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PREFACE

The interest and excitement in the field of biomaterials has
been validated by sales of the first edition of this textbook: more
than 10,000 copies sold. Also, the first edition has been widely
adopted for classroom use throughout the world. The concept
behind the first edition was that a balanced textbook on the
subject of biomaterials science was needed. As with the first
edition, the intended audience is multidisciplinary: students of
medicine, dentistry, veterinary science, engineering, materials
science, chemistry, physics, and biology (not an all-inclusive
list) can find essential introductory material to permit them a
reasonably knowledgeable immersion into the key professional
issues in biomaterials science.

Textbooks by single authors too strongly emphasize their
own areas of expertise and ignore other important subjects.
Articles from the literature are commonly used in the class-
room setting, but these are difficult to weave into a cohe-
sive curriculum. Handout materials from professors are often
graphically unsophisticated, and again, slanted to the spe-
cific interests of the individual. In Biomaterials Science: An
Introduction to Materials in Medicine, 2nd edition, we the
editors (whose 140+ person-year expertise spans materials
science, pathology, and hard- and soft-tissue applications),
endeavor to present a balanced perspective on an evolving
discipline by integrating the experience of many leaders in
the biomaterials field. Balanced presentation means appropri-
ate representation of hard biomaterials and soft biomaterials;
of orthopedic ideas, cardiovascular concepts, ophthalmologic
ideas, and dental issues; a balance of fundamental biologi-
cal concepts, materials science background, medical/clinical
concerns, and government/societal issues; and coverage of bio-
materials past, present, and future. In this way, we hope that
the reader can visualize the scope of the field, absorb the
unifying principles common to all materials in contact with
biological systems, and gain a solid appreciation for the spe-
cial significance of the word biomaterial as well as the rapid
and exciting evolution and expansion of biomaterials science
and its applications in medicine.

More than 108 biomaterials professionals from academia,
industry, and government have contributed to this work. Cer-
tainly, such a distinguished group of authors provides the
needed balance and perspective. However, such a diverse group

Xi

of authors also leads to unique complexities in a project of this
type. Do the various writing styles clash? Does the presentation
of material, particularly controversial material, result in one
chapter contradicting another? Even with so many authors, all
subjects relevant to biomaterials cannot be addressed—subjects
should be included and which left out? How should such a
project be refereed to ensure scientific quality, pedagogical
effectiveness, and the balance we strive for?

These are some of the issues the editors grappled with over
the years from conception of the second edition in 1998 to pub-
lication in 2004. From this complex editorial process, a unique
volume has evolved that the editors feel can make an ongo-
ing contribution to the development of the biomaterials field.
An educational tool has been synthesized here directing those
new to biomaterials, be they engineers, physicians, materials
scientists, or biochemists, on a path to appreciating the scope,
complexity, basic principles, and importance of this enterprise.

What’s new in Biomaterials Science: An Introduction to
Materials in Medicine, 2nd edition? All chapters have been
updated and rewritten, most extensively. A large number of
new chapters have been added. The curricular organization
for teaching the fundamental cell biology, molecular biology,
tissue organization, and histology, key subjects that support
the modern biomaterials research endeavor, has been restruc-
tured. A new, three-chapter section on tissue engineering has
been added. The total content and size of the book have
been significantly increased. A Web site has been coupled
to the book offering supplemental material including surgery
movies and homework problems. The graphics design has been
upgraded. You have in your hands a new book that can address
biomaterials in the 21st century.

Acknowledgments and thanks are in order. First, let us
address the Society For Biomaterials that served as sponsor
and inspiration for this book. The Society For Biomaterials
is a model of “scientific cultural diversity” with engineers,
physicians, scientists, veterinarians, industrialists, inventors,
regulators, attorneys, educators, and ethicists all participating
in an endeavor that is intellectually exciting, humanitarian,
and profitable. As with the first edition, all royalties from
this volume are being returned to the Society For Biomateri-
als to further education and professional advancement related



xii PREFACE

to biomaterials. For further information on the Society For Bio-

materials, visit the SFB Web site (http://www.biomaterials.org/).

Next, we offer a special thanks to those who enthusiastically
invested time, energy, experience, and intelligence to author the
chapters that are this textbook. The many scientists, physicians,
and engineers who contributed their expertise and perspectives
are clearly the backbone of this work and they deserve high
praise—their efforts will strongly affect the education of the
next generation of biomaterials scientists. Also, some reviewers
assisted the editors in carefully refereeing chapters. We thank
Kip Hauch, Colleen Irvin, Gayle Winters, Tom Horbett, and
Steven Slack.

The support, encouragement, organizational skills, and
experience of the staff, first at Academic Press and now at
Elsevier Publishers, have led this second edition from vision
to volume. Thank you, Elsevier, for this contribution to the
field of biomaterials.

Finally, a unique person at the University of Washington
has contributed to the assembly and production aspects of

this work. We offer special thanks to Elizabeth Sharpe for
her superb editorial/organizational efforts. This volume, deep
down, has Elizabeth’s intelligent and quality-oriented stamp all
over it. Clearly, she cares!

The biomaterial field has always been ripe with opportuni-
ties, stimulation, compassion, and intellectual ideas. As a field
we look to the horizons where the new ideas from science, tech-
nology, and medicine arise. We aim to improve the quality of
life for millions through biomaterials-based, improved medical
devices and tissue engineering. We editors hope the biomate-
rials overview you now hold will stimulate you as much as it
has us.

Buddy D. Ratner
Allan S. Hoffman
Jack E. Lemons
Frederick J. Schoen
May 2004



INTRODUCTION

Biomaterials Science: A Multidisciplinary
Endeavor

Buppy D. RATNER, ALLAN S. HOFFMAN, FREDERICK J. SCHOEN, Jack E. LEMONS

BIOMATERIALS AND BIOMATERIALS SCIENCE

Biomaterials Science: An Introduction to Materials in
Medicine addresses the properties and applications of materials
(synthetic and natural) that are used in contact with biologi-
cal systems. These materials are commonly called biomaterials.
Biomaterials, an exciting field with steady, strong growth
over its approximately half century of existence, encompasses
aspects of medicine, biology, chemistry, and materials science.
It sits on a foundation of engineering principles. There is also a
compelling human side to the therapeutic and diagnostic appli-
cation of biomaterials. This textbook aims to (1) introduce
these diverse elements, particularly focusing on their interrela-
tionships rather than differences and (2) systematize the subject
into a cohesive curriculum.

We title this textbook Biomaterials Science: An Intro-
duction to Materials in Medicine to reflect, first, that the
book highlights the scientific and engineering fundamentals
behind biomaterials and their applications, and second, that
this volume contains sufficient background material to guide
the reader to a fair appreciation of the field of biomaterials.
Furthermore, every chapter in this textbook can serve as a
portal to an extensive contemporary literature. The magnitude
of the biomaterials endeavor, its interdisciplinary scope, and
examples of biomaterials applications will be revealed in this
introductory chapter and throughout the book.

Although biomaterials are primarily used for medical appli-
cations (the focus of this text), they are also used to grow cells
in culture, to assay for blood proteins in the clinical laboratory,
in equipment for processing biomolecules for biotechnolog-
ical applications, for implants to regulate fertility in cattle,
in diagnostic gene arrays, in the aquaculture of oysters, and
for investigational cell-silicon “biochips.” How do we rec-
oncile these diverse uses of materials into one field? The
common thread is the interaction between biological systems
and synthetic or modified natural materials.

In medical applications, biomaterials are rarely used as iso-
lated materials but are more commonly integrated into devices

or implants. Although this is a text on materials, it will quickly
become apparent that the subject cannot be explored without
also considering biomedical devices and the biological response
to them. Indeed, both the effect of the materials/device on the
recipient and that of the host tissues on the device can lead to
device failure. Furthermore, a biomaterial must always be con-
sidered in the context of its final fabricated, sterilized form. For
example, when a polyurethane elastomer is cast from a solvent
onto a mold to form the pump bladder of a heart assist device, it
can elicit different blood reactions than when injection molding
is used to form the same device. A hemodialysis system serv-
ing as an artificial kidney requires materials that must function
in contact with a patient’s blood and also exhibit appropriate
membrane permeability and mass transport characteristics. It
also must employ mechanical and electronic systems to pump
blood and control flow rates.

Because of space limitations and the materials focus of
this work, many aspects of device design are not addressed
in this book. Consider the example of the hemodialysis sys-
tem. The focus here is on membrane materials and their
biocompatibility; there is little coverage of mass transport
through membranes, the burst strength of membranes, flow
systems, and monitoring electronics. Other books and articles
cover these topics in detail.

The words “biomaterial” and “biocompatibility” have
already been used in this introduction without formal defini-
tion. A few definitions and descriptions are in order and will
be expanded upon in this and subsequent chapters.

A definition of “biomaterial” endorsed by a consensus of
experts in the field, is:

A biomaterial is a nonviable material used in a medical device,
intended to interact with biological systems (Williams, 1987).

If the word “medical” is removed, this definition becomes
broader and can encompass the wide range of applications
suggested above.

If the word “nonviable” is removed, the definition
becomes even more general and can address many new

Biomaterials Science, 24 Edition
Copyright © 2004 by Elsevier Inc. All rights reserved.
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tissue-engineering and hybrid artificial organ applications
where living cells are used.

“Biomaterials science” is the physical and biological study
of materials and their interaction with the biological envi-
ronment. Traditionally, the most intense development and
investigation have been directed toward biomaterials synthe-
sis, optimization, characterization, testing, and the biology of
host—material interactions. Most biomaterials introduce a non—
specific, stereotyped biological reaction. Considerable current
effort is directed toward the development of engineered sur-
faces that could elicit rapid and highly precise reactions with
cells and proteins, tailored to a specific application.

Indeed, a complementary definition essential for under-
standing the goal (i.e., specific end applications) of biomaterials
science is that of “biocompatibility.”

Biocompatibility is the ability of a material to perform with an
appropriate host response in a specific application (Williams,
1987).

Examples of “appropriate host responses” include the resis-
tance to blood clotting, resistance to bacterial colonization, and
normal, uncomplicated healing. Examples of specific applica-
tions include a hemodialysis membrane, a urinary catheter, or
a hip-joint replacement prosthesis. Note that the hemodialy-
sis membrane might be in contact with the patient’s blood for
3 hours, the catheter may be inserted for a week, and the hip
joint may be in place for the life of the patient.

This general concept of biocompatilility has been extended
recently in the broad approach called “tissue engineering” in
which in-vitro and in-vivo pathophysiological processes are
harnessed by careful selection of cells, materials, and metabolic
and biomechanical conditions to regenerate functional tissues.

Thus, in these definitions and discussion, we are introduced
to considerations that set biomaterials apart from most materi-
als explored in materials science. Table 1 lists a few applications
for synthetic materials in the body. It includes many materials
that are often classified as “biomaterials.” Note that metals,
ceramics, polymers, glasses, carbons, and composite materi-
als are listed. Such materials are used as molded or machined
parts, coatings, fibers, films, foams and fabrics. Table 2 presents
estimates of the numbers of medical devices containing bioma-
terials that are implanted in humans each year and the size of
the commercial market for biomaterials and medical devices.

Five examples of applications of biomaterials now follow to
illustrate important ideas. The specific devices discussed were
chosen because they are widely used in humans with good suc-
cess. However, key problems with these biomaterial devices are
also highlighted. Each of these examples is discussed in detail
in later chapters.

EXAMPLES OF BIOMATERIALS APPLICATIONS

Heart Valve Prostheses

Diseases of the heart valves often make surgical repair
or replacement necessary. Heart valves open and close over
40 million times a year and they can accumulate damage suffi-
cient to require replacement in many individuals. More than

TABLE 1 Some Applications of Synthetic Materials and
Modified Natural Materials in Medicine

Application

Types of materials

Skeletal system

Joint replacements
(hip, knee)

Bone plate for fracture
fixation

Bone cement

Bony defect repair

Artificial tendon and
ligament

Dental implant for tooth
fixation

Titanium, Ti-Al-V alloy, stainless
steel, polyethylene

Stainless steel, cobalt—chromium
alloy

Poly(methyl methacrylate)

Hydroxylapatite

Teflon, Dacron

Titanium, Ti-Al-V alloy, stainless
steel, polyethylene

Titanium, alumina, calcium
phosphate

Cardiovascular system
Blood vessel prosthesis
Heart valve

Dacron, Teflon, polyurethane
Reprocessed tissue, stainless steel,

carbon
Catheter Silicone rubber, Teflon,
polyurethane
Organs
Artificial heart Polyurethane

Skin repair template

Artificial kidney
(hemodialyzer)

Heart-lung machine

Silicone—collagen composite
Cellulose, polyacrylonitrile

Silicone rubber

Senses
Cochlear replacement
Intraocular lens

Platinum electrodes

Poly(methyl methacrylate), silicone
rubber, hydrogel

Silicone-acrylate, hydrogel

Collagen, hydrogel

Contact lens
Corneal bandage

80,000 replacement valves are implanted each year in the
United States because of acquired damage to the natural valve
and congenital heart anomalies. There are many types of heart
valve prostheses and they are fabricated from carbons, met-
als, elastomers, plastics, fabrics, and animal or human tissues
chemically pretreated to reduce their immunologic reactivity
and to enhance durability. Figure 1 shows a bileaflet tilting-disk
mechanical heart valve, one of the most widely used designs.
Other types of heart valves are made of chemically treated pig
valve or cow pericardial tissue. Generally, almost as soon as
the valve is implanted, cardiac function is restored to near nor-
mal levels and the patient shows rapid improvement. In spite
of the overall success seen with replacement heart valves, there
are problems that may differ with different types of valves;
they include induction of blood clots, degeneration of tissue,
mechanical failure, and infection. Heart valve substitutes are
discussed in Chapter 7.3.

Artificial Hip Joints

The human hip joint is subjected to high levels of mechan-
ical stress and receives considerable abuse in the course of



TABLE 2 The Biomaterials and Healthcare Market—Facts
and Figures (per year) (U.S. numbers—Global numbers are
typically 2-3 times the U.S. number)

Total U.S. health care expenditures (2000)

Total U.S. health research and development
(2001)

Number of employees in the medical device
industry (2003)

Registered U.S. medical device
manufacturers (2003)

Total U.S. medical device market (2002)

U.S. market for disposable medical
supplies (2003)

U.S. market for biomaterials (2000)

Individual medical device sales:
Diabetes management products (1999)
Cardiovascular Devices (2002)
Orthopedic-Musculoskeletal Surgery
U.S. market (1998)
Wound care U.S. market (1998)
In Vitro diagnostics (1998)

Numbers of devices (U.S.):

$1,400,000,000,000

$82,000,000,000
300,000

13,000

$77,000,000,000
$48,600,000,000

$9,000,000,000

$4,000,000,000
$6,000,000,000
$4,700,000,000

$3,700,000,000
$10,000,000,000

Intraocular lenses (2003) 2,500,000
Contact lenses (2000) 30,000,000
Vascular grafts 300,000
Heart valves 100,000
Pacemakers 400,000
Blood bags 40,000,000
Breast prostheses 250,000
Catheters 200,000,000
Heart-Lung (Oxygenators) 300,000
Coronary stents 1,500,000
Renal dialysis (number of patients, 2001) 320,000
Hip prostheses (2002) 250,000
Knee prostheses (2002) 250,000
Dental implants (2000) 910,000

normal activity. It is not surprising that after 50 or more
years of cyclic mechanical stress, or because of degenera-
tive or rheumatological disease, the natural joint wears out,
leading to considerable loss of mobility and often confine-
ment to a wheelchair. Hip-joint prostheses are fabricated from
titanium, stainless steel, special high-strength alloys, ceram-
ics, composites, and ultrahigh-molecular-weight polyethylene.
Replacement hip joints (Fig. 2) are implanted in more than
200,000 humans each year in the United States alone. With
some types of replacement hip joints and surgical procedures
that use a polymeric cement, ambulatory function is restored
within days after surgery. For other types, a healing-in period is
required for integration between bone and the implant before
the joint can bear the full weight of the body. In most cases,
good function is restored. Even athletic activities are possible,
although they are generally not advised. After 10-15 years, the
implant may loosen, necessitating another operation. Artificial
hip joints are discussed in Chapter 7.7.
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FIG. 1. A replacement heart valve.

FIG. 2. A metalic hip joint. (Photograph courtesy of Zimmer, Inc.)

Dental Implants

The widespread introduction of titanium implants (Fig. 3)
has revolutionized dental implantology. These devices form an
implanted artificial tooth anchor upon which a crown is affixed
and are implanted in approximately 300,000 people each year,
with some individuals receiving more than 12 implants. A spe-
cial requirement of a material in this application is the ability to
form a tight seal against bacterial invasion where the implant
traverses the gingiva (gum). One of the primary advantages
originally cited for the titanium implant was its osseous inte-
gration with the bone of the jaw. In recent years, however, this
attachment has been more accurately described as a tight appo-
sition or mechanical fit and not true bonding. Loss of tissue
support leading to loosening remains an occasional problem
along with infection and issues associated with the mechanical
properties of unalloyed titanium that is subjected to long-term
cyclic loading. Dental implants are discussed in Chapter 7.8.
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FIG. 3. A titanium dental implant. (Photograph courtesy of Dr. A.
Norman Cranin, Brookdale Hospital Medical Center, Brooklyn, NY.)

Intraocular Lenses

A variety of intraocular lenses (IOLs) have been fabricated
of poly(methyl methacrylate), silicone elastomer, soft acrylic
polymers, or hydrogels and are used to replace a natural lens
when it becomes cloudy due to cataract formation (Fig. 4).
By the age of 75, more than 50% of the population suffers
from cataracts severe enough to warrant IOL implantation.

FIG. 4. An intraocular lens. (Photograph courtesy of Alcon Labora-
tories, Inc.)

This translates to almost 4 million implantations in the United
States alone each year, and double that number worldwide.
Good vision is generally restored almost immediately after the
lens is inserted and the success rate with this device is high.
IOL surgical procedures are well developed and implantation
is often performed on an outpatient basis. Recent observations
of implanted lenses using a microscope to directly observe the
implanted lens through the cornea show that inflammatory
cells migrate to the surface of the lenses after implantation.
Thus, the conventional healing pathway is seen with these
devices, similar to that observed with materials implanted in
other sites in the body. Outgrowth of cells from the poste-
rior lens capsule stimulated by the IOL can cloud the vision,
and this is a significant complication. IOLs are discussed in
Chapter 7.11.

Left Ventricular Assist Device

With a large population of individuals with seriously failing
hearts (estimated at as many as 50,000 per year) who need car-
diac assist or replacement and an available pool of donor hearts
for transplantation of approximately 3000 per year, effective
and safe mechanical cardiac assist or replacement has been an
attractive goal. Left ventricular assist devices (LVADs), that can
be considered as one half of a total artificial heart, have evolved
from a daring experimental concept to a life-prolonging tool.
They are now used to maintain a patient with a failing
heart while the patient awaits the availability of a transplant
heart and some patients receive these LVADs as a permanent
(“destination”) therapy. An LVAD in an active adult is illus-
trated in Fig. 5. He is not confined to the hospital bed, although
this pump system is totally supporting his circulatory needs.
Patients have lived on LVAD support for more than 4 years.
However, a patient with an LVAD is always at risk for infec-
tion and serious blood clots initiated within the device. These
could break off (embolize) and possibly obstruct blood flow to
a vital organ. LVADs are elaborated upon in Chapter 7.4.

These five cases, only a small fraction of the many important
medical devices that could have been described here, spotlight
a number of themes. Widespread application with good suc-
cess is generally noted. A broad range of synthetic materials
varying in chemical, physical, and mechanical properties are
used in the body. Many anatomical sites are involved. The
mechanisms by which the body responds to foreign bodies
and heals wounds are observed in each case. Problems, con-
cerns, or unexplained observations are noted for each device.
Companies are manufacturing each of the devices and making a
profit. Regulatory agencies are carefully looking at device per-
formance and making policy intended to control the industry
and protect the patient. Are there ethical or social issues that
should be addressed? To set the stage for the formal introduc-
tion of biomaterials science, we will return to the five examples
just discussed to examine the issues implicit to each case.

CHARACTERISTICS OF BIOMATERIALS SCIENCE

Now that we’ve defined some terms and reviewed a few
specific examples, we can discern characteristics central to the
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FIG. 5. A left ventricular assist device worn by a patient. (Photograph
courtesy of Novacor.)

field of biomaterials. Here are a few considerations that are so
central that it is hard to imagine biomaterials without them.

Multidisciplinary

More than any other field of contemporary technology,
biomaterials science brings together researchers from diverse
backgrounds who must communicate clearly. Figure 6 lists
some of the disciplines that are encountered in the progres-
sion from identifying the need for a biomaterial or device to its
manufacture, sale, and implantation.

Many Diverse Materials

The biomaterials scientist will have an appreciation of mate-
rials science. This may range from an impressive command
of the theory and practice of the field demonstrated by the
professional materials scientist to a general understanding of
the properties of materials that might be demonstrated by the
physician or biologist investigator involved in biomaterials-
related research.

A wide range of materials is routinely used (Table 1), and no
one researcher will be comfortable synthesizing, characterizing,
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FIG. 6. Disciplines involved in biomaterials science and the path from
a need to a manufactured medical device.

and designing with all these materials. Thus, specialization is
common and appropriate. However, a broad appreciation of
the properties and applications of these materials, the palette
from which the biomaterials scientist creates, is a hallmark of
professionals in the field.

There is a tendency to group biomaterials and researchers
into the “hard-tissue replacement” camp, typically represented
by those involved in orthopedic and dental materials, and
the “soft-tissue replacement” camp, frequently associated with
cardiovascular implants and general plastic-surgery materials.
Hard-tissue biomaterials researchers are thought to focus on
metals and ceramics while soft-tissue biomaterials researchers
are considered polymer experts. In practice, this division is arti-
ficial: a heart valve may be fabricated from polymers, metals,
and carbons. A hip joint will be composed of metals and poly-
mers (and sometimes ceramics) and will be interfaced to the
body via a polymeric bone cement. There is a need for a gen-
eral understanding of all classes of materials and the common
conceptual theme of their interaction with the biological milieu.
This book provides a background to the important classes of
materials, hard and soft.
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Development of Biomaterials Devices

Thomas Edison once said that he would only invent things
that people would buy. In an interesting way, this idea is
central to biomaterials device development. The process of
biomaterial/medical device innovation is driven by clinical
need: a patient or a physician defines a need and then initiates
an invention. Figure 6 illustrates multidisciplinary interactions
in biomaterials and shows the progression in the development
of a biomaterial or device. It provides a perspective on how dif-
ferent disciplines work together, starting from the identification
of a need for a biomaterial through development, manufacture,
implantation, and removal from the patient.

Magnitude of the Field

The magnitude of the medical device field expresses both a
magnitude of need and a sizeable commercial market (Table 2).
A conflict of interest can arise with pressures from both the
commercial quarter and from patient needs. Consider four
commonly used biomaterial devices: a contact lens, a hip joint,
a hydrocephalus drainage shunt, and a heart valve. All fill med-
ical needs. The contact lens offers improved vision and, some
will argue, a cosmetic enhancement. The hip joint offers mobil-
ity to the patient who would otherwise need a cane or crutch
or be confined to a bed or wheelchair. The hydrocephalus
shunt will allow an infant to survive without brain damage.
The heart valve offers a longer life with improved quality of
life. The contact lens may sell for $100, and the hip joint,
hydrocephalus shunt, and heart valve may sell for $1000-4000
each. Each year there will be 75 million contact lenses pur-
chased worldwide, 275,000 heart valves, 5000 hydrocephalus
shunts, and 500,000 total artificial hip and knee prostheses.
Here are the issues for consideration: (1) the number of devices
(an expression of both human needs and commercial mar-
kets), (2) medical significance (cosmetic to life saving), and (3)
commercial potential (who will manufacture it and why—for
example, what is the market for the hydrocephalus shunt?).
Always, human needs and economic issues color this field we
call “biomaterials science.” Medical practice, market forces,
and bioethics come into play most every day.

