antiviral therapeutic directed against 
respiratory syncytial virus (RSV). Antiviral Res 77(3): 225–31.

 63. Grzelinski, M., et al. RNA interference-mediated gene silencing of pleiotrophin 
through polyethylenimine-complexed small interfering RNAs in vivo exerts 
 antitumoral effects in glioblastoma xenografts. Hum Gene Ther 2006. 17(7): 751–66.

 64. Schiffelers, R.M., et al. 2005. Effects of treatment with small interfering RNA 
on joint inflammation in mice with collagen-induced arthritis. Arthritis Rheum 
52(4): 1314–18.

 65. Palsson, B.O. and S.N. Bhatia. 2004. Tailoring biomaterials, in Tissue Engineering, 
pp. 270–287. Upper Saddle River, NJ: Pearson Prentice Hall.

 66. Houchin-Ray, T., et al. 2007. Patterned PLG substrates for localized DNA deliv-
ery and directed neurite extension. Biomaterials 28(16): 2603–11.

 67. Osathanon, T., C.M. Giachelli, and M.J. Somerman. 2009. Immobilization of 
alkaline phosphatase on microporous nanofibrous fibrin scaffolds for bone tis-
sue engineering. Biomaterials 30(27): 4513–21.

 68. Suri, S. and C.E. Schmidt. 2010. Cell-laden hydrogel constructs of hyaluronic 
acid, collagen, and laminin for neural tissue engineering. Tissue Eng Part A 
16(5): 1703–16.

 69. Van Den Bulcke, A.I., et al. 2000. Structural and rheological properties of meth-
acrylamide modified gelatin hydrogels. Biomacromolecules 1(1): 31–38.

 70. Lee, S.H., et al. 2009. Rapid formation of acrylated microstructures by microwave-
induced thermal crosslinking. Macromol Rapid Commun 30(16): 1382–1386.

 71. Fedorovich, N.E., et al. 2009. The effect of photopolymerization on stem cells 
embedded in hydrogels. Biomaterials 30(3): 344–53.

 72. Nguyen, K.T. and J.L. West. 2002. Photopolymerizable hydrogels for tissue engi-
neering applications. Biomaterials 23(22): 4307–14.



220 Biomaterials Science: An Integrated Clinical and Engineering Approach

 73. Ahmed, T.A., E.V. Dare, and M. Hincke. 2008. Fibrin: A versatile scaffold for tis-
sue engineering applications. Tissue Eng Part B Rev 14(2): 199–215.

 74. Berdajs, D., et al. 2010. Seal properties of TachoSil: In vitro hemodynamic mea-
surements. Interact Cardiovasc Thorac Surg 10(6): 910–13.

 75. Miyamoto, H., et al. 2010. The effects of sheet-type absorbable topical collagen 
hemostat used to prevent pulmonary fistula after lung surgery. Ann Thorac 
Cardiovasc Surg 16(1): 16–20.

 76. Karpel, R., G. Marx, and M. Chevion. 1991. Free radical-induced fibrinogen 
coagulation: modulation of neofibe formation by concentration, pH and tem-
perature. Isr J Med Sci 27(2): 61–66.

 77. Elvin, C.M., et al. 2009. The development of photochemically crosslinked native 
fibrinogen as a rapidly formed and mechanically strong surgical tissue sealant. 
Biomaterials 30(11): 2059–65.

 78. Chu, C., et al. 2009. Three-dimensional synthetic niche components to control 
germ cell proliferation. Tissue Eng Part A 15(2): 255–62.

 79. Chueh, B.H., et al. 2010. Patterning alginate hydrogels using light-directed release 
of caged calcium in a microfluidic device. Biomed Microdevices 12(1): 145–51.

 80. Lee, J.W., et al. 2008. Fabrication and characteristic analysis of a poly(propylene 
fumarate) scaffold using micro-stereolithography technology. J Biomed Mater 
Res B Appl Biomater 87(1): 1–9.

 81. Ovsianikov, A., et al. 2007. Two-photon polymerization technique for microfab-
rication of CAD-designed 3D scaffolds from commercially available photosensi-
tive materials. J Tissue Eng Regen Med 1(6): 443–49.

 82. Li, L., et al. 2009. Achieving lambda/20 resolution by one-color initiation and 
deactivation of polymerization. Science 324(5929): 910–13.

 83. Oheim, M., et al. 2006. Principles of two-photon excitation fluorescence micros-
copy and other nonlinear imaging approaches. Adv Drug Deliv Rev 58(7): 788–808.

 84. Han, L.H., et al. 2010. Fabrication of three-dimensional scaffolds for heteroge-
neous tissue engineering. Biomed Microdevices 12(4): 721–25.

 85. Madou, M.J. 2002. Fundamentals of Microfabrication: The Science of Miniaturization. 
2nd ed., Boca Raton, FL: CRC Press.

 86. Singh-Gasson, S., et al. 1999. Maskless fabrication of light-directed oligonucle-
otide microarrays using a digital micromirror array. Nat Biotechnol 17(10): 974–78.

 87. Han, L.H., et al. 2010. Fluorinated colloidal emulsion of photochangeable rhe-
ological behavior as a sacrificial agent to fabricate organic, three-dimensional 
microstructures. Langmuir 26(9): 6108–6110.

 88. Khalil, S. and W. Sun. 2009. Bioprinting endothelial cells with alginate for 3D 
tissue constructs. J Biomech Eng 131(11): 111,002–111,008.

 89. Barry, R.A., et al. 2009. Direct-write assembly of 3D hydrogel scaffolds for 
guided cell growth. Advanced Materials 21(23): 2407–10.

 90. Heyde, M., et al. 2007. Development of a slow non-viral DNA release system 
from PDLLA scaffolds fabricated using a supercritical CO2 technique. Biotechnol 
Bioeng 98(3): 679–93.

 91. Tai, H., et al. 2007. Putting the fizz into chemistry: Applications of supercritical 
carbon dioxide in tissue engineering, drug delivery and synthesis of novel block 
copolymers. Biochem Soc Trans 35(Pt 3): 516–21.

 92. Tai, H., et al. 2007. Control of pore size and structure of tissue engineering scaf-
folds produced by supercritical fluid processing. Eur Cell Mater 14: 64–77.



221Tissue Engineering: Focus on the Musculoskeletal System

 93. Barry, J.J., et al. 2006. Porous methacrylate tissue engineering scaffolds: Using 
carbon dioxide to control porosity and interconnectivity. J Mater Sci 41: 
4197–4204.

 94. Ginty, P.J., et al. 2006. Mammalian cell survival and processing in supercritical 
CO2. Proc Natl Acad Sci U S A 103(19): 7426–31.

 95. Huang, Y.C., et al. 2005. Bone regeneration in a rat cranial defect with delivery 
of PEI-condensed plasmid DNA encoding for bone morphogenetic protein-4 
(BMP-4). Gene Ther 12(5): 418–26.

 96. Huang, Y.C., et al. 2005. Combined angiogenic and osteogenic factor delivery 
enhances bone marrow stromal cell-driven bone regeneration. J Bone Miner Res 
20(5): 848–57.

 97. Kaigler, D., et al. 2006. VEGF scaffolds enhance angiogenesis and bone regen-
eration in irradiated osseous defects. J Bone Miner Res 21(5): 735–44.

 98. Semino, C.E. 2008. Self-assembling peptides: From bio-inspired materials to 
bone regeneration. J Dent Res 87(7): 606–16.

 99. Hartgerink, J.D., E. Beniash, and S.I. Stupp. 2001. Self-assembly and mineraliza-
tion of peptide-amphiphile nanofibers. Science 294(5547): 1684–88.

 100. Ma, M., et al. 2010. Aromatic-aromatic interactions induce the self-assembly 
of pentapeptidic derivatives in water to form nanofibers and supramolecular 
hydrogels. J Am Chem Soc 132(8): 2719–28.

 101. Cui, H., M.J. Webber, and S.I. Stupp. 2010. Self-assembly of peptide amphiphi-
les: From molecules to nanostructures to biomaterials. Biopolymers 94(1): 1–18.

 102. Greenfield, M.A., et al. 2010. Tunable mechanics of peptide nanofiber gels. 
Langmuir 26(5): 3641–7.

 103. Jang, J.H., O. Castano, and H.W. Kim. 2009. Electrospun materials as potential 
platforms for bone tissue engineering. Adv Drug Deliv Rev 61(12): 1065–83.

 104. Rnjak, J., et al. 2009. Primary human dermal fibroblast interactions with open 
weave three–dimensional scaffolds prepared from synthetic human elastin. 
Biomaterials 30(32): 6469–77.

 105. Panseri, S., et al. 2008. Electrospun micro- and nanofiber tubes for functional 
nervous regeneration in sciatic nerve transections. BMC Biotechnol 8: 39.



This page intentionally left blankThis page intentionally left blank



223

10
Regulatory Challenges in Biomaterials: 
Focus on Medical Devices*

Pablo Gurman, Orit Rabinovitz-Harison, Tim B. Hunter

* Information in this chapter is used with permission from Argonne National Laboratory, 
operated by UChicago Argonne, LLC, for the U.S. Department of Energy, under contract No. 
DE-AC02-06CH11357.

CONTENTS

Preface ................................................................................................................... 224
Introduction: Biomaterials and Regulation of Biomedical Research— 
A Historical Overview .......................................................................................225

A Brief History of the Development of Biomaterials ................................225
The Role of Ethics in Biomedical Research ................................................. 226
Regulation of Medical Devices in the United States, Europe, and 
Japan ................................................................................................................. 226
Brief History of the FDA ................................................................................227

FDA Organization and Operation .................................................................... 231
FDA Organization .......................................................................................... 231
FDA Standards ................................................................................................233

Voluntary Standards .................................................................................234
Mandatory Standards ...............................................................................235

FDA Pathways for the Approval of Medical Devices ...............................236
Medical Devices .........................................................................................236
Clinical Trials .............................................................................................. 240

Challenges in Regulatory Approval of Medical Devices .............................. 247
Technological Challenges .............................................................................. 248

Engineering and Medical Science Integration ....................................... 248
Customization of Implantable Medical Devices ................................... 249
Radiological Imaging of Implantable Medical Devices ....................... 252
Nanotechnology ........................................................................................256
Concerns Regarding New Technologies among the General 
Population .................................................................................................. 260

Ethical Challenges .......................................................................................... 260
Ethics vs. Economics ................................................................................. 260
Ethics vs. Time ...........................................................................................264



224 Biomaterials Science: An Integrated Clinical and Engineering Approach

Preface

The field of biomaterials has grown significantly over the last years. The con-
ceptual limits of the discipline have thus become confusing and a  matter of 
debate. Besides, since it is a multidisciplinary field, a  biomaterial may have 
many diverse definitions. One of these definitions states that biomaterials 
are “materials that are used in medical devices.” This  definition is supported 
by the fact that biomaterials are being currently used in as many as 8,000 
medical devices [1]. In addition, this multidisciplinary concept has an impor-
tant practical significance because biomaterials are being used with multiple 
applications in a variety of fields such as stem cells and tissue engineering, 
gene therapy, and micro-electro-mechanical/nano-electro-mechanical sys-
tems (MEMS/NEMS) [1, 2]. Moreover, biomaterials are incorporated into a 
variety of medical technologies and play a critical role in the failure or suc-
cess of these technologies. These technologies include cardiovascular and 
gastrointestinal stents, defibrillators, artificial hips, and pacemakers, all of 
which are appearing in increasing numbers in the market. These devices, 
which save the lives of millions of people in the world every year, must 
be manufactured with appropriate/functional biomaterials for optimum, 
robust, long-life performance when implanted in the human body.

The federal government of the United States has created a number of agencies 
in charge of ensuring that, once they enter the market, these products will per-
form as expected, without causing harm to the general population. The Food 
and Drug Administration (FDA) is the federal regulatory agency involved in 
the regulation of biomedical products, including those made of or using bio-
materials. The regulation of biomaterials involves several kinds of products, 
each of which is under the jurisdiction of one of the FDA divisions empowered 
to control their commercialization by enforcing manufacturers to comply with 
standards that ensure the safety and effectiveness of such products [3].

A major objective of this chapter is to focus on some of the regulatory 
challenges faced by medical devices containing biomaterials. In addition, 
the chapter aims to provide a general picture of the regulatory process for 
readers not involved in this subject. Finally, it is the intention of the author 
to use this chapter as a reminder of the great importance of these regulatory 
agencies, as they are critical for maintaining public health while allowing 
the introduction of innovative approaches and technologies in health care.
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The views and conclusions expressed in this work are those of the author 
and do not necessarily represent those of or imply endorsement from the 
Food and Drug Administration.

Introduction: Biomaterials and Regulation of 
Biomedical Research—A Historical Overview

A Brief History of the development of Biomaterials

If we take a brief look at our history, from the Paleolithic to the Industrial 
Revolution and the modern era of nuclear energy, we will see that humankind 
has dealt with drugs, food, and devices since very early times. By experimen-
tation with techniques and tools developed throughout our history, like that 
of knives made of stones, humans have learned how to use tools for medical 
purposes. The same concept applies to the use of medicines obtained from 
plants and food obtained by bioprospecting the natural resources of our 
world by the first hunters. We can track many of these facts by archeologi-
cal research and other sources. For example, a prosthetic used to replace an 
amputated toe was found in Theban tombs dated 1065–740 BC [4].

With the advent of new technologies, the science of biomaterials has 
evolved rapidly. This evolution has brought about several consequences, 
including a more intimate contact of materials with the human body, more 
complexity, and better performance. To better understand this technologi-
cal evolution, we can divide the history of biomaterial development in three 
stages. The first stage was characterized by a demand of materials capable 
of being implanted inside the body. At the beginning, these materials were 
taken from industrial raw materials and used in applications ranging from 
orthopedics to cardiovascular surgery and ophthalmology. However, they 
elicited unacceptable toxicity. Many materials were not biodegradable where 
biodegradability was desired. Of these classes of materials, we can mention 
pure metals that elicited toxicity by corrosion when exposed to the biologi-
cal media, polymers such as cellulose acetate (originally used for dialysis 
tubes), rubber, and ceramics such as zirconia. The second stage in biomateri-
als development took place during the 1970s, which provided materials that 
were not only biocompatible and biofunctional, but also biodegradable or 
bioactive. Among this “second generation” of biomaterials we can mention 
synthetic polymers such as absorbable sutures made of polylactic and poly-
glycolic acid or chitosan, bioactive ceramics such as calcium phosphate, and 
biodegradable ceramics such as hydroxyapatite, used in metallic prostheses 
to improve fixation to the bone. The third stage encompasses the develop-
ment of biomaterials since 2000 to the present. These materials are both 
bioactive and biodegradable and take advantage of new microfabrication 
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and nanofabrication techniques that make these materials very complex by 
introducing sensing and actuating elements. Examples of third-generation 
biomaterials are the bio-micro-electro mechanical systems (BioMEMS) [1].

The Role of Ethics in Biomedical Research

As more complex devices were developed as a consequence of human needs 
and technological evolution, many ethical issues emerged. In many cases, 
the development and testing of new medical products has been carried out 
while ignoring these ethical implications, following only economic profits 
as the main goal and bringing catastrophic consequences to the patients 
(Figure  10.7). In the best scenario, these practices were developed without 
weighing the risks against the benefits for the patient [5, 6]. It was not until the 
end of World War II, after the atrocity of the Nazi genocide, which included 
human experimentation, that the first code of conduct for research on humans 
was written and approved, in Nuremberg in 1947. The Nuremberg code stated 
three principles for conducting research on human subjects, namely: volun-
tary and informed consent, favorable risk-benefit analysis, and the right of 
the subject to withdrawn from the research at any time without further con-
sequences [6]. Later on, in 1964, the Helsinki Declaration was written by the 
World Medical Association. This declaration stated two fundamental princi-
ples in addition to the Nuremberg principles: a) the subject of research will be 
provided with the best treatment available, and b) care over the subject will 
be the first priority over the benefits for society. Then, in 1978, the Belmont 
Report was written, establishing three fundamental pillars for conducting 
biomedical research in human subjects: 1) respect for the human subject, 2) 
beneficence, and 3) justice [6]. Currently, the Helsinki Declaration (the latest 
amendment of which was approved in Seoul, Korea, in 2008) is being used as 
one of the main guidelines to conduct clinical research ethically [7].

Regulation of Medical devices in the united States, Europe, and Japan

In order to assess the safety, performance, and effectiveness of biomedical 
devices, to control their commercialization, and to protect the public health, 
several national agencies and worldwide private organizations are respon-
sible for overseeing the manufacture and market access of medical products. 
These agencies and organizations have different policies, according to national 
requirements. In Japan, the agency in charge is the Pharmaceutical and Medical 
Devices Agency (PMDA), although final authority falls under the jurisdic-
tion of the Japan Ministry of Health, Labor and Welfare (MHLW). Within the 
MHLW, the Pharmaceuticals and Food Safety Bureau reviews the regulation of 
pharmaceuticals, food, and medical devices. In Europe, there operates a decen-
tralized system based on Notified Bodies (NB), which are private organiza-
tions with authority to bestow the “CE” marking, which provides clearance for 
commercialization to medical device companies within European countries. 
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Notified Bodies are audited by the national agencies of each country (e.g., the 
Medicines and Healthcare Products Regulatory Agency, in the U.K.). As we 
shall discuss later during this chapter, within the United States, the Food and 
Drug Administration (FDA) takes responsibility for regulating medical devices 
and ensuring their safety and effectiveness for the general population [3, 8–11].

But why is this chapter oriented solely on the FDA? The reason to have cho-
sen the FDA for an overview of biomaterial-based medical device regulations 
is that it is not possible to describe in detail every aspect of the European, 
Japanese, and U.S. regulatory agencies. Accomplishing this task would 
require more than one chapter; otherwise there is the risk of confusing read-
ers with a plethora of policies and names. Instead, briefing a few useful con-
cepts in biomaterial-medical device regulation is the scope of this chapter. 
Moreover, the FDA is one of the most important agencies worldwide, playing 
a very significant role, since United States leads the pharmaceutical and med-
ical device market. Finally, the FDA has launched innovative initiatives such 
as the regulation of nanotechnology products and the Critical Path Initiative, 
which provides an oversight of innovative initiatives in regulation of bio-
materials and medical devices. However, since both European and Japanese 
regulatory systems are also key players in the global scenario of regulation 
of biomedical products, some aspects of these as well are summarized here 
(Table  10.1). The list is by no means complete, and interested readers are 
referred to the websites of the regulatory agencies, private organizations, and 
the referred literature. We suggest scanning the table and returning to it after 
finishing this chapter in order to get a better understanding of its contents.