Lysaght and O’Laughlin (2000) have estimated that the
magnitude and economic scope of the contemporary organ
replacement enterprise are much larger than is generally rec-
ognized. In the year 2000, the lives of more than 20 million
patients were sustained, supported, or significantly improved
by functional organ replacement. The impacted population
grows at over 10% per year. Worldwide, first-year and follow-
up costs of organ replacement and prostheses exceeds $300
billion U.S. dollars per year and represents between 7% and 8%
of total worldwide health-care spending. In the United States,
the costs of therapies enabled by organ-replacement technol-
ogy exceed 1% of the gross national product. The costs are
also impressive when reduced to the needs of the individual
patient. For example, the cost of a substitute heart valve is
roughly $4000. The surgery to implant the device entails a
hospital bill and first-year follow-up costs of approximately
$60,000. Reoperation for replacing a failed valve will have

these same costs. Reoperations for failed valves now exceed
10% of all valve replacements.

Success and Failure

Most biomaterials and medical devices perform satisfacto-
rily, improving the quality of life for the recipient or saving
lives. However, no manmade construct is perfect. All man-
ufactured devices have a failure rate. Also, all humans are
different with differing genetics, gender, body chemistries, liv-
ing environment, and degrees of physical activity. Furthermore,
physicians implant or use these devices with varying degrees
of skill. The other side to the medical device success story is
that there are problems, compromises, and complications that
occur with medical devices. Central issues for the biomaterials
scientist, manufacturer, patient, physician, and attorney are,
(1) what represents good design, (2) who should be responsible
when devices perform “with an inappropriate host response,”
and (3) what are the cost/risk or cost/benefit ratios for the
implant or therapy?

Some examples may clarify these issues. Clearly, heart
valve disease is a serious medical problem. Patients with dis-
eased aortic heart valves have a 50% chance of dying within
3 years. Surgical replacement of the diseased valve leads
to an expected survival of 10 years in 70% of the cases.
However, of these patients whose longevity and quality of life
have clearly been enhanced, approximately 60% will suffer
a serious valve-related complication within 10 years after the
operation. Another example involves LVADs. A clinical trial
called Randomized Evaluation of Mechanical Assistance for
the Treatment of Congestive Heart Failure (REMATCH) led
to the following important statistics (Rose et al., 2001). Patients
with an implanted Heartmate LVAD (Thoratec Laboratories)
had a 52% chance of surviving for 1 year, compared with a
25% survival rate for patients who took medication. Survival
for 2 years in patients with the Heartmate was 23% versus 8%
in the medication group. Also, the LVAD enhanced the quality
of life for the patients— they felt better, were less depressed,
and were mobile. Importantly, patients participating in the
REMATCH trial were not eligible for a heart transplant. In
the cases of the heart valve and the LVAD, long-term clin-
ical complications associated with imperfect performance of
biomaterials do not preclude clinical success overall.

These five characteristics of biomaterials science: multi-
disciplinary, multimaterial, need-driven, substantial market,
and risk-benefit, flavor all aspects the field. In addition, there
are certain subjects that are particularly prominent in our field
and help delineate biomaterials science as a unique endeavor.
Let us review a few of these.

SUBJECTS INTEGRAL TO BIOMATERIALS SCIENCE

Toxicology

A biomaterial should not be toxic, unless it is specifically
engineered for such a requirement (e.g., a “smart” drug deliv-
ery system that targets cancer cells and destroys them). Since the
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nontoxic requirement is the norm, toxicology for biomate-
rials has evolved into a sophisticated science. It deals with
the substances that migrate out of biomaterials. For exam-
ple, for polymers, many low-molecular-weight “leachables”
exhibit some level of physiologic activity and cell toxicity. It
is reasonable to say that a biomaterial should not give off
anything from its mass unless it is specifically designed to do
so. Toxicology also deals with methods to evaluate how well
this design criterion is met when a new biomaterial is under
development. Chapter 5.2 provides an overview of methods in
biomaterials toxicology. Implications of toxicity are addressed
in Chapters 4.2, 4.3 and 4.5.

Biocompatibility

The understanding and measurement of biocompatibility
is unique to biomaterials science. Unfortunately, we do not
have precise definitions or accurate measurements of biocom-
patibility. More often than not, biocompatibility is defined in
terms of performance or success at a specific task. Thus, for
a patient who is doing well with an implanted Dacron fab-
ric vascular prosthesis, few would argue that this prosthesis
is not “biocompatible.” However, the prosthesis probably did
not recellularize (though it was designed to do so) and also
is embolic, though the emboli in this case usually have little
clinical consequence. This operational definition of biocom-
patible (“the patient is alive so it must be biocompatible”)
offers us little insight in designing new or improved vascu-
lar prostheses. It is probable that biocompatibility may have
to be specifically defined for applications in soft tissue, hard
tissue, and the cardiovascular system (blood compatibility). In
fact, biocompatibility may have to be uniquely defined for each
application.

The problems and meanings of biocompatibility will be
explored and expanded upon throughout this textbook, in
particular, see Chapters 4 and 5.

Functional Tissue Structure and Pathobiology

Biomaterials incorporated into medical devices are implanted
into tissues and organs. Therefore, the key principles govern-
ing the structure of normal and abnormal cells, tissues, and
organs, the techniques by which the structure and function of
normal and abnormal tissue are studied, and the fundamental
mechanisms of disease processes are critical considerations to
workers in the field.

Healing

Special processes are invoked when a material or device
heals in the body. Injury to tissue will stimulate the well-defined
inflammatory reaction sequence that leads to healing. Where
a foreign body (e.g., an implant) is present in the wound site
(surgical incision), the reaction sequence is referred to as the
“foreign-body reaction” (Chapter 4.2). The normal response
of the body will be modulated because of the solid implant.
Furthermore, this reaction will differ in intensity and duration

depending upon the anatomical site involved. An understand-
ing of how a foreign object alters the normal inflammatory
reaction sequence is an important concern for the biomaterials
scientist.

Dependence on Specific Anatomical Sites of
Implantation

Consideration of the anatomical site of an implant is essen-
tial. An intraocular lens may go into the lens capsule or the
anterior chamber of the eye. A hip joint will be implanted in
bone across an articulating joint space. A substitute heart valve
will be sutured into cardiac muscle and will contact both soft
tissue and blood. A catheter may be placed in an artery, a vein,
or the urinary tract. Each of these sites challenges the biomedi-
cal device designer with special requirements for geometry, size,
mechanical properties, and bioresponses. Chapter 3.4 intro-
duces these ideas about special requirements to consider for
specific anatomical sites.

Mechanical and Performance Requirements

Each biomaterial and device has mechanical and perfor-
mance requirements that originate from the need to perform
a physiological function consistent with the physical (bulk)
properties of the material. These requirements can be divided
into three categories: mechanical performance, mechanical
durability, and physical properties. First, consider mechanical
performance. A hip prosthesis must be strong and rigid. A ten-
don material must be strong and flexible. A tissue heart valve
leaflet must be flexible and tough. A dialysis membrane must be
strong and flexible, but not elastomeric. An articular cartilage
substitute must be soft and elastomeric. Then, we must address
mechanical durability. A catheter may only have to perform
for 3 days. A bone plate may fulfill its function in 6 months or
longer. A leaflet in a heart valve must flex 60 times per minute
without tearing for the lifetime of the patient (realistically, at
least for 10 or more years). A hip joint must not fail under
heavy loads for more than 10 years. The bulk physical proper-
ties will also address other aspects of performance. The dialysis
membrane has a specified permeability, the articular cup of
the hip joint must have high lubricity, and the intraocular lens
has clarity and refraction requirements. To meet these require-
ments, design principles are borrowed from physics, chemistry,
mechanical engineering, chemical engineering, and materials
science.

Industrial Involvement

A significant basic research effort is now under way to
understand how biomaterials function and how to optimize
them. At the same time, companies are producing implants for
use in humans and, appropriate to the mission of a company,
earning profits on the sale of medical devices. Thus, although
we are now only learning about the fundamentals of bio-
interaction, we manufacture and implant millions of devices in
humans. How is this dichotomy explained? Basically, as a result
of considerable experience we now have a set of materials that
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performs satisfactorily in the body. The medical practitioner
can use them with reasonable confidence, and the performance
in the patient is largely acceptable. Though the devices and
materials are far from perfect, the complications associated
with the devices are less than the complications of the original
diseases.

The complex balance between the desire to alleviate suf-
fering and death, the excitement of new scientific ideas, the
corporate imperative to turn a profit, the risk/benefit relation-
ship, and the mandate of the regulatory agencies to protect
the public forces us to consider the needs of many constituen-
cies. Obviously, ethical concerns enter into the picture. Also,
companies have large investments in the development, manu-
facture, quality control, clinical testing, regulatory clearance,
and distribution of medical devices. How much of an advantage
(for the company and the patient) will be realized in intro-
ducing an improved device? The improved device may indeed
work better for the patient. However, the company will incur
a large expense that will be perceived by the stockholders as
reduced profits. Moreover, product liability issues are a major
concern of manufacturers. The industrial side of the bioma-
terials field raises questions about the ethics of withholding
improved devices from people who need them, the market share
advantages of having a better product, and the gargantuan
costs (possibly nonrecoverable) of introducing a new product
into the medical marketplace. If companies did not have the
profit incentive, would there be any medical devices, let alone
improved ones, available for clinical application?

When the industrial segment of the biomaterials field is
examined, we see other essential contributions to our field.
Industry deals well with technologies such as packaging, steril-
ization, storage, distribution, and quality control and analysis.
These subjects are grounded in specialized technologies, often
ignored in academic communities, but have the potential to
generate stimulating research questions. Also, many companies
support in-house basic research laboratories and contribute
in important ways to the fundamental study of biomaterials
science.

Ethics

A wide range of ethical considerations impact biomaterials
science. Some key ethical questions in biomaterials science are
summarized in Table 3. Like most ethical questions, an abso-
lute answer may be difficult to come by. Some articles have
addressed ethical questions in biomaterials and debated the
important points (Saha and Saha, 1987; Schiedermayer and
Shapiro, 1989). Chapter 10.4 introduces ethics in biomaterials.

Regulation

The consumer (the patient) demands safe medical devices.
To prevent inadequately tested devices and materials from
coming on the market, and to screen out individuals
clearly unqualified to produce biomaterials, the United States

TABLE 3 Ethical Concerns Relevant to Biomaterials Science

Is the use of animals justified? Specifically, is the experiment well designed and important so that the data obtained will justify the suffering and

sacrifice of the life of a living creature?

How should research using humans be conducted to minimize risk to the patient and offer a reasonable risk-to-benefit ratio? How can we best

ensure informed consent?

Companies fund much biomaterials research and own proprietary biomaterials. How can the needs of the patient be best balanced with the
financial goals of a company? Consider that someone must manufacture devices—these would not be available if a company did not choose to

manufacture them.

Since researchers often stand to benefit financially from a successful biomedical device and sometimes even have devices named after them, how

can investigator bias be minimized in biomaterials research?

For life-sustaining devices, what is the trade-off between sustaining life and the quality of life with the device for the patient? Should the patient be

permitted to “pull the plug” if the quality of life is not satisfactory?

With so many unanswered questions about the basic science of biomaterials, do government regulatory agencies have sufficient information to
define adequate tests for materials and devices and to properly regulate biomaterials?

Should the government or other “third-party payors” of medical costs pay for the health care of patients receiving devices that have not yet been
formally approved for general use by the FDA and other regulatory bodies?

Should the CEO of a successful multimillion dollar company that is the sole manufacturer a polymer material (that is a minor but crucial
component of the sewing ring of nearly all heart valves) yield to the stockholders” demands that he/she terminate the sale of this material
because of litigation concerning one model of heart valve with a large cohort of failures? The company sells 32 pounds of this material annually,

yielding revenue of approximately $40,000?

Should an orthopedic appliance company manufacture two models of hip joint prostheses: one with an expected “lifetime” of 20 years (for young,
active recipients) and another that costs one-fourth as much with an expected lifetime of 7 years (for elderly individuals), with the goal of saving

resources so that more individuals can receive the appropriate care?
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government has evolved a complex regulatory system adminis-
tered by the U.S. Food and Drug Administration (FDA). Most
nations of the world have similar medical device regulatory
bodies. The International Standards Organization (ISO) has
introduced international standards for the world community.
Obviously, a substantial base of biomaterials knowledge went
into establishing these standards. The costs to comply with the
standards and to implement materials, biological, and clinical
testing are enormous. Introducing a new biomedical device to
the market requires a regulatory investment of tens of millions
of dollars. Are the regulations and standards truly addressing
the safety issues? Is the cost of regulation inflating the cost
of health care and preventing improved devices from reaching
those who need them? Under this regulation topic, we see the
intersection of all the players in the biomaterials community:
government, industry, ethics, and basic science. The answers
are not simple, but the problems must be addressed every day.
Chapters 10.2 and 10.3 expand on standards and regulatory

concerns.

BIOMATERIALS LITERATURE

Over the past 50 years, the field of biomaterials has evolved
from individual medical researchers innovating to save the
lives of their patients into the sophisticated, regulatory/ethics-
driven multidisciplinary endeavor we see today. Concurrent
with the evolution of the discipline, a literature has also devel-
oped addressing basic science, applied science, engineering, and
commercial issues. A bibliography is provided in Appendix D
“The Biomaterials Literature” to highlight key reference works
and technical journals in the biomaterials field.

BIOMATERIALS SOCIETIES

The evolution of the biomaterials field, from its roots with
individual researchers and clinicians who intellectually associ-
ated their efforts with established disciplines such as medicine,
chemistry, chemical engineering, or mechanical engineering,
to a modern field called “biomaterials,” parallels the forma-
tion of biomaterials societies. Probably the first biomaterials-
related society was the American Society for Artificial Internal
Organs (ASAIO). Founded in 1954, this group of visionar-
ies established a platform to consider the development of
devices such as the artificial kidney and the artificial heart. A
Department of Bioengineering was established at Clemson Uni-
versity, Clemson, South Carolina, in 1963. In 1969, Clemson
began organizing annual International Biomaterials Symposia.
In 1974-1975, these symposia evolved into the Society
For Biomaterials, the world’s first biomaterials society.

Founding members, those who joined in 1975 and 1976,
numbered about 50 and included clinicians, engineers,
chemists, and biologists. Their common interest, biomaterials,
was the engaging focus for the multidisciplinary participants.
The European Society for Biomaterials was founded in 1975.
Shortly after that, the Canadian Society For Biomaterials
and the Japanese Society of Biomaterials were formed. The
Controlled Release Society, a group strongly rooted in bioma-
terials for drug delivery, was founded in 1978. At this time there
are many national biomaterials societies and related societies.
The development of biomaterials professionalism and a sense
of identity for the field called biomaterials can be attributed
to these societies and the researchers who organized and
led them.

SUMMARY

This chapter provides a broad overview of the biomaterials
field. It provides a vantage point from which the reader can
gain a perspective to see how the subthemes fit into the larger
whole.

Biomaterials science may be the most multidisciplinary of
all the sciences. Consequently, biomaterials scientists must
master certain key material from many fields of science, tech-
nology, engineering, and medicine in order to be competent and
conversant in this profession. The reward for mastering this
volume of material is immersion in an intellectually stimulating
endeavor that advances a new basic science of biointeraction
and contributes to reducing human suffering.
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A History of Biomaterials

Buppy D. RATNER

At the dawn of the 21st century, biomaterials are widely
used throughout medicine, dentistry and biotechnology. Just
50 years ago biomaterials as we think of them today did not
exist. The word “biomaterial” was not used. There were no
medical device manufacturers (except for external prosthetics
such as limbs, fracture fixation devices, glass eyes, and den-
tal devices), no formalized regulatory approval processes, no
understanding of biocompatibility, and certainly no academic
courses on biomaterials. Yet, crude biomaterials have been
used, generally with poor to mixed results, throughout his-
tory. This chapter will broadly trace from the earliest days of
human civilization to the dawn of the 21st century the his-
tory of biomaterials. It is convenient to organize the history of
biomaterials into four eras: prehistory, the era of the surgeon
hero, designed biomaterials/engineered devices, and the con-
temporary era leading into a new millennium. However, the
emphasis of this chapter will be on the experiments and stud-
ies that set the foundation for the field we call biomaterials,
largely between 1920 and 1980.

BIOMATERIALS BEFORE WORLD WAR 11

Before Civilization

The introduction of nonbiological materials into the human
body was noted far back in prehistory. The remains of a human
found near Kennewick, Washington, USA (often referred to as
the “Kennewick Man”) was dated (with some controversy)
to be 9000 years old. This individual, described by arche-
ologists as a tall, healthy, active person, wandered through
the region now know as southern Washington with a spear
point embedded in his hip. It had apparently healed in and did
not significantly impede his activity. This unintended implant
illustrates the body’s capacity to deal with implanted foreign
materials. The spear point has little resemblance to modern
biomaterials, but it was a “tolerated” foreign material implant,
just the same.

Dental Implants in Early Civilizations

Unlike the spear point described above, dental implants
were devised as implants and used early in history. The
Mayan people fashioned nacre teeth from sea shells in roughly
600 A.p. and apparently achieved what we now refer to as
bone integration (see Chapter 7.8), basically a seamless inte-
gration into the bone (Bobbio, 1972). Similarly, an iron dental
implant in a corpse dated 200 A.p. was found in Europe
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(Crubezy et al., 1998). This implant, too, was described as
properly bone integrated. There were no materials science, bio-
logical understanding, or medicine behind these procedures.
Still, their success (and longevity) is impressive and highlights
two points: the forgiving nature of the human body and the
pressing drive, even in prehistoric times, to address the loss of
physiologic/anatomic function with an implant.

Sutures for 32,000 Years

There is evidence that sutures may have been used as
long as 32,000 years ago (NATNEWS, 1983, 20(5): 15-7).
Large wounds were closed early in history by one of two
methods—cautery or sutures. Linen sutures were used by the
early Egyptians. Catgut was used in the Middle Ages in Europe.

Metallic sutures are first mentioned in early Greek literature.
Galen of Pergamon (circa 130-200 A.p.) described ligatures of
gold wire. In 1816, Philip Physick, University of Pennsylvania
Professor of Surgery, suggested the use of lead wire sutures
noting little reaction. In 1849, J. Marion Sims, of Alabama,
had a jeweler fabricate sutures of silver wire and performed
many successful operations with this metal.

Consider the problems that must have been experienced
with sutures in eras with no knowledge of sterilization, toxi-
cology, immunological reaction to extraneous biological mate-
rials, inflammation, and biodegradation. Yet sutures were a
relatively common fabricated or manufactured biomaterial for
thousands of years.

Artificial Hearts and Organ Perfusion

In the 4th century B.c., Aristotle called the heart the most
important organ in the body. Galen proposed that veins con-
nected the liver to the heart to circulate “vital spirits throughout
the body via the arteries.” English physician William Harvey
in 1628 espoused a relatively modern view of heart function
when he wrote, “The heart’s one role is the transmission of
the blood and its propulsion, by means of the arteries, to the
extremities everywhere.” With the appreciation of the heart as
a pump, it was a logical idea to think of replacing the heart
with an artificial pump. In 1812, the French physiologist Le
Gallois expressed his idea that organs could be kept alive by
pumping blood through them. A number of experiments on
organ perfusion with pumps were performed from 1828-1868.
In 1881, Etienne-Jules Marey, a brilliant scientist and thinker
who published and invented in photography theory, motion
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FIG. 1. An artificial heart by Etienne-Jules Marey, Paris, 1881.

studies and physiology, described an artificial heart device
(Fig. 1), but probably never constructed such an apparatus.

In 1938, aviator (and engineer) Charles Lindbergh and sur-
geon (and Nobel prize winner) Alexis Carrel wrote a visionary
book, The Culture of Organs. They addressed issues of pump
design (referred to as the Lindbergh pump), sterility, blood
damage, the nutritional needs of perfused organs and mechan-
ics. This book must be considered a seminal document in
the history of artificial organs. In the mid-1950s, Dr. Paul
Winchell, better known as a ventriloquist, patented an arti-
ficial heart. In 1957, Dr. Willem Kolff and a team of scientists
tested the artificial heart in animals. (The modern history of
the artificial heart will be presented later in Chapter 7.4).

Contact Lenses

Leonardo DaVinci, in the year 1508, developed the con-
tact lens concept. Rene Descartes is credited with the idea of
the corneal contact lens (1632) and Sir John F. W. Herschel
(1827) suggested that a glass lens could protect the eye. Adolf
Fick, best known for his laws of diffusion, was an optometrist

by profession. One of his inventions (roughly 1860) was a glass
contact lens, possibly the first contact lens offering real success.
He experimented on both animals and humans with contact
lenses. In a period from 1936 to 1948, plastic contact lenses
were developed, primarily poly(methyl methacrylate).

Basic Concepts of Biocompatibility

Most implants prior to 1950 had a low probability of suc-
cess because of a poor understanding of biocompatibility and
sterilization. As will be elaborated upon throughout the text-
book, factors that contribute to biocompatibility include the
chemistry of the implant, leachables, shape, mechanics, and
design. Early studies, especially with metals, explored primarily
chemistry ideas to explain the observed bioreaction.

Possibly the first study assessing the in vivo bioreactivity
of implant materials was performed by H. S. Levert (1829).
Gold, silver, lead, and platinum specimens were studied in
dogs and platinum, in particular, was found to be well toler-
ated. In 1886, bone fixation plates of nickel-plated sheet steel
with nickel-plated screws were studied. In 1924, A. Zierold
published a study on tissue reaction to various materials in
dogs. Iron and steel were found to corrode rapidly leading to
resorption of adjacent bone. Copper, magnesium, aluminum
alloy, zinc, and nickel discolored the surrounding tissue while
gold, silver, lead, and aluminum were tolerated but inadequate
mechanically. Stellite, a Co—Cr—Mo alloy, was well tolerated
and strong. In 1926, M. Large noted inertness displayed by
18-8 stainless steel containing molybdenum. By 1929 Vitallium
alloy (65% Co-30% Cr-5% Mo) was developed and used with
success in dentistry. In 1947, ]J. Cotton of the UK discussed the
possible use for titanium and alloys for medical implants.

The history of plastics as implantation materials is not
nearly as old as metals, simply because there were few plas-
tics prior to the 1940s. What is possibly the first paper on the
implantation of a modern synthetic polymer, nylon as a suture,
appeared in 1941. Papers on the implantation of cellophane, a
polymer made from plant sources, were published as early as
1939, where it was used as a wrapping for blood vessels. The
response to this implant was described as a “marked fibrotic
reaction.” In the early 1940s papers appeared discussing the
reaction to implanted poly(methyl methacrylate) and nylon.
The first paper on polyethylene as a synthetic implant material
was published in 1947 (Ingraham et al.). The paper pointed
out that polyethylene production using a new high-pressure
polymerization technique began in 1936. This process enabled
the production of polyethylene free of initiator fragments and
other additives. Ingraham et al. demonstrated good results on
implantation (i.e., a mild foreign body reaction) and attributed
these results to the high purity of the polymer they used. A 1949
paper commented on the fact that additives to many plastics
had a tendency to “sweat out” and this may be responsible
for the strong biological reaction to those plastics (LeVeen and
Barberio, 1949). They found a vigorous foreign body reaction
to cellophane, Lucite, and nylon but extremely mild reaction
to “a new plastic,” Teflon. The authors incisively concluded,
“Whether the tissue reaction is due to the dissolution of traces
of the unpolymerized chemical used in plastics manufacture or
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actually to the solution of an infinitesimal amount of the plas-
tic itself cannot be determined.” The possibility that cellulose
might trigger the severe reaction by activating the complement
system could not have been imagined because the complement
system was not yet discovered.

POST WORLD WAR II—THE SURGEON/
PHYSICIAN HERO

At the end of World War II, high-performance metal,
ceramic, and especially polymeric materials transitioned from
wartime restricted to peacetime available. The possibilities
for using these durable, novel, inert materials immediately
intrigued surgeons with needs to replace diseased or dam-
aged body parts. Materials originally manufactured for air-
planes and automobiles were taken “off the shelf” by surgeons
and applied to medical problems. These early biomaterials
include silicones, polyurethanes, Teflon, nylon, methacrylates,
titanium, and stainless steel.

A historical context helps us appreciate the contribution
made primarily by medical and dental practitioners. After
World War II, there was little precedent for surgeons to col-
laborate with scientists and engineers. Medical and dental
practitioners of this era felt it was appropriate to invent (impro-
vise) on their own where the life or functionality of their patient
was at stake. Also, there was minimal government regulatory
activity and minimal human subjects protections. The physi-
cian was implicitly entrusted with the life and health of the
patient and had much more freedom than is seen today to
take heroic action where other options were exhausted.! These
medical practitioners had read about the post-World War II
marvels of materials science. Looking at a patient open on the
operating table, they could imagine replacements, bridges, con-
duits, and even organ systems based on such materials. Many
materials were tried on the spur of the moment. Some fortu-
itously succeeded. These were high-risk trials, but usually they
took place where other options were not available. The term
“surgeon hero” seems justified since the surgeon often had a
life (or a quality of life) at stake and was willing to take a
huge technological and professional leap to repair the indi-
vidual. This laissez faire biomaterials era quickly led to a new
order characterized by scientific/engineering input, government
quality controls, and a sharing of decisions prior to attempting
high-risk, novel procedures. Still, a foundation of ideas and
materials for the biomaterials field was built by courageous,
fiercely committed, creative individuals and it is important to
look at this foundation to understand many of the attitudes,
trends, and materials common today.

"The regulatory climate in the Uinted States in the 1950s was strikingly dif-
ferent from now. This can be appreciated in this recollection from Willem Kolff
about a pump oxygenator he made and brought with him from Holland to the
Cleveland Clinic (Kolff, 1998): “Before allowing Dr. Effler and Dr. Groves to
apply the pump oxygenator clinically to human babies, I insisted they do 10 con-
secutive, successful operations in baby dogs. The chests were opened, the dogs
were connected to a heart-lung machine to maintain the circulation, the right
ventricles were opened, a cut was made in the interventricular septa, the septa
holes were closed, the right ventricles were closed, the tubes were removed and
the chests were closed. (I have a beautiful movie that shows these 10 puppies
trying to crawl out of a basket).”

Intraocular Lenses

Sir Harold Ridley, M.D. (1906-2001) (Fig. 2), inventor of
the plastic intraocular lens (IOL), made early, accurate obser-
vations of biological reaction to implants consistent with cur-
rently accepted ideas of biocompatibility. After World War II,
he had the opportunity to examine aviators who were unin-
tentionally implanted in their eyes with shards of plastic from
shattered canopies in Spitfire and Hurricane fighter planes.
Most of these flyers had plastic fragments in their eyes for years.
The conventional wisdom at that time was that the human body
would not tolerate implanted foreign objects, especially in the
eye—the body’s reaction to a splinter or a bullet was cited as
examples of the difficulty of implanting materials in the body.
The eye is an interesting implant site because you can look in
through a transparent window to see what happened. When
Ridley did so, he noted that the shards had healed in place
with no further reaction. They were, by his standard, toler-
ated by the eye. Today, we would describe this type of stable
healing without significant ongoing inflammation or irritation
as “biocompatible.” This is an early observation of “biocom-
patible” in humans, perhaps the first, using criteria similar to
those accepted today. Based on this observation, Ridley traced
down the source of the plastic domes, ICI Perspex poly(methyl
methacrylate), and ordered sheets of the material. He used
this material to fabricate implant lenses (intraocular lenses)
that were found, after some experimentation, to function rea-
sonably in humans as replacements for surgically removed
natural lenses that had been clouded by cataracts. The first
implantation in a human was November 29, 1949. For many
years, Ridley was the center of fierce controversy because he
challenged the dogma that spoke against implanting foreign
materials in eyes—it hard to believe in the 21st century that the
implantation of a biomaterial would provoke such an outcry.
Because of this controversy, this industry did not spontaneously
arise—it has to await the early 1980s before IOLs became a
major force in the biomedical device market. Ridley’s insight-
ful observation, creativity, persistence, and surgical talent in
the late 1940s evolved to an industry that presently puts more
than 7,000,000 of these lenses annually in humans. Through
all of human history, cataracts meant blindness, or a surgi-
cal procedure that left the recipient needing thick, unaesthetic
eye glasses that poorly corrected the vision. Ridley’s concept,
using a plastic material found to be “biocompatible,” changed
the course of history and substantially improved the quality of
life for millions of individuals with cataracts. Harold Ridley’s
story is elaborated upon in an obituary (Apple and Trivedi,
2002).

Hip and Knee Prostheses

The first hip replacement was probably performed in 1891
by a German surgeon, Theodore Gluck, using a cemented ivory
ball. This procedure was not successful. Numerous attempts
were made between 1920 and 1950 to develop a hip replace-
ment prosthesis. Surgeon M. N. Smith-Petersen, in 1925,
explored a glass hemisphere to fit over the ball of the hip joint.
This failed because of poor durability. Chrome-based alloys
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FIG. 2. Sir Harold Ridley, inventor of the intraocular lens.

and stainless steel offered improvements in mechanical prop-
erties and many variants of these were explored. In 1938, the
Judet Brothers of Paris, Robert and Jean, explored an acrylic
surface for hip procedures, but it had a tendency to wear and
loosen. The idea of using fast-setting dental acrylics to anchor
prosthetics to bone was developed by Dr. Edward J. Haboush
in 1953. In 1956, McKee and Watson-Farrar developed a
“total” hip with an acetabular cup of metal that was cemented
in place. Metal-on-metal wear products probably led to high
complication rates. It was John Charnley (1911-1982) (Fig. 3),
working at an isolated tuberculosis sanatorium in Wrighting-
ton, Manchester, England, who invented the first really success-
ful hip joint prosthesis. The femoral stem, ball head, and plastic
acetabular cup proved to be a reasonable solution to the prob-
lem of damaged joint replacement. In 1958, Dr. Charnley used
a Teflon acetabular cup with poor outcomes due to wear debris.
By 1961 he was using a high-molecular-weight polyethylene
cup and was achieving much higher success rates. Interest-
ingly, Charnley learned of high-molecular-weight polyethylene
from a salesman selling novel plastic gears to one of his techni-
cians. Dr. Dennis Smith contributed in an important way to the
development of the hip prosthesis by introducing Dr. Charnley
to poly(methyl methacrylate) cements, developed in the dental
community, and optimizing those cements for hip replacement
use. Total knee replacements borrowed elements of the hip
prosthesis technology and successful results were obtained in
the period 1968-1972 with surgeons Frank Gunston and John
Insall leading the way.

FIG. 3. Sir John Charnley.

Dental Implants

Some of the “prehistory” of dental implants was described
earlier. In 1809, Maggiolo implanted a gold post anchor into
fresh extraction sockets. After allowing this to heal, he fas-
tened to it a tooth. This has remarkable similarity to modern
dental implant procedures. In 1887, this procedure was used
with a platinum post. Gold and platinum gave poor long-term
results and so this procedure was never widely adopted. In
1937, Venable used surgical Vitallium and Co-Cr-Mo alloy
for such implants. Also around 1937, Strock at Harvard used
a screw-type implant of Vitallium and this may be the first
successful dental implant. A number of developments in surgi-
cal procedure and implant design (for example, the endosteal
blade implant) then took place. In 1952, a fortuitous discovery
was made. Per Ingvar Branemark, an orthopedic surgeon at the
University of Lund, Sweden, was implanting an experimental
cage device in rabbit bone for observing healing reactions. The
cage was a titanium cylinder that screwed into the bone. After
completing the experiment that lasted several months, he tried
to remove the titanium device and found it tightly integrated
in the bone (Branemark et al., 1964). Dr. Branemark named
the phenomenon osseointegration and explored the applica-
tion of titanium implants to surgical and dental procedures.
He also developed low-impact surgical protocols for tooth
implantation that reduced tissue necrosis and enhanced the
probability of good outcomes. Most dental implants and many
other orthopedic implants are now made of titanium and its
alloys.

The Artificial Kidney

Kidney failure, through most of history, was a sentence
to unpleasant death lasting over a period of about a month.
In 1910, at Johns Hopkins University, the first attempts to
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remove toxins from blood were made by John Jacob Abel. The
experiments were with rabbit blood and it was not possible to
perform this procedure on humans. In 1943, in Nazi-occupied
Holland, Willem Kolff (Fig. 4), a physician just beginning his
career at that time, built a drum dialyzer system from a 100-liter
tank, wood slats, and sausage-casing (cellulose) as the dialy-
sis membrane. Some successes were seen in saving lives where
prior to this there was only one unpleasant outcome to kidney
failure. Kolff took his ideas to the United States and in 1960,
at the Cleveland Clinic, developed a “washing machine artifi-
cial kidney” (Fig. 5). Major advances in kidney dialysis were
made by Dr. Belding Scribner (1921-2003) at the University
of Washington. Scribner devised a method to routinely access
the bloodstream for dialysis treatments. Prior to this, after just
a few treatments, access sites to the blood were used up and
further dialysis was not possible. After seeing the potential of
dialysis to help patients, but only acutely, Scribner tells the
story of waking up in the middle of the night with an idea
to gain easy access to the blood—a shunt implanted between
an artery and vein that emerged through the skin as a “U.”
Through the exposed portion of the shunt, blood access could
be readily achieved. When Dr. Scribner heard about this new
plastic, Teflon, he envisioned how to get the blood out of and
into the blood vessels. His device used Teflon tubes to access
the vessels, a Dacron sewing cuff through the skin, and a sil-
icone rubber tube for blood flow. The Scribner shunt made
chronic dialysis possible and is said to be responsible for more
than a million patients being alive today. Additional important
contributions to the artificial kidney were made by Profes-
sor Les Babb of the University of Washington who, working
with Scribner, improved dialysis performance and invented a
proportioning mixer for the dialysate fluid.

The Artificial Heart

Willem Kolff was also a pioneer in the development of the
artificial heart. He implanted the first artificial heart in the
Western hemisphere in a dog in 1957 (a Russian artificial heart
was implanted in a dog in the late 1930s). The Kolff artificial
heart was made of a thermosetting poly(vinyl chloride) cast
inside hollow molds to prevent seams. In 1953, the heart-lung
machine was invented by John Gibbon, but this was useful
only for acute treatment as during open heart surgery. After
the National Heart and Lung Institute of the NIH in 1964 set
a goal of a total artificial heart by 1970, Dr. Michael DeBakey
implanted a left ventricular assist device in a human in 1966
and Dr. Denton Cooley implanted a polyurethane total arti-
ficial heart in 1969. In the period 1982-1985, Dr. William
DeVries implanted a number of Jarvik hearts with patients
living up to 620 days on the devices.

Breast Implants

The breast implant evolved to address the poor results
achieved with direct injection of substances into the breast for
augmentation. In fact, in the 1960s, California and Utah clas-
sified silicone injections as a criminal offense. In the 1950s,

FIG. 5. Willem Kolff (center) and the washing machine artificial
kidney.
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poly(vinyl alcohol) sponges were implanted as breast prosthe-
ses, but results with these were also poor. University of Texas
plastic surgeons Thomas Cronin and Frank Gerow invented
the first silicone breast implant in the early 1960s, a silicone
shell filled with silicone gel. Many variants of this device have
been tried over the years, including cladding the device with
polyurethane foam (the Natural Y implant). This variant of
the breast implant was fraught with problems. However, the
basic silicone rubber-silicone gel breast implant was generally
acceptable in performance (Bondurant et al., 1999).

Vascular Grafts

Surgeons have long needed methods and materials to repair
damaged and diseased blood vessels. Early in the century,
Dr. Alexis Carrel developed methods to anastomose (suture)
blood vessels, an achievement for which he won the Nobel
Prize in medicine in 1912. In 1942, Blackmore used Vitallium
metal tubes to bridge arterial defects in war-wounded soldiers.
Columbia University surgical intern Arthur Voorhees (1922-
1992), in 1947, noticed during a post-mortem that tissue had
grown around a silk suture left inside a lab animal. This obser-
vation stimulated the idea that a cloth tube might also heal by
being populated by the tissues of the body. Perhaps such a heal-
ing reaction in a tube could be used to replace an artery? His
first experimental vascular grafts were sewn from a silk hand-
kerchief and then parachute fabric (Vinyon N), using his wife’s
sewing machine. The first human implant of a prosthetic vas-
cular graft was in 1952. The patient lived many years after this
procedure, inspiring many surgeons to copy the procedure. By
1954, another paper was published establishing the clear ben-
efit of a porous (fabric) tube over a solid polyethylene tube
(Egdahl et al., 1954). In 1958, the following technique was
described in a textbook on vascular surgery (Rob, 1958): “The
Terylene, Orlon or nylon cloth is bought from a draper’s shop
and cut with pinking shears to the required shape. It is then
sewn with thread of similar material into a tube and sterilized
by autoclaving before use.”

Stents

Partially occluded coronary arteries lead to angina, dimin-
ished heart functionality, and eventually, when the artery
occludes (i.e., myocardial infarction), death of a section of the
heart muscle. Bypass operations take a section of vein from
another part of the body and replace the occluded coronary
artery with a clean conduit—this is major surgery, hard on the
patient and expensive. Synthetic vascular grafts in the 3-mm
diameter appropriate to the human coronary artery anatomy
will thrombose and thus cannot be used. Another option is per-
cutaneous transluminal coronary angioplasty (PTCA). In this
procedure, a balloon is threaded on a catheter into the coro-
nary artery and then inflated to open the lumen of the occluding
vessel. However, in many cases the coronary artery can spasm
and close from the trauma of the procedure. The invention
of the coronary artery stent, an expandable metal mesh that
holds the lumen open after PTCA, was a major revolution in
the treatment of coronary occlusive disease. In his own words,

Dr. Julio Palmaz (Fig. 6) describes the origins and history of
the cardiovascular stent.

I was at a meeting of the Society of Cardiovascular and Inter-
ventional Radiology in February 1978, New Orleans when
a visiting lecturer, Doctor Andreas Gruntzig from Switzer-
land, was presenting his preliminary experience with coronary
balloon angioplasty. As you know, in 1978 the mainstay ther-
apy of coronary heart disease was surgical bypass. Doctor
Gruntzig showed his promising new technique to open up coro-
nary atherosclerotic blockages without the need for open chest
surgery, using his own plastic balloon catheters. During his pre-
sentation, he made it clear that in a third of the cases, the treated
vessel closed back after initial opening with the angioplasty bal-
loon because of elastic recoil or delamination of the vessel wall
layers. This required standby surgery facilities and personnel, in
case of acute closure after balloon angioplasty prompted emer-
gency coronary bypass. Gruntzig’s description of the problem of
vessel reclosure elicited in my mind the idea of using some sort of
support, such as used in mine tunnels or in oil well drilling. Since
the coronary balloon goes in small (folded like an umbrella) and
is inflated to about 3—4 times its initial diameter, my idealistic
support device needed to go in small and expand at the site
of blockage with the balloon. I thought one way to solve this
was a malleable tubular criss-cross mesh. I went back home in
the Bay Area and started making crude prototypes with copper
wire and lead solder, which I first tested in rubber tubes mim-
icking arteries. I called the device a BEIS or balloon-expandable
intravascular graft. However, the reviewers of my first submit-
ted paper wanted to call it a stent. When I looked the word up,
I found out that it derives from Charles Stent, a British dentist
who died at turn of the century. Stent invented a wax material
to make dental molds for dentures. This material was later used
by plastic surgeons to keep tissues in place, while healing after
surgery. The word “stent” was then generically used for any
device intended to keep tissues in place while healing.

I made the early experimental device of stainless steel wire sol-
dered with silver. These were materials I thought would be
appropriate for initial laboratory animal testing. To carry on
with my project I moved to the University of Texas Health Sci-
ence Center in San Antonio (UTHSCSA) were I had a research
laboratory and time for further development. From 1983-86 I
performed mainly bench and animal testing. Dozens of ensuing
projects showed the promise of the technique and the poten-
tial applications it had in many areas of vascular surgery and
cardiology. With a UTHSCSA pathologist, Doctor Fermin Tio,
we observed our first microscopic specimen of implanted stents
in awe. After weeks to months after implantation by catheter-
ization under X-ray guidance, the stent had remained open,
carrying blood flow. The metal mesh was covered with translu-
cent, glistening tissue similar to the lining of a normal vessel.
The question remained whether the same would happen in
atherosclerotic vessels. We tested this question in the atheroscle-
rotic rabbit model and to our surprise, the new tissue free
of atherosclerotic plaque encapsulated the stent wires, despite
the fact that the animals were still on a high cholesterol diet.
Eventually, a large sponsor (Johnson and Johnson) adopted the
project and clinical trials were instituted under the scrutiny of
the Food and Drug Administration, to compare stents to balloon
angioplasty.

Coronary artery stenting is now performed in well over
1.5 million procedures per year.
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FIG. 6. Dr. Julio Palmaz, inventor of the coronary artery stent.

Pacemakers

In London, in 1788, Charles Kite wrote “An Essay Upon
the Recovery of the Apparently Dead” where he discussed
electrical discharges to the chest for heart resuscitation. In the
period 1820-1880, it was already known that electric shocks
could modulate the heartbeat (and, of course, consider the
Frankenstein story from that era). The invention of the portable
pacemaker, hardly portable by modern standards, may have
taken place almost simultaneously in two groups in 1930-31—
Dr. Albert S. Hyman (USA) (Fig. 7) and Dr. Mark C. Lidwill
(working in Australia with physicist Major Edgar Booth).

Canadian electrical engineer John Hopps, while conducting
research on hypothermia in 1949, invented an early cardiac
pacemaker. Hopps’ discovery was that if a cooled heart stopped
beating, it could be electrically restarted. This led to Hopps’
invention of a vacuum tube cardiac pacemaker in 1950. Paul
M. Zoll developed a pacemaker in conjunction with the Elec-
trodyne Company in 1952. The device was about the size of
a large table radio, was powered with external current, and
stimulated the heart using electrodes placed on the chest—this
therapy caused pain and burns, though it could pace the heart.

In the period 1957-58, Earl E. Bakken, founder of
Medtronic, Inc., developed the first wearable transistor-
ized (external) pacemaker at the request of heart surgeon,
Dr. C. Walton Lillehei. Bakken quickly produced a prototype
that Lillehei used on children with postsurgery heart block.
Medtronic commercially produced this wearable, transistor-
ized unit as the 5800 pacemaker.

FIG. 7. The Albert Hyman Model Il portable pacemaker, circa 1932~
1933. (With permission of NASPE Heart Rhythm Society.)

In 1959, the first fully implantable pacemaker was
developed by engineer Wilson Greatbatch and cardiologist
W. M. Chardack. He used two Texas Instruments transitors, a
technical innovation that permitted small size and low power
drain. The pacemaker was encased in epoxy to inhibit body
fluids from inactivating it.

Heart Valves

The development of the prosthetic heart valve paralleled
developments in cardiac surgery. Until the heart could be
stopped and blood flow diverted, the replacement of a valve
would be challenging. Charles Hufnagel, in 1952, implanted
a valve consisting of a poly(methyl methacrylate) tube and
nylon ball in a beating heart. This was a heroic operation and
basically unsuccessful, but an operation that inspired cardiac
surgeons to consider that valve prostheses might be possible.
The 1953 development of the heart-lung machine by Gibbon
allowed the next stage in the evolution of the prosthetic heart
valve to take place. In 1960, a mitral valve replacement was per-
formed in a human by surgeon Albert Starr using a valve design
consisting of a silicone ball and poly(methyl methacrylate) cage
(later replaced by a stainless steel cage). The valve was invented
by engineer Lowell Edwards. The heart valve was based on a
design for a bottle stopper invented in 1858. Starr was quoted
as saying, “Let’s make a valve that works and not worry about
its looks,” referring to its design that was radically different
from the leaflet valve that nature evolved in mammals. Prior to
the Starr—Edwards valve, no human had lived with a prosthetic
heart valve longer than 3 months. The Starr—Edwards valve was
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found to permit good patient survival. The major issues in valve
development in that era were thrombosis and durability. War-
ren Hancock started the development of the first leaflet tissue
heart valve in 1969 and his company and valve were acquired
by Johnson & Johnson in 1979.

DESIGNED BIOMATERIALS

In contrast to the biomaterials of the surgeon-hero era,
largely off-the-shelf materials used to fabricate medical devices,
the 1960s on saw the development of materials designed specif-
ically for biomaterials applications. Here are some key classes
of materials and their evolution from commodity materials to
engineered/synthesized biomaterials.

Silicones

Though the class of polymers known as silicones has been
explored for many years, it was not until the early 1940s that
Eugene Rochow of GE pioneered the scale-up and manufacture
of commercial silicones via the reaction of methyl chloride with
silicon in the presence of catalysts. In Rochow’s 1946 book,
The Chemistry of Silicones (John Wiley & Sons, Publishers),
he comments anecdotally on the low toxicity of silicones but
did not propose medical applications. The potential for medi-
cal uses of these materials was realized shortly after this. In a
1954 book on silicones, McGregor has a whole chapter titled
“Physiological Response to Silicones.” Toxicological studies
were cited suggesting to McGregor that the quantities of sil-
icones that humans might take into their bodies should be
“entirely harmless.” He mentions, without citation, the appli-
cation of silicone rubber in artificial kidneys. Silicone-coated
rubber grids were also used to support a dialysis membrane
(Skeggs and Leonards, 1948). Many other early applications
of silicones in medicine are cited in Chapter 2.3.

Polyurethanes

Polyurethanes, reaction products of diisocyanates and
diamines, were invented by Otto Bayer and colleagues in Ger-
many in 1937. The chemistry of polyurethanes intrinsically
offered a wide range of synthetic options leading to hard plas-
tics, flexible films, or elastomers (Chapter 2.2). Interestingly,
this was the first class of polymers to exhibit rubber elasticity
without covalent cross-linking. As early as 1959, polyurethanes
were explored for biomedical applications, specifically heart
valves (Akutsu et al., 1959). In the mid-1960s a class of seg-
mented polyurethanes was developed that showed both good
biocompatibility and outstanding flex life in biological solu-
tions at 37°C (Boretos and Pierce, 1967). Sold under the name
Biomer, these segmented polyurethanes comprised the pump
diaphragms of the Jarvik 7 hearts that were implanted in seven
humans.

Teflon

DuPont chemist Roy Plunkett discovered a remarkably inert
polymer, Teflon (polytetrafluoroethylene), in 1938. William L.
Gore and his wife Vieve started a company in 1958 to apply
Teflon for wire insulation. In 1969, their son Bob found that
Teflon, if heated and stretched, forms a porous membrane with
attractive physical and chemical properties. Bill Gore tells the
story that, on a chairlift at a ski resort, he pulled from his parka
pocket a piece of porous Teflon tubing to show to his fellow
ski lift passenger. The skier was a physician and asked for a
specimen to try as a vascular prosthesis. Now, Goretex porous
Teflon is the leading synthetic vascular graft and has numerous
applications in surgery and biotechnology.

Hydrogels

Hydrogels have been found in nature since life on earth
evolved. Bacterial biofilms, hydrated living tissues, extracellu-
lar matrix components, and plant structures are ubiquitous,
hydrated, swollen motifs in nature. Gelatin and agar were
also explored early in human history. But, the modern his-
tory of hydrogels as a class of materials designed for medical
applications can be accurately traced.

In 1936, DuPont scientists published a paper on recently
synthesized methacrylic polymers. In this paper, poly(2-
hydroxyethyl methacrylate) (polyHEMA) was mentioned. It
was briefly described as a hard, brittle, glassy polymer and
clearly not considered of importance. After that paper, this
polymer was essentially forgotten until 1960. Wichterle and
Lim published a paper in Nature describing the polymerization
of HEMA monomer and a cross-linking agent in the presence of
water and other solvents (Wichterle and Lim, 1960). Instead of
a brittle polymer, they obtained a soft, water-swollen, elastic,
clear gel. This innovation led to the soft contact lens industry
and to the modern field of biomedical hydrogels as we know
them today.