Brief History of the FdA

The Food and Drug Administration (FDA), a federal agency within the 
United States Department of Health and Human Services, is “responsible 
for protecting the public health by ensuring the safety, efficacy and security 
of human and veterinary drugs, biological products, medical devices, food 
supply, cosmetics and products that emit radiation” [3]. The FDA was created 
as a result of several laws that were approved by the Congress of the United 
States to protect public health. The first of these laws was the Food and Drug 
Act of 1906, launched to monitor meat and food quality to protect against 
any possible adulteration and to control medicines that were not properly 
labeled or that had questionable compounds (called “patent medicines,” but 
which, ironically, were never patented, to avoid having to disclose critical 
information about the ingredients needed to produce them). Later on, in 
1938, after a tragic episode where more than 100 patients died as a result of 
the presence of diethylene glycol in sulfonamide products, which had been 
used to create a liquid form of this antibiotic, a comprehensive law called 
the Federal Food and Drug Cosmetic Act was created in the United States to 
improve the safety of foods, drugs and cosmetics. With the tragedy of tha-
lidomide (contergan) in Europe (in the U.S. the drug had not been approved) 
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TABlE 10.1

Differences between United States, European, and Japanese Regulatory Agencies

Regulatory Agency United States Europe Japan References

History 1976 Medical Device 
Amendment

1990 Safe Medical Device 
Act

1997 Food and Drug 
Administration Act

2002 Medical Device User 
Fee and Modernization Act

In 1998 the 93/42/EEC Medical 
Device Directive (MDD) became 
fully operational that together with 
the Active Implantable Medical 
Device Directive 90/385/EEC and 
the In Vitro Medical Device 
Directive regulates medical device 
manufacturing and sale within 
Europe. The MDD demands either 
self-declaration of conformity with 
established standards or 
accreditation of standards 
compliance by a third party 
(Notified Bodies).

These standards are based on 
“essential requirements” that the 
product must fulfill, including 
safety, due performance, and 
technical issues regarding design 
and manufacturing of medical 
devices.

1997 Creation of the Pharmaceuticals 
and Drugs Evaluation Center 
(PMDC)

2004 creation of the Pharmaceutical 
Medical Device Agency (PMDA)

2005 Implementation of the 
Pharmaceutical Affairs Law: Approval 
and licensing systems for biomedical 
products under revision

The Marketing Authorization Holder 
becomes operative: a new system for 
foreign medical device manufacturers 
that intends to improve the safety and 
efficacy of medical devices by 
separating manufacturing 
responsibilities from marketing 
responsibilities.

[12]
[13]
[14]
[10]
[3]
[15]

Authority U.S. FDA – Center for 
Devices and Radiological 
Health

National Agencies – Notified Bodies 
(NB), private organizations that 
certify medical device 
manufacturers with CE mark under 
National Agencies Supervision

Ministry of Health, Labor and Welfare 
(MHLW) – Pharmaceutical Medical 
Device Agency (PMDA)
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Classification of 
medical devices (a 
risk-based 
approached is 
common for all the 
classification 
systems).

Class I general controls 
(surgical gloves)

Class II special controls 
(endoscopes)

Class III high-risk devices 
(pacemakers)

Classification is based on 
intended used of the 
devices, indication of use of 
the devices, and risk (from 
lower risk to higher risk for 
the patient).

Class I low-risk devices (e.g., 
stethoscopes)

Class I sterile
Class I measure
Class IIa medium- to low-risk 
devices (e.g., electrocardiographs)

Class IIb medium- to high-risk 
devices (intensive-care monitoring 
system)

Class III high-risk devices (e.g., 
prosthetic heart valves)

General medical devices (class I) (e.g., 
dental accessories) only premarket 
submission (self-declaration of 
conformity) required , not certification 
required by PMDA

Designated Controlled Medical 
devices (class II) Premarket 
Certification required through third 
parties (similar to CE mark in 
Europe) (e.g., tracheotomy tubes)

Controlled medical devices (class II 
devices other than designated devices) 
and highly controlled medical devices 
(class III: orthopedic implants, 
catheters; class IV: pacemakers, stents)

Pre-market approval required through 
PMDA

Clinical trials for 
high-risk devices

Examples:
drug-eluting stents, 
coronary 
guidewires

Clinical trials designed to 
prove safety and 
effectiveness (comparative, 
large group trials with 
longer approval times)

Clinical trials designed to prove 
safety and performance (small 
groups with faster approval times)

Clinical trials designed to prove safety 
and effectiveness

(Continued )
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TABlE 10.1 (COnTInuEd)

Differences between United States, European, and Japanese Regulatory Agencies

Regulatory Agency United States Europe Japan References

Review and 
certification times

Premarket notification 
(510k) (class II devices) 
Review time from CDRH 
could take 3 months.

Premarket approval (class III 
devices) could take 
6 months.

Process to get FDA approval 
to initiate first clinical 
studies 3–6 months. 
Review time for an 
Investigational Device 
Exemption (IDE) could 
take 1 month.

Institutional Review Board 
review times (IRB) could 
take 3 months or longer.

Fast track reviews from some NB 
could take 45 days for class III 
medical devices and less than 45 
days for Class II devices

Highly controlled medical devices. 
Premarket approval from PMDA 
could take 6–18 months (up to 90% of 
medical devices could be approved in 
one year and some cases could take 
up to 3 years).

Controlled medical devices (class II) 
could take 1–3 months (certification 
time).

Time to the market ⇧ ⇧ ⇧ ⇧ ⇧ ⇧ ⇧
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in 1962, which caused severe birth defects, including heart defects and miss-
ing limbs, a new law known as the Kefauver-Harris Drug Amendments Act 
was passed to strengthen the power of the FDA to monitor drug safety in the 
United States [46]. In 1976, the creation of the Medical Device Amendment 
Act came to be the first medical device regulation in the United States. This 
amendment called for quality control procedures and the registering of man-
ufacturers of medical devices with the FDA [16, 17]. In 1990, the Safe Medical 
Device Act required safety studies and reporting from public institutions 
of any adverse event that could be related to a particular medical device. 
In addition, device manufacturers were required to perform safety moni-
toring of implantable medical devices in the form of post-marketing safety 
studies, including reports and tracking of the patients using their products. 
In 1997, the Food and Drug Administration Act was approved. By this act, 
the FDA reaffirmed its commitment to protect public health by ensuring the 
safety of foods and the effectiveness and safety of drugs, medical devices, 
and radiation-emitting products. This act sought also to improve the label-
ing of these products, consult with experts of every field about every aspect 
involved in public health protection, and decrease the level of bureaucracy 
and improve harmonization with other regulatory agencies worldwide. In 
2002, the Medical Device User Fee and Modernization Act was incorporated. 
In addition, the Office of Combination Products was created [16, 17]. The 2002 
act incorporated fees for the premarket approval of devices, allowed for the 
inspection at the manufacturer site by third parties, and introduced new 
regulations in reprocessed single-use devices [16, 17].

FDA Organization and Operation

FdA Organization

To address the question of how the FDA is able to regulate almost one quar-
ter of the products sold in the United States, it is important to understand 
its organization. To achieve its goals, the FDA is organized into six product 
centers, one research center, and two offices: the Center for Biologics and 
Evaluation Research (CBER), the Center for Drug and Evaluation Research 
(CDER), the Center for Food Safety and Applied Nutrition (CFSAN), the 
Center for Tobacco Products (CTP), the Center for Veterinary Medicine 
(CVM), the Center for Devices and Radiological Health (CDRH), the National 
Center for Toxicological Research (NCTR), the Office of Regulatory Affairs 
(ORA), and the Office of the Commissioner.

Center for Biologics and Evaluation Research (CBER): The CBER is in 
charge of the regulation of a wide variety of products, such as gene 
therapy, blood and blood components, vaccines, tissues (such as 
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biological heart valves) and tissue-engineering products. Some of 
the issues where the FDA takes regulatory action are product and 
manufacturing establishment inspections, licensing and safety of 
blood supplies (blood and blood components), and post-marketing 
activities, including the post-marketing surveillance of biological 
products where many adverse events related to biological products 
could be detected.

Center for Drug and Evaluation Research (CDER): The CDER evaluates 
every drug intended to be marketed.

Center for Food Safety and Applied Nutrition (CFSAN): The CFSAN 
regulates the labeling and safety of food and cosmetics.

Center for Tobacco Products (CTP): The CTP evaluates tobacco prod-
ucts and inspects manufacturers of tobacco products.

Center for Veterinary Medicine (CVM): The CVM is responsible for assess-
ing the safety and effectiveness of animal food, drugs, and devices. It 
is important to note that some of the products, such as implantable 
identification devices, demand the use of biomaterials to achieve bio-
compatibility since they are implanted inside the animal body.

Center for Devices and Radiological Health (CDRH): The CDRH is the 
center responsible for evaluating medical devices (and therefore 
the biomaterials that are used in such devices), premarket approval 
of new devices, manufacturing and performance standards, and 
tracking reports of device malfunctioning and serious adverse reac-
tions. In addition, the CDRH reviews radiation safety performance 
standards, including those products that emit X-rays, microwaves, 
radiofrequencies (RF), and ultraviolet light. The relevance of radi-
ation-emitting products in biomaterials and medical devices could 
be better understood if we think of the use of magnetic resonance 
imaging (MRI) in patients carrying pacemakers, where electromag-
netic interactions between the pacemaker and the magnetic and RF 
fields produced by the MRI equipment may take place and inter-
fere with the correct functioning of the pacemaker. One can envi-
sion novel biomaterials capable of shielding the device against 
unwanted magnetic fields. Another example is the use of magnetic 
nanoparticles made of iron oxides (magnetite), which are used as 
heating elements for cancer therapy. Here, the magnetic, biocompat-
ible, and biodegradable properties of the magnetic nanoparticles are 
exploited as implantable antennas that produce heat when they are 
excited by an external magnetic field and in this manner are used 
as therapeutic tools to destroy tumor cells. The CDRH also has a 
center for science and research that supports the regulatory deci-
sions on a scientific basis. This center is divided into several areas, 
including biology, physics, and electrical engineering. One of these 
areas is focused on chemistry and materials science, supporting the 
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necessary knowledge to evaluate the diverse repertoire of biomateri-
als that are found in many medical devices.

National Center for Toxicological Research (NCTR): The NCTR plays a 
critical role in assessing the safety of new technologies. In addition, 
the NTCR assesses the toxicology of certain biomaterials, such as 
titanium oxide and zinc oxide nanoparticles. These compounds are 
commonly used in sunscreens and other products.

Office of Regulatory Affairs (ORA): Among other relevant tasks, the 
ORA is responsible for FDA inspections of manufacturers’ facilities 
and products as well as for the control of imported products.

Office of the Commissioner: This office takes responsibility for effec-
tively conducting the FDA’s mission. Within this office, the Office of 
Combination Products (OCP), created in 2002, addresses the regula-
tory gap of the increasing number of products made by more than 
one technology (devices with biologics, drugs with devices, or drugs 
with biologics), such as drug-eluting stents, drug-delivery polymer 
scaffolds, and antibiotic bone cements, which have been under devel-
opment in the last years and are intended to obtain FDA clearance to 
be commercialized. The OCP has a jurisdictional and classification 
authority that allows it to determine which center will be respon-
sible for performing a premarket review of a combination product. 
This is accomplished by defining the primary mode of action of 
the product that will contribute to the desired therapeutic effect to 
a larger extent. For instance, in a drug-delivery device, where the 
drug is the main determinant in the mode of action of the prod-
uct to produce the desired therapeutic effect, the CDER will have 
primary jurisdiction over the product review, whereas if the device 
itself determines the primary mode of action to produce the desired 
therapeutic effect, then the CDRH will be the final reviewer of the 
documents submitted by the manufacturer [3].

With a few exceptions, there is usually a series of technical requirements 
called standards that must be followed by any medical product containing 
biomaterials (from a stent to a polymer suture) in order to ensure its quality 
and safety before obtaining FDA approval to enter the market. Thus, we will 
next briefly describe some aspects of standards, to give a better understand-
ing of the field before going deeper into the existing approval pathways for 
medical devices.

FdA Standards

To ensure optimal performance and safety of medical devices and the bio-
materials they are made of, a comprehensive technical assessment is needed. 
This technical assessment is based on obtaining reliable information of the 
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material or device performance and contrasting it against parameters that 
are adopted as “standards,” which will determine whether the product 
being assessed complies with the necessary parameters to be commercial-
ized. According to the International Standard Organization (ISO), a standard 
could be defined as “a document established by consensus approved by a rec-
ognized body, which, for common and repeated use, provides rules, guide-
lines and/or characteristics for activities or their results, aimed to achieve the 
optimum degree of order in a given context” [18].

Voluntary Standards

Standards are usually developed by nongovernmental voluntary organiza-
tions called standard-developing organizations by consensus among experts 
and later adopted by the industry, sometimes as a competitive advantage, 
and otherwise because they are mandatory. In the latter case, these standards 
adopted by the regulatory agency enforcing their use must be followed by 
the industry as a requirement for obtaining permission to commercialize 
their products. In many cases, however, these standards remain voluntary. 
Standard-developing organizations are important because a) regulatory 
agencies cannot afford the economic cost and human resources necessary to 
set standards for any product or process that is or will be in the market, and 
b) voluntary standards allow industry to adopt the standard that fulfills its 
objectives without being enforced to comply with standards that are either 
not relevant or not related to the industry’s activities.

There are several standard-developing organizations, such as the Inter-
national Organization for Standardization (ISO) and the American Society 
for Testing and Materials (now known as ASTM International). In addition, 
many other Developing Standard Organizations are working with biomate-
rial standards, many of which have been adopted by the FDA.

International Organization for Standardization (ISO)

The ISO is devoted to developing standards across a wide variety of disci-
plines. To this end, it is divided into committees, each of which takes part in 
writing guidance documents, which become standards after being subjected 
to a general vote among all the groups participating around the world. Some 
examples of ISO committees focusing on medical devices are ISO/TC 194 
(which focuses on the biological evaluation of medical devices) and, although 
still in a nascent stage, the ISO/TC 229 WG3 (Nanotechnologies in Health). 
Standards related to medical devices currently in use are the ISO 10993, for 
the evaluation of biological performance of medical devices, and ISO 13485, 
a quality standard for medical devices [18].

American Society for Testing and Materials (ASTM)

ASTM International (formerly known as the American Society for Testing 
and Materials) is an internationally recognized voluntary organization that 
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develops standards for products, processes, and services that are used by 
industry. Within the ASTM, the F04, or Medical and Surgical Material and 
Device Committee, sets the standards in issues regarding biomaterials and 
medical devices. The ASTM has developed several tests, standard specifica-
tions, and standard terminology for a wide variety of biomaterials that have 
been adopted by the FDA. Among these tests are the corrosion and fatigue 
test for metallic implants, an in vitro test to evaluate the hydrolytic degrada-
tion properties of polymers used in surgical implants, the standard test for 
measuring magnetically induced torque in medical devices in a magnetic 
resonance environment, the standard specification for unalloyed titanium 
for surgical implants applications, and the standard specification for calcium 
phosphate coatings for implantable materials.

With the aim to improve the safety of medical devices, the FDA has created 
the Standard Management Staff (SMS) within the CDRH. The SMS is respon-
sible for the FDA Standards Program, which is in charge of adopting the 
standards developed by the above-mentioned organizations. The SMS has 
developed a standard database where several of the FDA recognized stan-
dards are listed divided by specific areas, including materials and devices, 
thus facilitating the selection of appropriate standards by manufacturers. 
The use of the recognized standards that are listed in this database could 
benefit manufacturers during the regulatory process [19, 20].

Mandatory Standards

Although some standards are voluntary, other standards are adopted by reg-
ulatory agencies and become mandatory. GMP, GLP, and GCP (good manu-
facturing practices, good laboratory practices, and good clinical practices, 
respectively) are examples of mandatory standards that have been agreed 
upon by the International Conferences on Harmonization (ICH), an interna-
tional effort carried out by Europe, Japan, and the United States to establish 
scientifically consensuated guidelines in biomedical research and develop-
ment, and adopted by regulatory agencies all over the world to ensure that 
standards are followed by manufacturers during the development, labora-
tory testing, and clinical evaluation of medical products.

Good manufacturing practices (GMP) are a set of requirements including 
facilities, equipment, personnel, packaging, and labeling of medical devices 
that should comply with the FDA regulations according to the Code of 
Federal Regulations (the Code of Federal Regulations, or CFR, is a set of 
rules in a number of volumes produced by departments and agencies of the 
federal government) to ensure that device manufacturing is safe and that 
any chance of defects in the final product or adulteration is minimized or 
avoided. FDA personnel have the authority to perform inspections at any of 
the manufacturer facilities where devices are developed and inspect all the 
records and documents. If the FDA finds a violation to GMP, it can halt the 
production of the device for up to 30 days [16].
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Good Laboratory Practices (GLP) are standards adopted by the FDA and reg-
istered in the Code of Federal Regulations that ensure validation of the data 
arising from preclinical studies (but not clinical data) of medical products, 
including biomaterial-based medical devices. Examples of areas covered 
by GLP are organization and personnel, facilities, equipment, records and 
reports, and protocols for conducting a non-clinical laboratory study. For 
instance, a manufacturer developing new bone cement would have to con-
duct animal studies according to GLP. It is important to note that GLP are 
regulations and not just standards, and therefore are mandatory. If at an early 
stage of development a manufacturer wants to use a standard other than 
those described in GLP, he or she should discuss with an FDA representative 
the use of voluntary standards instead of standards specified in GLP [21, 22].

Good clinical practices (GCP) are international standards that provide the 
scientific and ethical validity of the clinical data originating in clinical trials 
and submitted to the FDA by the manufacturer of a medical product. GCP 
include ethical principles, scientific procedures, including how a clinical trial 
should be conducted according to a clinical protocol, reporting of adverse 
events that could be associated with a medical product, organization and 
responsibilities of an Institutional Review Board, audits, informed consent 
of human subjects participating in a clinical trial, and all the relevant infor-
mation that is required to ensure protection of any human subject participat-
ing in a clinical study [23, 24].

Now that we have an overview of some of the technical requirements that 
are necessary to market a medical product, we will review in more detail 
what the pathways are that a medical device should follow to obtain FDA 
approval. To review the regulatory aspects of every product and the center 
responsible for it, however, goes beyond the scope of this chapter. Instead, 
a general description of medical device regulation will be presented. The 
importance of understanding medical device regulations in biomaterial 
research is evident, since there are presently biomaterials in some 8000 medi-
cal devices. This approach will provide a general idea of how the FDA regu-
lates biomaterials (or at least those that are used in medical devices) [3, 16].

FdA Pathways for the Approval of Medical devices

Medical Devices

Before we start reviewing the FDA pathways for the approval of medical 
devices, it might be useful to try to answer the following questions: What 
is considered a medical device? Why are medical devices important in 
healthcare?

According to the FDA, a medical device is

an instrument, apparatus, implement, machine, contrivance, implant, in 
vitro reagent, which is recognized in the United States Pharmacopoeia, 
intended for use in the diagnosis of disease or other conditions, or in the 
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cure, treatment, or prevention of disease, or does not achieve its primary 
intended purposes through chemical action within the body and which 
is not dependent upon being metabolized for the achievement of any of 
its primary intended purposes. (Adapted from [16]).