Interest and applications for hydrogels have steadily grown
over the years and these are described in detail in Chapter 2.5.
Important early applications included acrylamide gels for elec-
trophoresis, poly(vinyl alcohol) porous sponges (Ivalon) as
implants, many hydrogel formulations as soft contact lenses,
and alginate gels for cell encapsulation.

Poly(ethylene glycol)

Poly(ethylene glycol) (PEG), also called poly(ethylene oxide)
(PEO) in its high-molecular-weight form, can be categorized
as a hydrogel, especially when the chains are cross-linked.
However, PEG has many other applications and implemen-
tations. It is so widely used today that it is best discussed in its
own section.

The low reactivity of PEG with living organisms has been
known since at least 1944 where it was examined as a possible
vehicle for intravenously administering fat-soluble hormones
(Friedman, 1944). In the mid-1970s, Abuchowski and col-
leagues (Abuchowski et al., 1977) discovered that if PEG
chains were attached to enzymes and proteins, they would a
have a much longer functional residence time in vivo than
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biomolecules that were not PEGylated. Professor Edward Mer-
rill of MIT, based upon what he called “various bits of evi-
dence” from the literature, concluded that surface-immobilized
PEG would resist protein and cell pickup. The experimental
results from his research group in the early 1980s bore this con-
clusion out (Merrill, 1992). The application of PEGs to wide
range of biomedical problems has been significantly accelerated
by the synthetic chemistry developments of Dr. Milton Harris
while at the University of Alabama, Huntsville.

Poly(lactic—-glycolic acid)

Though originally discovered in 1833, the anionic polymer-
ization from the cyclic lactide monomer in the early 1960s
made materials with mechanical properties comparable to
Dacron possible. The first publication on the application of
poly(lactic acid) in medicine may have been by Kulkarni et al.
(1966). This group demonstrated that the polymer degraded
slowly after implantation in guinea pigs or rats and was well
tolerated by the organisms. Cutright et al. (1971) was the first
to apply this polymer for orthopedic fixation. Poly(glycolic
acid) and copolymers of lactic and glycolic acid were sub-
sequently developed. Early clinical applications of polymers
in this family were for sutures. The glycolic acid/lactic acid
polymers have also been widely applied for controlled release
of drugs and proteins. Professor Robert Langer’s group was
the leader in developing these polymers in the form of porous
scaffolds for tissue engineering (Langer and Vacanti, 1993).

Hydroxyapatite

Hydroxyapatite is one of the most widely studied materials
for healing in bone. It is both a natural component of bone
(i.e., a material of ancient history) and a synthetic material
with a modern history. Hydroxyapatite can be easily made as
a powder. One of the first papers to apply this material for
biomedical application was by Levitt ez al. (1969), in which
they hot-pressed the hydroxyapatite power into useful shapes
for biological experimentation. From this early appreciation of
the materials science aspect of a natural biomineral, a literature
of thousands of papers has evolved. In fact, the nacre implant
described in the prehistory section may owe its effectiveness
to hydroxyapatite—recent data have shown that the calcium
carbonate of nacre can transform in phosphate solutions to
hydroxapatite (Ni and Ratner, 2003).

Titanium

In 1791, William Gregor, a Cornish amateur chemist, used
a magnet to extract the ore that we now know as ilmenite from
a local river. He then extracted the iron from this black powder
with hydrochloric acid and was left with a residue that was the
impure oxide of titanium. After 1932, a process developed by
William Kroll permitted the commercial extraction of titanium
from mineral sources. At the end of World War II, titanium
metallurgy methods and titanium materials made their way
from military application to peacetime uses. By 1940, satisfac-
tory results had already been achieved with titanium implants

(Bothe et al., 1940). The major breakthrough in the use of tita-
nium for bony tissue implants was the Branemark discovery
of osseointegration, described earlier in the section on dental
implants.

Bioglass

Bioglass is important to biomaterials as one of the first com-
pletely synthetic materials that seamlessly bonds to bone. It
was developed by Professor Larry Hench and colleagues. In
1967 Hench was an assistant professor at the University of
Florida. At that time his work focused on glass materials and
their interaction with nuclear radiation. In August of that year,
he shared a bus ride to an Army Materials Conference in Sag-
amore, New York, with a U.S. Army Colonel who had just
returned from Vietnam where he was in charge of supplies to
15 MASH units. He was not terribly interested in the radia-
tion resistance of glass. Rather, he challenged Hench with the
following: hundreds of limbs a week in Vietnam were being
amputated because the body was found to reject the metals
and polymer materials used to repair the body. “If you can
make a material that will resist gamma rays, why not make a
material the body won’t resist?”

Hench returned from the conference and wrote a proposal
to the U.S. Army Medical R and D Command. In October
1969 the project was funded to test the hypothesis that silicate-
based glasses and glass-ceramics containing critical amounts
of Ca and P ions would not be rejected by bone. In Novem-
ber 1969 Hench made small rectangles of what he called 45S5
glass (44.5 wt.% SiO;) and Ted Greenlee, Assistant Professor
of Orthopaedic Surgery at the University of Florida, implanted
them in rat femurs at the VA Hospital in Gainesville. Six weeks
later Greenlee called—“Larry, what are those samples you gave
me? They will not come out of the bone. I have pulled on
them, I have pushed on them, I have cracked the bone and
they are still bonded in place.” Bioglass was born, and with
the first composition studied! Later studies by Hench using sur-
face analysis equipment showed that the surface of the Bioglass,
in biological fluids, transformed from a silicate-rich composi-
tion to a phosphate-rich structure, possibly with resemblance
to hydroxyapatite (Clark et al., 1976).

THE CONTEMPORARY ERA (MODERN BIOLOGY AND
MODERN MATERIALS)

It is probable that the modern era in the history of bioma-
terials, biomaterials engineered to control specific biological
reactions, was ushered in by rapid developments in modern
biology. In the 1960s, when the field of biomaterials was lay-
ing down its foundation principles and ideas, concepts such as
cell-surface receptors, growth factors, nuclear control of pro-
tein expression and phenotype, cell attachment proteins, and
gene delivery were either controversial observations or undis-
covered. Thus, pioneers in the field, even if so moved, could not
have designed materials with these ideas in mind. It is to the
credit of the biomaterials community that it has been quick
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to embrace and exploit new ideas from biology. Similarly,
new ideas from materials science such as phase separation,
anodization, self-assembly, surface modification, and surface
analysis were quickly assimilated into the biomaterial scien-
tists’ toolbox and vocabulary. A few of the important ideas in
the biomaterials literature that set the stage for the biomaterials
science we see today are useful to list:

Protein adsorption

Biospecific biomaterials

Nonfouling materials

Healing and the foreign-body reaction
Controlled release

Tissue engineering

Regenerative medicine

Since these topics are well elaborated upon in Biomaterials
Science: An Introduction to Materials in Medicine, 2nd edition,
they will not be expanded upon in this history section. Still, it
is important to appreciate the intellectual leadership of many
researchers that promoted these ideas that make up modern
biomaterials.

CONCLUSIONS

Biomaterials have progressed from surgeon-heroes, some-
times working with engineers, to a field dominated by engineers
and scientists, to our modern era with the biologist as a critical
player. As Biomaterials Science: An Introduction to Materials
in Medicine, 2nd edition, is being published, many individuals
who were biomaterials pioneers in the formative days of the
field are well into their ninth decade. A number of leaders of
biomaterials, pioneers who spearheaded the field with vision,
creativity, and integrity, have passed away. Biomaterials is a
field with a history modern enough so the first-hand accounts
of its roots are available. I encourage readers of the textbook to
document their conversations with pioneers of the field (many
of whom still attend biomaterials conferences), so that the
exciting stories that led to the successful and intellectually alive
field we see today are not lost.
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Properties of Materials

EviryNn OweN Carew, Francis W. CookEg, Jack E. LEmMons, Buppy D. RATNER,
IvaN VESELY, AND ERWIN VOGLER

1.1 INTRODUCTION
Jack E. Lemons

The bulk and surface properties of biomaterials used for
medical implants have been shown to directly influence, and in
some cases, control the dynamic interactions that take place at
the tissue—implant interface. These interactions are included in
the concept of compatibility, which should be viewed as a two-
way process between the implanted materials and the host
environment that is ongoing throughout the iz vivo lifetime
of the device.

It is critical to recognize that synthetic materials have
specific bulk and surface properties or characteristics. These
characteristics must be known prior to any medical applica-
tion, but also must be known in terms of changes that may
take place over time in vivo. That is, changes with time must
be anticipated at the outset and accounted for through selection
of biomaterials and/or design of the device.

Information related to basic properties is available from
national and international standards, plus handbooks and
professional journals of various types. However, this infor-
mation must be evaluated within the context of the intended
biomedical use, since applications and host tissue responses
are quite specific for given areas, e.g., cardiovascular (flow-
ing blood contact), orthopedic (functional load bearing), and
dental (percutaneous).

The following chapters provide two chapters on basic infor-
mation about bulk and surface properties of biomaterials based
on metallic, polymeric, and ceramic substrates, a chapter on
finite element modeling and analyses, and a chapter specific to
the role(s) of water and surface interaction with biomaterials.
Also included are details about how some of these character-
istics have been determined. The content of these chapters is
intended to be relatively basic and more in-depth information
is provided in later chapters and in the references.

1.2 BuLK PROPERTIES OF MATERIALS
Francis W. Cooke

INTRODUCTION: THE SOLID STATE

Solids are distinguished from the other states of matter (lig-
uids and gases) by the fact that their constituent atoms are
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held together by strong interatomic forces (Pauling, 1960). The
electronic and atomic structures, and almost all the physical
properties, of solids depend on the nature and strength of the
interatomic bonds. For a full account of the nature of these
bonds one would have to resort to the modern theory of quan-
tum mechanics. However, the mathematical complexities of
this theory are much beyond the scope of this book and we
will instead content ourselves with the earlier, classical model,
which is still very adequate. According to the classical theory
there are three different types of strong or primary interatomic
bonds: ionic, covalent, and metallic.

Ionic Bonding

In the ionic bond, electron donor (metallic) atoms transfer
one or more electrons to an electron acceptor (nonmetallic)
atom. The two atoms then become a cation (e.g., metal) and
an anion (e.g., nonmetal), which are strongly attracted by the
electrostatic or Coulomb effect. This attraction of cations and
anions constitutes the ionic bond (Hummel, 1997).

In ionic solids composed of many ions, the ions are arranged
so that each cation is surrounded by as many anions as possible
to reduce the strong mutual repulsion of cations. This packing
further reduces the overall energy of the assembly and leads to
a highly ordered arrangement called a crystal structure (Fig. 1).
Note that in such a crystal no discrete molecules exist, but only
an orderly collection of cations and anions. The loosely bound
electrons of the atoms are now tightly held in the locality of
the ionic bond. These bound electrons are no longer available
to serve as charge carriers and ionic solids are poor electrical
conductors. Finally, the low overall energy state of these sub-
stances endows them with relatively low chemical reactivity.
Sodium chloride (NaCl) and magnesium oxide (MgO) are
examples of ionic solids.

Covalent Bonding

Elements that fall along the boundary between metals and
nonmetals, such as carbon and silicon, have atoms with four
valence electrons and about equal tendencies to donate and
accept electrons. For this reason, they do not form strong
ionic bonds. Rather, stable electron structures are achieved by
sharing valence electrons. For example, two carbon atoms can

Biomaterials Science, 24 Edition
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FIG. 1. Typical metal crystal structures (unit cells). (A) Face-centered
cubic (FCC). (B) Full size atoms in FCC. (C) Hexagonal close-packed
(HCP). (D) Body-centered cubic (BCC).

each contribute an electron to a shared pair. This shared pair

of electrons constitutes the covalent bond —Cl—(lj— (Hummel,

1997).

If a central carbon atom participates in four of these cova-
lent bonds (two electrons per bond), it has achieved a stable
outer shell of eight valence electrons. More carbon atoms can
be added to the growing aggregate so that every atom has four

nearest neighbors with which it shares one bond each. Thus,
in a large grouping, every atom has a stable electron struc-
ture and four nearest neighbors. These neighbors often form
a tetrahedron, and the tetrahedra in turn are assembled in an
orderly repeating pattern (i.e., a crystal) (Fig. 2). This is the
structure of both diamond and silicon. Diamond is the hardest
of all materials, which shows that covalent bonds can be very
strong. Once again, the bonding process results in a particu-
lar electronic structure (all valence electrons in pairs localized
at the covalent bonds) and a particular atomic arrangement
or crystal structure. As with ionic solids, localization of the
valence electrons in the covalent bond renders these materials
poor electrical conductors.

Metallic Bonding

The third the least understood of the strong bonds is the
metallic bond. Metal atoms, being strong electron donors, do
not bond by either ionic or covalent processes. Nevertheless,
many metals are very strong (e.g., cobalt) and have high melting
points (e.g., tungsten), suggesting that very strong interatomic
bonds are at work here, too. The model that accounts for this
bonding envisions the atoms arranged in an orderly, repeating,
three-dimensional pattern, with the valence electrons migrating
between the atoms like a gas.

It is helpful to imagine a metal crystal composed of positive
ion cores, atoms without their valence electrons, about which
the negative electrons circulate. On the average, all the electri-
cal charges are neutralized throughout the crystal and bonding
arises because the negative electrons act like a glue between
the positive ion cores. This construct is called the free elec-
tron model of metallic bonding. Obviously, the bond strength
increases as the ion cores and electron “gas” become more

FIG. 2. Crystal structures of carbon. (A) Diamond (cubic). (B) Graphite (hexagonal).
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tightly packed (until the inner electron orbits of the ions begin
to overlap). This leads to a condition of lowest energy when
the ion cores are as close together as possible.

Once again, the bonding leads to a closely packed (atomic)
crystal structure and a unique electronic configuration. In par-
ticular, the nonlocalized bonds within metal crystals permit
plastic deformation (which strictly speaking does not occur in
any nonmetals), and the electron gas accounts for the chem-
ical reactivity and high electrical and thermal conductivity of
metallic systems (Hummel, 1997).

Weak Bonding

In addition to the three strong bonds, there are several weak
secondary bonds that significantly influence the properties of
some solids, especially polymers. The most important of these
are van der Waals bonding and hydrogen bonding, which have
strengths 3 to 10% that of the primary C-C covalent bond.

Atomic Structure

The three-dimensional arrangement of atoms or ions in
a solid is one of the most important structural features that
derives from the nature of the solid-state bond. In the major-
ity of solids, this arrangement constitutes a crystal. A crystal
is a solid whose atoms or ions are arranged in an orderly
repeating pattern in three dimensions. These patterns allow the
atoms to be closely packed [i.e., have the maximum possible
number of near (contacting) neighbors] so that the number of
primary bonds is maximized and the energy of the aggregate is
minimized.

Crystal structures are often represented by repeating ele-
ments or subdivisions of the crystal called unit cells (Fig. 1).
Unit cells have all the geometric properties of the whole
crystal. A model of the whole crystal can be generated by simply
stacking up unit cells like blocks or hexagonal tiles. Note that
the representations of the unit cells in Fig. 1 are idealized in
that atoms are shown as small circles located at the atomic
centers. This is done so that the background of the structure
can be understood. In fact, all nearest neighbors are in contact,
as shown in Fig. 1B (Newey and Weaver, 1990).

MATERIALS

The technical materials used to build most structures are
divided into three classes, metals, ceramics (including glasses),
and polymers. These classes may be identified only roughly
with the three types of interatomic bonding.

Metals

Materials that exhibit metallic bonding in the solid state are
metals. Mixtures or solutions of different metals are alloys.

About 85% of all metals have one of the crystal struc-
tures shown in Fig. 1. In both face-centered cubic (FCC) and
hexagonal close-packed (HCP) structures, every atom or ion
is surrounded by twelve touching neighbors, which is the

closest packing possible for spheres of uniform size. In any
enclosure filled with close-packed spheres, 74% of the vol-
ume will be occupied by the spheres. In the body-centered
cubic (BCC) structure, each atom or ion has eight touching
neighbors or eightfold coordination. Surprisingly, the density
of packing is only reduced to 68% so that the BCC structure
is nearly as densely packed as the FCC and HCP structures
(Hummel, 1997).

Ceramics

Ceramic materials are usually solid inorganic compounds
with various combinations of ionic and covalent bonding. They
also have tightly packed structures, but with special require-
ments for bonding such as fourfold coordination for covalent
solids and charge neutrality for ionic solids (i.e., each unit cell
must be electrically neutral). As might be expected, these addi-
tional requirements lead to more open and complex crystal
structures. Aluminum oxide or alumina (Al;O3) is an example
of a ceramic that has found some use as an orthopedic implant
material. (Kingery, 1976).

Carbon is often included with ceramics because of its many
ceramic-like properties, even though it is not a compound and
conducts electrons in its graphitic form. Carbon is an interest-
ing material since it occurs with two different crystal structures.
In the diamond form, the four valence electrons of carbon
lead to four nearest neighbors in tetrahedral coordination. This
gives rise to the diamond cubic structure (Fig. 2A). An inter-
esting variant on this structure occurs when the tetrahedral
arrangement is distorted into a nearly flat sheet. The carbon
atoms in the sheet have a hexagonal arrangement, and stacking
of the sheets (Fig. 2B) gives rise to the graphite form of carbon.
The (covalent) bonding within the sheets is much stronger than
the bonding between sheets.

The existence of an element with two different crystal struc-
tures provides a striking opportunity to see how physical
properties depend on atomic and electronic structure (Table 1).

Inorganic Glasses

Some ceramic materials can be melted and upon cooling
do not develop a crystal structure. The individual atoms have

TABLE 1 Relative Physical Properties of Diamond
and Graphite?

Property Diamond Graphite
Hardness Highest known Very low
Color Colorless Black
Electrical conductivity Low High
Density (g/cm?) 3.51 225
Specific heat (cal/gm atm/deg.C) 1.44 1.98

@ Adapted from D. L. Cocke and A. Clearfield, eds., Design of New Materials,
Plenum Publ., New York, 1987, with permission.
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26 1 PROPERTIES OF MATERIALS

nearly the ideal number of nearest neighbors, but an orderly
repeating arrangement is not maintained over long distances
throughout the three-dimensional aggregates of atoms. Such
noncrystals are called glasses or, more accurately, inorganic
glasses and are said to be in the amorphous state. Silicates and
phosphates, the two most common glass formers, have random
three-dimensional network structures.

Polymers

The third category of solid materials includes all the
polymers. The constituent atoms of classic polymers are usually
carbon and are joined in a linear chainlike structure by covalent
bonds. The bonds within the chain require two of the valence
electrons of each atom, leaving the other two bonds available
for adding a great variety of atoms (e.g., hydrogen), molecules,
functional groups, etc.

Based on the organization of these chains, there are two
classes of polymers. In the first, the basic chains are all straight
with little or no branching. Such “straight” chain or linear
polymers can be melted and remelted without a basic change
in structure (an advantage in fabrication) and are called ther-
moplastic polymers. If side chains are present and actually form
(covalent) links between chains, a three-dimensional network
structure is formed. Such structures are often strong, but once
formed by heating will not melt uniformly on reheating. These
are thermosetting polymers.

Usually both thermoplastic and thermosetting polymers
have intertwined chains so that the resulting structures are
quite random and are also said to be amorphous like glass,
although only the thermoset polymers have sufficient cross
linking to form a three-dimensional network with covalent
bonds. In amorphous thermoplastic polymers, many atoms in
a chain are in close proximity to the atoms of adjacent chains,
and van der Waals and hydrogen bonding holds the chains
together. It is these interchain bonds together with chain entan-
glement that are responsible for binding the substance together
as a solid. Since these bonds are relatively weak, the result-
ing solid is relatively weak. Thermoplastic polymers generally
have lower strengths and melting points than thermosetting
polymers (Billmeyer, 1984).

Microstructure

Structure in solids occurs in a hierarchy of sizes. The internal
or electronic structures of atoms occur at the finest scale, less
than 10~* jum (which is beyond the resolving power of the most
powerful direct observational techniques), and are responsible
for the interatomic bonds. At the next higher size level, around
10=% um (which is detectable by X-ray diffraction, field ion
microscopy, scanning tunneling microscopy, etc.), the long-
range, three-dimensional arrangement of atoms in crystals and
glasses can be observed.

At even larger sizes, 1073 to 102 um (detectable by light
and electron microscopy), another important type of structural
organization exists. When the atoms of a molten sample are
incorporated into crystals during freezing, many small crystals
are formed initially and then grow until they impinge on each

other and all the liquid is used up. At that point the sample
is completely solid. Thus, most crystalline solids (metals and
ceramics) are composed of many small crystals or crystallites
called grains that are tightly packed and firmly bound together.
This is the microstructure of the material that is observed at
magnifications where the resolution is between 1 and 100 pwm.

In pure elemental materials, all the crystals have the same
structure and differ from each other only by virtue of their dif-
ferent orientations. In general, these crystallites or grains are
too small to be seen except with a light microscope. Most solids
are opaque, however, so the common transmission (biologi-
cal) microscope cannot be used. Instead, a metallographic or
ceramographic reflecting microscope is used. Incident light is
reflected from the polished metal or ceramic surface. The grain
structure is revealed by etching the surface with a mildly corro-
sive medium that preferentially attacks the grain boundaries.
When this surface is viewed through the reflecting microscope
the size and shape of the grains, i.e., the microstructure, is
revealed.

Grain size is one of the most important features that can be
evaluated by this technique because fine-grained samples are
generally stronger than coarse-grained specimens of a given
material. Another important feature that can be identified is
the coexistence of two or more phases in some solid materials.
The grains of a given phase will all have the same chemical
composition and crystal structure, but the grains of a second
phase will be different in both these respects. This never occurs
in samples of pure elements, but does occur in mixtures of
different elements or compounds where the atoms or molecules
can be dissolved in each other in the solid state just as they are
in a liquid or gas solution.

For example, some chromium atoms can substitute for iron
atoms in the FCC crystal lattice of iron to produce stainless
steel, a solid solution alloy. Like liquid solutions, solid solutions
exhibit solubility limits; when this limit is exceeded, a second
phase precipitates. For example, if more Cr atoms are added to
stainless steel than the FCC lattice of the iron can accommo-
date, a second phase that is chromium rich precipitates. Many
important biological and implant materials are multiphase
(Hummel, 1997). These include the cobalt-based and titanium-
based orthopedic implant alloys and the mercury-based dental
restorative alloys, i.e., amalgams.

MECHANICAL PROPERTIES OF MATERIALS

Solid materials possess many kinds of properties (e.g.,
mechanical, chemical, thermal, acoustical, optical, electrical,
magnetic). For most (but not all) biomedical applications, the
two properties of greatest importance are strength (mechanical)
and reactivity (chemical). The chemical reactivity of biomate-
rials will be discussed in Chapters 1.4 and 6. The remainder
of this section will, therefore, be devoted to mechanical prop-
erties, their measurement, and their dependence on structure.
It is well to note that the dependence of mechanical properties
on microstructure is so great that it is one of the fundamental
objectives of materials science to control mechanical properties
by modifying microstructure.
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1.2 BULK PROPERTIES OF MATERIALS 27

Load
(newtons)

Extension (mm)

FIG. 3. Initial extension is proportional to load according to
Hooke’s law.

Elastic Behavior

The basic experiment for determining mechanical properties
is the tensile test. In 1678, Robert Hooke showed that a solid
material subjected to a tensile (distraction) force would extend
in the direction of traction by an amount that was proportional
to the load (Fig. 3). This is known as Hooke’s law and simply
expresses the fact that most solids behave in an elastic manner
(like a spring) if the loads are not too great.

Stress and Strain

The extension for a given load varies with the geometry of
the specimen as well as its composition. It is, therefore, difficult
to compare the relative stiffness of different materials or to
predict the load-carrying capacity of structures with complex
shapes. To resolve this confusion, the load and deformation
can be normalized. To do this, the load is divided by the cross-
sectional area available to support the load, and the extension
is divided by the original length of the specimen. The load can
then be reported as load per unit of cross-sectional area, and
the deformation can be reported as the elongation per unit of
the original length over which the elongation occurred. In this
way, the effects of specimen geometry can be normalized.

The normalized load (force/area) is stress (o) and the nor-
malized deformation (change in length/original length) is strain
(¢) (Fig. 4).

Tension and Compression

In tension and compression the area supporting the load is
perpendicular to the loading direction (tensile stress), and the
change in length is parallel to the original length (tensile strain).

If weights are used to provide the applied load, the stress
is calculated by adding up the total number of pounds-force
(Ib) or newtons (N) used and dividing by the perpendicular
cross-sectional area. For regular specimen geometries such as
cyclindrical rods or rectangular bars, a measuring instrument,
such as a micrometer, is used to determine the dimensions. The
units of stress are pounds per inch squared (psi) or newtons

________ O'=E Tensile
T ) A, stress
A/T> L
"""""""""" la 8:Al Tensile
lO” strain

|l
<€

{

FIG. 4. Tensile stress and tensile strain.

per meter squared (N/m?). The N/m? unit is also known as the
pascal (Pa).

The measurement of strain is achieved, in the simplest case,
by applying reference marks to the specimen and measuring
the distance between with calipers. This is the original length,
l,. A load is then applied, and the distance between marks is
measured again to determine the final length, /¢. The strain, ¢,
is then calculated by:

=1, Al

L B (1)

&

This is essentially the technique used for flexible materials
like rubbers, polymers, and soft tissues. For stiff materials like
metals, ceramics, and bone, the deflections are so small that a
more sensitive measuring method is needed (i.e., the electrical
resistance strain gage).

Shear

For cases of shear, the applied load is parallel to the area sup-
porting it (shear stress, 7), and the dimensional change is per-
pendicular to the reference dimension (shear strain, y) (Fig. 5).

5 F

F
T=— Shear stress
Ay

Y= ) Shear strain
=7 i
Iy

FIG. 5. Shear stress and shear strain.
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28 1 PROPERTIES OF MATERIALS

Tensile
Fracture
stress

FIG. 6. Stress versus strain for elastic solids.

Elastic Constants

By using these definitions of stress and strain, Hooke’s law
can be expressed in quantitative terms:

o = E ¢, tension or compression, (2a)
7 =G y, shear. (2b)

E and G are proportionality constants that may be likened
to spring constants. The tensile constant, E, is the tensile (or
(Young’s) modulus and G is the shear modulus. These moduli
are also the slopes of the elastic portion of the stress ver-
sus strain curve (Fig. 6). Since all geometric influences have
been removed, E and G represent inherent properties of the
material. These two moduli are direct macroscopic manifesta-
tions of the strengths of the interatomic bonds. Elastic strain is
achieved by actually increasing the interatomic distances in the
crystal (i.e., stretching the bonds). For materials with strong
bonds (e.g., diamond, Al,O3, tungsten), the moduli are high
and a given stress produces only a small strain. For materi-
als with weaker bonds (e.g., polymers and gold), the moduli
are lower (Hummel, 1997). The tensile elastic moduli for some
important biomaterials are presented in Table 2.

Isotropy

The two constants, E and G, are all that are needed to
fully characterize the stiffness of an isotropic material (i.e.,
a material whose properties are the same in all directions).

Single crystals are anisotropic (not isotropic) because the
stiffness varies as the orientation of applied force changes
relative to the interatomic bond directions in the crystal. In
polycrystalline materials (e.g., most metallic and ceramic spec-
imens), a great multitude of grains (crystallites) are aggregated
with multiply distributed orientations. On the average, these
aggregates exhibit isotropic behavior at the macroscopic level,
and values of E and G are highly reproducible for all specimens
of a given metal, alloy, or ceramic.

On the other hand, many polymeric materials and most tis-
sue samples are anisotropic (not the same in all directions) even
at the macroscopic level. Bone, ligament, and sutures are all
stronger and stiffer in the fiber (longitudinal) direction than
they are in the transverse direction. For such materials, more

TABLE 2 Mechanical Properties of Some Implant Materials
and Tissues

Elastic Yield Tensile Elongation
modulus  strength strength to failure

(GPa)  (MPa) (MPa) (%)
AL O3 350 — 1000 to 10,000 0
CoCr Alloy? 225 525 735 10
316 S.8.0 210 240 (800)° 600 (1000)“ 55 (20)¢
Ti-6Al-4V 120 830 900 18
Bone (cortical) 15to30 30to 70 70 to 150 0-8
PMMA 3.0 — 35t0 50 0.5
Polyethylene?  0.6-1.8 — 23 to 40 200-400
Cartilage ¢ — 7to 15 20

428% Cr, 2% Ni, 7% Mo, 0.3% C (max), Co balance.

bStainless steel, 18% Cr, 14% Ni, 2 to 4% Mo, 0.03 C (max), Fe balance.

“Values in parentheses are for the cold-worked state.

dHigh density polyethylene (HDPE) and ultrahigh molecular weight
polyethylene (UHMWPE)

¢Strongly viscoelastic.

than two elastic constants are required to relate stress and strain
properties.

MECHANICAL TESTING

To conduct controlled load-deflection (stress—strain) tests,
a load frame is used that is much stiffer and stronger than the
specimen to be tested (Fig. 7). One cross-bar or cross-head is
moved up and down by a screw or a hydraulic piston. Jaws
that provide attachment to the specimen are connected to the
frame and to the movable cross-head. In addition, a load cell
to monitor the force being applied is placed in series with the
specimen. The load cell functions somewhat like a very stiff
spring scale to measure the applied loads.

Tensile specimens usually have a reduced gage section over
which strains are measured. For a valid determination of
fracture properties, failure must also occur in this reduced
section and not in the grips. For compression testing, the
direction of cross-head movement is reversed and cylindrical
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1.2 BULK PROPERTIES OF MATERIALS 29

/Cross head

|_— Load cell

—

<«+— Drive screw

Jaws

Specimen
/ P

Jaws

L I._ Base

FIG. 7. Mechanical testing machine.

or prismatic specimens are simply squeezed between flat anvils.
Standardized specimens and procedures should be used for all
mechanical testing to ensure reproducibility of results (see the
publications of the American Society for Testing and Materials,
100 Barr Harbor Dr., West Conshohocken, PA 19428-2959).

Another useful test that can be conducted in a mechanical
testing machine is the bend test. In bend testing, the out-
side of the bowed specimen is in tension and the inside in
compression. The outer fiber stresses can be calculated from
the load and the specimen geometry (see any standard text
on strength of materials; Meriam, 1996). Bend tests are use-
ful because no special specimen shapes are required and no
special grips are necessary. Strain gages can also be used to
determine the outer fiber strains. The available formulas for
the calculation of stress states are only valid for elastic behav-
ior. Therefore, they cannot be used to describe any nonelastic
strain behavior.

Some mechanical testing machines are also equipped to
apply torsional (rotational) loads, in which case torque ver-
sus angular deflection can be determined and used to calculate
the torsional properties of materials. This is usually in impor-
tant consideration when dealing with biological materials,
especially under shear loading conditions (Hummel, 1997).

=

The tensile elastic modulus, E (for an isotropic material), can
be determined by the use of strain gages, an accurate load cell,

Elasticity

and cyclic testing in a standard mechanical testing machine.
To do so, Hooke’s law is rearranged as follows:

E= (3)

o
&

Brittle Fracture

In real materials, elastic behavior does not persist indefi-
nitely. If nothing else intervenes, microscopic defects, which
are present in all real materials, will eventually begin to grow
rapidly under the influence of the applied tensile or shear stress,
and the specimen will fail suddenly by brittle fracture. Until this
brittle failure occurs, the stress—strain diagram does not devi-
ate from a straight line, and the stress at which failure occurs
is called the fracture stress (Fig. 6). This behavior is typical of
many materials, including glass, ceramics, graphite, very hard
alloys (scalpel blades), and some polymers like polymethyl-
methacrylate (bone cement) and unmodified polyvinyl chloride
(PVC). The number and size of defects, particularly pores, is the
microstructural feature that most affects the strength of brittle
materials.

Plastic Deformation

For some materials, notably metals, alloys, and some poly-
mers, the process of plastic deformation sets in after a certain
stress level is reached but before fracture occurs. During a ten-
sile test, the stress at which 0.2% plastic strain occurs is called
the 0.2 % offset yield strength. Once plastic deformation starts,
the strains produced are very much greater than those during
elastic deformation (Fig. 8); they are no longer proportional to
the stress and they are not recovered when the stress is removed.
This happens because whole arrays of atoms under the influ-
ence of an applied stress are forced to move, irreversibly, to new
locations in the crystal structure. This is the microstructural
basis of plastic deformation. During elastic straining, on the
other hand, the atoms are displaced only slightly by reversible
stretching of the interatomic bonds.

Large scale displacement of atoms without complete rupture
of the material, i.e., plastic deformation, is only possible in the
presence of the metallic bond so only metals and alloys exhibit
true plastic deformation. Since long-distance rearrangement of
atoms under the influence of an applied stress cannot occur
in ionic or convolutely bonded materials, ceramics and many
polymers do not undergo plastic deformation.

Plastic deformation is very useful for shaping metals and
alloys and is called ductility or malleability. The total perma-
nent (i.e., plastic) strain exhibited up to fracture by a material
is a quantitative measure of its ductility (Fig. 8). The strength,
particularly the 0.2% offset yield strength, can be increased
significantly by reducing the grain size as well as by prior
plastic deformation or cold work. The introductions of alloy-
ing elements and multiphase microstructures are also potent
strengthening mechanisms.

Other properties can be derived from the tensile stress—
strain curve. The tensile strength or the ultimate tensile stress
(UTS) is the stress that is calculated from the maximum load
experienced during the tensile test (Fig. 8).
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1 PROPERTIES OF MATERIALS

O,
uts \
Oyield |- Toughness H
o i
E i
g |<—O'2% Eductility
FIG. 8. Stress versus strain for a ductile material.

The area under the tensile curve is proportional to the work
required to deform a specimen until it fails. The area under
the entire curve is proportional to the product of stress and
strain, and has the units of energy (work) per unit volume of
specimen. The work to fracture is a measure of toughness and
reflects a material’s resistance to crack propagation (Fig. 8)
(Newey and Weaver, 1990). The important mechanical prop-
erties derived from a tensile test and their units are listed in
Table 3. Representative values of these properties for some

important biomaterials are listed in Table 2.

Creep and Viscous Flow

For all the mechanical behaviors considered to this point,
it has been assumed that when a stress is applied, the strain
response is instantaneous. For many important biomaterials,

Time

FIG. 9.

%-{i > F

FIG. 10.

of a Vlscoelastlc material.

TABLE 3 Mechanical Properties Derivable
from a Tensile Test

5. Toughness (work to

Units
Property Fundamental? International English
1. Elastic modulus (E) F/IA N/m? (Pa)  1bf?/in.2 (psi)
2. Yield strength (oyiela) F/A N/m? (Pa)  Ibf/in.% (psi)
3. Ultimate tensile F/A N/m? (Pa)  Ibffin.2 (psi)
strength (oyts)

4. Ductility (€gycrility) % % %

F x dIV J/m3 in Ibf/in.3

fracture per unit
volume)

A
7
Ligament cell

% Elongation Load Ligament

—————— ——

Load applied
0
Time

@F, force; A, area; d, length; V, volume.
bIbf, pounds force.

including polymers and tissues, this is not a valid assumption
If a weight is suspended from an excised ligament, the liga-

ment elongates essentially instantaneously when the weight is

applied. This is an elastic response. Thereafter the ligament
continues to elongate for a considerable time even though the
load is constant (Fig. 9A). This continuous, time-dependent
extension under load is called “creep.”

Similarly, if the ligament is extended in a tensile machine
to a fixed elongation and held constant while the load is mon-
itored, the load drops continuously with time (Fig. 9B). The
continuous drop in load at constant extension is called stress
relaxation. Both these responses are the result of viscous flow in
the material. The mechanical analog of viscous flow is a dash-
potor cylinder and piston (Fig. 10A). Any small force is enough
to keep the piston moving. If the load is increased, the rate of

displacement will increase.

Load

Al = constant

(A) Elongation versus time at constant load (creep) of ligament. (B) Load versus time at constant elongation (stress relaxation) for ligament

%M

(A) Dash pot or cylinder and piston model of viscous flow. (B) Dash pot and spring model
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1.2 BULK PROPERTIES OF MATERIALS 31

Despite this liquid-like behavior, these materials are func-
tionally solids. To produce such a combined effect, they act as
though they are composed of a spring (elastic element) in series
with a dashpot (viscous element) (Fig. 10B). Thus, in the creep
test, instantaneous strain is produced when the weight is first
applied (Fig. 9A). This is the equivalent of stretching the spring
to its equilibrium length (for that load). Thereafter, the addi-
tional time-dependent strain is modeled by the movement of
the dashpot. Complex arrangements of springs and dashpots
are often needed to adequately model the actual behavior of
polymers and tissues.

Materials that behave approximately like a spring and dash-
pot system are viscoelastic. One consequence of viscoelastic
behavior can be seen in tensile testing where the load is applied
at some finite rate. During the course of load application, there
is time for some viscous flow to occur along with the elastic
strain. Thus, the total strain will be greater than that due to
the elastic response alone. If this total strain is used to estimate
the Young’s modulus of the material (E = o/¢), the estimate will
be low. If the test is conducted at a more rapid rate, there will be
less time for viscous flow during the test and the apparent mod-
ulus will increase. If a series of such tests is conducted at ever
higher loading rates, eventually a rate can be reached where no
detectable viscous flow occurs and the modulus determined at
this critical rate will be the true elastic modulus, i.e., the spring
constant of the elastic component. Tests at even higher rates
will produce no further increase in modulus. For all viscoelastic
materials, moduli determined at rates less than the critical rate
are “apparent” moduli and must be identified with the strain
rate used. Failure to do this is one reason why values of tissue
moduli reported in the literature may vary over wide ranges.

Finally, it should be noted that it may be difficult to distin-
guish between creep and plastic deformation in ordinary tensile
tests of highly viscoelastic materials (e.g., tissues). For this rea-
son, the total nonelastic deformation of tissues or polymers
may at times be loosely referred to as plastic deformation even
though viscous flow is involved.

OTHER IMPORTANT PROPERTIES OF MATERIALS

Fatigue

It is not uncommon for materials, including tough and duc-
tile ones like 316L stainless steel, to fracture even though the
service stresses imposed are well below the yield stress. This
occurs when the loads are applied and removed for a great
number of cycles, as happens to prosthetic heart valves and
prosthetic joints. Such repetitive loading can produce micro-
scopic cracks that then propagate by small steps at each load
cycle.

The stresses at the tip of a crack, a surface scratch, or
even a sharp corner are locally enhanced by the stress-raising
effect. Under repetitive loading, these local high stresses actu-
ally exceed the strength of the material over a small region. This
phenomenon is responsible for the stepwise propagation of the
cracks. Eventually, the load-bearing cross-section becomes so
small that the part finally fails completely.

Fatigue, then, is a process by which structures fail as a result
of cyclic stresses that may be much less than the ultimate ten-
sile stress. Fatigue failure plagues many dynamically loaded
structures, from aircraft to bones (march- or stress-fractures)
to cardiac pacemaker leads.

The susceptibility of specific materials to fatigue is deter-
mined by testing a group of identical specimens in cyclic tension
or bending (Fig. 11A) at different maximum stresses. The num-
ber of cycles to failure is then plotted against the maximum
applied stress (Fig. 11B). Since the number of cycles to failure
is quite variable for a given stress level, the prediction of fatigue
life is a matter of probabilities. For design purposes, the stress
that will provide a low probability of failure after 10° to 108
cycles is often adopted as the fatigue strength or endurance
limit of the material. This may be as little as one third or one
fourth of the single-cycle yield strength. The fatigue strength is
sensitive to environment, temperature, corrosion, deterioration
(of tissue specimens), and cycle rate (especially for viscoelastic
materials) (Newey and Weaver, 1990). Careful attention to
these details is required if laboratory fatigue results are to be
successfully transferred to biomedical applications.

Load

Time

Ultimate tensile
strength range

Endurance limit

Max. stress/cycle

101 102

108 104 105 106 107 108
Cycles to failure

FIG. 11. (A) Stress versus time in a fatigue test. (B) Fatigue curve:
fatigue stress versus cycles to failure.
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Toughness

The ability of a material to plastically deform under the
influence of the complex stress field that exists at the tip of
a crack is a measure of its toughness. If plastic deforma-
tion does occur, it serves to blunt the crack and lower the
locally enhanced stresses, thus hindering crack propagation. To
design “failsafe” structures with brittle materials, it has become
necessary to develop an entirely new system for evaluating ser-
vice worthiness. This system is fracture toughness testing and
requires the testing of specimens with sharp notches. The result-
ing fracture toughness parameter is a function of the apparent
crack propagation stress and the crack depth and shape. It is
called the critical stress intensity factor (K|.) and has units of
Pa/m or N - m¥? (Meyers and Chawla, 1984). For materials
that exhibit extensive plastic deformation at the crack tip, an
energy-based parameter, the ] integral, can be used. The energy
absorbed in impact fracture is also a measure of toughness, but
at higher loading rates (Newey and Weaver, 1990).

Effect of Fabrication on Strength

A general concept to keep in mind when considering the
strength of materials is that the process by which a mate-
rial is produced has a major effect on its structure and
hence its properties (Newey and Weaver, 1990). For exam-
ple, plastic deformation of most metals at room temperature
flattens the grains and produces strengthening while reducing
ductility. Subsequent high-temperature treatment (annealing)
can reverse this effect. Polymers drawn into fibers are much
stronger in the drawing direction than are undrawn samples of
the same material.

Because strength properties depend on fabrication history,
it is important to realize that there is no unique set of strength
properties of each generic material (e.g., 316L stainless steel,
polyethylene, aluminum oxide). Rather, there is a range of
properties that depends on the fabrication history and the
microstructures produced.

CONCLUSION

The determination of mechanical properties is not only an
exercise in basic materials science but is indispensable to the
practical design and understanding of load-bearing structures.
Designers must determine the service stresses in all structural
members and be sure that at every point these stresses are safely
below the yield strength of the material. If cyclic loads are
involved (e.g., lower-limb prostheses, teeth, heart valves), the
service stresses must be kept below the fatigue strength.

In subsequent chapters where the properties and behav-
ior of materials are discussed in detail, it is well to keep in
mind that this information is indispensable to understanding
the mechanical performance (i.e., function) of both biological
and manmade structures.
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1.3 FINITE ELEMENT ANALYSIS

Tvan Vesely and Evelyn Owen Carew
INTRODUCTION

The previous chapter introduced the reader to the concepts
of elasticity, stress, and strain. Estimations of material stress
and strain are necessary during the course of device design to
minimize the chance of device failure. For example, artificial
hip joints need to be designed to withstand the loads that they
are expected to bear without fracture or fatigue. Stress analy-
sis is therefore required to ensure that all components of the
device operate below the fatigue limit. For deformable struc-
tures such as diaphragms for artificial hearts, an estimate of
strains or deformations is required to ensure that during maxi-
mal deformation, components do not contact other structures,
potentially causing interference and unexpected failure modes
such as abrasion.

For simple calculations, such as the sizing of a bolt to
connect two components that bear load, simple analytical
calculations usually suffice. Often, these calculations are aug-
mented by reference to engineering tables that can be used
to refine the stress estimates based on local geometry, such
as the pitch of the threads. Such analytical methods are pre-
ferred because they are exact and can be supported by a wealth
of engineering experience. Unfortunately, analytical solutions
are usually limited to linear problems and simple geometries
governed by simple boundary conditions. The boundary con-
ditions can be considered input data or constraints on the
solution that are applied at the boundaries of the system. Most
practical engineering problems involve some combination of
material or geometrical nonlinearity, complex geometry, and
mixed boundary conditions. In particular, all biological mate-
rials have nonlinear elastic behavior and most experience large
strains when deformed. As a result, nonlinearities of one form
or the other are usually present in the formulation of prob-
lems in biomechanics. These nonlinearities are described by the
equations relating stress to strain and strain to displacement.
Applying analytical methods to such problems would require
so many assumptions and simplifications that the results would
have poor accuracy and would thus be of little engineering
value. There is therefore no alternative but to resort to approx-
imate or numerical methods. The most popular numerical
method for solving problems in continuum mechanics is the
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finite element method (FEM), also referred to as finite element
analysis (FEA).

FEA is a computational approach widely used in solid and
fluid mechanics in which a complex structure is divided into a
large number of smaller parts, or elements, with interconnect-
ing nodes, each with geometry much simpler than that of the
whole structure. The behavior of the unknown variable within
the element and the shape of the element are represented by
simple functions that are linked by parameters that are shared
between the elements at the nodes. By linking these simple
elements together, the complexity of the original structure can
be duplicated with good fidelity. After boundary conditions
are taken into account, a large system of equations for the
unknown nodal parameters always results; these equations are
solved simultaneously by a computer, using indirect or iterative
means.

Finite element analysis is extremely versatile. The size and
configuration of the elements can be adjusted to best suit
the problem; complex geometries can be discretized and solu-
tions can be stepped through time to analyze dynamic systems.
Very often, simple analytical methods are used to make a first
approximation to the design of the device, and FEA is subse-
quently used to further refine the design and identify potential
stress concentrations. FEA can be applied to both solids and
fluids or, with additional complexity, to systems containing
both. FEA software is very mature and computing power is
now sufficiently cheap to allow finite element methods to be
applied to a wide range of problems. In fluid flow, FEA has been
applied to weather forecasting and supersonic flow around
aircraft and within engines, and in the medical field, to optimiz-
ing blood pumps and cannulas. In solids, FEA has been used
to design, build, and crash automobiles, estimate the impact
of earthquakes, and reconstruct crime scenes. In biomateri-
als, FEA has been applied to almost every implantable device,
ranging from artificial joints to pacemaker leads. Although
originally developed to help structural engineers analyze stress
and strain, FEA has been adopted by basic scientists and
biologists to study the dynamic environment within arteries,
muscles and even cells.

In this chapter we hope to introduce the reader to finite
element methods without digressing into detailed discussion of
some of the more difficult concepts that are often required to
properly define and execute a real-world problem. For that, the
reader is referred to the many excellent texts in the field, some
of which are included in the bibliography at the end of this
chapter.

OVERVIEW OF THE FINITE ELEMENT METHOD

The essential steps in implementing the FEM follow:

(i) The region of interest (continuum) is discretized, that
is, subdivided into a smaller number of regions called
elements, interconnected at nodal points. Nodes may
also be placed in the interior of an element. In one
dimension, the elements are line segments; in two
dimensions, they are usually triangles or quadrilaterals
(Fig. 1); in three dimensions, they can be rectangular
prisms (hexahedra) or triangular prisms (tetrahedra),

A

FIG. 1. (A) Cross-section of an autopsy-retrieved femur showing a
cracked mantle (arrows). (B) Mixed planar quadrilateral/triangle FE
representation of (A). (From Middleton et al., 1996, p. 35. Reproduced
with permission of Gordon and Breach Publishers, Overseas Publishers
Assn., Amsterdam.)

FIG. 2. 3D FE representations of the human femur. (A) Tetrahe-
dral elements; (B) hexahedral elements. (From Middleton et al., 1996,
p- 125. Reproduced with permission of Gordon and Breach Publishers,
Overseas Publishers Assn., Amsterdam.)

for example (Fig. 2). Elements may be quite general
with the possibility of non-planar faces and curvilinear
sides or edges (Desai, 1979; Zienkiewicz and Taylor,
1994).
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FIG. 3. Examples of two-dimensional elements and their correspond-
ing local coordinate systems [embedded in (A) and (C)]. For the
rectangles, the local coordinates (£, ) are referred to a cartesian system
with —1 < &, n < 1; for the triangles, the local coordinates (L1, L;,
L3) are area coordinates satisfying 0 < L1, Ly, L3 < 1. Elements with
linear interpolating functions (first order) are shown in (A) and (C).
Quadratic elements (second-order interpolating functions) are shown
in (B) and (D).