To address the second question, we should mention that medical devices 
are used in so many people, assisting them in the workforce and improv-
ing their quality of life, that they have become a cornerstone of patient care. 
Medical devices are used for a variety of purposes. Some of them, such as 
ECG leads, temperature-sensing bladder catheters, and pulse oximeters, are 
used to monitor a patient, whereas others, such as prosthetic heart valves, 
abscess drainage catheters, and fracture fixation plates, are used for thera-
peutic purposes. Thus, their proper functioning is requisite for patient care 
and evaluation. Unfortunately, some problems and complications related 
to medical devices are sometimes overlooked or misinterpreted. Besides, 
the complications may become far more problematic to the patient than the 
conditions for which they were intended to treat or monitor. Examples of 
these complications are a contaminated orthopedic fixation plate leading to 
a limb-threatening bone infection, and a misbehaving cardiac pacemaker 
causing cardiac arrest. For these reasons, patients and/or their families 
need to be familiar with their own medical apparatus, its presence, its use, 
its complications, and plans for its removal or deactivation. Furthermore, 
the personnel rendering care to the patient need to be familiar with any 
medical apparatus involved in the patient’s care. Physicians not only need 
to know about the devices being used for their patients, but should also be 
familiar with the uses, complications, and contraindications for the medi-
cal devices they use as part of their practice. Physicians should also have 
an overview of medical device regulations and the reporting requirements 
for medical complications related to device use. Engineers working in bio-
materials should also be aware of the complexity of medical device regu-
lations, since they play a fundamental role in the development process of 
each device.

Another reason why medical devices are important is that, from an eco-
nomic point of view, medical device manufacture and sale are important 
business operations employing thousands of people, with a staggering 
number of medical devices currently on the market. A large number of 
medical devices using many kinds of biomaterials are launched into the 
market every year. It is estimated that 4% of the American population uses 
at least one implantable medical device. Before 2000, the FDA had approved 
almost 500,000 medical devices developed by 23,000 manufacturers [25]. In 
2008, there were nearly 350,000 pacemakers, 140,000 implantable defibrilla-
tors, and 1,230,000 stents implanted in the United States [26]. According to 
the Advanced Medical Technology Association, the medical devices mar-
ket reached $77 billion in 2002 [27], whereas a WHO report estimated a 
260-billion-dollar market in 2006 [28]. According to a recent study that took 
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into account different scenarios, the cost to produce a medical device was 
estimated to be between $322 million and $522 million [29].

Medical Device Regulation

How a medical device is regulated depends on how the device is clas-
sified in the eyes of the FDA, a consideration that needs a description of 
the approval pathways of the FDA. The FDA has established three catego-
ries of medical devices according to the risk they represent to the patient: 
Class I, Class II and Class III. Class I devices are considered low-risk devices 
and therefore require low control levels. An example of a Class I device is 
examination gloves. Class II devices are of intermediate risk and have more 
control levels than Class I devices. Examples of Class II devices are CT scan-
ners. Finally, Class III devices are high-risk devices that require high-level 
controls. Examples of Class III devices include defibrillators and pacemak-
ers. A high-risk device represents a life-supporting device or a device that 
could have life-threatening consequences if it fails. A low-risk device is any 
device other than a high-risk device [3]. Once a device is categorized in one 
of the classes described above, specific requirements should be followed. 
The requirements that apply for each class are “pathways” for obtaining 
FDA approval. The possible “regulatory routes” a device could follow are 
described below.

Premarket Notification (510k) The premarket notification, called a 510k, is 
the pathway followed by most biomaterial-based medical devices in order 
to get clearance from the FDA and enter the market in the United States. By 
requesting a 510k, the FDA establishes a level of equivalence to an existing 
device. The level of equivalence is based on the intended use of the device 
or the technological characteristics that could affect the effectiveness and 
safety of the new device. Most of the evidence submitted in a 510k is based 
on bench and sometimes pre-clinical data. Only 10 to 15% of the 510k noti-
fications are required to submit clinical data. If the device has a degree of 
equivalence to one preexisting in the market that fulfills FDA requirements, 
a premarket notification is sufficient to market the product within the United 
States. If the device does not meet FDA criteria for equivalence to an existing 
device, a premarket approval is required. The reason for this difference is 
that if there is enough similarity to an existing device in the market, it will 
be expected that the new device will perform similarly in terms of safety and 
effectiveness to the preexisting one.

Premarket Notification (510k) Exemptions Class I and Class II devices can be 
exempted from a premarket notification if

•	 They are pre-amendment devices, which means that they existed in 
the market before 1976 and have not significantly changed since then.

•	 They are exempted by regulation.
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Examples of Class I and Class II devices exempted from 510k because the 
material used for these kinds of devices existed before 1976 are neurologi-
cal devices such as two-point discriminators made of stainless steel, dental 
materials such as carboxymethylcellulose sodium denture adhesive, and a 
hydrogel wound dressing used in plastic surgery.

Exemptions to the regulations occur when the FDA decides to refocus the 
resources used to assess 510k notifications onto public health issues of higher 
priority.

A complete list of Class I and Class II devices exempted from 510k is avail-
able from the FDA site [30].

Even when a medical device is exempted from submitting a 510k, the fol-
lowing information should still be submitted:

•	 Registration and listing
•	 Labeling

•	 Good manufacturing practices (GMPs). (It is worth noting the rel-
evance of standards in that devices not subjected to premarket noti-
fication are still required to present evidence of compliance with 
manufacturing standards.)

Premarket Approval (PMA) The premarket approval is the way in which the 
FDA assesses Class III devices. The PMA is required when it is not possible to 
prove substantial equivalence to an existing device, and therefore, in addition 
to bench and pre-clinical data, additional clinical data must be provided to 
demonstrate the effectiveness and safety of the investigational device. This is 
clearly the hardest and more expensive way of bringing medical devices to the 
market. High-risk, innovative devices are more likely to follow this pathway.

Two other important categories or pathways are the Investigational Device 
Exemption (IDE) and the Humanitarian Device Exemption (HDE).

Investigational Device Exemption (IDE) If a device is intended to be used for 
the first time in a clinical trial (see further), an IDE must be submitted to the 
FDA by the manufacturer. An IDE could be required by the CDRH to support 
a 510k or PMA application when clinical data are needed. If the device is Class 
III, there is also a need for an Institutional Review Board (IRB) approval. As 
previously described in this chapter, as a reaction to the atrocities committed 
during World War II, a code of conduct in clinical research was created by 
consensus and formally written in the form of declarations. An IRB ensures 
that the principles behind these declarations will be followed. Therefore, the 
aim of an IRB is to ensure that the rights of the subjects enrolled in a clini-
cal study will be protected [3, 6]. An IDE should also be submitted when the 
sponsor wants to submit a new use for an existing device.

Humanitarian Device Exemption (HDE) Medical devices that will be used for 
rare diseases affecting fewer than 4,000 patients a year in the United States 
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belong to the HDE category. One example of this category is fetal bladder stents. 
This category was developed to help manufacturers in commercializing medi-
cal devices that have small markets and therefore small financial incentives [31].

FDA Fast-Track Approvals Although the FDA could take actions that may delay 
the biomaterial-medical device approval process (such as requesting additional 
laboratory tests and/or clinical data), it could also, under some circumstances, 
accelerate it. The FDA created fast-track approvals as a pathway to facilitate the 
access to the market of certain products that fulfill an unmet medical need. 
One type of fast-track are some devices (not available to the general population) 
that are exempted from FDA review and approval, including registry, standard 
conformity or premarket approval, when they are considered custom devices 
and are ordered from some healthcare professionals to treat special popula-
tions or individuals, such as the case of dental and orthopedic devices [16, 32].

Clinical Trials

Critical Steps in Medical Device Development

The medical device development process is extremely complex and takes 
place in several stages, as depicted in Table 10.2. From the initial idea to the 
design and fabrication stages, the medical device development process is 

CASE STUDY: HIP REPLACEMENT

A medical device company developed a new hip system that claimed 
to be better than the current systems in the market. The technology 
innovation was based on the combination between a ceramic femoral 
head and the metallic acetabular insert, although both systems already 
existed as separate products in the market, having both been cleared 
through 510k. The better performance of the device claimed by the 
company was in terms of efficacy (less friction, longer durability) and 
safety (less complications) over their competitors.

FDA rejected the 510k claiming the lack of evidence to ensure that 
an equivalent product was already present in the market although the 
same company had been commercializing the ceramic femoral head 
and the metallic acetabular insert as two separate products. The com-
pany had to withdraw the 510k and submit a Premarket Approval (the 
FDA pathway for class III devices).

The company performed a pivotal trial, a non-inferiority study to dem-
onstrate that the invention was non-inferior in terms of performance over 
the existing products. This study, in addition to data provided by the 
products already in the market and a planned post-market study, allowed 
the company to submit a PMA in order to obtain FDA approval (Ref 49).
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intimately tied to regulatory requirements, including materials being used, 
animal testing, and finally, in some cases, clinical trials.

Simply stated, a clinical trial is a research performed on human subjects. This 
research is a scientifically and ethically controlled experiment performed on 
a limited population that intends to statistically represent the real population 

TABlE 10.2

Critical Steps in Medical Device Development

Stages Comments

Initial Stage
Familiarize oneself with applicable 
regulations, including requirements of 
Design Controls.

As discussed on the FDA Device Advice web 
page, Design Control requirements begin at 
the initial stages of device development. You 
cannot go back later!

Preclinical Stages
Establish an animal model to evaluate 
biocompatibility and device functioning.

Animal model should be scientifically 
supported based on device design. Good 
laboratory practices requirements apply.

Meet with FDA to discuss biocompatibility 
testing and device design.

The types of biocompatibility tests rather than 
detailed data would be discussed.

Submit pre-IDE. Provides opportunity for comments.
Submit IDE for FDA review. Local IRB submission may precede this.
Submit study application to local IRB. Studies in U.S. require both IRB and IDE 

approval.

Initial Clinical Stages (Phase 1)
Conduct initial phase of human study and 
analyze data.

Clinical data would be submitted at least yearly 
in IDE annual progress report.

Modify device and clinical protocol as 
appropriate.

Consider outcomes of feasibility phase in future 
plans.

Later Clinical Stages (Phases 2 and 3)
Submit IDE supplement to FDA for next 
phase of clinical testing (two or more 
phases may be necessary).

Discussion with FDA advised, particularly if 
device is re-designed.

Obtain IRB approval as necessary. More than one IRB approval may be needed, 
depending on institutions involved.

Meet with FDA for pre-PMA submission 
meeting.

Provides opportunity to discuss format and 
content of PMA.

Submit PMA to FDA for review of 
marketing application.

Database will have been closed and audited 
prior to PMA submission.

Post Marketing Study (Phase 4)
If required as a condition of PMA approval. A post-approval study requirement is 

dependent upon many factors.

Reprinted with permission from IOP Publishing Ltd.
Courtesy of Saviola, J. 2005. The FDA role in medical devices clinical studies of human subjects. 

J Neural Eng 2: S1-S4.
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to assess the performance of the medical product (drug, device, biologic) after 
being tested during the laboratory and pre-clinical stages of development. As 
stated previously, clinical trials are required in PMA submissions that apply 
for high-risk devices (Class III) and in some cases for 510k submissions as 
well. The reason behind this is that high-risk devices or Class II devices sub-
mitting a 510k require more evidence that supports what the manufacturer 
alleges about the product. Preclinical data may not be enough for the FDA to 
classify a product as safe and effective, and therefore, in addition to preclini-
cal and bench data, the FDA requires clinical data. A recent search in the pub-
lic clinical trials database clinical trials.gov showed that there are currently 
more than 1,000 ongoing clinical trials involving medical devices [34].

Clinical Trials Protocol

In order to perform a clinical trial, a clinical protocol should be written to 
provide the following information:

a) The idea that justifies the clinical trial: In clinical research as well as 
in other fields of science, researchers want to test ideas. These ideas 
could be expressed in terms of a question or research hypothesis 
that the researchers aim to demonstrate (as in any other experiment). 
There are different kinds of hypotheses:
•	 Explanatory vs. Pragmatic: The study may be explanatory of some 

physiopathological hypotheses (such as the biofouling of implant-
able devices related to macrophage activation and inflammatory 
response around the implant) or be pragmatic (biofouling could be 
avoided by bio-inert materials that avoid protein adhesion) [35, 36].

•	 Efficacy vs. Effectiveness: The material was effective in decreasing 
biofouling (efficacy), or the material achieved the goal of reduc-
ing biofouling by decreasing the thickness of the fibrous capsule 
around the implant by 50% against the current best available 
material (effectiveness).

•	 Superiority vs. Equivalence: Treatment A is superior to treatment B 
(superiority) or treatment A is as effective as treatment B (equiva-
lence). Equivalence studies are common in drug trials assessing 
generic drugs vs. brand name drugs.

b) The purpose of the study: The protocol should state in a single 
phrase what the condition the researchers intend to treat is (what 
the patient population target is) and what the clinical outcomes are 
that they expect to achieve through the proposed intervention.

c) Exclusion/inclusion criteria for patient enrollment: When enrolling 
patients in the clinical trial, the researcher will select those patient 
conditions that will allow the assessment of the effectiveness of the 
proposed treatment (inclusion criteria) and will exclude others that 
could interfere in the assessment (exclusion criteria).



243Regulatory Challenges in Biomaterials: Focus on Medical Devices

d) Clinical end points: The clinical outcomes should be measured to 
evaluate how good the proposed intervention is against a placebo or 
the current best management approach. This is done by using some 
clinical condition, laboratory values, or other measurable parameter, 
which are called end points. End points could be either direct (mortal-
ity rates among patients undergoing a new device for a cardiac con-
dition such as arrhythmia) or indirect (when we cannot use a direct 
measurement for ethical or technical issues; an example of this is 
the measurement of biomarkers that indirectly relates to patient 
mortality).

e) Study design: The main issues that are usually found in the litera-
ture when describing trial design are:

 1. Controlled vs. non-controlled trials: There is a group that will be 
receiving the experimental device in contrast to a group that will 
be receiving the best standard current management or in some 
cases a placebo [35, 36].

 2. Randomized vs. non-randomized trials: Randomized trials are used 
to define the random nature of assignment of the patient into one 
of the groups taking part in the clinical study and implies that 
any patient has the same chances to receive either the standard 
device or the experimental device [35, 36].

 3. Blindness: This concept refers to the persons (the patient, the 
clinical investigator, and/or external evaluators) who are pre-
vented from knowing which treatment is being assigned to each 
group. According to this, trials are classified as “open” (when all 
the participants, including the patient, know the treatment they 
are receiving), “single blind” (when only the patient is blinded), 
“double blind” (when both the patient and the clinical investiga-
tor are blinded), and other more complex methodologies such 
as “double dummy”, “triple blind,” and “quadruple blind.” The 
aim of blindness is to avoid the so-called blindness bias that 
occurs either in the subject (the patient improves his/her condi-
tion because he/she knows that he/she is assigned to the new 
treatment) or in the physician (he/she sees improvement in the 
patient that is using the new treatment as he/she expects that 
this treatment will work out). In this regard, some precautions 
to reduce blindness bias could be taken. Some of the precautions 
that may be used include allocation concealment of the site where 
the operator will be performing the procedure on the patient and 
masking the outcome assessors after the medical device has been 
implanted [37].

 4. Parallel, cross-over, or factorial: This is related to how the groups 
receive the treatment. In parallel trials, each group receives 
either the best management treatment or placebo and the other 
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group receives the treatment under study. In cross-over trials, 
the same individuals receives the standard treatment and the 
treatment under study at different times, and the clinically rel-
evant outcomes (end points) are assessed in the same subjects. 
In factorial trials, more than one treatment is evaluated in the 
same trial by assigning different groups to receive different 
treatments that are assessed against the standard treatment or 
placebo.

 5. Number of patients taking part of the study: The trial may involve 
either only one patient, a fixed number of patients (from 
smaller trials up to multicenter trials), or a sequential num-
ber of patients (the number of patients increases as the trial is 
being run).

d) Trial development: During the trial development, patients start 
to take the study medication or are subject to a procedure such as 
device implantation, and they are followed up to see the effect of 
the new intervention. Data regarding their medical status along the 
study are collected and their quality confirmed before the final data 
analysis is performed.

e) Analysis of the results: Statistical analysis of the results should be 
carried out in order to know whether the differences found between 
the experimental device and its comparator are statistically signifi-
cant (and therefore could be attributed to the new intervention) or 
are a random difference [35, 36].

Drug Trials vs. Medical Device Trials

We will now describe briefly the differences between trials performed to 
assess a drug’s effectiveness and safety, and trials performed to assess bio-
material-based devices’ effectiveness and safety, because biomaterials are 
being used in both areas. Examples range from a drug delivery system that 
uses biopolymers surrounding a core where the drug (payload) is embedded 
to a less sophisticated titanium femoral head for hip replacement. Therefore, 
it could be useful for those interested in the biomaterial field to become 
familiar with both regulatory pathways.

As we have previously stated, drug regulation is older than device regula-
tion. Drugs have been regulated since 1906 (Food and Drug Act), whereas 
medical devices started to be regulated more recently (after the 1976 
Amendment Act). There are some differences in the phases of the trial, the 
number of patients being enrolled in each phase, the time to the market for 
each product, and the training of the investigator.

 1) Phases: Drug development and device development are conducted in 
several stages or phases, each designed with a specific aim.



245Regulatory Challenges in Biomaterials: Focus on Medical Devices

 In drug development, there are the following phases:

 Phase I, which is usually carried out in human volunteers, and is 
aimed at studying pharmacokinetic parameters such as metabolism, 
clearance, maximum dose tolerated, and safety issues. Phase I tri-
als are the first stage of testing in human subjects, and, normally, a 
small number (20 to 100) of healthy volunteers are selected.

 Phase II, which is designed to assess therapeutic efficacy, and is thus 
carried out with volunteer patients with the condition to be treated. 
Some pharmacokinetic parameters such as dose range also are stud-
ied in this phase in a selected group of patients. Phase II trials are per-
formed in larger populations (100 to 300 patients) than Phase I trials. 
Phase II studies are sometimes divided into Phase IIA and Phase IIB:

•	 Phase IIA is specifically designed to address dosing requirements 
(i.e., how much drug should be given).

•	 Phase IIB is specifically designed to study efficacy (i.e., how well 
the drug works at the prescribed dose(s)).

 Some trials, however, combine Phase I and Phase II, and test both 
efficacy and toxicity in the same study.

 Phase III, which is the phase during which the drug of interest is 
compared against the best management treatment currently avail-
able, or in some situations, and if ethically approved, against a pla-
cebo. These are usually randomized controlled multicenter trials 
in a large population of patients (300–3000 or more) to mimic the 
real population. Phase III trials are intended to obtain an additional 
information about drug efficacy and to evaluate the overall benefit-
risk ratio of the investigational drug.

 Phase IV, which is carried out to collect safety information once the 
drug is in the market and is being used in the general population, 
although, in some cases, used solely for marketing purposes [38].