(ii) The unknown variables within the continuum (e.g., dis-
placement, stress, or velocity components) are defined
within each element by suitable interpolating func-
tions. Interpolating functions are traditionally piece-
wise polynomials and are also known as basis or shape
functions. The order of the interpolating functions (i.e.,
first, second, or third order) is usually used to fix the
number of nodes in the elements (Fig. 3).

(iii) The equations that define the behavior of the unknown
variable, such as the equations of motion or the rela-
tionships between stress and strain or strain and dis-
placement, are formulated for each element in the form
of matrices. These element matrices are then assem-
bled into a global system of equations for the entire
discretized domain. This system is defined by a coef-
ficient matrix, an unknown vector of nodal values,
and a known “right-hand side” (RHS) vector. Bound-
ary conditions in derivative form would already be
included in the RHS vector at this stage, but those
that set the unknown function to a known value at
the boundary have to be incorporated into the system
matrix and RHS vector by overwriting relevant rows
and columns. Since the RHS vector contains informa-
tion about the boundary conditions, it is sometimes
called the “external load vector.”

(iv) The final step in FEA involves solving the global sys-
tem of equations for the unknown vector. In theory,
this can be achieved by premultiplying the RHS vector
by the inverse of the coefficient matrix. The result is

the discrete (pointwise) solution to the original prob-
lem. If the problem is linear and isotropic, the elements
of the matrix are constants and the required matrix
inversion can be done. If the defining equations are
nonlinear or the material is anisotropic, the coefficient
matrix itself will be a function of the unknown vari-
ables and matrix inversion is not straightforward. Some
kind of linearization is necessary before the matrix can
be inverted (e.g., successive approximation or New-
ton’s methods; see, for example, Harris and Stocker,
1998). In practice, the global system matrix, whether
linear or nonlinear, is seldom inverted directly, usu-
ally because it is too large. Some indirect method of
solving the system of equations is preferred [i.e., lower-
upper (LU) decomposition, Gaussian elimination; see,
for example, Harris and Stocker, 1998].

The evaluation of element matrices, their assembly into the
global system, and the possible linearization and eventual solu-
tion of the global system is a task that is always passed on to a
high-speed computer. This usually requires complex computer
programs written in a high-level language, such as Fortran.
Indeed, it is the advent of high-speed computers and work-
stations and the continuous improvements in processor speed,
memory management, and disk storage that have enabled
large-scale FE problems to be tackled with relative ease.

The modern-day FEA toolbox also includes facilities for
data pre- and postprocessing. Data preprocessing usually
involves input formatting and grid definition, the latter of
which may require some ingenuity, because mesh design may
affect the convergence and accuracy of the numerical solu-
tion. Element size is governed by local geometry and the rate
of change of the solution in different parts of the domain.
Mesh refinement (a gradation of element size) in the vicinity of
sharp corners, boundary layers, high solution gradients, stress
concentrations or vortices is done routinely to enhance the
accuracy and convergence of the solution. Adaptive procedures
that allow the mesh to change with the solution according to
some error criteria are usually incorporated into the FE process
(George, 1991; Brebbia and Aliabadi, 1993; Zienkiewicz and
Taylor, 1994). Typically, this means that the mesh is refined
in areas where the solution gradient is high, and elements are
removed from regions where the solution is changing slowly.
The result is usually a dramatic improvement in convergence,
accuracy, and computational efficiency. Postprocessing of data
involves the evaluation of ad hoc variables such as strains,
strain rates, stresses; generating plots such as simple xy-plots,
contour plots, and particle paths; and solution visualization
and animation. All of the additional information facilitates the
understanding and interpretation of the results.

The importance of checking and validating FE solutions
cannot be overemphasized. The most basic validation involves
a “patch test” (Zienkiewicz and Taylor, 1994) in which a few
elements (i.e., a patch of the material) are analyzed to verify the
formulation of interpolating functions and the consistency of
the code itself. Second, a very simple problem with known ana-
lytical solution is simulated with a coarse grid to verify that the
code reproduces the known solution with acceptable accuracy.
For example, parabolic flow in a tube can be simulated with
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a very coarse grid and the result quickly compared against
the analytical solution. We caution, however, that reproduc-
ing the solution in a simpler problem does not guarantee that
the code will work in more realistic and complicated cases. It is
also recommended that numerical solutions be obtained from
at least three meshes with increasing degrees of mesh refine-
ment. Such solutions should converge with mesh refinement
(h-convergence, Strang and Fix, 1973). Comparison of numer-
ical results to experimental data should always be made where
possible. Last, especially in the absence of analytical solutions
or experimental data, numerical solutions should be compared
across different numerical methods, or across different numer-
ical codes if the same method is used. There is no gold standard
for the number of validation tests that is required for any par-
ticular problem. The greater the variety of test problems and
checks, the greater the degree of confidence one can have in the
results of the finite element method.

THE CONTINUUM EQUATIONS

Whether we use FEA to compute the stress in a prosthetic
limb or to simulate blood flow in bifurcating arteries, the first
objective in setting up an FEA problem is to identify and spec-
ify the equations that define the behavior of unknown variables
in the continuum. Such equations typically result from apply-
ing the universal laws of conservation mass, momentum, and
energy, as well as the constitutive equations that define the
stress—strain or other relationships within the material. The
resulting differential or integral equations must then be closed
by specifying the appropriate boundary conditions.

A “well-behaved” solution to the continuum problem is
guaranteed if the differential or integral equations and bound-
ary conditions systems are “well posed.” This means that a
solution to the continuum problem should exist, be unique,
and only change by a small amount when the input data change
by a small amount. Under these circumstances the numerical
solution is guaranteed to converge to the true solution. Proving
in advance that a general continuum problem is “well posed”
is not a trivial exercise. Fortunately, consistency and conver-
gence of the numerical solution can usually be monitored by
other means, for example, the already mentioned “patch test”
(Zienkiewicz and Taylor, 1994).

The equations governing the description of a continuum can
be formulated via a differential or variational approach. In the
former, differential equations are used to describe the problem;
in the latter, integral equations are used. In some cases, both
formulations can be applied to a problem. As an illustration
we present a case for which both formulations apply and later
show that these lead to the same FE equations.

The Differential Formulation

Consider the function u(x,y), defined in some two-
dimensional domain Q bounded by the curve T" (Fig. 4), which
satisfies the differential equation

—Vu4qu=finQ (1a)

A=\
A B

FIG. 4. (A) A continuum £ enclosed by the boundary I' = 'y UTy;
the function itself is specified on I'1 and its derivative on T'2. (B) A
finite element representation of the continuum. The domain has been
discretized with general arbitrary triangles of size b, with the possibility
of having curved sides.

subject to the boundary conditions

u=gonly (1b)
9
M _0onr, (1c)
on

where V2 = 92 /3x2 + 82/9y? is the Laplacian operator in two
dimensions, n is the unit outward normal to the boundary, and
q, f, g are assumed to be constants for simplicity, with ¢ > 0.
Here, the boundary I' is made up of two parts, I'1 and 'y,
where different boundary conditions apply.

When f = 0, Eq. 1a means that the spatial change of the
gradient of u at any point in the x — y space is proportional to
u. The boundary condition 1b sets u to have a fixed value at
one part of the boundary. On another part of the boundary,
the rate of change of u in the normal direction is set to zero
(boundary condition 1c). The system represented by Egs. la—c
can be used to describe the transverse deflection of a mem-
brane, torsion in a shaft, potential flows, steady-state heat
conduction, or groundwater flow (Desai, 1979; Zienkiewicz
and Taylor, 1994).

The Variational Formulation

A variational equation can arise, for example, from the
physical requirement that the total potential energy (TPE) of
a mechanical system must be a minimum. Thus the TPE will
be a function of a displacement function, for example, itself
a function of spatial variables. A “function of a function” is
referred to as a functional. We consider, as an example, the
functional I (v) of the function v(x, y) of the spatial variables
x and vy, defined by:

I(v)://{(Vv)2+qv2—2vf} a9 (2)
Q

(Strang and Fix, 1973; Zienkiewicz and Taylor, 1994). The
relevant question is that of all the possible functions v(x, y)
that satisfy Eq. 2, what particular v(x, y) minimizes I (v)? We
get the answer by equating the first variation of I (v), written
81(v), to zero. To perform the variation of a functional, one
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uses the standard rules of differentiation. It can be shown that
the variation of I (v) over v results in Eq. 1a, provided Egs. 1b
and 1c hold and the variation of v is zero on I'1. Thus the
function that minimizes the functional defined in Eq. 2 is the
same function that solves the boundary value problem given
by Egs. la—c.

THE FINITE ELEMENT EQUATIONS

There are four basic methods of formulating the equations
of finite element analysis. These are: (i) the direct or displace-
ment method, (ii) the variational method, (iii) the weighted
residual method, and (iv) the energy balance method. Only
the more popular variational and weighted residual methods
will be described here. The integral equation 2 will be used to
illustrate the variational method, while the differential equa-
tion system la—c will be used to illustrate the weighted residual
method.

The Variational Approach

The FEM is introduced in the following way. The region is
divided into a finite number of elements of size & (Fig. 4). The
h notation is to be interpreted as referring to the subdivided
domain. Instead of seeking the function v that minimizes I (v)
in the continuous domain, i.e., the exact solution, we instead
seek an approximate solution by looking for the function v”
that minimizes I (v"*) in the discrete domain. The following trial
functions are defined over the discretized domain:

0, y) =D uiNi(x, ) (3)
i=1

where N; are global basis or shape functions and v; are nodal
parameters. The sum is over the total number of nodes n in the
mesh. Using Eq. 3 in Eq. 2, the functional becomes

I(Uh):ZUin // VN;VN; dQ
ij Q
+qu,~v_,-//VN,-deQ—ZZvi//fNidQ
i,j Q ijQ

(4)
which can be written in matrix notation as
I(vh)=vTKv+quMv—2vTF (5)

where

K://VNiVdeQ, M://N[deQ, F=//fNidQ
Q Q Q

v represents the transpose of the vector v; K is known as the
stiffness matrix, M as the mass matrix, and F as the local load
vector. The function v" that minimizes Eq. 5 should satisfy
81"y = 0. This gives

(K +gMyv =F (6)

that is, a set of simultaneous equations for the nodal
parameters v.

Weighted Residual Approach

The weighted residual approach can be applied directly to
any system of differential equations such as la—c and even to
those problems for which a variational principle may not exist.
This approach is therefore more general. The method assumes
an approximation u” (x, y) for the real solution u(x, y). Because
u” is approximate, its substitution into Eq. 1a will result in an
error or residual R":

R'= vl ¢ qu" — (7)

The weighted residual approach requires that some weighted
average of the error due to nonsatisfaction of the differential
equation by the approximate solution u”* (Eq. 7) vanish over
the domain of interest:

/f R"wdQ:// (—Vzuh—i—quh—f)wdQ:O (8)
Q Q

where w(x, y) is a weighting function. A function u” that sat-
isfies Eq. 8 for all possible w selected from a certain class of
functions must necessarily satisfy the original differential equa-
tions la—c. It actually does so only in an average or “weak”
sense. Equation 8 is therefore known as a “weak form” of the
original equation 1a. The second-order derivatives of the V2
term are usually reduced to first order derivatives by an integra-
tion by parts (Harris and Stocker, 1998). The result is another
weak form:

//{Vuth—i-quhw—fw} Q=0 (9)
Q

which has the advantage that approximating functions can now
be chosen from a much larger space, a space where the function
only needs be once-differentiable. Again, we divide the region
into a finite number of elements and assume that the approxi-
mate solution can be represented by the sum of the product of
unknown nodal values v; and interpolating functions N; (x, y),
defined at each node j of the mesh:

n
u" = w;N; (10)
j=1

When Eq. 10 is substituted into Eq. 9 with w = N; , Eq. 6
results as before, proving the equivalence of the weighted resid-
ual and variational methods for this particular example. We
note that the weighting function is required to be zero on those
parts of the boundary where the unknown function is speci-
fied (1 , in our example) and that there can be other choices
of the weighting function w. Choosing weighting functions to
be the same as interpolating functions defines the Galerkin
finite element method (Strang and Fix, 1973; Zienkiewicz and
Taylor, 1994).

Properties of Interpolating Functions

The process of discretizing the continuum into smaller
regions means that the global shape functions Nj(x, y) are
replaced by local shape functions Né(E, ), defined within each
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element e, where &,  are the local coordinates within the ele-
ment (Fig. 3). In the FEM, interpolating functions are usually
piecewise polynomials that are required to have (a) the mini-
mum degree of smoothness, (b) continuity between elements,
and (c) “local support.”

The minimum degree of smoothness is dictated by the high-
est derivative of the unknown function that occurs in the
“weak” or variational form of the continuum problem. The
requirement for continuity between elements can always be
satisfied by an appropriate choice of the approximating poly-
nomial and number of boundary nodes that define the element.
The requirement for “local support” means that within an
element,

1 atnodei
NE(E, n) = 11
PG 0 at all other nodes (1)

as shown in Fig. 5. This is the single most important property
of the interpolating functions. This property makes it possible
for the contributions of all the elements to be summed up to
give the response of the whole domain.

The notation P™ is conventionally used to indicate the
degree m of the interpolating polynomial. The notation C" is

NS(E, m) = &n (14€) (1+n)/4
N3 (& n)=-En (1-E) (14n)/4
N3 (& ) =E&n (1-8) (1-n)/4
NG (& n) =—&n (14€) (1-n)/4
NE(E ) =n (1-€2) (1+m)12

(
N§(E m) =—£(1-€2) (1-n2)12
NS(& m) =-n(1-€2) (1-n)2
NS (& m) = E(1+€2) (1-n2)2
NS(E m) = E(1-£2) (1-n2)

FIG. 5. Sample shape functions for a nine-noded rectangular element.
Shape functions are defined in terms of local coordinates &€ and n where
—1 <&, n < 1; N§(&, n) is shown in the plot. It can be checked that
N; = 1 at node i and zero at all other nodes (compact support) as
required.

used to indicate that all derivatives of the interpolating func-
tion, up to and including n — 1, exist and are continuous. By
convention, the notation P — C" is therefore used to indicate
the order and smoothness properties of the interpolating
polynomials.

EXAMPLES FROM BIOMECHANICS

The following are examples of FEA applications in bio-
materials science and biomechanics.

Analysis of Commonplace Maneuvers at Risk for
Total Hip Dislocation

Dislocation is a frequent complication of total hip arthro-
plasty (THA). In this FE study (Nadzadi et al., 2003), a motion
tracking system and a recessed force plate were used to cap-
ture the kinematics and ground reaction forces from several
trials of realistic dislocation-prone maneuvers performed by
actual subjects. Kinematics and kinetic data associated with
the experiments were imported into a FE model of THA
dislocation. The FE model was used to compute stresses devel-
oped within the implant, given the observed angular motion
of the hip and contact force inferred from inverse dynamics.
The FE mesh (Fig. 6A) was created using PATRAN version 8.5
and the simulations were executed with ABAQUS version 5.8.
In the FE analysis, the resultant resisting moment developed
around the hip-cup center was tracked, as a function of hip
angle. The peak of this resistive moment was a key out-
come measure used to estimate the relative risk of dislocations
from the motions. All seven maneuvers studied led to frequent
instances of computationally predicted dislocation (Fig. 6B).
The authors conclude that this library of dislocation-prone
maneuvers appear to substantially extend the information base
previously available to study this important complication of
THA. Additionally the hope is that their results will contribute
to improvements in implant design and surgical technique and
reduce in vivo incidence.

A Finite Element Model for the Lower Cervical Spine

A parametric study was conducted to determine the varia-
tions in the biomechanical responses of the spinal components
in the lower cervical spine (Yoganandan et al., 1997). Axial
compressive load was imposed uniformly on the superior sur-
face of the C4-Cé6 unit. The various components were assumed
to have linear isotropic and homogeneous elastic behavior and
appropriate material parameters were taken from the litera-
ture. A detailed 3D finite element model was reconstructed
from 1.0-mm CT scans of a human cadaver, resulting in a total
of 10,371 elements (Fig. 7A). The results show that an increase
in elastic moduli of the disks resulted in an increase in endplate
stresses and that the middle C5 vertebral body produced the
highest compressive stresses (Fig. 7B). The model appears to
confirm clinical experience that cervical fractures are induced
by external compressive forces.
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A

B

Maneuver No. of trials No. of dislocations % of trials dislocating
Low sit-to-stand 47 41 87
Normal sit-to-stand 55 33 64
Tie 69 31 45
Leg cross 64 22 34
Stoop 42 6 14
Post. disloc. maneuvers 277 133 48
Pivot 58 23 40
Roll 19 12 63
Ant. disloc. maneuvers 77 35 45
Overall series 353 168 47

FIG. 6. (A) Finite element model of a contemporary 22-mm modu-
lar THA system. (B) Table of FE dislocation predictions of the seven
challenge maneuvers simulated. (Reproduced with permission from
Nadzadi et al., 2003.)

-
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Finite Element Analysis of Indentation Tests
on Pyrolytic Carbon

Pyrolytic carbon (PyC) heart valves are known to fail
through cracks initiated at the contact areas between leaflets
and their housing. In Gilpin et al. (1996), this phenomenon is
simulated with a 5.1-mm steel ball indenting a graphite sheet
coated on each side with PyC, similar to the makeup of real
heart valves. Two types of contacts were analyzed: when the
surface material is thick (rigid backing) and when it is fairly
thin (flexible backing). FEA was used to evaluate the stresses
resulting from a range of loads. The geometry was taken to be
axisymmetric, PyC was assumed to be an elastic material and
quadrilateral solid elements were used. Figure 8 A shows part of
the FE mesh. Note that the mesh is refined in the contact areas
but gets progressively coarser toward the noncontact areas.
Figure 8B shows the maximum principal stress on the PyC sur-
face adjacent to ball contact, as a function of the indentation
load. “Flexible backing” is seen to greatly reduce the maximum
principal stress in this area. The FE results were correlated with
data from experiments and used to develop failure criteria for
contact stresses. This in turn provided criteria for designing
contact regions in pyrolytic heart valves.

Numerical Analysis of 3D Flow in an Aorta through
an Artificial Heart Valve

Three-dimensional transient flow past a Bjork-Shiley valve
in the aorta is simulated by the FEM combined with a time-
stepping algorithm (Shim and Chang, 1997). The FE mesh
is shown in Fig. 9A, comprising some 32,880 elements and
36,110 nodes. The results indicate that the flow is split into
two major jet flows by the valve, which later merge down-
stream. A 3D plot of velocity vectors show large velocities in
the upper and lower jet flow regions in the sinus region, large
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FIG. 7. Finite element model of the C4-C6 unit of the lower cervical spine: (A) mesh show-
ing 3D solid elements and (B) plot of vertebral body stress as a function of disk annulus
moduli. (Reproduced with permission from Yoganandan et al., 1997.)
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FIG. 9. FE analysis of transient 3D flow past a Bjork-Shiley valve in the aorta: (A) surface grid of aorta and fully opened
Bjork-Shiley valve prosthesis, (B) carpet plot of axial velocity vectors, (C) secondary flow vector plot showing spiral vortices,
and (D) shear stress along the valve surface in the symmetric mid-plane. (Reproduced with permission from Shim and Chang,

1997.)
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velocities only in the upper part of the merged jet, and an
almost uniform paraboloid distribution near the outflow region
(Fig. 9B). Twin spiral vortices are generated immediately down-
stream of the valve, in the sinus region (Fig. 9C) and are con-
vected downstream, where they quickly die away by diffusion.
Shear stress along the surface of the valve is shown to be a max-
imum in the vicinity of its leading edge (Fig. 9D). A study such
as this provides useful information on the function of the valve
in vivo.

CONCLUSION

The FEM is an approximate, numerical method for solv-
ing boundary-value problems of continuum mechanics that
are posed in differential or variational form. The main advan-
tages of the FEM over other numerical methods lie in its
generalization to three dimensions and the relative ease in
which arbitrary geometries, boundary conditions, and material
anisotropy can be incorporated into the solution process. The
same FE code can be applied to solve a wide range of nonre-
lated problems. Its main disadvantage has been its complexity
to implement. Fortunately, the abundance and availability of
commercial codes in recent years and an emphasis on a “black
box” approach with minimum user interaction have reduced
the level of expertise required in the implementation of FEA to
most engineering problems.
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1.4 SURFACE PROPERTIES AND SURFACE

CHARACTERIZATION OF MATERIALS
Buddy D. Ratner

INTRODUCTION

Consider the atoms that make up the outermost surface of a
biomaterial. As we shall discuss in this section, these atoms that
reside at the surface have a special organization and reactivity.
They require special methods to characterize them and novel
methods to tailor them, and they drive many of the biological
reactions that occur in response to the biomaterial (protein
adsorption, cell adhesion, cell growth, blood compatibility,
etc.). The importance of surfaces for biomaterials science has
been appreciated since the 1960s. Almost every biomaterials
meeting will have sessions addressing surfaces and interfaces. In
this chapter we focus on the special properties of surfaces, def-
initions of terms, methods to characterize surfaces, and some
implications of surfaces for bioreaction to biomaterials.

In developing biomedical implant devices and materials, we
are concerned with function, durability, and biocompatibility.
In order to function, the implant must have appropriate prop-
erties such as mechanical strength, permeability, or elasticity,
just to name a few. Well-developed methods typically exist
to measure these bulk properties—often these are the classic
methodologies of engineers and materials scientists. Durability,
particularly in a biological environment, is less well under-
stood. Still, the tests we need to evaluate durability have been
developed over the past 20 years (see Chapters 1.2, 6.2, and
6.3). Biocompatibility represents a frontier of knowledge in
this field, and its study is often assigned to the biochemist,
biologist, and physician. However, an important question in
biocompatibility is how the device or material “transduces” its
structural makeup to direct or influence the response of pro-
teins, cells, and the organism to it. For devices and materials
that do not leach undesirable substances in sufficient quantities
to influence cells and tissues (i.e., that have passed routine toxi-
cological evaluation; see Chapter 5.2), this transduction occurs
through the surface structure — the body “reads” the surface
structure and responds. For this reason we must understand
the surface structure of biomaterials. Chapter 9.4 elaborates
on the biological implications of this idea.

General Surface Considerations and Definitions

This is the appropriate point in this chapter to highlight
general ideas about surfaces, especially solid surfaces. First,
the surface region of a material is known to be of unique
reactivity (Fig. 1A). Catalysis (for example, as used in petro-
chemical processing) and microelectronics both capitalize on
special surface reactivity—thus, it would be surprising if biol-
ogy did not also use surfaces to do its work. This reactivity also
leads to surface oxidation and other surface chemical reactions.
Second, the surface of a material is inevitably different from
the bulk. The traditional techniques used to analyze the bulk
structure of materials are not suitable for surface determination
because they typically do not have the sensitivity to observe
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Il Hydrocarbon Adsorbed H,O EEEBulk
[ Polar organics Metal oxide

FIG. 1. (A) A two-dimensional representation of a crystal lattice illustrating bonding orbitals (black or crosshatched
ovals). For atoms in the center (bulk) of the crystal (crosshatched ovals), all binding sites are associated. At planar
exterior surfaces, one of the bonding sites is unfulfilled (black oval). At corners, two bonding sites are unfulfilled. The
single atom on top of the crystal (an adatom) has three unfulfilled valencies. Energy is minimized where more of these
unfulfilled valencies can interact. (B) In a “real world” material (e.g., a block of metal from an orthopedic device),
if we cleave the block (under ultrahigh vacuum to prevent recontamination) we should find hydrocarbon on the
outermost layer (perhaps 3 nm, surface energy ~22 ergs/cm?), polar organic molecules (>1 nm, surface energy ~45
ergs/cm?), adsorbed water (<1 nm, surface energy ~72 ergs/cm?), metal oxide (approximately 5 nm, surface energy

11

~200 ergs/cm?), and finally, the uniform bulk interior (surface energy ~1000 ergs/cm?). The interface between air

and material has the lowest interfacial energy (~22 ergs/cm

the small amount of material comprising the unique surface
chemistry/structure. Third, there is not much total mass of
material at a surface. An example may help us to appreciate
this—on a 1 cm? cube of titanium, the 100 A oxide surround-
ing the cube is in the same proportion as a 5-m wide beach on
each coast of the United States is to the roughly 5,000,000 m
distance from coast to coast. Fourth, surfaces readily contam-
inate with components from the vapor phase (some common
examples are hydrocarbons, silicones, thiols, iodine). Under
ultrahigh vacuum conditions (pressures <10~7 Pa) we can
retard this contamination. However, in view of the atmospheric
pressure conditions under which all biomedical devices are
used, we must learn to live with some contamination. The
key questions here are whether we can make devices with con-
trolled and acceptable levels of contamination and also avoid
undesirable contaminants. This is critical so that a laboratory
experiment on a biomaterial generates the same results when
repeated after 1 day, 1 week, or 1 year, and so that the biomedi-
cal device is dependable and has a reasonable shelf life. Finally,
the surface structure of a material is often mobile. A mod-
ern view of what might be seen at the surface of a real-world
material is illustrated in Fig. 1B.

The movement of atoms and molecules near the surface in
response to the outside environment is often highly significant.
In response to a hydrophobic environment (e.g., air), more
hydrophobic (lower energy) components may migrate to the
surface of a material—a process that reduces interfacial energy
(Fig. 1B). Responding to an aqueous environment, the sur-
face may reverse its structure and point polar (hydrophilic)
groups outward to interact with the polar water molecules.

. The layers are not drawn to scale.

Again, energy minimization drives this process. An example of
this is schematically illustrated in Fig. 2. For metal alloys, one
metal tends to dominate the surface, for example, silver in a
silver—gold alloy or chromium in stainless steel.

The nature of surfaces is complex and the subject of much
independent investigation. The reader is referred to one of
many excellent monographs on this important subject for a
complete and rigorous introduction (see Somorjai, 1981, 1994;
Adamson and Gast, 1997; Andrade, 1985). For overviews of
the relationship between surface science, biology and bioma-
terials, see Castner and Ratner (2002), Tirrell et al. (2000),
Ratner (1988).

When we say “surface,” a question that immediately comes
to mind is, “how deep into the material does it extend?”
Although formal definitions are available, for all practical
purposes, the surface is the zone where the structure and
composition, influenced by the interface, differs from the aver-
age (bulk) composition and structure. This value often scales
with the size of the molecules making up the surface. For an
“atomic” material, for example gold, after penetration of about
five atomic layers (0.5-1 nm), the composition becomes uni-
form from layer to layer (i.e., you are seeing the bulk structure).
At the outermost atomic layer, the organization of the gold
atoms at the surface (and their reactivity) can be substantially
different from the organization in the averaged bulk. The gold,
in air, will always have a contaminant overlayer, largely hydro-
carbon, that may be roughly 2 nm thick. This is also a difference
in composition between bulk and surface, but it is not the
atomic/molecular rearrangements we are discussing here. For
a polymer, the unique surface zone may extend from 10 nm
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CH,4
Poly (2-hydroxyethyl methacrylate)
MA

|
— CH, -c—— PHE
|

0
i
CH,

I
OH,

In air

Under water

FIG. 2. Many materials can undergo a reversal of surface structure when transferred from air into a water environment. In
this schematic illustration, a hydroxylated polymer (for example, a pHEMA contact lens) exhibits a surface rich in methyl
groups (from the polymer chain backbone) in air, and a surface rich in hydroxyl groups under water. This has been observed
experimentally (Ratner et al., 1978, J. Appl. Polym. Sci. 22: 643; Chen et al., 1999, . Am. Chem. Soc. 121(2): 446).

to 100 nm (depending on the polymeric system and the chain
molecular weight). Figure 1B addresses some of these issues
about surface definitions. Two more definitions must be con-
sidered. An interface is the transition between two phases, in
principle an infinitely thin separation plane. An interphase is
the unique compositional zone between two phases. For the
example, for gold, we might say that the interphase between
gold and air is 3 nm thick (the structurally rearranged gold
atoms + the contaminant layer).

Parameters to Be Measured

Many parameters describe a surface, as shown in Fig. 3.
The more of these parameters we measure, the better we can
piece together a complete description of the surface. A complete
characterization requires the use of many techniques to compile
all the information needed. Unfortunately, we cannot yet spec-
ify which parameters are most important for understanding
biological responses to surfaces. Studies have been published
on the importance of roughness, wettability, surface mobil-
ity, chemical composition, electrical charge, crystallinity, and
heterogeneity to biological reaction. Since we cannot be cer-
tain which surface factors are predominant in each situation,
the controlling variable or variables must be independently
ascertained.

SURFACE ANALYSIS TECHNIQUES

General Principles

A number of general ideas can be applied to all surface
analysis. They can be divided into the categories of sam-
ple preparation and analysis described in the following
paragraphs.

Sample Preparation

A key consideration for sample preparation is that the sam-
ple should resemble, as closely as possible, the material or
device being subjected to biological testing or implantation.
Needless to say, fingerprints on the surface of the sample will
cover up things that might be of interest. If the sample is placed
in a package for shipping or storage prior to surface analysis, it
is critical to know whether the packaging material can induce
surface contamination. Plain paper in contact with most spec-
imens will transfer material (often metal ions) to the surface
of the material. Many plastics are processed with silicone oils
or other additives that can be transferred to the specimen. The
packaging material used should be examined by surface anal-
ysis methods to ascertain its purity. Samples can be surface
analyzed prior to and after storage or shipping in containers
to ensure that the surface composition measured is not due to
the container. As a general rule, the polyethylene press-close
bags used in electron microscopy and cell culture plasticware
are clean storage containers. However, abrasive contact must
be avoided and each brand must be evaluated so that a metic-
ulous specimen preparation is not ruined by contamination.
Many brands of aluminum foil are useful for packing speci-
mens, but some are treated with a surface layer of stearic acid
that can surface contaminate wrapped biomaterials, implants
or medical devices. Aluminum foil should be checked for clean-
liness by surface analysis methods before it is used to wrap
important specimens.

Surface Analysis General Comments

Two general principles guide sample analysis. First, all
methods used to analyze surfaces also have the potential to
alter the surface. It is essential that the analyst be aware of the
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FIG. 3. What might be measured to define surface structure? (A) Surfaces can be rough,
stepped or smooth. (B) Surfaces can be composed of different chemistries (atomic, supramolec-
ular, macromolecular). (C) Surfaces may be structurally or compositionally inhomogeneous in
the plane of the surface such as phase-separated domains or microcontact printed lanes. (D)
Surfaces may be inhomogeneous with depth into the specimen or simply overlayered with a thin
film. (E) Surfaces may be highly crystalline or disordered. (F) Crystalline surfaces are found with
many organizations such as a silicon (100) unreconstructed surface or a silicon (111)(7 x 7)

reconstructed surface.

damage potential of the method used. Second, because of the
potential for artifacts and the need for many pieces of infor-
mation to construct a complete picture of the surface (Fig.
3), more than one method should be used whenever possible.
The data derived from two or more methods should always be
corroborative. When data are contradictory, be suspicious and
question why. A third or fourth method may then be necessary

to allow confident conclusions to be drawn about the nature
of a surface.

These general principles are applicable to all materials.
There are properties (only a few of which will be pre-
sented here) that are specific to specific classes of materials.
Compared with metals, ceramics, glasses, and carbons, organic
and polymeric materials are more easily damaged by surface
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TABLE 1 Common Methods to Characterize Biomaterial Surfaces

Method Principle Depth analyzed Spatial resolution Analytical sensitivity Cost®
Contact angles Liquid wetting of surfaces is used to 3-20 A 1 mm Low or high depending on $
estimate the energy of surfaces the chemistry
ESCA (XPS) X-rays induce the emission of 10-250 A 10-150 pm 0.1 at% $$$
electrons of characteristic energy
Auger electron A focused electron beam stimulates 50-100 A 100 A 0.1 atom% $$$
spectroscopy? the emission of Auger electrons
SIMS Ion bombardment sputters 10 A-1 pm? 100 A Very high $$$
secondary ions from the surface
FTIR-ATR IR radiation is adsorbed and excites 1-5 pm 10 pm 1 mol% $$
molecular vibrations
STM Measurement of the quantum 5A 14 Single atoms $$
tunneling current between a metal
tip and a conductive surface
SEM Secondary electron emission 40 A, typically High, but not quantitative $$

induced by a focused electron
beam is spatially imaged

@ Auger electron spectroscopy is damaging to organic materials and is best used for inorganics.

bStatic SIMS ~ 10 A, dynamic SIMS to 1 pm
€$, up to $5000; $$, $5000-$100,000; $$$, >$100,000.

analysis methods. Polymeric systems also exhibit greater
surface molecular mobility than inorganic systems. The sur-
faces of inorganic materials are contaminated more rapidly
than polymeric materials because of their higher surface energy.
Electrically conductive metals and carbons will often be eas-
ier to characterize than insulators using the electron, X-ray,
and ion interaction methods. Insulators accumulate a surface
electrical charge that requires special methods (e.g., a low-
energy electron beam) to neutralize. To learn about other
concerns in surface analysis that are specific to specific classes
of materials, published papers become a valuable resource for
understanding the pitfalls that can lead to artifact or inaccurate
results.

Table 1 summarizes the characteristics of many common
surface analysis methods, including their depth of analysis
and their spatial resolution (spot size analyzed). A few of
the more frequently used techniques are described in the next
section. However, space limitations prevent a developed dis-
cussion of these methods. The reader is referred to many
comprehensive books on the general subject of surface analysis
(Andrade, 1985; Briggs and Seah, 1983; Feldman and Mayer,
1986; Vickerman, 1997). References on specific surface anal-
ysis methods will be presented in sections on each of the key
methods.

Contact Angle Methods

A drop of liquid sitting on a solid surface represents a power-
ful, but simple, method to probe surface properties. Experience
tells us that a drop of water on highly polished automobile
body surfaces will stand up (bead up), whereas if that car has
not been polished in a long time, the liquid will flow evenly over

the surface. This observation, with some understanding of the
method, tells us that the highly polished car probably has sili-
cones or hydrocarbons at its surface, while the unpolished car
surface consists of oxidized material. This type of observation,
backed up with a quantitative measurement of the drop angle
with the surface, has been used in biomaterials science to pre-
dict the performance of vascular grafts and the adhesion of cells
to surfaces.

The phenomenon of the contact angle can be explained as
a balance between the force with which the molecules of the
liquid (in the drop) are being attracted to each other (a cohe-
sive force) and the attraction of the liquid molecules for the
molecules that make up the surface (an adhesive force). An
equilibrium is established between these forces, the energy
minimum. The force balance between the liquid—vapor sur-
face tension (y},) of a liquid drop and the interfacial tension
between a solid and the drop (y), manifested through the
contact angle (8) of the drop with the surface, can be used to
quantitatively characterize the energy of the surface (ysy). The
basic relationship describing this force balance is:

Ysv = Vsl + )/IVCOSQ

The energy of the surface, which is directly related to its
wettability, is a useful parameter that has often correlated
strongly with biological interaction. Unfortunately, ysy can-
not be directly obtained since this equation contains two
unknowns, y and ysy. Therefore, the ysy is usually approx-
imated by the Zisman method for obtaining the critical surface
tension (Fig. 4), or calculated by solving simultaneous equa-
tions with data from liquids of different surface tensions. Some
critical surface tensions for common materials are listed in
Table 2.


Nesil
Highlight

Nesil
Highlight

Nesil
Highlight

Nesil
Highlight

Nesil
Highlight

Nesil
Highlight


1.4 SURFACE PROPERTIES AND SURFACE CHARACTERIZATION OF MATERIALS 45

Critical surface tension, y, = 27 dyne/cm
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FIG. 4. The Zisman method permits a critical surface tension value,
an approximation to the solid surface tension, to be measured. Drops
of liquids of different surface tensions are placed on the solid, and the
contact angles of the drops are measured. The plot of liquid surface
tension versus angle is extrapolated to zero contact angle to give the
critical surface tension value.

TABLE 2 Ciritical Surface Tension Values for Common
Materials Calculated from Contact Angle Measurements

Material Critical surface tension (dyn/cm)
Polytetrafluoroethylene 19
Poly(dimethyl siloxane) 24
Poly(vinylidine fluoride) 25
Poly(vinyl fluoride) 28
Polyethylene 31
Polystyrene 33
Poly(2-hydroxyethyl methacrylate) 37
Poly(vinyl alcohol) 37
Poly(methyl methacrylate) 39
Poly(vinyl chloride) 39
Polycaproamide (nylon 6) 42
Poly(ethylene oxide)-diol 43
Poly(ethylene terephthalate) 43
Polyacrylonitrile 50

Experimentally, there are a number of ways to measure
the contact angle, and some of these are illustrated in Fig. 5.
Contact angle methods are inexpensive, and, with some prac-
tice, easy to perform. They provide a “first line” characteri-
zation of materials and can be performed in any laboratory.
Contact angle measurements provide unique insight into how
the surface will interact with the external world. However, in
performing such measurements, a number of concerns must be
addressed to obtain meaningful data (Table 3). Review arti-
cles are available on contact angle measurement for surface
characterization (Andrade, 1985; Good, 1993; Zisman, 1964;
Mclntire, et al., 1985).

Electron Spectroscopy for Chemical Analysis

Electron spectroscopy for chemical analysis (ESCA) pro-
vides unique information about a surface that cannot be
obtained by other means (Andrade, 1985; Ratner, 1988;
Dilks, 1981; Ratner and McElroy, 1986; Ratner and Castner,
1997; Watts and Wolstenholme, 2003). In contrast to the
contact angle technique, ESCA requires complex, expensive
apparatus (Fig. 6A) and demands considerable training to per-
form the measurements. However, since ESCA is available
from commercial laboratories, university analytical facilities,
national centers (for example, NESAC/BIO at the University
of Washington), and specialized research laboratories, most
biomaterials scientists can get access to it to have their samples
analyzed. The data can be interpreted in a simple but still useful
fashion, or more rigorously. ESCA has contributed significantly
to the development of biomaterials and medical devices, and
to understanding the fundamentals of biointeraction.

The ESCA method (also called X-ray photoelectron spec-
troscopy, XPS) is based upon the photoelectric effect, prop-
erly described by Einstein in 1905. X-rays are focused upon
a specimen. The interaction of the X-rays with the atoms in
the specimen causes the emission of a core level (inner shell)
electron. The energy of this electron is measured and its value
provides information about the nature and environment of the
atom from which it came. The basic energy balance describing
this process is given by the simple relationship:

BE = hv — KE

where BE is the energy binding the electron to an atom (the
value desired), KE is the kinetic energy of the emitted elec-
tron (the value measured in the ESCA spectrometer), and hv is
the energy of the X-rays, a known value. A simple schematic
diagram illustrating an ESCA instrument is shown in Fig. 6B.
Table 4 lists some of the types of information about the nature
of a surface that can be obtained by using ESCA. The origin of
the surface sensitivity of ESCA is described in Fig. 7.

ESCA has many advantages, and a few disadvantages, for
studying biomaterials. The advantages include the high infor-
mation content, the surface localization of the measurement,
the speed of analysis, the low damage potential, and the ability
to analyze most samples with no specimen preparation. The last
advantage is particularly important because it means that many
biomedical devices (or parts of devices) can be inserted, as fab-
ricated and sterilized, directly in the analysis chamber for study.
The disadvantages include the need for vacuum compatibility
(i.e., no outgassing of volatile components), the vacuum envi-
ronment (particularly for hydrated specimens), the possibility
of sample damage by X-rays if long analysis times are used, the
need for experienced operators, and the cost associated with
this complex instrumentation. The vacuum limitations can be
sidestepped by using an ESCA system with a cryogenic sample
stage. At liquid nitrogen temperatures, samples with volatile
components, or even wet, hydrated samples, can be analyzed.

The use of ESCA is best illustrated with a brief example.
A poly(methyl methacrylate) (PMMA) ophthalmologic device
is to be examined. Taking care not to touch or damage the
surface of interest, the device is inserted into the ESCA instru-
ment introduction chamber. The introduction chamber is then
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Tiv

FIG. 5. Four possibilities for contact angle measurement: (A) sessile drop, (B) captive air
bubble method, (C) capillary rise method, (D) Wilhelmy plate method.

TABLE 3 Concerns in Contact Angle Measurement

The measurement is operator dependent.

Surface roughness influences the results.

Surface heterogeneity influences the results.

The liquids used are easily contaminated (typically reducing their vy, ).
The liquids used can reorient the surface structure.

The liquids used can absorb into the surface, leading to swelling.

The liquids used can dissolve the surface.

Few sample geometries can be used.

Information on surface structure must be inferred from the
data obtained.

pumped down to 107 torr (1.33 x 10~% Pa) pressure. A gate
valve between the introduction chamber and the analytical
chamber is opened and the specimen is moved into the analysis
chamber. In the analysis chamber, at 10~ torr (1.33x10~7 Pa)
pressure, the specimen is positioned (on contemporary instru-
ments, using a microscope or TV camera) and the X-ray source
is turned on. The ranges of electron energies to be observed
are controlled (by computer) with the retardation lens on the
spectrometer. First, a wide scan is made in which the energies
of all emitted electrons over, typically, a 1000 eV range are
detected (Fig. 8). Then, narrow scans are made in which each
of the elements detected in the wide scan is examined in higher
resolution (Fig. 9).

From the wide scan, we learn that the specimen contains car-
bon, oxygen, nitrogen, and sulfur. The presence of sulfur and
nitrogen is unexpected for PMMA. We can calculate elemental
ratios from the wide scan. The sample surface contains 58.2%
carbon, 27.7% oxygen, 9.5% nitrogen, and 4.5% sulfur. The
narrow scan for the carbon region (Cls spectrum) suggests
four species: hydrocarbon, carbons singly bonded to oxygen
(the predominant species), carbons in amide-like molecular
environments, and carbons in acid or ester environments. This
is different from the spectrum expected for pure PMMA. An
examination of the peak position in the narrow scan of the
sulfur region (S2p spectrum) suggests sulfonate-type groups.
The shape of the Cls spectrum, the position of the sulfur
peak, and the presence of nitrogen all suggest that heparin
was immobilized to the surface of the PMMA device. Since
the stoichiometry of the lens surface does not match that for
pure heparin, this suggests that we are seeing either some of
the PMMA substrate through a <100 A layer of heparin, or
we are seeing some of the bonding links used to immobilize
the heparin to the lens surface. Further ESCA analysis will per-
mit the extraction of more detail about this surface-modified
device, including an estimate of surface modification thickness,
further confirmation that the coating is indeed heparin, and
additional information about the nature of the immobilization
chemistry.

Secondary Ion Mass Spectrometry

Secondary ion mass spectrometry (SIMS) is an important
addition to the armamentarium of tools that the surface ana-
lyst can bring to bear on a biomedical problem. SIMS produces
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FIG. 6. (A) Photograph of a contemporary ESCA instrument (photo by Kratos Corp.). (B) Schematic diagram of a monochromatized ESCA

instrument.

TABLE 4 Information Derived from an ESCA Experiment

In the outermost 100 A of a surface, ESCA can provide:

Identification of all elements (except H and He) present at
concentrations >0.1 at %

Semiquantitative determination of the approximate elemental
surface composition (+10%)

Information about the molecular environment (oxidation state,
bonding atoms, etc.)

Information about aromatic or unsaturated structures from
shake-up 7* « & transitions

Identification of organic groups using derivatization reactions

Nondestructive elemental depth profiles 100 A into the sample and
surface heterogeneity assessment using angular-dependent ESCA
studies and photoelectrons with differing escape depths

Destructive elemental depth profiles several thousand angstroms
into the sample using argon etching (for inorganics)

Lateral variations in surface composition (spatial resolution
8-150 pm, depending upon the instrument)

“Fingerprinting” of materials using valence band spectra and
identification of bonding orbitals

Studies on hydrated (frozen) surfaces

a mass spectrum of the outermost 10 A of a surface. Like
ESCA, it requires complex instrumentation and an ultrahigh
vacuum chamber for the analysis. However, it provides unique
information that is complementary to ESCA and greatly aids
in understanding surface composition. Some of the analytical
capabilities of SIMS are summarized in Table 5. Review arti-
cles on SIMS are available (Ratner, 1985; Scheutzle et al., 1984;

FIG. 7. ESCA is a surface-sensitive method. Although the X-ray beam
can penetrate deeply into a specimen, electrons emitted deep in the spec-
imen (D, E, F, G) will lose their energy in inelastic collisions and never
emerge from the surface. Only those electrons emitted near the surface
that lose no energy (A, B) will contribute to the ESCA signal used ana-
lytically. Electrons that lose some energy but still have sufficient energy
to emerge from the surface (C) contribute to the background signal.

Briggs, 1986; Davies and Lynn, 1990; Vickerman et al., 1989;
Benninghoven, 1983; Van Vaeck et al., 1999; Belu et al., 2003).

In SIMS analysis, a surface is bombarded with a beam of
accelerated ions. The collision of these ions with the atoms
and molecules in the surface zone can transfer enough energy
to them so they sputter from the surface into the vacuum phase.
The process is analogous to racked pool balls that are ejected
from the cluster by the impact of the cue ball; the harder the
cue ball hits the rack of balls, the more balls are emitted from
the rack. In SIMS, the cue balls are ions (xenon, argon, cesium,
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FIG. 8. ESCA wide scan of a surface-modified poly(methyl methacry-
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FIG. 9. The carbon 1s narrow scan ESCA spectrum of a surface-
modified poly(methyl methacrylate) ophthalmologic device. Narrow
scan spectra can be generated for each element seen in low-energy
resolution mode in Fig. 8.

and gallium ions are commonly used) that are accelerated to
energies of 5000-20,000 eV. The particles ejected from the
surface are positive and negative ions (secondary ions), radi-
cals, excited states, and neutrals. Only the secondary ions are
measured in SIMS. In ESCA, the energy of emitted particles
(electrons) is measured. SIMS measures the mass of emitted
ions (more rigorously, the ratio of mass to charge, m/z) using
a time-of-flight (TOF) mass analyzer or a quadrupole mass
analyzer.

There are two modes for SIMS analysis, depending on the
ion flux: dynamic and static. Dynamic SIMS uses high ion doses
in a given analysis time. The primary ion beam sputters so
much material from the surface that the surface erodes at an

1 PROPERTIES OF MATERIALS

TABLE 5 Analytical Capabilities of SIMS

Static Dynamic
SIMS SIMS
Identify hydrogen and deuterium v v
Identify other elements (often must be v v
inferred from the data)
Suggest molecular structures (inferred from v -
the data)
Observe extremely high mass fragments v -
(proteins, polymers)
Detection of extremely low concentrations v v
Depth profile to 1 wm into the sample g v
Observe the outermost 1-2 atomic layers v -
High spatial resolution (features as small as v v
~400 A)
Semiquantitative analysis (for limited sets of v v
specimens)
Useful for polymers v -
Useful for inorganics (metals, ceramics, etc.) v v
Useful for powders, films, fibers, etc. v v

*Cluster ion sources may allow depth profiling with static SIMS-like
information content

appreciable rate. We can capitalize on this to do a depth pro-
file into a specimen. The intensity of the m/z peak of a species
of interest (e.g., sodium ion, m/z = 23) might be followed as
a function of time. If the ion beam is well controlled and the
sputtering rate is constant, the sodium ion signal intensity mea-
sured at any time will be directly related to its concentration
at the erosion depth of the ion beam into the specimen. A con-
centration depth profile (sodium concentration versus depth)
can be constructed over a range from the outermost atoms to
a micron or more into the specimen. However, owing to the
damaging nature of the high-flux ion beam, only atomic frag-
ments can be detected. Also, as the beam erodes deeper into
the specimen, more artifacts are introduced in the data by
“knock-in” and scrambling of atoms.