 On the other hand, in medical device development, trials are con-
ducted in the following phases:

 Phase I, or the feasibility trial, during which the design and operating 
features of the devices are evaluated. This stage is carried out in a 
patient population of 20–50 (here we can try to see some analogy with 
Phase I drug trials, where the operating features of the device could 
be thought as equivalent to pharmacokinetic optimization of drugs).

 Phase II, or the pivotal trial, which is usually a multicenter randomized 
controlled trial in which the effectiveness and safety of the device 
is being assessed. Usually, large populations (300–800) of patients 
are enrolled to mimic the real population. Still, as the number of 
patients that will be using a device is significantly smaller than the 
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population that will be using drugs, the number of patients enrolled 
in a device trial is usually smaller than the number of patients 
enrolled in a drug trial.

 Phase III, or post-marketing trials, which are performed to assess the 
long-term safety of the device up to 5 years after it has been launched 
onto the market. Post-marketing trials of medical devices represent 
a very important part of the device development pathway, mainly 
because many medical devices are approved without being tested 
in clinical trials. Moreover, even when clinical trials are performed, 
there are some adverse events that could not be detected owing to 
the small number of subjects enrolled (300 to 3,000) or the limited 
time during which these clinical trials are run, which preclude the 
detection of rare or long-term adverse events. As an example, we can 
mention the need of device post-market surveillance in drug-eluting 
stents for detection of very late stent thrombosis (which has been 
associated with the polymer used in these stents) [27, 39, 40].

 To achieve this goal, FDA has developed special programs for post-
market surveillance of medical devices. This program is called 
the Medical Device Report (for manufacturers that are required to 
submit reports of adverse events that could be related to a medi-
cal device produced by them) or Med Watch, which is a voluntary 
adverse-event report system that the FDA has developed for con-
sumers who want to report an adverse event that they think might 
be caused by a medical device they are using. In spite of these 
efforts, adverse events are still sub-reported. In 1986, a report from 
the General Accounting Office of the FDA said that the number of 
adverse events caused by medical devices reported in hospitals was 
less than 1% and that, what was even worse, the more serious the 
adverse event, the less likely it was to be reported [41].

 2) Number of patients: Drug trials could involve between 1,000 and 3,000 
patients, whereas medical device trials could involve between 500 
and 1,000 patients (since more people will be using the drugs, as 
already explained above).

 3) Time to the market: While it could take from 10 to 15 years for a drug 
to enter the market, it could take only between 5 to 10 years for a 
medical device to be commercialized [14, 42, 43]. Some of the reasons 
behind these differences are based on the fact that medical devices 
are dynamically improved during the development process, and 
the regulatory process to approve such incremental modifications 
needs to be less stringent. Moreover, medical device trials do not 
need to evaluate pharmacokinetics, which represents an important 
component of drugs trials. It is relevant to note that there are excep-
tions in both cases. For instance, HIV protease inhibitors, which are 
drugs developed for the treatment of AIDS, were developed at a 
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fast rate, perhaps an effect of the enormous pressure made by advo-
cates of patients, as well as to the economic interest of pharmaceuti-
cal companies in having a product that would fulfill the enormous 
demand created by the increasing number of patients infected with 
HIV. In addition, HIV protease inhibitors were developed by ratio-
nal computer design rather than by combinatory chemistry or high-
throughput screening, both time-consuming processes [44]. In 
the case of medical devices, we have the case of highly  innovative 
and complex micro devices such as bio-micro-electro-mechanical 
systems (BioMEMS), e.g., microchip drug-delivery systems, which 
could take a considerable time for research and development (owing 
to the several iterative cycles to optimize the device) before entering 
a clinical phase and thereafter the market [45].

 4) The control, or comparative, group: Many medical device trials use his-
torical controls instead of a placebo or the current best management 
standards (BMS) as a comparative group. This could be attributed to 
the fact that there are many problems in designing a control group 
in device trials. An implantable device that needs a placebo surgery 
against which it could be compared may not be ethically accepted. 
The testing of some devices used to treat low-incidence diseases 
where patient enrollment could be difficult to achieve would benefit 
from using historical control groups. It could also become difficult 
to provide a control group with an alternative device because such a 
device might not exist.

 5) The environment: The environment in which a trial is being run dif-
fers in drug and in medical device trials. Whereas medical device tri-
als are performed in highly specialized centers with highly trained 
operators, drug trials are conducted through visits to the clinical 
investigator office where the patient takes a simple pill, without 
any inconvenience and without further need from any operator or 
trained professional [37].

Table  10.3 sums up all the above regarding FDA pathways for the 
approval of medical devices. We will describe a case study related to hip 
replacement.

Challenges in Regulatory Approval of Medical Devices

In spite of the many efforts made by the FDA, many challenges remain to be 
solved in the regulatory process of biomaterial medical devices. In the fol-
lowing section, we will describe some of these challenges that in the coming 
years will demand innovative solutions.
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Technological Challenges

Engineering and Medical Science Integration

Engineering and medical sciences are two disciplines needed in medical 
device development. For instance, in designing micro-electro-mechanical 
system (MEMS)–based drug delivery devices, mechanical engineers must 
consider mechanical parameters that could affect the diffusion of the drug or 
release time from a reservoir once the system is activated. On the other hand, 
physicians should advise engineers regarding the biological environment in 
which the system will be implanted, as the local response to the implant 
will affect drug diffusion because of the inflammatory response towards the 

TABlE 10.3

Key Differences between Drug Trials and Device Trials

Drug Development
Medical Device 
Development References

FDA experience From 1906 From 1976 www.fda.gov [3]
Phases I, IIa, IIb, III, IV 

(pharmacosurveillance)
I (feasibility
II (pivotal))
III post-marketing

FDA Handbook [16]
Kaplan et al. [14]

Number of patients 
enrolled (average)

3000 (phase III) 500 (pivotal trial) Dhruva [27]

Time to the market 
(from concept 
design and 
development to 
regulatory 
approval)

10–15 years 5–10 years Reed et al. [42]
Kaplan et al. [14]
Kaitin et al. [47]

Operator Clinical investigator Highly trained 
operator

Sedrakyan et al. [37]

Clinical trial design Multicenter randomized 
controlled trials

Control: placebo or 
current best 
management available

Not multicenter, 
not randomized

historical Control

Dhruva [27], 
Abded-Aleem [35]

Environment where 
the clinical trial is 
developed

Clinical investigator 
office

Highly specialized 
centers

Sedrakyan et al. [37]

FDA stringency Very high Variable Dhruva [27]
Control group Placebo or BMS Historical Dhruva [27]
Follow-up Compliance Tracking 

(high-risk 
devices)

Schoonmaker [48]

Average timeframes 
in FDA approval 
pathways (in days)

ANDA*: 510
NDA**: 231 (exceptions) 
/ 357 (standard)

PMA: 151
510(k): 76

Schoonmaker [48]

* ANDA: Abbreviated New Drug Approval
** NDA: New Drug Approval
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implant (a fibrous capsule that surrounds the implant). Therefore, an alterna-
tive approach for drug release that could either elicit more pressure to over-
come biological barriers or take advantage of bio-inert MEMS-compatible 
biomaterials such as ultra-nanocrystalline diamond (UNCD) coatings, 
which inhibit fouling by impeding cell and protein adhesion, must be con-
sidered. These and other technical issues could affect device performance, 
and as a consequence might not comply with technical standards demanded 
by the FDA to ensure safety of the device. Therefore, to overcome many of 
the existing barriers to commercialize a device, a multidisciplinary team is 
essential. Another example where multidisciplinary work could be of critical 
importance is through the reporting of adverse events in the patient history 
records called Case Report Forms, or CRFs, during a clinical trial. Although 
CRFs are valuable for gathering information for regulatory purposes, they 
could also be a valuable source of information for bioengineers, since an 
adverse event could be the first step of a bioengineering problem that has 
not been considered so far. It would thus be desirable that clinical trials of 
biomaterial-based medical devices could operate with a feedback loop (cur-
rently known as translational research), thus improving device performance 
dynamically. In order to achieve this goal, bioengineers must work coor-
dinately with clinical investigators endeavoring to bring clinical solutions 
from the bench to the bedside in a timely manner [50–52].

Customization of Implantable Medical Devices

Although general standards in biomaterials and medical devices are of 
extreme importance for medical device development, it is being increasingly 
recognized that personalized medicine will play a critical role in medicine in 
the coming years. Drug and device customization will allow for more effective 
therapies by adapting them to the patient’s unique profile. Customization also 
means that some procedures are dependent on operator experience. Surgery, 
for example, provides plenty of examples in which the implant is blamed for the 
device infection and rejection, although the infection may have been produced 
as a result of the surgical procedure or a particular patient condition. These 
conditions include physiological (age, genetic susceptibility, immunological 
status), psychological and social (emotional factors, family environment), and 
technical aspects (type of procedure and operator experience). Customization 
of medical devices thus represents a daunting task in an attempt to design 
medical devices that could fit individual needs or target specific populations. 
The following examples will illustrate the complexity of this issue.

Newborns and Children

Congenital cardiac defects are found in a small percentage of newborns. From 
an economic standpoint, this implies a small market for device industry, 
resulting in small financial incentives that do not stimulate the development 
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of cardiac devices for congenital heart defects. As a result, adaptation of 
adult cardiovascular devices to pediatric population is a cost-effective alter-
native. However, the drawbacks of this approach are evident if one considers 
the obvious differences between the adult cardiovascular system and that 
of the newborn, including significant anatomical and physiological differ-
ences such as heart valve size, ventricular volume, and the presence of a 
different circuit in the newborn, such as the ductus arteriosus. Therefore, 
there is an urgent need in developing customized cardiovascular devices 
in pediatric populations. Another illustrative example is the early exposure 
during infancy to isocyanates found in polyurethanes, a material used in 
medical devices that has been associated with the development of asthma in 
childhood. The customization approach here relies on replacing this kind of 

CASE STUDY: MEDICAL DEVICES IN PEDIATRIC PATIENTS

A bioresorbable material made of polylactic and polyglycolic acid 
(REPEL-CV Bioabsorbable Adhesion Barrier™) was developed for 
the treatment of adhesions developed after repeated cardiac surgery. 
The manufacturer claimed that the product could improve cardiac 
surgery outcomes by decreasing the number of adhesions as well as 
their extension and severity, a common complication that arises after 
repeated cardiac surgeries. This, in turn, would result in decreasing 
surgery time, hemorrhages and thus morbidity and mortality rates. To 
demonstrate these claims, the product went through four clinical trials 
in patients undergoing repeated sternotomies. Although the manufac-
turer claimed that the product could be used to decrease the exten-
sion, severity and incidence of adhesions in repeat cardiac surgeries 
in adult and pediatric populations, FDA found evidence for approval 
of the product under only one of the claims, namely, that the prod-
uct could decrease the severity of postoperative adhesions in pediatric 
populations undergoing repeat sternotomies. None of the other claims 
including incidence, extension of adhesion, and different age groups 
demonstrated to be equal or superior to current therapies in the clinical 
trials that were performed. In addition, FDA required a non-inferiority 
post-approval study, providing that the product was as safe as the best 
management technique available, in the incidence of mediastinitis, 
rebleeding during exploratory surgery and cardiac tamponade. This 
was required because post-approval studies are carried out in the gen-
eral population. This means that events with, say, a frequency in the 
order of 1 in 100,000 in a population of 10,000,000 could be captured. In 
a phase III clinical trial that is being run with 3,000 patients, the same 
event would probably not be detected because the probability of having 
the case in the population of patients would be extremely low.
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material for a suitable one to be used in children, promoting an early inter-
vention that prevents the development of asthma in later stages of life [53].

Elderly People

Elderly people are more prone to complications during cardiac surgery than 
younger people because of co-morbidities, including impairment in their 
coagulation system, wound healing capacity, and immunological status, 
as well as their deteriorated vital organ function capacity as a consequence 
of aging. Moreover, in the case of heart valve surgery, such as aortic valve 
replacement, the selection of the material for an artificial heart valve is critical 
when deciding on a heart valve replacement in an octogenarian person. A 
representative example of this occurs when the surgeon chooses between 
mechanical heart valves (metallic) and biological heart valves before operat-
ing. This is related to the fact that mechanical valves require anticoagula-
tion during the entire lifetime of the person, which could be associated with 
bleeding or thromboembolic events, in addition to the psychological impact 
of this kind of treatment [54].

Pregnant Women and Newborns during Breastfeeding

Pregnancy is a unique condition, in which many physiological parameters 
are either below or above those considered standards. Pregnant women have 
a hyper-coagulation state that increases the risk of thrombosis and serious 
events, including stroke and acute myocardial infarction. If mechanical 
valves are implanted, an additional risk of valve thrombosis occurs. On the 
other hand, if bioprosthetic valves are used, the need for an earlier valve 
replacement becomes imminent. Therefore, careful consideration must be 
taken when deciding on a heart valve replacement during pregnancy. The 
problem becomes even more complex in that the medication that given to 
avoid thrombosis (cumarinic oral anticoagulants) could have serious adverse 
effects on the fetus (teratogenicity), and alternatives to cumarinic drugs, such 
as heparin and low molecular weight heparin (LMWH), are less effective. 
Therefore, a common approach in heart valve replacement during pregnancy 
is to implant a bioprosthetic valve to avoid the use of anticoagulants. The 
issue of teratogenicity is of extreme importance, as denoted in other relevant 
clinical situations, such as the use of anticonvulsants in the management of 
epilepsy in pregnancy, which at high doses could have teratogenic effects. It 
is the opinion of the author that this issue calls for therapeutic alternatives, 
including biomaterial-based devices. Last but not least is the issue of the pas-
sage of drugs to the newborn during breastfeeding. Again, creative ideas in 
the field of medical devices and biomaterials could bring new approaches for 
these particular conditions [55, 56].

The Psychological Status of the Patient

Some implantable medical devices could have a profound effect on 
the lifestyle of patients by affecting their psychological status such as 
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defibrillators, with the feeling of dependence, fear of malfunction, and 
memory of pain during defibrillation possibly indirectly affecting device 
performance [57].

The Operator’s Experience

In contrast to drug therapies, medical devices are dependent not only on 
the device but also on the operator’s experience (e.g., it is not necessary to 
be trained in administering a drug pill for heart failure, but it is necessary 
to have extensive experience in order to replace a heart valve that is no lon-
ger working). The learning curve is the term used to describe the period in 
which an operator gains experience in mastering a technique. The learn-
ing curve is dependent on several parameters, including patient volume per 
year and device complexity. The learning curve has important implications 
in medical device development because the longer an operator needs to man-
age a procedure (e.g., stent implantation), the longer it will take to market the 
device.

In conclusion, innovation in medical products is deemed without doubt 
necessary. However, FDA assessments are extremely stringent in ensuring 
that an innovative product has unquestionable superiority over the best 
management product available in the market. Moreover, an innovative prod-
uct could represent a significant improvement in the patient’s quality of life, 
but it would also need to achieve this without impairing safety. Finally, this 
case provides evidence that special populations such as pediatric patients 
(three out of four of the clinical trials were performed to assess efficacy and 
safety in newborns aged between 3 and 54 days depending on the study) 
suffering from cardiac congenital malformations have unique needs that 
will be greatly benefited by innovative approaches such as the one discussed 
above [60, 61].

Radiological Imaging of Implantable Medical Devices

A significant percent of all radiographic studies, whether they are stan-
dard radiographs (“plain films”), CT, ultrasound, MRI, or nuclear medicine 
exams, show evidence of a medical device in a patient. Sometimes, the over-
lying medical apparatus can render a study suboptimal to the point of being 
useless (Figure 10.1). The bewildering array of apparatuses that confronts the 
radiologist interpreting an ICU portable chest radiograph on a postoperative 
cardiac patient can be truly staggering (Figure 10.1). Some devices are eas-
ily recognized and evaluated, such as a nasogastric tube or a feeding tube, 
while other critical devices are easily overlooked, such as an intra- aortic 
 balloon  pump (IAPB) (Figure  10.2). Additional challenges in identifying 
medical devices are foreign bodies (bullets, shrapnel, swallowed coins, and 
so forth) that may simulate medical devices. Foreign bodies are not com-
mon but may cause considerable patient harm and be difficult to diagnose 
if not properly recognized (Figure 10.3). What starts out as a useful device 
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FIGuRE 10.1
Portable chest radiograph of an infant after surgery for a congenital cardiac anomaly. The overly-
ing medical apparatus obscures the underlying chest findings so as to make the study non-diag-
nostic. Some of the apparatus pictured include skin staples, surgical drains, overlying monitoring 
lead wires, a central venous catheter, and an endotracheal tube. (Courtesy of Hunter, T.)

FIGuRE 10.2
(left) Intra-aortic balloon pump (IABP) in the descending aorta (arrow). The only visible por-
tion of the pump is the metallic marker on its end. This is often confused with other chest 
apparatus or obscured by overlying lines, tubes, and leads. (Courtesy of Hunter, T.)
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(e.g., a surgical sponge) can cause problems later when its intended purpose 
goes awry (e.g., a sponge left in the abdomen after surgery, a chest tube col-
lapsing the lung instead of removing the air collection in a pneumothorax) 
(Figures 10.4 and 10.5).

Despite the extensive regulatory procedures for introducing new medi-
cal devices for medical applications and for reporting death or injury 
caused by such devices, there seems to be no specific national standards 
or laws that define or ever require an expected radiologic appearance for 
a given medical device. This can be very problematic for physicians and 
healthcare workers using diagnostic radiologic studies to care for patients. 
For example, it is often difficult to discern the difference between a naso-
gastric tube and an endotracheal tube on a chest radiograph. They usually 
lie on top of each other in an anterior-posterior direction on a portable 
chest radiograph and can have similar appearances (Figure 10.6). It would 
be ideal for the endotracheal tube tip to be outlined with a prominent 
radiographic density, allowing for the tube’s presence and tip position to 
be easily noted.

The days of totally radiolucent central catheters seem to be behind us, but 
many of today’s catheters and tubes still remain poorly marked and difficult 
to appreciate. A particularly bad offender is the intra-aortic balloon pump 
(IABP) (Figure 10.2), which is typically totally radiolucent, except for a tiny 
metallic marker on its tip. Even though proper positioning of an IABP is criti-
cal for patients with severe cardiac problems, it is nearly impossible to discern 

FIGuRE 10.3
(right) Frontal view of the chest showing a quarter stuck in the distal portion of the esophagus 
in a young child. (Courtesy of Hunter, T.)
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FIGuRE 10.5
Chest CT image showing a chest tube (white arrow) piercing the left lung instead of removing 
the air collection (pneumothorax) surrounding and partially collapsing the left lung. The back 
arrow shows air that has leaked from the lungs into the chest wall. (Courtesy of Hunter, T.)

FIGuRE 10.4
CT image of the abdomen shows a large granulomatous mass (gossypiboma) resulting from a 
retained surgical sponge. (Courtesy of Hunter, T.)
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the presence of such a pump on portable “chest films.” It is not uncommon to 
see partially radiolucent ECG leads that simulate lung nodules.

In 1986, Wheeler and Scott pointed out the lack of standardization and con-
sistency in medical device radiologic visibility. This remains an important 
issue today. Hopefully, the radiologic community, along with other physicians 
and health care workers, will be able to persuade the CDRH to formulate rea-
sonable guidelines for the radiologic appearance of medical devices [62–68].

Nanotechnology

Nanotechnology could be defined as a group of enabling technologies capa-
ble of developing structures, systems, and devices in the range scale between 
1 and 100 nm. In order to have an idea of this scale, the diameter of a hair is 
about 80,000 nm and the size of red blood cell is in the order of 7,000 nm. For a 
broader definition of nanotechnology, refer to the National Nanotechnology 
Initiative website [69].

Although nanotechnology has been around for many years, it was not 
until recently that governments and the industry have started to realize 
the great potential of small technologies for biomedical sciences, food, and 
cosmetics. In the United States, the National Nanotechnology Initiative 
(NNI) was launched in 2000. Currently, many federal agencies, private 
research and development centers, and universities are including nano-
technology in their agendas. Nanotechnology is a growing market repre-
senting now almost 1,300 products already being commercialized [80]. The 

FIGuRE 10.6
Lateral view of the neck. An endotracheal tube (white arrow) lies directly anterior to a nasogas-
tric tube (black arrow). Note also the dental fillings and overlying connecting wires. A neuro-
stimulator device is present in the posterior aspect of the upper cervical spinal canal. (Courtesy 
of Hunter, T.)
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market of nanotechnology-based products reached $254 billion in 2009 and 
is expected to rise to $1 trillion worldwide by 2015 [70]. Within the nano-
technology market, nanomaterials and bionanotechnology are two very 
important sectors. In this regard, in recent years, nanoparticle technology, 
a field that encompasses both areas, has drawn a lot of attention from the 
industry not only because of its potential market, but also because of its 
technological maturity. One of the existing definitions states that nanopar-
ticles are particles with at least one dimension between 1 and 100 nm and 
that are specifically engineered in the laboratory with a desired shape, 
size, porosity and coating. Nanoparticles could be made of a wide variety 
of biomaterials, including core metal particles surrounded by a ceramic 
shell and a biointerface where the target moiety (a monoclonal antibody) 
is covalently attached, metallic cores with metallic shells (iron oxide 
nanoparticles surrounded by a gold thin layer), polymer matrixes (nano-
spheres), polymer shells (nanocapsules), lipid particles such as liposomes, 
dendrimer-like structures, carbon-based structures such as adamantine, 
ultra-nanocrystalline diamond (UNCD) particles, fullerenes, and car-
bon nanotubes (although the last are being subjected to intense scrutiny 
because of their toxicological profile [71–73].

One of the most promising biomedical applications of nanoparticles is in 
the field of drug delivery systems. Nanoparticle-based drug delivery systems 
or devices (we extend the term device to nanoparticle systems since complex 
nanoplatforms including sensing and actuating mechanisms are currently 
being developed, thus fulfilling the concept of “device”) are becoming a very 
attractive field for the industry [74]. The reason why industry is pursuing 
these amazing technologies is that nanoparticles represent excellent plat-
forms for drug delivery systems owing to their extraordinary properties. 
Some of these properties are that:

 1. Nanoparticles have a high surface-to-volume ratio (increase biologi-
cal active surface).

 2. Nanoparticles could be modified (“functionalized”) at their surface 
with molecular moieties such as antibodies, adding extreme versa-
tility for various therapeutic applications, allowing the creation of 
many different kinds of nanoplatforms, which is an attractive tech-
nology to increase the portfolio of pharmaceutical products by per-
forming minor modifications.

 3. Nanoparticles are so small that they could pass biological barriers 
and gain access to some parts of the human body otherwise not 
accessible (e.g., the blood–brain barrier).

 4. Nanoparticles, such as magnetic nanoparticles, could actively trans-
port a precise amount of payload (drug) to the target tissue and 
release it only in the affected area, improving drug availability and 
decreasing systemic toxicity.
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TABlE 10.4

Some of the Studies Performed by the Nanotechnology Characterization Laboratory 
to Address Critical Issues Regarding the Toxicity of Nanoparticles

Assay Category Questions to Address

In vitro
Hemolysis Do nanoparticles change integrity of red blood cells?
Platelet aggregation Do nanoparticles interfere with cellular components of the blood 

coagulation cascade?
Coagulation time Do nanoparticles cause changes in coagulation factors’ function?
Complement activation Do nanoparticles activate the complement system?
CFU-GM Do nanoparticles cause myelosuppression (toxicity to bone 

marrow precursors)?
Leukocyte proliferation Do nanoparticles have adverse effects on leukocyte proliferative 

responses?
Uptake by macrophages Are nanoparticles internalized by specialized phagocytes?
Cytokine induction Do nanoparticles activate immune cells to elicit cytokine 

production or interfere with that caused by known 
immunogens?

Nitric oxide production Do nanoparticles induce oxidative stress? Indirect test for 
potential endotoxin contamination.

Cytotoxicity of natural 
killer cells

Do nanoparticles interfere with the ability of natural killer cells 
to recognize and kill tumor target cells?

Endotoxin contamination Pyrogen contamination test
Microbial contamination Sterility test
Viral/mycoplasma 
contamination

Sterility test

In vivo
Single-dose toxicity studies

Standard toxicity tests
Blood chemistry Do nanoparticles cause toxicity to immune cells and organs?
Hematology Are there any indications for additional toxicity studies?
Histopathology Additional toxicity studies are conducted on a case-by-case basis 

using weight-of-
Gross pathology evidence approach.
TDAR The test is receded for Is high predictability for human models.

Host-resistance studies
Evaluation of cell-
mediated immunity

These tests are recommended for (1) testing the potential effects 
that particles might have on host resistance towards pathogens 
and tumor cells and (2) to check for contact sensitization and 
delayed type hypersensitivity reactions.

Repeated dose toxicity study
Immunogenicity Do nanoparticles elicit particle specific immune response?

 Reprinted with permission from Nature Publishing Group, 2007. (Drobovolskaia, M.A and 
McNeil, S. 2007. Immunological properties of nanoscale materials. Nat. Nanotechnol. 2: 469–478.)
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Nanotechnology Regulation

In spite of this tremendous potential of nanoparticles for drug delivery 
(among other applications), there has been a call for a tight control (including 
prohibition, moratorium, and the use of the precautionary principle) over 
nanotechnology products. This could be explained by the increasing con-
cerns about the toxicological and environmental fate of nanoparticles and 
their social and ethical consequences. Some of these concerns are that the 
same features that make nanoparticles an attractive platform for drug deliv-
ery systems (e.g., passage through the blood–brain barrier) could promote 
toxicity issues, and that more studies should be carried out before any prod-
uct enters the market [73, 75, 76].

In order to afford these challenges, the FDA has embarked on a series of 
public-private collaborations, including the Nanotechnology Characterization 
Laboratory (NCL), which was created in collaboration with the National 
Institute of Standards and Technology (NIST) and the National Cancer 
Institute (NIC), in order to perform preclinical assessment of nanotechnol-
ogy products for cancer therapy, including physical, chemical, and biological 
characterization of nanoparticles. Companies are encouraged to request the 
from NCL a complete characterization process for their products. In this man-
ner, there is a mutual benefit between regulators and the industry. In addition 
to the NCL, the National Center for Toxicological Research (NCTR) is carry-
ing out several projects to better understand the toxicological implications of 
nanoparticle-based products. Among these projects are the following:

a) Nanotube-based technologies: their implications in public health

b)  Skin penetration of quantum dots (nanocrystal semiconductor 
particles)

c) Tumorigenicity of titanium dioxide nanoparticles

d) Neurotoxicity of manganese nanoparticles

e) Neurotoxicity of silver nanoparticles

f) Application of electron spin resonance spectroscopy to gain more 
insights into the interaction of nanoparticles with biological systems

The FDA has established other external collaborations, including with 
John Hopkins Hospital and the Houston Nanohealth Initiative. In addi-
tion to external collaborations, the FDA has been engaged in developing 
an internal expert group in nanotechnology. In August 2006, the FDA cre-
ated the Nanotechnology Task Force, which, among its duties, has to find 
the adequate pathways to regulate nanotechnology products. The creation 
of a Nanotechnology Task Force at the FDA allowed the agency to have the 
tools for reviewing and/or characterizing nanotechnology-based products, 
with the authority to request information from nanotechnology manufactur-
ers about formulations, including the use of nanoscale material, and proof 
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of safety and effectiveness if deemed necessary. This was also applied to 
medical devices. For instance, current Class I or Class II medical devices not 
otherwise subjected to 510k could require a 510k when using a nanomaterial 
if the added change surpasses the limit established by the Code of Federal 
Regulations (CFR) regarding exemptions for devices that are similar to ones 
existing in the market (21 CFR 878.9). In addition, a new 510k application 
could be required from the FDA to an already cleared Class I or Class II 
product when incorporating nanoscale materials [77, 78].

Concerns Regarding New Technologies among the General Population

As new technologies are created, new regulatory gaps in the regulation arise 
as a consequence of the increasing complexity and uncertainty of such tech-
nologies. We mentioned as an example micro and nanotechnologies, but 
the same trend could be seen in other disciplines using biomaterials such 
as tissue engineering and gene therapy. The finding of a genetically modi-
fied organism (GMO), the finding of lead in toys, the alarming discovery of 
contaminated peanuts, and the presence of Escherichia coli bacteria in meat 
has raised increasing outrage within the general population in terms of how 
federal agencies will afford the challenge of new technology regulation. It 
is important to point out that the main beneficiary of new technologies is 
the society. A recent report from the Woodrow Wilson Center Project on 
Emerging Nanotechnologies mentioned that the public trust in the manner 
in which regulatory agencies are dealing with new technologies has declined 
over the last years. This can be explained by the fact that public confidence is 
based on a benefit/risk ratio where high benefits are expected from high risk 
or undetermined risk products. Because of the incremental benefit of nano-
technologies at this time of development, and the great amount of uncer-
tainty existing among toxicological issues of nanotechnology products, it is 
legitimate to wonder whether the public will accept such a balance [80, 81].

Ethical Challenges

Ethics vs. Economics

Why do we need to write about ethics in a book about biomaterials? As we 
have seen during the course of this chapter, biomaterial and device develop-
ment is a process that takes place through several steps, including design 
and fabrication, in vitro testing, preclinical or animal testing, and ultimately 
clinical trials. It is important to point out that clinical trials where human 
subject research was carried out without considering the ethical aspects 
involved in conducting experimental work in human subjects, some histori-
cal tragedies took place (Figure 10.7). Therefore, it should be realized that 
biomaterial development is a process where ethical considerations must be 
applied with the same rigor as with any other technical requirement.
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FIGuRE 10.7
Historical tragedies involving biomedical research in human subjects.

1932: The Tuskegee Scandal

The Tuskegee study was carried out to study the evolution of patients with 
syphilis. Although by that time it was known that penicillin was effective 
against syphilis, the researchers decided not to give penicillin to patients in 
order to continue with the study. This study is still today a matter of discus-
sion and a critical call to conduct clinical research ethically [6].

1950: The Jewish Chronic Disease Hospital Study

In studying the rejection process that takes place in transplantation, cancer 
cells were inoculated in immundepressed patients to observe the effect of 
cancer spreading with a depleted immunological system (nowadays a method 
used in animal models to recreate tumorigenesis). Most of the subjects of the 
study were elderly people with an impaired mental status. No informed con-
sent was required from the helpless patients and when they asked about the 
study they were told that “the study was a simple skin test” [6].

1960: The Thalidomide Tragedy

Thalidomide is a drug that was prescribed to pregnant women due to its 
potential use in morning sickness caused during pregnancy. Soon it was 
realized that thalidomide was related to deformities in newborns (embry-
opathies) such as focomelia, heart defects and cranial nerve palsies, among 
others. Almost 8,000 cases of abnormalities in newborns were reported in 
Europe whereas only 17 cases were reported in the United States (in clini-
cal trials).This was because the drug was not approved in the United States 
due to concerns regarding potential neuropathy related to the drug (but not 
because of the potential embryopathies) (Rice, 2008). This tragedy resulted 
in an amendment of the Food and Drug Cosmetic Act by including the 
informed consent of the patient as a primary document to conduct human 
subject research [46].

1970s: The Dalkon Shield Case and Intrauterine Devices

One of the most important scandals in the history of medical devices was 
that of the Dalkon Shield, an intrauterine contraceptive, designed with 
nylon-6 and with a multifilament tail, which was withdrawn from the mar-
ket in 1974 after several cases of Pelvic Inflammatory Disease and Sepsis 
were reported. The problem was blamed on the design of the device where 
multifilament tails were incorporated to allow the physician to have access 
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Unfortunately, in our days, this kind of misconduct still persists. In this 
regard, there is a first issue regarding economic influences. It would be strik-
ing to know that a federal agency that regulates one quarter of the American 
product market could be under the influence of economic lobbies, and that 
this could in turn have profound influences on how decisions are made 
within the FDA. For instance, recent papers have called attention to increasing 
concerns regarding conflict of interest within FDA committees, particularly 

to the device from the vagina and thus modify the position of the device if 
necessary. These tails were made of nylon-6, which was colonized by bac-
teria and biodegraded, producing holes that allowed the passage of bacteria 
from the vagina to the uterus. The case had a tremendous impact on the 
general population, particularly in women who started to see the intrauter-
ine devices as a hazardous method for contraception. As a consequence, 
after the Dalkon Shield case, the use of contraceptive devices has steadily 
decreased in the United States, although they are currently considered 
one of the most common strategies for family planning worldwide, with 
an estimated unintended pregnancy rate of 0.1%.The Dalkon Shield pro-
duced such an impact on the public opinion that the case triggered the FDA 
amendment act of 1976 [82, 83, 84].

1996: Breast implants were withdrawn from the market

Several reports of people complaining of problems at the site of the implant 
and even cancer pushed FDA to withdrawn breast implants from the mar-
ket, taking the manufacturer to the bankrupt. Breast implants were re-
incorporated to the market by FDA 14 years later [85].

1999: The Vioxx™ Scandal [86]

Vioxx™ (Rofecoxib), a non-steroidal anti-inflammatory drug designed to 
treat osteoarthritis without the gastrointestinal side effects of non-steroi-
dal anti-inflammatory drugs was launched by Merck in 1999.

It was known that because of its mode of action, Vioxx could affect the 
cardiovascular system, increasing the risk of thrombosis. In spite of this 
information, clinical trials were developed in such a way that potential car-
diovascular events (end-points) could not be detected. Some of these stud-
ies were written by companies hired by Merck and published in prestigious 
journals that did not acknowledge the bias present in these studies, allow-
ing these articles to be published.

FIGuRE 10.7 (COnTInuEd)
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in the pharmaceutical field. These papers advocated for more transparency 
in the way that members of these committees are elected, pointing out that 
many of these members, who are in charge of deciding whether a product 
will be approved or not, have important positions in the biomedical indus-
try. The effects of such influence are seen in how regulatory barriers become 
less rigorous than they should be and products of unclear quality might be 
allowed to enter the market. This is clearly shown in medical devices (many 
of them using biomaterials), where it seems to be a growing concern regard-
ing their assessment, particularly in the quality of medical device clinical 
trials. For example, a recent meta-analysis has shown that several premarket 
approvals submitted to the FDA between 2000 and 2007 lacked the mini-
mum methodological requirements to be considered reliable, claiming that 
only 27% of the studies supporting premarket approvals were randomized 
and only 17% of them were blind, and 88% of all end points were surrogate 
(surrogate end points are indirect forms for assessing the effectiveness of 
a treatment, as opposed to more reliable direct end points) [26]. This is of 
particular concern since it would be expected that medical devices would be 
submitted to a more rigorous assessment than drugs, because, as opposed 
to a drug that could be “washed out” from the body, once a medical device 
is implanted, any failure such as malfunctioning, contamination, electri-
cal breakdown, heating, degradation, and corrosion could have profound 
and catastrophic consequences in a patient. In addition, the FDA has more 
recently started to deal with medical device regulation (from 1976 to date) 
than with drugs (from 1906 to date), which ideally should make the regula-
tory process for biomaterial-medical devices much more stringent. Finally, it 
is obvious that from an industrial standpoint, a less rigorous FDA approval 
for medical devices would imply faster translation to the market of biomate-
rial medical-device developments.

The issue of potential conflict of interest within FDA brought about the 
advent of independent committee assessment groups that would collabo-
rate with FDA experts in monitoring medical device technology by per-
forming critical reviews of clinical studies in order to assess the strength 
of evidence necessary to launch a product to the market without being 
under any economic influence. Among these groups, we can mention the 
Institute of Medicine (IOM), Medicare and professional associations, and 
the California Technology Assessment Forum (CATF). The last has been 
assessing medical devices including capsule endoscopy (a biomaterial-
based capsule that is ingested and allows the visualizing of the gastroin-
testinal tract) and mammography. This organization works by performing 
evidence-based reports based on reviews from medical databases such as 
the Cochrane Library and Pub Med. These reports made by CAFT consul-
tants are later discussed with a multidisciplinary panel composed of sci-
entists, manufacturers, and consumers and subjected to a general vote. In 
this way, strong evidence is used to assess the safety of medical technology 
beyond FDA [25, 87–89].



264 Biomaterials Science: An Integrated Clinical and Engineering Approach

Ethics vs. Time

Another ethical issue of increasing concern is how the approval times 
are managed by the FDA. For example, in some populations, such as 
European countries, some medical devices reach the market earlier than 
in the United States. The drug-eluting stent, for example, was available in 
Europe a year earlier than in the U.S., and 75% of cardiovascular devices 
find their first clinical testing outside the United States, looking for faster 
approval times [14].

This issue is very complex. On the one hand, there is the necessity to 
bring new solutions for unmet needs in health care as soon as possible. 
On the other hand, advocate and political groups and the public opinion 
entrust the FDA with the task of ensuring that any product entering the 
market will be safe for the population. This, in turn, leads to a regula-
tory delay that could have deleterious effects on public health by denying 
effective treatments in a timely manner. To illustrate this example, we can 
think about neurological diseases and cancer. These are usually devastat-
ing entities that cause suffering to both the patient and his or her fam-
ily. Some neurodegenerative diseases and many types of cancer have low 
survival rates, which demands earlier interventions, thus patient advocate 
groups are created trying to get the attention of the government on these 
issues. Therefore, the question remains about how to promote a dynamic 
regulatory process without hindering safety issues. One approach that has 
been developed by the FDA in order to afford this problem is a “regu-
lator accelerator” or Critical Path Initiative (CPI). Although not focused 
solely on cancer and neurological diseases, the Critical Path Initiative 
represents a strategic plan to accelerate the way products are regulated at 
FDA. The Critical Path Initiative has some specific aims in critical areas 
where the FDA pipeline demands urgent solutions for unmet critical needs 
in public health. Some of these aims related to medical devices include 
modernization of clinical trials to improve the manner in which medical 
device trials are designed. This initiative has been called the Clinical Trial 
Transformative Initiative. Another approach was presented in the 2009 
Critical Path Initiative report titled Key Achievements in 2009, where cardio-
vascular devices were selected as an example on how innovative solutions 
could accelerate the development of medical devices. This report showed 
how computer simulation methods, integrated with medical imaging, are 
used to improve cardiovascular devices design performance and safety. 
A collaborative effort, called the DAPT Initiative, is a post-marketing clini-
cal trial among medical device firms, drug firms, and the FDA to improve 
stent safety by assessing the optimal time that patients carrying a stent 
must be under antiplatelet therapy. Last but not least is an ongoing project 
to develop an artificial pancreas at the FDA Critical Path Initiative. This 
project involves a device that could mimic the pancreas by sensing and 
releasing insulin on demand. This is an example of how new technologies 
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and biomaterials converge in a device, and how these devices are being 
considered a priority within the FDA. As it has been described previously 
in this chapter, nanotechnology represents a very active area of research 
with enormous technological and economic potential. The Critical Path 
Initiative has considered nanotechnology a critical tool for improving 
manufacturing capabilities in the 21st century [85]. Finally, in an unprec-
edented effort, the CPI will bring together several sectors, including aca-
demia, regulatory experts, and industry, forming a multidisciplinary, 
multitask group to provide outstanding capabilities for the forthcoming 
enormous challenges that complex biomaterial medical devices are going 
to represent for the FDA.

The Importance of Helsinki Declaration in Current Clinical Research

At this point of the chapter it is important to highlight how important the 
Helsinki Declaration is for conducting clinical trials ethically. A few state-
ments mentioned in this declaration are now cornerstones in any clinical 
trial being performed, regardless of what the clinical trial involves. We 
will show the validity that this declaration still has to date by describing 
some of these cornerstones. Informed consent: current clinical trials involv-
ing biomaterials are required to provide the patient with an informed con-
sent with which the patient decides voluntarily whether he or she wants to 
take part in the research or not. Operator experience: a medical device clinical 
trial demands the intervention of an operator trained to perform any pro-
cedure such as the implantation of a pacemaker. Well being of the patient: the 
well being of the subject during a medical device research takes precedent 
over any other interest, implying that any procedure that threatens the sub-
ject’s well being is not justified even if proving to be beneficial for society. 
Scientific principles: any biomaterial-device clinical trial must be based on 
a comprehensive scientific basis that has been consensuated and validated 
by the scientific community through the literature, such as peer review 
journals or other relevant publications. As stated previously in this chap-
ter, institutional review boards are responsible for ensuring the compliance 
with these principles.

Conclusions and Future Perspectives

Hopefully in the near future, we will witness the arrival of a new genera-
tion of medical devices in the hospitals and at the patient’s home, with fewer 
reports of adverse events and better outcomes that will improve the quality 
and extension of human life. Micro and nanotechnologies will be part of this 
change, bringing implantable devices to the market with new functionalities 
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and better performance. As the trend to personalized medicine is expected 
to impact drug therapies by applying pharmacogenetic and pharmacoge-
nomic tools, the same trend towards customization of medical devices tak-
ing into account special populations with particular needs will improve the 
ways medical devices are adapted to the host, and will therefore improve the 
effectiveness and safety of implantable devices.

However, the current status in medical device technology regulation 
seems to favor technological improvements that are incremental in nature 
(improvements of devices already existing in the market) rather than disrup-
tive technologies, and the reason is that breakthrough medical devices are 
subjected to a much more comprehensive review process by the FDA. This 
favors the development of conservative approaches that hinder any innova-
tion. Therefore, innovation in medical devices will be possible only by the 
modernization of regulatory science. In order to achieve this goal, inter-
disciplinary groups working together at the FDA and at the manufacturer 
worksite will enable a more dynamic regulatory process, bringing medical 
devices in a faster and safer way to the population. Hopefully, in years to 
come, programs such as the Critical Path Initiative will impact the regulatory 
science and policy by adopting new approaches in clinical trials of medical 
devices, incorporating new technologies such as computer simulations for 
studying implantation performance and other advanced technological tools 
now available. Furthermore, this amazing repertoire of techniques will pro-
vide the FDA personnel with more accurate information, thus decreasing the 
risk of device failure and increasing the chances of success, and paving the 
way to bring new disruptive medical device technologies to the patients in a 
timely fashion without hindering safety performance.

From an ethical point of view and based on recent criticism made to the 
FDA about potential conflicts of interest, the advent of independent com-
mittee assessment groups that would collaborate with FDA experts in 
monitoring the strength of the evidence in clinical trials of medical device 
technology will help make the regulatory process more transparent and less 
prone to economic bias.
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11
Innovative Product Development 
and Technology Adoption for 
Medical Applications

Stephen M. Jarrett

Introduction

The rapid prototyping of innovative technology solutions into products for a 
wide range of customers is an essential business requirement for success in 
the technology development marketplace. Many technologies are available 
from different industries and from different applications that can be quickly 
applied to the medical area. Accomplishing this function requires research 
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to find the emerging technologies that are complementary and in coordina-
tion with the many different disciplines. Few organizations are well posi-
tioned to accomplish this technology transfer and insertion function. Being 
a technology transition intermediary and a supplier of advanced systems to 
many customers from the Department of Defense and other federal agen-
cies and even to the local hospital gives us a view of the requirements and 
the potential insertion points for new developments. A strong relationship 
with these customers is essential to position the intermediary to discuss the 
possibilities of technology insertion. Participation in the area of technology 
transition could be improved by a coordinated effort to find the technology 
kernels at the research and development sites and to actively team with other 
developers. Also, a formal concept development group to actively propose 
prototyping programs that could provide leap-ahead technology insertion 
projects for our customer base would accelerate the transition of advanced 
technology. Since the life blood of all small developers is the funding stream, 
multiple paths of transition should be the rule, not the exception.

The development of technology for future medical applications is a grow-
ing segment of our economy, and a number of companies, universities, and 
federal laboratories are striving to get products into the field and accepted 
for use by the medical community. The path to commercialization and com-
mercial sales in this area is a tortuous route with many pitfalls that have 
the potential to derail a project before it reaches its objective. The ability to 
navigate this route effectively requires skill, persistence, and a good map. 
This chapter defines the basic steps in this route to assist in the successful 
transition of technologies from the idea phase to the operational phase of 
the testing program. The marketing of these technology products must also 
address the adoption of innovation criteria for the customers.

Many technologies fail not because of the technical skills of their pro-
ponents, nor because of the market to which they are targeted. They fail 
simply because no one got sufficiently interested in them at the right 
time. (V. K. Jolly, 1997) 

This quote from Jolly’s book, Commercializing New Technologies, applies directly 
to the case of medical advancements. As we go through this process, we’ll look 
at a number of examples and try to distill the factors that make the inventor 
more successful in the end. There is no silver bullet, and there is a lot of tech-
nology in the laboratories and even in the patent portfolio of many universities 
and companies that could be successful if it were ever to meet and marry the 
right complementary critical partner. There is a great benefit for developers of 
medical technology to examine technology from other fields and disciplines. 
There is also great power in the naming of the technology. Just because some-
thing was invented to move imagery around in the military from unmanned 
aerial vehicles doesn’t mean that it has any difficulty in moving magnetic reso-
nance imagery from the hospital to the radiologist’s computer. We’ll discuss 
some examples of this cross-disciplinary approach to development.
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The naming of a technology has a great effect on the uses that are consid-
ered for its adoption. For this reason we need to look at other technology areas 
for those critical component technologies that can assist us in transitioning a 
laboratory development to a capability to fill the customer’s request. We fre-
quently hear about the “not invented here” syndrome. In my experience in 
the development of military systems, it has consistently come into focus that 
the naming of a system is critical to the future use of that system’s capabili-
ties in the field. It’s only human nature for the inventor and program man-
ager want to have the legacy system named after their service or group. The 
military gets around that roadblock usually by naming it “Joint …,” which is 
sometimes not totally correct. However, the thought process is sound. If you 
develop an imagery distribution system that is going to be used to distribute 
the magnetic resonance imagery (MRI) to the radiologist and the doctor, it is 
natural for you to name it an MRI distribution system. The issue comes up 
when in the future we want to use that same imagery system to distribute 
documents that have been scanned into the system and recorded in the same 
imagery format as the MRI data. Believe it or not, the software can’t tell one 
JPEG file from another. It is sometimes difficult to come up with a name 
that describes the capabilities of the system without using the initial appli-
cation in the title. It’s helpful to think of systems or components in terms of 
what they do as a capability. This naming criterion is also important when 
the inventor is looking for other critical technologies to complete the system 
design. In the military acquisition system, this process is called the analysis 
of alternatives.

In competitive technology intelligence, these are called technical options. 
When we are working in the technology development of new products, 
such as a laptop, one alternative is to make a better laptop to generate 
competitive advantage. It can be lighter, last longer on a battery charge, 
and have a brighter screen or some other factor. It could also take a totally 
different approach and be an iPad, which has no ability to print, connects 
through a 3G connection to the Internet, and can automatically be linked 
to a bookseller to download a book. By the way, that same book cannot be 
read on a laptop.

One of my first developments was a microbolometer infrared detector. 
This detector was based on a new uncooled focal plane that was developed 
by an industry partner under funding from the Defense Advanced Research 
Projects Agency (DARPA). I was asked to transition this technology to the 
combat forces. The detector prototype that was presented to me was enor-
mously expensive and was encased in a Plexiglas box. For this technology 
to transition, it was critical to get it into the hands of the customer and to 
generate a valid concept of operation that gave it an advantage over the cur-
rent night-vision goggles that were in extensive use. When we first entered 
the caves of Afghanistan, that concept became clear. The microbolometer 
infrared detectors were called “pocketscopes.” They weighed 12 ounces and 
operated for five hours on two double-A batteries. The principle of operation 
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of the night-vision goggles was light intensification. In caves there is simply 
no light to intensify. The principle of operation of the infrared detector is 
that they don’t see light, they see heat. A person is easily visible even in total 
darkness. However, a new advantage emerged when we determined that a 
handprint on the wall was visible for many minutes or even hours. We could 
tell not only if someone was there, but also if that person had been there for 
hours before we arrived. The light-intensification goggles had no capability 
in this area. Even with this advantage we had to adjust the development. We 
had to drive the cost down. I sent the commercial developer to Walmart to 
buy a Sportsman flashlight. I directed them to put the guts of their unit in 
the case of the flashlight. Our primary market was not combat forces but law 
enforcement personnel, and the cost was critical to generate volume.

Looking at this infrared technology from a medical sense, the question 
emerges, “What medical use could it have?” I took it to a dentist and experi-
mented with looking in a patient’s mouth to determine whether there was 
any gum irritation or infection. Since the unit can detect .0057 degrees of 
differential temperature, this was easily accomplished. Subsequent to this, I 
have found an infrared detector connected to a computer that can recognize 
the vein structure in the palm of your hand and is used to secure a com-
puter from access by anyone other than the authorized user. The operator 
hovers his hand over the mouse, which has an IR camera facing up. The 
recorded vein structure of the palm of the user is as unique as the iris or the 
fingerprint.

We need to look at other technology areas for potential capabilities. This 
one factor is the reason that I rarely recommend a single technology for an 
application. It is important to look for technology options instead of looking 
for a single-technology solution. There are frequently a number of differ-
ent technologies able to provide the capabilities that are requested by the 
customer. Not all of these technologies are at the same maturity level. Some 
of them are laboratory experiments that have exceptional potential but need 
several more years of development. Some are commercial products that may 
provide an 80% solution immediately. There may also be more than one 
way to accomplish the task requested by the customer. Looking at various 
options frequently yields new viewpoints on how to accomplish the outcome 
that is desired.

We also need to look at the motivation for the change in technology from 
the existing path being used to the new path being requested. If a new sam-
pling technique for bacteria enables the user to do immediate triage at the 
site of the sample rather than sending the sample into the laboratory and get-
ting results back in three days, then the motivation might be a great savings 
in time for the emergency technician. These factors are defined in several 
theories that delineate the reasons controlling the adoption of innovations. 
We frequently think it is only the technology that the decision is based on, 
but many times the decision criteria are based on much more subtle fac-
tors, such as peer or supervisor pressures. There is also a great difference in 
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the reasoning between individuals. Therefore, the terms early adopter, change 
agent, and innovator were coined by Everett Rogers (Rogers 1995). When we 
transition technology from one industry or usage to another market, we fre-
quently find a totally different group of acceptance factors. Even though the 
imaging technology may be used in both veterinary science and in human 
medical diagnosis, the factors affecting its adoption are not the same.

Connecting with the Medical Institutions, Doctors, 
and Nurses and Learning Their Needs

When you have an idea for a medical device that might benefit the doctor 
or nurse in the diagnosing or treatment of specific ailments, how do you get 
the specific requirements defined? Many medical institutions have their own 
research departments. This also holds for universities with medical teach-
ing professors who are interested in spinning off their research projects 
into startup companies or licensing their inventions for royalty profits. This 
involves primarily the transition of technology from a medical research lab-
oratory to a medical research product. However, much technology is devel-
oped in one area of application and transitioned to a totally different area of 
medical application.

Just as in other fields, the development of technology doesn’t always hap-
pen in the field of use that the inventor thought he or she was working on 
at the time. This cross-fertilization is evident in many historical and current 
developments. The key question is how to determine whether the technol-
ogy meets the requirements that the users will adopt? There are a number 
of adoption criteria in the theoretical works of Rogers, Ajzen, Fishbein, and 
Davis that relate the adoption of innovation to the medical areas. By examin-
ing some of these theoretical factors and by looking at some other techniques 
used by leading-edge thinkers such as Edison and da Vinci, we can form a 
process that gives us some clues about the development of critical medical 
devices that will be used in clinical practices on a wide scale.

Spending Time with the Customers in Their Environment

Who has a better feel for the challenges and issues faced by the customer than 
the blue-collar technician who listens every day to the complaints about “if 
they had only put this handle on the left rather than the right of the machine, 
it would have taken half the time to do this procedure”? Listening to the 
customer is not always a major part of the researcher’s day in the laboratory. 
I’d be very surprised to find out that a researcher came up with the idea of 
using an automotive manufacturing robot to do brain surgery. So how did 
a system such as the CyberKnife get developed? I use this example because 
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none of the parts of the CyberKnife came from medical research directly. 
I first became acquainted with the CyberKnife at Roper St. Francis Hospital 
in Charleston, South Carolina. It was demonstrated to our group on a tour 
as part of the ThinkTEC Innovation group at the Charleston Metro Chamber 
of Commerce. The head of the CyberKnife was originally used to inspect 
bridges for flaws in the concrete. The base of the CyberKnife was an automo-
bile manufacturing robot. So how did this marriage ever occur?

One of the reasons that so much technology is left on the table in research 
facilities is their lack of the ability to develop “concepts of operation” for the 
new technologies. Another reason is the lack of teaming with other devel-
opers of critical components for a finished product owing to a misguided 
philosophy of “protecting intellectual property” that eventually becomes 
worthless as it is overcome by other research. In his book The Innovator’s 
Dilemma, Christensen demonstrated this explicitly in the development of 
hard disc storage technology in the computer industry. In that example, in 
every instance of new technology being inserted in the miniaturization of 
new hard disc storage devices, the leaders could not visualize the benefits of 
the new technology. In most instances the new technology in its nascent form 
was not as capable as the existing product. The key missing concept was that 
computers were destined to become more mobile and smaller to fit the future 
market based primarily on laptops. In this mode the desktop unit didn’t need 
a miniature disc with a high storage capacity. To enable the market transition 
to laptops, the miniature disc was a critical technology requirement.

In the medical technology industry sector, how do we team and find syn-
ergistic developments that will enable new products such as the CyberKnife?

“To invent, you need a good imagination 
and a pile of junk.” —Thomas Edison

I’m not insinuating by this quote from Edison that all new technology is 
a pile of junk. What I am proposing is that many researchers get too close 
to their own work and need to step back and leverage the developments of 
others in other technology areas to move their own projects along faster to a 
reasonable conclusion. I don’t know the CyberKnife developers, but I image 
the discussion may have gone something like this. “Who makes robots that 
have extreme accuracy?” “Don’t they use them for very accurate welds and 
manufacturing in the automobile industry?” “Why don’t we use our medical 
expertise to apply the technology they developed to the challenge of very 
precise manipulation of a device in the medical field?”

My friend Bob Miller and I have collaborated on a number of technol-
ogy developments. We laugh about finishing each other’s sentences some-
times. I’ll have part of an idea defined and while we’re discussing it he will 
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comment, “Why don’t we take this other technology that we found and put 
those two together?” About ten years ago industry went through a time 
when many companies put groups of expertise together in close proximity 
in their development areas. The leading-edge display group was in one area, 
the transmitter and receiver group was in another area, and the software 
developers were all together. This was to enable the easy transfer of informa-
tion and ideas between these groups and to foster “over-the-lunch-table” dis-
cussions. These centers of technical excellence have been modified in many 
instances by “cross-functional teams.” The Integrated Product Development 
Team (IPT) has supplanted the previous organizational model. In my opin-
ion there needs to be both of these types of collaboration. When the develop 
calls for robotics, we call in a robotics expert. When the software needs mod-
ification, we bring in the software developer. But functionally the hardest 
part to put together for many teams is the operational concept of applying 
the product to the real world application. In the medical development we 
need that doctor or nurse who has the experience to know what factors are 
important and how to design the product to bring the most value to the user. 
Edison called it “master-mind collaboration” (Gelb 2007).

Integration into the Clinical Process (Concepts of Operations)

The integration of new technology into the medical field parallels that of 
the introduction and adoption of new developments in other technology-
based applications. In military terminology this is termed the development 
of the concept of operations. This simply means “How will the user insert 
this technology into the current process, daily routine or method of servic-
ing the customer?”

From the theoretical base we find ten factors that affect the adoption of 
new technology innovation. These factors are drawn from a combined model 
taking into account the diffusion of innovation theory of Everett Rogers, the 
theory of reasoned action by Ajzen and Fishbein, and the technology accep-
tance model of Davis.

 1. Relative advantage
 2. Compatibility
 3. Image
 4. Ease of use
 5. Results demonstrability
 6. Trialability
 7. Perceived voluntariness
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 8. Subjective norm for customers
 9. Subjective norm for peers
 10. Subjective norm for community (Jarrett 2003)

Here is a chart that links these factors together in a realistic format that 
describes the decision-making criteria for explaining the behavior of the 
adopter of technology. Having dealt with researchers for many years, I’ve 
been accustomed to the idea of “if we make it they will come.” In that frame 
of mind the researcher develops a technology or maybe even a product and 
“pitches it over the fence” and hopes that someone buys it. I’ve found it to 
be much more efficient and more of a winning strategy to take the adop-
tion factors into consideration before the development than in the market-
ing phase of the product. Working with the user early in the process is a 
way to find out the real issues in the adoption of new technology. It always 
comes back to the generation of value in the eyes of the customer. If the 
nurse spends countless hours charting the vital signs of patients and we 
can use technology to automatically record the blood pressure, pulse rate, 
and temperature from our equipment, it’s a positive factor in the adoption 
by the nurse of the new equipment. If this also generates more accuracy 
in the recording of the data and provides the nurse more time for patient 
interaction rather than data logging, it is beneficial to the patient and to the 
doctor.

Without getting too theoretical, the simple answer to the question of 
which factors affect the adoption of medical technology is to address how 
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the customer will use the technology to his advantage in the medical appli-
cation area. Let’s look at an example and determine some of these factors. 
Currently, if you go in a leading hospital, you may find the nurses rolling a 
laptop computer around on a cart as they make their rounds. This computer 
is probably tied to the hospital network by wireless connectivity. What were 
some of the factors involved in the adoption of this system? First, the previ-
ous system was a clipboard with all of the patient’s information on treat-
ments, doses of medications, and other information annotated on it at the 
foot the patient’s bed. This required someone to transcribe this information 
to the record-keeping system and required the nurse to go to the patient’s 
room and read the current status to the doctor if he called in to inquire about 
the patient before making rounds. The nurse had to record the information, 
so recording it into the computer versus into a written chart is not much dif-
ferent, and it is a real time system so it only needs to be done once. The nurse 
doesn’t need to chart the patient’s status at the end of the shift because it’s 
done concurrently with the visit and the administering of the medication. It 
can also be linked to the accountability of the drugs. So the nurse saves time, 
eliminates redundancy of recording the information, and can get a running 
inventory of the drugs on the floor, and the doctor can log onto the system 
from wherever he is to get an updated status.

So just from this short examination the nurse sees the system as compat-
ible with her routine since she is recording the same data. The ease of use is 
that the data is recorded the same as on the chart but in an electronic format. 
The ease of use was probably also demonstrated by a simple fill in the blanks 
template for inputting the data on the computer. The results demonstrability 
is that they probably paralleled the hand charting and the electronic chart-
ing for some period of time to demonstrate the advantages. Not all of the fac-
tors will be active in every instance, and the importance of each may change 
as the product progresses through the development phase.

Mapping Out the Technology Insertion Strategy

The mapping out of the technology insertion is a technique that has been 
used by a number of prominent innovators, including Leonardo da Vinci 
and Thomas Edison. I think one of the factors in the use of mapping tech-
niques is that many inventors and entrepreneurs are visually thinking peo-
ple. This also may explain such “back of the napkin” ideas for many new 
products. I have to admit that I’m a strong advocate of this approach and 
rarely attend any meeting without some kind of a pad to write or draw pic-
tures on during the meeting. It’s not that I dislike meetings so much but that 
I’ve generally found after many years that two-hour meetings often yield 20 
minutes worth of beneficial information and 100 minutes of people who like 
to listen to themselves talk.

In applying this technique to the medical field you need to have a few 
basics. First is to define the central theme for the new product. This sounds 
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like a simple step, but it can prove to be very problematic. The “naming” of 
a technology frequently has a lot to do with the ability of the developers to 
transition the technology across technology boundaries into new applica-
tions. It’s important not to limit the potential solutions too early in the pro-
cess. In Gelb’s book on innovation, this is called “kaleidoscope” thinking. 
I usually make two different maps. One is the technology version, and the 
second is the operational or developmental version. The first maps out all 
of the potential technologies and all the options that might provide solu-
tions. The second maps out all the developmental paths that the technolo-
gies might take and ends with the contacts that should be followed in each 
technical area.

Let’s look at an example of the technology version. We place the automated 
medical chart at the center and look for other technology connections. What 
benefits can we provide and what other enabling factors come to light that 
might provide value to the user? If we involve the user in this brainstorming 
session, we can come up with a number of other “what if?” benefits. What 
if everyone who needed the data had access to it after the nurse recorded it 
only once? What other data would make it more valuable? How does this 
technology fit into the current process? Does this save time, money, or lives 
by its adoption?

What can we learn from this map? As we populated the map, a few other 
factors came to the thought process. We originally were planning to auto-
mate the charting process to aid the nurse in time management. As we built 
this map it also came to light that by automating the chart we also enabled 
the doctor to view the chart in real time remotely. This would be another 
adopter who benefited. We also found that in the automation we could also 
provide links to the patient history, laboratory tests results, and even X-rays 
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or MRIs. All of these factors would also be beneficial. If we made the charts 
more accurate it would also affect liability issues. By automating the doc-
tor’s review we could also provide automated communications of new doc-
tor’s orders and track the drug inventory as it was given instead of requiring 
extensive inventories after each shift.

Getting to the Prototype Stage of development

In a number of technology transitions I’ve seen the most difficult part of the 
path to be getting from the idea stage to the prototype stage. We have also 
seen this from the medical laboratories at the universities and at the small 
businesses. Many groups get the initial research done, file for a patent, and 
file it in a locked drawer. Patents don’t necessarily ensure that the devel-
oper will make any money whatsoever on the technology idea. Getting 
to the prototype for the application that will generate a product must be 
visualized. That’s one reason that mind-mapping techniques work well for 
developers of advanced technology. Sometimes in this developmental cycle 
we get the chicken and egg syndrome. The developers don’t have the funds 
to get the prototype built and the customer won’t fund the development 
until they evaluate the prototype unit in operation. So how do we get to the 
next phase?

It’s unbelievable how much technology we have in the research labora-
tory that never sees the light of day. I think the major hindrance to much 
of this develop is our legal system. We concentrate so much on the pro-
tection of intellectual property that we lose sight of the value-developing 
potential of collaboration. I’ve seen a number of innovation projects that 
were proposed in the PowerPoint stage. In the military we have another 
term for those projects: they are called “vapor ware.” The success rate for 
developing a prototype and getting the customer on your team greatly 
improves when a rough prototype is connected with a visionary presen-
tation of “you see this 50% solution, now think about if I could get fund-
ing to do the next 30%?” You might also note that 50% and 30% doesn’t 
add up to 100%. It only adds up to 80%. Researchers frequently gold plate 
their proposals, especially to government sources, and ask for unrealistic 
amounts. The customer isn’t ready to fund you to the third generation 
until you have demonstrated value at every step along the developmental 
path.

In the Pocketscope development we actually sold the prototypes. Several 
interesting facts emerged from that process. The first was that it was easier 
to get a prospective customer to test our units if they were not free. It prob-
ably gets back to the old adage of having some skin in the game. So the key 
is to get the customer on your developmental team as early in the process as 
possible. My recommendation would be as soon as any level of prototype 
is reasonably available. This generates buy-in by the customer of the final 
product early in the process.
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Bringing the Customer on Board during 
the Design Rather than as a Buyer

 When the customer is brought into the development process in the design 
phase rather than the marketing phase, you probably will end up chang-
ing the prototype. If you are developing a handheld reader for a microflu-
idics chip to detect malaria in the third world, you must take into account 
the operating conditions of that application. This may not be a laboratory 
environment that has a sterile sampling source and electrical power. In the 
development of a new sampling system for contamination in oysters for the 
National Oceanic and Atmospheric Administration (NOAA), the key issue 
was not the extreme level of accuracy but instead a go-no-go solution and in-
field readout capability. The return of samples to the laboratory for analysis 
after several days was a key cost issue and shut down the shellfish industry 
harvesting of the seafood until it was completed. The customer knows the 
market the best. So interface with them early through direct interaction and 
through the organizations and groups that discuss their challenges.

Availability of Funds drives development: 
diversifying with Multiple Customers

In most of the developments of advanced technology the funding stream has 
a great influence. So it makes sense to concentrate on diversifying the fund-
ing early in the project. Many projects are started as a result of some seed 
funding from a research and development source. The National Institutes of 
Health is one of the largest federal sources of R&D funding for new projects. 
If the funding comes as a Small Business Innovative Research (SBIR) grant, 
it has a relatively short life span and no guarantee for follow-on funding. 
Information from the AAAS shows the magnitude of federal funding that 
is devoted to the National Institutes of Health. It is much larger than the 
Department of Defense share of the R&D.

As we progress through developments in the medical area, just like in other 
sectors the availability of funding either enables or slows the process. As a 
professional warrior I prefer the “win early win often” approach to funding. 
Many researchers that I’ve worked with in other sectors prefer the “loyalty 
to a single source” approach. Multiple customers give you not only more 
options for funding but also more than one perspective on applying your 
research to the marketplace. Regulations for equipment in the veterinary 
practice are not the same as for the medical research area. Infrared imagery 
can be used in border security as well as finding infection in soft tissue. We 
need to look for the other use that we haven’t thought of in the first round of 
research.

One approach that has proven successful in developing advanced tech-
nology is to propose a further development of an existing prototype for a 
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different application. The key here is in the leveraging of other technology. 
In the federal government there is a form of research funding called Small 
Business Innovative Research (SBIR). This is a phased program where 
funding increases as you progress through the phases from I through 
III. There is a provision in the program that even though you got Phase 
I  funding from the Department of Energy, you may go for Phase II fund-
ing from the Department of Defense or any other agency that you find 
that is interested. The second source in effect leverages the funds spent 
on Phase I but does not have to pay for them. This should be the attitude 
of the researcher in the search for funding. New sources get the benefit 
of previous development and only have to pay for the development of the 
new prototype. I’ve bounced developments from one agency to another 
several times and then back to the original source to their surprise and 
benefit.

Getting a Foothold in the Medical Market

The medical market is very competitive and very difficult to enter by a small 
business or lab-based developer. We should always look for alternative ways 
to get the technology proven. We seem to sometimes have blinders on when 
we are too deep into the technology mix. Being able to look through the 
development to the logical consequences in the future of the technology 
insertion is the key to finding the new product that will be a game-changer 
in the future. Setting up a program briefing plan to identify common tech-
nology needs and to raise the visibility of multiple projects is a way to iden-
tify alternative customers and other uses for the technology that you are 
developing. This is where the mind mapping techniques really shine. When 
we are able to visualize the development and see what it really does, those 
other applications naturally flow into the discussion.

Let’s look at a case study to walk through the process. We’ll go back to the 
pocketscope. The infrared capability of the scope gives us a capability to 
view heat differentials of very minute amounts. Where would this be appli-
cable to the medical field? Since I’m an engineer and a business doctor and 
not a medical doctor, we’ll go with that limited approach and look at only 
a couple of areas. I know from experience that infections cause the areas 
to be inflamed and therefore “hotter.” Muscle pulls and strains also cause 
irritation that might yield inflammation. A similar unit is the portable hand-
held ultrasound unit that was used on our dog by the vet to detect a muscle 
strain after an agility trials injury. We probably need the handheld unit to 
display on a laptop or other screen instead of on an eyepiece. Since this pock-
etscope is actually a digital camera with a video out, that is not a problem—
it’s a cable. Next we look at what the concept of operation would be. It would 
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probably parallel the handheld ultrasound. One difference would be that the 
ultrasound cannot detect infection. Also, the ultrasound probe must be in 
contact with the skin, whereas the infrared unit can be several feet away. The 
ultrasound looks under the skin while the infrared looks only at the surface 
temperature of the skin. Tumors might cause increased irritation and might 
be visible with the infrared. There seems to be some good similarities in the 
usage of the two units, and that could indicate that the market might accept 
it easily.

How would we go about getting this prototype into the field for evaluation 
by customers? Since the ultrasound is in frequent use in both medical and 
veterinary practices, we might want to look at both of those areas. The key is 
that developing the unit only in the human medical area runs into a number 
of certifications and regulations that the veterinary prototype avoids. The 
technology is basically the same. The process is the same but shorter. The 
legal issues are much different. I’d pick the vet area to prove the technology 
and demonstrate the concepts as an inexpensive route to getting to the mar-
ket sooner. It’s important not to name it an “animal evaluation tool” unless 
you have no plans to address the medical field later. Have you ever tried to 
get a vet medicine into the people market?

Building databases on technology sources, contacts and project require-
ments can be a good start toward identifying the markets to address with a 
technology. This falls in line with the second type of mind mapping that I 
mentioned before. I first used this application during my doctoral program, 
and it was in relation to the process to get a bill through Congress. In that 
application it is called Sayre Wheel Analysis. In this analysis the bill or issue 
is placed at the center, and the constituents who might be interested or influ-
enced in the bill are all delineated around the wheel. An example of a Sayre 
Wheel is below. In a political sense if you were discussing a Social Security 
issue that would go in the center. Then we’d try to identify all of the potential 
players that we needed to influence or touch to get the bill passed. A good 
illustration of Sayer Wheel analysis is provided in a paper by McCarthy and 
Aronson (2001).

Looking at this from a technology viewpoint is very similar except we 
place the capability or technology in the center and work from there. Let’s 
look at a medical example.

So in this example we should look for customers in the World Health 
Organization (WHO) and the Center for Disease Control (CDC). Develop-
mental funds might be available from those organizations. Also there are 
a number of biotechnology firms working in this area globally, so they 
might become either partners or competitors. Rabies is a huge issue in 
the Third World countries that don’t routinely vaccinate their pets. It’s 
a people issue there, not just a pet issue, because of the many cases of 
humans who have been bitten; according to the WHO, there are 50,000 
to 60,000 deaths per year from rabies. In the United States this would be 
both a person and a pet issue depending on how the vaccine is developed.
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Business Plans

Write business plans for the development of advanced technologies to 
examine the path of transition and the evolutionary path for inserting 
these technologies into multiple customer product markets. It’s important 
to get the process down for development, but it’s even more important 
to  determine the business model and the funding streams. Most devel-
opments that I’ve seen fail were based on funding issues. That is one 
reason  for  multiplying the potential sources of funds early in the cycle. 
There are a number of sources that can be tapped to get through the ini-
tial prototype developmental stages, but my recommendation would be to 
use as many as possible in the current fiscal environment. When we bring 
in partners that have critical technologies that are already developed, we 
diversify the risks. Don’t multiply the risk by attempting to develop the 
entire system from scratch. Using someone else’s display and technology 
platform to move your sensor technology to the higher level is a smart 
option.

The compatibility and ease of use factors can also be accentuated if the 
developer stays away from proprietary systems. The reason so many iPhone 
applications are available is that they are compatible with every iPhone. If 
you make a medical sensor and it has to have a proprietary display, it will 
probably be harder to sell than one that can be displayed on a standard per-
sonal laptop with some easy-to-load software application.

Rabies
vaccine

U.S. Dept. of
Agriculture

Biotech
industry
partners

World
Health

Organization

Developing
countries

with Rabies
issues

Asia

Africa

South
America

State
legislatures

with wildlife
issues

Center for
Disease
Control

SPCA

FIGuRE 11.3
Medical Sayre Analysis model.
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Consortium Coordination

Set up a consortium to coordinate advanced technology transition proposals 
with visibility throughout the enterprise. One method I’ve seen used effec-
tively by a number of developers associated with the Federal Laboratory 
Consortium (FLC) partners is to ally with associations that represent a num-
ber of the groups in the market that you are addressing. One group address-
ing a disease issue relating to peanut growers gave briefs at a number of 
conferences for that industry. They also worked through the governmental 
agencies at the state level that controlled this part of the agriculture industry. 
They also brought in a number of researchers from the state universities. All 
of these actions were targeted toward building acceptance for the end prod-
uct during the developmental phase. This group was also able to move this 
to the global level and enlist international participants.

When you are developing advanced technology, you are pitting yourself 
and your organization against the program manager network for the legacy 
systems. A program manager that has been working on a system for fifteen 
years becomes very attached to the legacy technology. The advanced tech-
nology developer is seen as attacking his personal legacy of the existing sys-
tem. All program managers are evaluated on three factors: cost, schedule, 
and performance of the system. None of these factors is positive for inserting 
new “untested” technology. The fact that your technology may generate a 
ten-fold improvement in the capability is not in the decision-making process.

Many of the consortiums for industry segments have open forum discus-
sions about serious issues that are common to the entire sector. When a new 
solution to this challenge is being discussed, the members don’t want to be 
left out in the competitive market, so they are encouraged to adopt the tech-
nology to maintain their market share. The U.S. Department of Agriculture 
(USDA) was faced with an issue in the sugar industry over the use of an 
enzyme called dextranase in the processing of sugar beets. They solved this 
challenge with some innovated chemists and researchers, but the interesting 
part of the solution was the process they used. They allied with two indus-
try partners who ran sugarcane factories. They got research grants from the 
American Sugar Cane League. Presentations were made to the American 
Society of Sugar Cane Technologists and the American Chemical Society. 
They wrote journal articles, industrial bulletin publications, and book chap-
ters and held workshops on the new process in factories that would use it. Then 
after perfecting the process, they went global and briefed the International 
Commission for Uniform Methods in Sugar Analysis (ICUMSA). Being an 
engineer, I’m amazed that these organizations even exist. However, the 
process is what needs to be mirrored for medical technology development 
(SEFLC 2010). There are similar organizations for every segment of the medi-
cal industry, whether it is cancer research or magnetic resonance imagery 
interpretation. Hiding a technology under layers of legal paperwork is not 
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my idea of an aggressive development. You can win a race by eliminating the 
competition, or by running faster than the competition. Getting your appro-
priate organizations and allies all lined up and running in the same direc-
tion is a good way to get to the finish line with customers and allies in tow.

Medical Materials and Advanced Applications

A great example of the insertion of advanced technology in the medical field 
is the current ability of doctors to replace knees and other joints. From an 
article at the BoneSmart website, we get this quote: “Total knee replacement 
offers the greatest quality of like improvement of all operations. It has one of 
the highest success rates and one of the best outcomes” (BoneSmart 2010). In 
the adoption of this procedure and the artificial knee joint, there were some 
significant factors involved. Obviously the design of the knee joint itself 
probably would be patterned on the natural knee. In research we’d probably 
term that as biomimicry. The knee was designed as a “replacement” for a 
natural knee that was damaged by accident or other factors such as age or 
arthritis. It was manufactured from materials that would make it durable 
and acceptable to the body’s immune system. Other factors emerge as we get 
into the design phase before we get to actually trying it on a patient. How 
will it be attached to the bones of the leg? Can you use the existing tendons 
and muscles? Will the surgery be an hour and a half or ten hours to install it? 
Will the patient be severely limited in his or her abilities after the surgery?

From the article “Polymeric Medical Materials” (Merl 2010) we get this 
description of these materials.

Polymeric materials are used in medical devices because of their unique 
properties, ease of manufacture, flexibility in design and low cost. 
Unique properties include:

•	 Flexibility (tubing, seals, vascular …)
•	 Sorption/diffusion (drug delivery, contact lens …)
•	 Formability (bone cement, dental fillings …)
•	 Wear resistance (prosthetic joints …)
•	 Specific stiffness of composites (crutches, wheelchairs …) 

Replacement knees also involve metal parts. The BoneSmart article refer-
ences metal components made from either cobalt chrome alloy or tita-
nium alloy that can be fixed in place by either cement or bone “ingrowth.” 
Similarly, a PRODISC-L Total Disc Replacement recently approved by the 
FDA describes the device this way:

The PRODISC-L Total Disc Replacement is an artificial intervertebral 
disc made from metal and plastic that is used to treat pain associated 
with degenerative disc disease (DDD). (FDA 2010)
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This replacement disc is composed of three parts:

•	 Two metal (cobalt-chrome alloy) endplates that are anchored to the 
top and bottom surfaces of the spinal bones (vertebrae)

•	 A plastic (ultra-high-molecular-weight polyethylene, or UHMWPE) 
inlay that fits between the two endplates (FDA 2010)

From this information, how do we analyze the insertion of materials in 
these new medical devices in relation to the adoption of innovation factors 
described in the previous sections?

These are the common factors from the theoretical work. If we can make 
several of these very positive or if we can eliminate any gross negative factors, 
we can more easily move these technologies to the medical field. It was very 
important to use materials that were acceptable to the body. When we look at 
some other medical issues we see that extensive testing is a key acceptance 
criterion. Whether it is a procedure or a device a major factor in acceptance 
is “do no harm in the long run.” The Lasik eye procedure has become very 
accepted in the correction of vision. This procedure involves the reshaping 
of the cornea with a laser device. The success of this procedure and its accep-
tance in the marketplace required the patients to report success, and not just 
advertising by the doctors doing the procedure. Obviously there are extreme 
technology issues here in the laser power and accuracy, and in the precise con-
trol of the mechanical and computer devices. Similarly in the adoption of arti-
ficial knees, there was a huge factor in the demonstrating of results. Prosthetic 
limbs have been around for years, and many were and are still in use long 
after the limbs were amputated. The artificial knee restores natural function-
ality, so it yields a relative advantage. There is virtually no maintenance, and 
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it is very easy to use after the surgery. It is compatible to our daily routine and 
to the body generally because after the insertion the materials are compatible 
to the immune system and require no continuing drugs to prevent rejection. 
The procedure is totally voluntary, but has very good success rates. I have an 
artificial knee replacement and it has worked well. I’m also acquainted with 
numerous other friends who have had both single and double knee replace-
ments. Very few issues have surfaced with any of those acquaintances.

Evaluating all of these factors would yield these results for the artificial knee. 
Green indicates a positive factor. One negative would be the cost of the surgery.

If we took these same factors and applied them to the lumbar replacement 
disc, we should see a similar result. The success of the knee replacement 
surgery would also be a positive influence on that adoption owing to similar 
materials, procedures, and recovery. It should be noted that trialablity would 
probably be a negative. You just can’t try it on like a pair of shoes and walk 
around in it for a while before you buy it. But there may be a factor here in 
letting other people you know try it for you. You know people who have had 
the surgery, and they were pleased with the results. You trust their opinion, 
and it becomes a positive factor in your adoption of the technology.

Summary of the Factors Affecting the Adoption 
of Innovative Medical Technology

When new technology is developed in any industry, it must demonstrate 
its value over the existing legacy systems. So the main issues of adoption of 
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new technologies in the medical field must tap into the value stream to be 
candidates for adoption. When we address the processes that are in use we 
need to analyze the benefits of time reduction, cost reduction and improved 
capability to determine what these values are and how we can demonstrate 
them. The theoretical framework of innovation theory gives us a good start 
on identifying the potential factors that should be examined.

Adoption of a new medical technology also involves the subjective norms 
of the entire market sector, so logically we should try to influence this sec-
tor as a whole. The briefing and involvement of consortium organizations, 
industry partners and other research organizations will provide beneficial 
discussions and may prepare the market for your introduction. The mind-
mapping technique of analyzing both the technology roadmap and the 
introduction market provides a visual way to generate discussion and to 
find the associated applications and complementary technologies that may 
enable your development. Using these techniques for linking the players, 
the technologies, and the users in the market provides a way to visualize the 
outcome and to guide the development down a successful transition path.

In his book Innovate Like Edison, Gelb identified the five competencies of 
innovation used by Thomas Edison to build new products and to invent new 
technologies. We must aggressively pursue these competencies if we are to 
be successful.

 1. Solution-centered mindset
 2. Kaleidoscopic thinking
 3. Full-spectrum engagement
 4. Master-mind collaboration
 5. Super-value creation

I’ve identified many of these in this chapter. To be successful in the 
emerging technology sector we need to reward the “Wild Ducks” that are 
referenced in Hamal and Prahalad’s book Competing for the Future. By aggres-
sively pursuing the development of new technology into new products, we 
must address the thought processes of the adopters of this technology in the 
marketplace.

In summarizing these steps, you get the basics of aggressive technol-
ogy engagement. In the solution-centered mindset, the primary thought 
process is that you aggressively pursue a solution with a positive attitude. 
In kaleidoscope thinking, you aggressively examine all potential avenues and 
technologies. In full-spectrum engagement, you aggressively engage all of 
the organization’s assets and your personal time and effort toward a solution. In 
master-mind collaboration, you aggressively engage the best available minds 
and team members. In super-value creation, you aggressively seek to create the 
most value for your customer and push your product to the optimum configuration 
(Jarrett 2009).
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The adoption of new technologies requires the generation of value in the 
eyes of the customer. We need to pay attention to the factors affecting this 
thought process and we need to actively pursue positive results.
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CHAPTER 2

Principles of Clinical and Engineering Integration in Hemocompatibility

COMPANY1 PRODUCT DESCRIPTION TRADE NAME
APPROVAL 
PATHWAY

APPROVAL 
YEAR±

Abbott Vascular Drug-eluting stent Xience nano™ Everolimus Eluting 
Coronary Stent System

PMA 2011

St. Jude Medical 
Cardiovascular 
Division

Heart valve St. Jude Medical Trifecta Valve™ PMA 2011

Boston Scientific 
Corporation

Drug-eluting stent ION™ Paclitaxel-Eluting 
Coronary Stent System

PMA 2011

Medtronic, Inc. Cryo-ablation catheter for arrhythmia therapy Arctic Front CryoCatheter 
System™

PMA 2010

Thoratec Corporation A ventricular-assisted device used in patients 
undergoing a heart transplant to avoid left 
ventricular failure as a bridge until 
transplantation has been performed

Thoratec HeartMate Ventricular 
Assist System II™ (LVAS)

PMA 2008
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CHAPTER 3

Medical Applications of Micro-Electro-Mechanical-Systems (MEMS) Technology

COMPANY1 PRODUCT DESCRIPTION TRADE NAME
APPROVAL 
PATHWAY

APPROVAL 
YEAR±

CardioMEMS Implantable intra-aneurism pressure system Cardiomems™ EndoSure 
Wireless Pressure 
Measurement System

510k 2008

Medtronic, Inc. MEMS accelerometer for pacemaker In Sync™ PMA 2011
Telecardia, Inc. MEMS pressure sensor and MEMS pH sensor to 

detect early signs of acute myocardial infarction. 
The device evaluates ventricular wall tension.

Cardioguard™ PMA submission 2011

Cleveland Medical 
Devices Inc.

MEMS accelerometer and gyroscope for motion 
sensing in movement disorders such as tremor

Kinesia™ 510k 2007

iSTAT Corporation (now 
Abbott Laboratories)

Cartridge for in vitro diagnostics test used in the 
i-STAT point of care device

i-STAT™ System 510k 1999
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CHAPTER 4

Nanoparticles to Cross Biological Barriers

COMPANY1 PRODUCT DESCRIPTION TRADE NAME APPROVAL PATHWAY
APPROVAL 

YEAR±

Ortho Biotech Doxorubicin hydrochloride liposomes Doxil™ NDA 050718 1995
Abraxis Bioscience Paclitaxel-bound albumin nanoparticles Abraxane™ NDA 021660 – fast approval 2005
Graceway Estradiol emulsion Estradiol Topical 

Emulsion™
Approved drug products with 
therapeutic equivalence 
(Orange Book)

2003

Wyeth Pharmaceuticals Nanocrystalline sirolimus Rapamune™ NDA021110 2000
Abbott Laboratories Nanocrystalline fenofibrate Tricor™ NDA 021656 2004
Merck and Co., Inc. Nanocrystalline aprepitant Emend™ NDA 022023 2008
Zeneus Pharma Liposomal doxorubicin Myocet™
Astellas Liposomal amphotercin B Ambisome™ NDA 050740 1997
Feridex Iron oxide superparamagnetic nanoparticles Feridex™ NDA020416 1996
Three Rivers 
Pharmaceuticals

Amphotericin B Amphotec™ NDA 050729  1996

Biowave Corporation Microneedle array for electrical delivery 
through skin

Deepwave Percutaneous 
Neuromodulation Pain 
Therapy System™

510k 2006
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CHAPTER 5

Biomaterials, Dental Materials, and Device Retrieval and Analysis

COMPANY1

PRODUCT 
DESCRIPTION TRADE NAME

APPROVAL 
PATHWAY

APPROVAL 
YEAR±

3M Polymer-based 
dental cement

Rely X™ Luting Plus 
Automix Resin 
Modified Glass 
Ionomer Cement

510k 2011

Oroscience Inc. Dental cement Periogenix™ 510k 2009
AIDI Biomedical, 
LLC

Endosseus 
dental implant 
and endosseuss 
dental implant 
abatement

AIDI Dental Implant 
System™

510k 2010

CHAPTER 6

Biomaterials and the Central Nervous System: Neurosurgical Applications of 
Materials Science

COMPANY1

PRODUCT 
DESCRIPTION TRADE NAME

APPROVAL 
PATHWAY

APPROVAL 
YEAR±

Medtronic, Inc. Implantable 
multiprogrammable 
quadripolar deep 
brain stimulation 
system

Medtronic 
Activa 
Dystonia 
Therapy™

HDE 2003

EISAI, Inc. Intracranial implant 
drug delivery 
system releasing 
carmustine

Gliadel™ NDA 1996

Codman and 
Shurtleff, Inc.

Antimicrobial 
ventricular catheter 
for central nervous 
system fluid shunt

Codman 
Bactiseal EVD 
Catheter Set™

510K 2009
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CHAPTER 7

Biomaterials in Obstetrics and Gynecology

COMPANY1 PRODUCT DESCRIPTION TRADE NAME
APPROVAL 
PATHWAY

APPROVAL 
YEAR±

Ortho Pharmaceutical Corp Copper-based intrauterine device (IUD) Paragard™ PMA 1986
Bayer Healthcare Levonorgestrel release intrauterine device Mirena™ NDA 2000
Conceptus Inc Transcervical contraceptive device Essure™ PMA 2002
Hologic Inc Permanent contraception system Adiana™ PMA 2007
Ethicon Women Health and 
Urology

Absorbable adhesion barrier for prevention of 
post- surgical adhesions

Interceed™ 510K 1993

FzioMed, Inc. Absorbable adhesion barrier gel for prevention of 
post-surgical adhesions

Intercoat™ PMA

Allergan Silicone-filled breast implants Inamed™ PMA 2006
Genzyme Corp. Absorbable adhesion barrier for pelvic and abdominal 

surgery
Seprafilm™ PMA 1996

Controlled Therapeutics Inc. 
(currently distributed by Forest 
Pharmaceuticals)

Prostaglandin vaginal controlled release insert Cervidil™ ⃰ NDA 1995

Merocel Corp. Osmotic cervical dilatators for labor work Lamicel™ PMA 1996
Cook Inc. Polyvinyl alcohol particles for embolization of 

symptomatic uterine fibroids
Polyvinyl Alcohol, 
Foam Embolization 
Particles™

510k 2008

Boston Scientific Corporation Polymeric surgical mesh sling package with a delivery 
device for the treatment of stress urinary incontinence

Surgical Mesh (SIS)™ 510k 2008

W.L. Gore and Associates Inc. Polytetrafluorethylene loaded with antimicrobial 
surgical mesh with a modified texturing pattern in 
the ingrowth surface intended for the reconstruction 
of hernias and soft tissues deficiencies and temporary 
bridging of fascial defects

Gore-Tex™ Dual 
Mesh™ PLUS 
Biomaterial

510k 2000
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CHAPTER 8

Tissue Engineering: Focus on the Cardiovascular System

COMPANY1  PRODUCT DESCRIPTION
TRADE 
NAME

APPROVAL 
PATHWAY

APPROVAL 
YEAR±

SyntheMed, 
Inc.

PLGA poly(lactic-co-glycolic) 
bioadhesion barrier to avoid 
cardiac adhesion in pediatric 
patients undergoing repeated 
sternotomies

REPEL-CV™ PMA 2009

Nycomed 
Danmark 
ApS

Fibrin sealant patch that serves 
as adjunct for hemostasis in 
cardiac surgery

TachoSil™ BLA 2010
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CHAPTER 9

Tissue Engineering: Focus on the Musculoskeletal System

COMPANY1 PRODUCT DESCRIPTION TRADE NAME APPROVAL PATHWAY APPROVAL YEAR±

DePuy Orthopaedics, 
Inc.

Bone void filler based on hydroxiapatite 
+ collagen type I 

Healos Fx Bone Graft 
Substitute™

510k 2006

Globus Medical, Inc. Bone void filler based on PLGA 
microspheres 

 Micro Fuse Bone Void 
Filler™

510k 2008

Medtronic, Inc. BMP-2 +collagen type I Infuse™ PMA 2007
Orthovita, Inc. β TCP Vitoss™ 510k 2003
Stryker Genetic engineered morphogenetic bone 

protein (rhBMP-7) + collagen type I for 
inducing posterolateral spinal fusion 

OP-1 Putty™ Humanitarian Device 
Exemption (HDE)

2008

Synthes, Inc. Resorbable calcium salt bone void filler Norian SRS™ 510k 2004
Wright Medical 
Technologies

Bone void filler based on calcium 
sulphate

Osteoset BVF Kit™ 510k 2001

1 Manufacturer: It should be considered that changes in the manufacturer or distributor of the product could have taken place from the date of submis-
sion to the FDA. Readers are advised to consult the FDA website for an update of this information. Trade names other than those specified in these 
tables could be found for the same product, since many manufacturers may be producing the same product under different PMA, NDA, or 510k num-
bers (e.g., absorbable adhesion barriers).

± Approval Year: Approval year for PMA and NDA could differ significantly from those described in other parts of the book owing to the different dates 
that apply to the original document and its supplements.

β Cervidil in U.S., Canada, Australia, and New Zealand; Propess in most of the other countries.
 These tables are designed with an educational purpose only and by no means are a comprehensive list of the products that appear in this book. They 

are not intended to replace the information contained in the FDA website, where readers are referred to for more detailed and complete information 
regarding the regulatory status of each product.
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FIGURE 3.27
(a) Optical photograph of top surface of 
Freescale Semiconductor pressure sen-
sor that employs the original “X-ducer.” 
An “X” has been added to show the 
transducer layout. (b) The newer “pic-
ture frame” piezoresistor configuration. 
(Reprinted with permission, copyright 
Freescale Semiconductor, Inc.)

FIGURE 3.35
Illustration of one implementation of a corti-
cal implant for visual prosthesis.

1024 sites and 64 data channels on 400µm centers

FIGURE 3.36
Photograph of MEMS microelectrode array for 
visual prosthesis.
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FIGURE 4.2
Specific cellular or intracellular targets may increase nanoparticle treatment efficacy. To avoid 
the degradation of the payload, nanoparticles may need to actively escape endosomal or lyso-
somal compartments. Delivery of the payload to specific organelles may be mediated by the 
nanocarrier.
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FIGURE 4.3
Once within the body, nanoparticle fate will be determined by interaction with proteins. The 
physiochemical properties and surface engineering of a nanoparticle will determine the par-
ticle/protein interaction. Electrostatic interactions between the nanoparticle surface charge 
and the positive and negative domains of proteins, along with non-polar interactions between 
hydrophobic regions, will determine protein adsorption. Hydrophilic coatings, such as PEG, 
can confer “stealth” properties. Various ligands attached to the nanoparticle surface can target 
cell-specific moeities and mediate cellular processes.
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FIGURE 8.1
In-vitro construction of engineered vascularized cardiac muscle using a multi-cellular strat-
egy of hES-CMs, endothelial cells, and embryonic fibroblasts seeded within a porous polymer 
scaffold of PLLA/PLGA. (A) The endothelial cells (vWF, green) within the scaffold self-orga-
nized to lumen vessel structures located in close proximity to the hES-CMs (troponin I red). (B) 
Higher magnification reveals that the hES-CMs matured to a certain degree, presenting devel-
oped cytoplasm and sarcomeric pattering (troponin I, red). Nuclei are stained with DAPI (blue).
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FIGURE 8.2
Transplantation of the engineered human vascularized cardiac tissue demonstrating localiza-
tion of the hES-CMs (troponin I, red) in the graft area next to the myocardium (A), and structural 
maturation of the CMs in the graft area (B). The graft area was occupied with intense vascular-
ization, as detected by staining with aSMA antibody (host and human derived vessels, brown, 
C) and with human specific endothelial CD31 antibody (human implanted vessels, brown, D). 
Nuclei were stained with DAPI (A, B in blue) or with hematoxylin (C, D in blue).
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FIGURE 9.2
Chemical modification of POSS‐SMP with a bioactive peptide: (A) Synthetic scheme illustrat-
ing the introduction of azido groups during the covalent cross‐linking of POSS‐(PLA20)8 and 
subsequent conjugation of fluorescently labeled integrin‐binding peptide to POSS‐SMP via 
“click” chemistry. (B) Storage modulus (E′)‐temperature curves and loss angle (Tan δ)‐tem-
perature curves (denoted by black arrows) of POSS‐SMP‐20, POSS‐SMP‐20‐Az, and POSS‐
SMP‐20‐Peptide. (C) Differential interference contrast (DIC) and fluorescent (Fl) micrographs 
confirming the covalent conjugation of the fluorescently labeled peptide via click chemistry. 
(From PNAS 107:7652–7657, 2010. With permission from the Publisher.)
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Going far beyond the coverage in most
standard books on the subject, Biomaterials
Science: An Integrated Clinical and
Engineering Approach offers a solid
overview of the use of biomaterials in
medical devices, drug delivery, and tissue
engineering.

Combining discussion of materials science
and engineering perspectives with clinical
aspects, this book emphasizes integration
of clinical and engineering approaches.
In particular, it explores various applications
of biomaterials in fields including tissue
engineering, neurosurgery, hemocompati-
bility, BioMEMS, nanoparticle-based
drug delivery, dental implants, and obstet-
rics/gynecology.

The book engages those engineers and
physicians who are applying biomaterials
at various levels to:
• Increase the rate of successful

deployment of biomaterials in humans
• Lower the side-effects of such a

deployment in humans
• Accumulate knowledge and experience

for improving current methodologies
• Incorporate information and

understanding relevant to future
challenges, such as permanent artificial
organ transplants

Using a variety of contributors from both
the clinical and engineering sides of the
fields mentioned above, this book stands
apart by emphasizing a need for the often
lacking approach that integrates these two
equally important aspects.

“This book is essential when designing, developing and studying biomedical materials.… provides

an excellent review—from a patient, disease, and even genetic point of view—of materials

engineering for the biomedical field. … This well presented book strongly insists on how the

materials can influence patients’ needs, the ultimate drive for biomedical engineering.  …[presents

an] interesting and innovative review from a patient focus perspective—the book emphasizes the

importance of the patients, which is not often covered in other biomedical materials books.”

—Fanny Raisin-Dadre, BioInteractions Ltd., Berkshire, England
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