Static SIMS, in comparison, induces minimal surface
destruction. The ion dose is adjusted so that during the period
of the analysis less than 10% of one monolayer of surface atoms
is sputtered. Since there are typically 1013-1015 atoms in 1 cm?
of surface, a total ion dose of less than 103 ions/cm? during the
analysis period is appropriate. Under these conditions, exten-
sive degradation and rearrangement of the chemistry at the
surface does not take place, and large, relatively intact molecu-
lar fragments can be ejected into the vacuum for measurement.
Examples of molecular fragments are shown in Fig. 10. This
figure also introduces some of the ideas behind SIMS spectral
interpretation. A more complete introduction to the concepts
behind static SIMS spectral interpretation can be found in Van
Vaeck et al., (1999) or in standard texts on mass spectrometry.
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FIG. 10. Static positive and negative ion SIMS spectra of a poly(ethylene glycol)-poly(dimethyl siloxane)
copolymer containing disulfide side groups on a gold surface. The primary peaks are identified. The low-mass
region of the negative ion spectrum offers little insight into the polymer structure, but the high-mass region
is rich in information. In this case, the low-mass positive spectrum is rich in information. Further details on
this class of polymers can be found in Macromolecules 27: 3053 (1994). (Figure supplied by D. Castner.)

Magnetically or electrostatically focusing the primary ion
beam permits the SIMS technique to have high spatial resolu-
tion in the x,y plane. In fact, SIMS analysis can be performed in
surface regions of 10 nm diameter or smaller. For static SIMS
analysis, less than 10% of the atoms in any area are sampled.
Thus, as the spot size gets smaller, the challenge to achieve high
analytical sensitivity increases sharply. Still, static SIMS mea-
surements have been performed in areas as small as 40 nm.
Newly developed cluster ion sources (for example, using gold
molecular clusters, Aus, or Cgg as the impacting primary parti-
cles) show high secondary ion yields and relatively low surface
damage. These may improve spatial resolution and also permit

depth profiling of organic surfaces by sputtering down into a
surface while monitoring secondary ion emission as a function
of time.

If the focused primary ion beam is rastered over the sur-
face and the x,y position of the beam correlated with the signal
emitted from a given spot, the SIMS data can be converted into
an elemental image. Patterning and spatial control of chem-
istry is becoming increasingly important in biomaterials surface
design. For example, microcontact printing allows patterned
chemistry to be transferred to surfaces at the micron level using
a relatively simple rubber stamp. Imaging SIMS is well suited
to studying and monitoring such spatially defined chemistry.
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FIG. 11. Static SIMS image of protein islands on a poly(ethylene
oxide) background. (For details, see Veiseh, M., Wickes, B. T., Castner,
D. G., Zhang, M., “Guided cell patterning by surface molecular
engineering.” In press.)

An example is presented in Fig. 11. Imaging SIMS is also valu-
able for observing defects in thin films (pinholes), analyzing
the chemistry of fine particulates or assessing causes of implant
failure.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) images of surfaces
have great resolution and depth of field, with a three-
dimensional quality that offers a visual perspective familiar to
most users. SEM images are widely used and much has been
written about the technique. The comments here are primarily
oriented toward SEM as a surface analysis tool.

SEM functions by focusing and rastering a relatively high-
energy electron beam (typically, 5-100 keV) on a specimen.
Low-energy secondary electrons are emitted from each spot
where the focused electron beam impacts. The measured inten-
sity of the secondary electron emission is a function of the
atomic composition of the sample and the geometry of the
features under observation. SEM images surfaces by spatially
reconstructing on a phosphor screen [or charged coupled
device (CCD) detector] the intensity of the secondary electron
emission. Because of the shallow penetration depth of the low-
energy secondary electrons produced by the primary electron
beam, only secondary electrons generated near the surface can
escape from the bulk and be detected (this is analogous to the
surface sensitivity described in Fig. 7). Consequently, SEM is
a surface analysis method.

Nonconductive materials observed in the SEM are typi-
cally coated with a thin, electrically grounded layer of metal

to minimize negative charge accumulation from the electron
beam. However, this metal layer is always so thick (>200 A)
that the electrons emitted from the sample beneath cannot
penetrate. Therefore, in SEM analysis of nonconductors, the
surface of the metal coating is, in effect, being monitored.
If the metal coat is truly conformal, a good representa-
tion of the surface geometry will be conveyed. However, the
specimen surface chemistry no longer influences secondary
electron emission. Also, at very high magnifications, the tex-
ture of the metal coat and not the surface may be under
observation.

SEM, in spite of these limitations in providing true sur-
face information, is an important corroborative method to
use in conjunction with other surface analysis methods.
Surface roughness and texture can have a profound influence
on data from ESCA, SIMS, and contact angle determinations.
Therefore, SEM provides important information in the inter-
pretation of data from these methods.

The development of low-voltage SEM offers a technique
to truly study the surface chemistry (and geometry) of non-
conductors. With the electron accelerating voltage lowered to
approximately 1 keV, charge accumulation is not as critical and
metallization is not required. Low-voltage SEM has been used
to study platelets and phase separation in polymers. Also, the
environmental SEM (ESEM) permits wet, uncoated specimens
to be studied.

The primary electron beam also results in the emission of
X-rays. These X-rays are used to identify elements with the
technique called energy-dispersive X-ray analysis (EDXA).
However, the high-energy primary electron beam penetrates
deeply into a specimen (a micron or more). The X-rays pro-
duced from the interaction of these electrons with atoms deep
in the bulk of the specimen can penetrate through the mate-
rial and be detected. Therefore, EDXA is not a surface analysis
method.

The primary use of SEM is to image topography. SEM
for this application is elaborated upon in the chapter on
microscopy in biomaterials research (Chapter 5.6).

Infrared Spectroscopy

Infrared spectroscopy (IRS) provides information on the
vibrations of atomic and molecular species. It is a standard
analytical method that can reveal information on specific
chemistries and the orientation of structures. Fourier trans-
form infrared (FTIR) spectrometry offers outstanding signal-
to-noise ratio (S/N) and spectral accuracy. However, even with
this high S/N, the small absorption signal associated with the
minute mass of material in a surface region can challenge the
sensitivity of the spectrometer. Also, the problem of separating
the vastly larger bulk absorption signal from the surface signal
must be addressed.

Surface FTIR methods couple the infrared radiation to the
sample surface to increase the intensity of the surface sig-
nal and reduce the bulk signal (Allara, 1982; Leyden and
Murthy, 1987; Urban, 1993; Dumas et al., 1999). Some of
these sampling modes, and their characteristics, are illustrated
in Fig. 12.
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«penetration depth = 1- 5um
*sample must be inimate contact with crystal
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FIG. 12. Three surface-sensitive infrared sampling modes: (A)
ATR-IR, (B) IRAS, (C) diffuse reflectance.

The attenuated total reflectance (ATR) mode of sampling
has been used most often in biomaterials studies. The pen-
etration depth into the sample is 1-5 pwm. Therefore, ATR
is not highly surface sensitive, but observes a broad region
near the surface. However, it does offer the wealth of rich
structural information common to infrared spectra. With
extremely high S/N FTIR instruments, ATR studies of pro-
teins and polymers under water have been performed. In
these experiments, the water signal (which is typically 99%
or more of the total signal) is subtracted from the spectrum to
leave only the surface material (e.g., adsorbed protein) under
observation.

Another infrared method that has proven immensely valu-
able for observing extremely thin films on reflective surfaces
is infrared reflection absorption spectroscopy (IRAS), Fig. 12.
This method has been widely applied to self-assembled mono-
layers (SAMs), but is applicable to many surface films that
are less than 10 nm in thickness. The surface upon which
the thin film resides must be highly reflective and metal sur-
faces work best, though a silicon wafer can be used. IRAS
gives information about composition, crystallinity and molec-
ular orientation. Infrared spectroscopy is one member of
a family of methods called vibrational spectroscopies. Two
other vibrational spectroscopies, sum frequency generation
and Raman, will be mentioned later in the section on newer
methods.

Scanning Tunneling Microscopy, Atomic Force
Microscopy, and the Scanning Probe Microscopies

In the 10 years since the first edition of this book, scan-
ning tunneling microscopy (STM) and atomic force microscopy
(AFM) have developed from novel research tools to key meth-
ods for biomaterials characterization. AFM has become more
widely used than STM because oxide-free, electrically con-
ductive surfaces are not needed with AFM. General review
articles (Binnig and Rohrer, 1986; Avouris, 1990; Albrecht et
al., 1988) and articles oriented toward biological studies with
these methods (Hansma et al., 1988; Miles et al., 1990; Rugar
and Hansma, 1990; Jandt, 2001) are available.

The STM was invented in 1981 and led to a Nobel Prize
for Binnig and Rohrer in 1986. The STM uses quantum tun-
neling to generate an atom-scale, electron density image of a
surface. A metal tip terminating in a single atom is brought
within 5-10 A of an electrically conducting surface. At these
distances, the electron cloud of the atom at the “tip of the tip”
will significantly overlap the electron cloud of an atom on the
surface. If a potential is applied between the tip and the sur-
face, an electron tunneling current will be established whose
magnitude, J, follows the proportionality:

J o ¢4k

where A is a constant, kg is an average inverse decay length
(related to the electron affinity of the metals), and S is the sep-
aration distance in angstrom units. For most metals, a 1 A
change in the distance of the tip from the surface results in an
order of magnitude change in tunneling current. Even though
this current is small, it can be measured with good accuracy.

To image a surface, this quantum tunneling current is used
in one of two ways. In constant current mode, a piezoelectric
driver scans a tip over a surface. When the tip approaches an
atom protruding above the plane of the surface, the current
rapidly increases, and a feedback circuit moves the tip up to
keep the current constant. Then, a plot is made of the tip height
required to maintain constant current versus distance along the
plane. In constant height mode, the tip is moved over the sur-
face and the change in current with distance traveled along the
plane of the surface is directly recorded. A schematic diagram
of a scanning tunneling microscope is presented in Fig. 13. Two
STM scanning modes are illustrated in Fig. 14.

The STM measures electrical current and therefore is well
suited for conductive and semiconductive surfaces. However,
biomolecules (even proteins) on conductive substrates appear
amenable to imaging. It must be remembered that STM does
not “see” atoms, but monitors electron density. The conductive
and imaging mechanism for proteins is not well understood.
Still, Fig. 15 suggests that valuable images of biomolecules on
conductive surfaces can be obtained.

The AFM uses a similar piezo drive mechanism. However,
instead of recording tunneling current, the deflection of a tip
mounted on a flexible cantilever arm due to van der Waals
and electrostatic repulsion and attraction between an atom at
the tip and an atom on the surface is measured. Atomic-scale
measurements of cantilever arm movements can be made by
reflecting a laser beam off a mirror on the cantilever arm (an
optical lever). A one-atom deflection of the cantilever arm can
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FIG. 13. Schematic diagram illustrating the principle of the scanning
tunneling microscope—a tip terminating in a single atom permits local-
ized quantum tunneling current from surface features (or atoms) to tip.
This tunneling current can be spatially reconstructed to form an image.

easily be magnified by monitoring the position of the laser
reflection on a spatially resolved photosensitive detector. Other
principles are also used to measure the deflection of the tip.
These include capacitance measurements and interferometry.
A diagram of a typical AFM is presented in Fig. 16.

Tips are important in AFM as the spatial resolution
of the method is significantly associated with tip terminal
diameter and shape. Tips are made from microlithographi-
cally fabricated silicon or silicon nitride. Also carbon whiskers,
nanotubes, and a variety of nanospherical particles have been
mounted on AFM tips to increase their sharpness or improve
the ability to precisely define tip geometry. Tips are also
surface-modified to alter the strength and types of interac-
tions with surfaces (static SIMS can be used to image these
surface modifications). Finally, cantilevers are sold in a range
of stiffnesses so the analysis modes can be tuned to needs of
the sample and the type of data being acquired. The forces
associated with the interaction of an AFM tip with a surface
as it approaches and is retracted are illustrated in Fig. 16.
Since force is being measured and Hooke’s law applies to the
deformation of an elastic cantilever, the AFM can be used to
quantify the forces between surface and tip. An exciting appli-
cation of AFM is to measure the strength of interaction between
two biomolecules (for example, biotin and streptavidin; see
Chilkoti et al., 1995).

AFM instruments are commonly applied to surface prob-
lems using one of two modes, contact mode and tapping mode.
In contact mode, the tip is in contact with the surface (or at
least the electron clouds of tip and surface essentially over-
lap). The pressures resulting from the force of the cantilever
delivered through the extremely small surface area of the tip
can be damaging to soft specimens (proteins, polymers, etc).
However, for more rigid specimens, excellent topographical
imaging can be achieved in contact mode. In tapping mode,
the tip is oscillated at a frequency near the resonant frequency

\/

FIG. 14. Scanning tunneling microscopy can be performed in two modes. In constant
height mode, the tip is scanned a constant distance from the surface (typically 5-10 A)
and the change in tunneling current is recorded. In constant current mode, the tip height
is adjusted so that the tunneling current is always constant, and the tip distance from the
surface is recorded as a function of distance traveled in the plane of the surface.
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FIG. 15. Scanning tunneling micrograph image of a fibrinogen molecule on a gold
surface, under buffer solution (image by Dr. K. Lewis).
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FIG. 16. Schematic diagram illustrating the principle of the atomic force microscope.
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TABLE 6 Scanning Probe Microscopy (SPM) Modes

Name Acronym Use

Contact mode CM-AFM Topographic imaging of harder specimens

Tapping (intermittent force) mode IF-AFM Imaging softer specimens

Noncontact mode NCM-AFM Imaging soft structures

Force modulation (allows slope of FM-AFM Enhances image contrast based on surface mechanics

force—distance curve to be measured)
Scanning surface potential microscopy SSPM, KPM Measures the spatial distribution of surface potential
(Kelvin probe microscopy)

Magnetic force microscopy MFM Maps the surface magnetic forces

Scanning thermal microscopy SThM Maps the thermal conductivity characteristics of a surface

Recognition force microscopy RFM Uses a biomolecule on a tip to probe for regions of specific biorecognition on
a surface

Chemical force microscopy CFM A tip derivatized with a given chemistry is scanned on a surface to spatially
measure differences of interaction strength

Lateral force microscopy LFM Maps frictional force on a surface

Electrochemical force microscopy EFM The tip is scanned under water and the electrochemical potential between tip
and surface is spatially measured

Nearfield scanning optical microscopy NSOM A sharp optical fiber is scanned over a surface allowing optical microscopy
or spectroscopy at 100-nm resolution

Electrostatic force microscopy EFM Surface electrostatic potentials are mapped

Scanning capacitance microscopy SCM Surface capacitance is mapped

Conductive atomic force microscopy CAFM Surface conductivity is mapped with an AFM instrument

Nanolithographic AFM An AFM tip etches, oxidizes, or reacts a space permitting pattern fabrication
at 10 nm or better resolution

Dip-pen nanolithography DPN An AFM tip, inked with a thiol or other molecule, writes on a surface at the

nanometer scale

of the cantilever. The tip barely grazes the surface. The force
interaction of tip and surface can affect the amplitude of oscil-
lation and the oscillating frequency of the tip. In standard
tapping mode, the amplitude change is translated into topo-
graphic spatial information. Many variants of tapping mode
have been developed allowing imaging under different condi-
tions and using the phase shift between the applied oscillation
to the tip and the actual tip oscillation in the force field of the
surface to provide information of the mechanical properties of
the surface (in essence, the viscoelasticity of the surface can be
appreciated).

The potential of the AFM to explore surface problems has
been greatly expanded by ingenious variants of the technique.
In fact, the term “atomic force microscopy” has been
generalized to “scanning probe microscopy (SPM).” Table 6
lists many of these creative applications of the AFM/STM idea.

Since the AFM measures force, it can be used with both
conductive and nonconductive specimens. Force must be
applied to bend a cantilever, so AFM is subject to artifacts
caused by damage to fragile structures on the surface. Both
AFM and STM can function well for specimens under water,
in air, or under vacuum. For exploring biomolecules or mobile
organic surfaces, the “pushing around” of structures by the tip

is a significant concern. This surface artifact can be capitalized
upon to write and fabricate surface structures at the nanometer
scale (Fig. 17) (Boland et al., 1998; Quate, 1997; Wilson et al.,
2001).

Newer Methods

There are many other surface characterization methods that
have the potential to become important in future years. Some
of these are listed in Table 7. A few of these evolving techniques
that will be specifically mentioned here include sum frequency
generation (SFG), Raman, and synchrotron methods.

SFG uses two high-intensity, pulsed laser beams, one in
the visible range (frequency = wygpj) and one in the infrared
(frequency = wj;), to illuminate a specimen. The light emit-
ted from the specimen by a non-linear optical process, wsym =
Wyisible T Wir, 1 detected and quantified (Fig. 18). The inten-
sity of the light at wsym is proportional to the square of the
sample’s second-order nonlinear susceptibility (x ). The term
susceptibility refers to the effect of the light field strength on
the molecular polarizability. The wsym light intensity vanishes
when a material has inversion symmetry, i.e., in the bulk of the
material. At an interface, the inversion symmetry is broken and
an SFG signal is generated. Thus, SFG is exquisitely sensitive
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12.5 um

FIG. 17. An AFM tip, using relatively high force, was used to scratch a rectangular feature into a thin (70 A)
plasma deposited film. The AFM could also characterize the feature created.

TABLE 7 Methods that may have Applicability for the Surface Characterization of Biomaterials

Method

Information obtained

Second-harmonic generation (SHG)

Detect submolayer amounts of adsorbate at any light-accessible interface (air-liquid,

solid-liquid, solid-gas)

Surface-enhanced Raman spectroscopy (SERS)
ITon scattering spectroscopy (ISS)

Laser desorption mass spectrometry (LDMS)

High-sensitivity Raman at rough metal interfaces
Elastically reflected ions probe only the outermost atomic layer

Mass spectra of adsorbates at surfaces

Matrix assisted laser desorption ionization (MALDI) Though generally a bulk mass spectrometry method, MALDI has been used to analyze
large adsorbed proteins

IR photoacoustic spectroscopy (IR-PAS)
response

High-resolution electron energy loss spectroscopy
(HREELS)

X-ray reflection

Neutron reflection

IR spectra of surfaces with no sample preparation based on wavelength-dependent thermal
Vibrational spectroscopy of a highly surface-localized region, under ultrahigh vacuum

Structural information about order at surfaces and interfaces

Thickness and refractive index information about interfaces from scattered

neutrons—where H and D are used, unique information on interface organization can

be obtained
Extended X-ray absorption fine structure (EXAFS)
Scanning Auger microprobe (SAM)

Surface plasmon resonance (SPR)
index

Rutherford backscattering spectroscopy (RBS)

Atomic-level chemical and nearest-neighbor (morphological) information
Spatially defined Auger analysis at the nanometer scale

Study aqueous adsorption events in real time by monitoring changes in surface refractive

Depth profiling of complex, multiplayer interfacial systems

to the plane of the interface. In practice, wj, is scanned over
a vibrational frequency range—where vibrational interactions
occur with interface molecules, then the SFG signal is res-
onantly enhanced and we see a vibrational spectrum. The
advantages are the superb surface sensitivity, the cancellation
of bulk spectral intensity (for example, this allows measure-
ments at a water/solid interface), the richness of information

from vibrational spectra, and the ability to study molecular
orientation due to the polarization of the light. SFG is not
yet a routine method. The lasers and optical components are
expensive and require precision alignment. Also, the range in
the infrared over which lasers can scan is limited (though it
has slowly expanded with improved equipment). However,
the power of SFG for biomaterials studies has already been
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FIG. 18. Schematic diagram of a sum frequency generation (SFG) apparatus (based upon
a diagram developed by Polymer Technology Group, Inc.).

proven with studies on hydrated hydrogels, polyurethanes, sur-
face active polymer additives, and proteins (Shen, 1989; Chen
etal.,2002).

In Raman spectroscopy a bright light is shined on a speci-
men. Most of the light scatters back at the same frequency as
the incident beam. However, a tiny fraction of this light excites
vibrations in the specimen and thereby loses or gains energy.
The frequency shift of the light corresponds to vibrational
bands indicative of the molecular structure of the specimen.
The Raman spectroscopic technique has been severely limited
for surface studies because of its low signal level. However, in
recent years, great strides in detector sensitivity have allowed
Raman to be applied for studying the minute mass of mate-
rial at a surface. Also, surface enhanced Raman spectroscopy
(SERS), Raman spectra taken from molecules on a roughened
metal surface, can enhance Raman signal intensity by 10°
or more. Raman spectra will be valuable for biomedical surface
studies because water, which absorbs radiation very strongly
in the infrared range, has little effect on Raman spectra that
are often acquired with visible light (Storey ez al., 1995).

Synchrotron sources of energetic radiation that can be used
to probe matter were originally confined to the physics com-
munity for fundamental studies. However, there are now more
synchrotron sources, better instrumentation, and improved
data interpretation. Synchrotron sources are typically national
facilities costing >$100M and often occupying hundreds of
acres (Fig. 19). By accelerating electrons to near the speed
of light in a large, circular ring, energies covering a broad
swath of the electromagnetic spectrum (IR to energetic X-rays)
are emitted. A synchrotron source (and ancillary equipment)
permits a desired energy of the probe beam to be “dialed
in” or scanned through a frequency range. Other advantages
include high source intensity (bright light) and polarized light.
Some of the experimental methods that can be performed with
great success at synchrotron sources include crystallography,
scattering, spectroscopy, microimaging, and nanofabrication.

FIG. 19. The Advanced Photon Source, Argonne National Labora-
tories, a modern synchrotron source.

Specific surface spectroscopic methods include scanning pho-
toemission microscopy (SPEM, 100 nm spatial resolution),
ultraESCA (100 pwm spatial resolution, high energy resolution),
and near edge X-ray absorption spectrometry (NEXAFS).

STUDIES WITH SURFACE METHODS

Hundreds of studies have appeared in the literature in which
surface methods have been used to enhance the understanding
of biomaterial systems. A few studies that demonstrate the
power of surface analytical methods for biomaterials science
are briefly described here.

Platelet Consumption and Surface Composition

Using a baboon arteriovenous shunt model of platelet inter-
action with surfaces, a first-order rate constant of reaction of
platelets with a series of polyurethanes was measured. This rate
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constant, the platelet consumption by the material, correlated
in an inverse linear fashion with the fraction of hydrocarbon-
type groups in the ESCA Cls spectra of the polyurethanes
(Hanson et al., 1982). Thus, surface analysis revealed a chem-
ical parameter about the surface that could be used to predict
long-term biological reactivity of materials in a complex ex
vivo environment.

Contact-Angle Correlations

The adhesion of a number of cell types, including bacteria,
granulocytes, and erythrocytes, has been shown, under cer-
tain conditions, to correlate with solid-vapor surface tension
as determined from contact-angle measurements. In addition,
immunoglobulin G adsorption is related to vgy (Neumann et
al., 1983).

Contamination of Intraocular Lenses

Commercial intraocular lenses were examined by ESCA.
The presence of sulfur, sodium, and excess hydrocarbon at their
surfaces suggested contamination by sodium dodecyl sulfate
(SDS) during the manufacture of the lenses (Ratner, 1983). A
cleaning protocol was developed using ESCA to monitor results
that produced a lens surface of clean PMMA.

Titanium

The discoloration sometimes observed on titanium implants
after autoclaving was examined by ESCA and SIMS (Lausmaa
etal.,1985). The discoloration was found to be related to accel-
erated oxide growth, with oxide thicknesses to 650 A. The
oxide contained considerable fluorine, along with alkali met-
als and silicon. The source of the oxide was the cloth used to
wrap the implant storage box during autoclaving. Since fluo-
rine strongly affects oxide growth, and since the oxide layer has
been associated with the biocompatibility of titanium implants,
the authors advise avoiding fluorinated materials during ster-
ilization of samples. A newer paper contains detailed surface
characterization of titanium using a battery of surface meth-
ods and addresses surface preparation, contamination, and
cleaning (Lausmaa, 1996).

SIMS for Adsorbed Protein Identification
and Quantification

All proteins are made up of the same 20 amino acids and
thus, on the average, are compositionally similar. Surface anal-
ysis methods have shown the ability to detect and quantify
surface-bound protein, but biological tools have, until recently,
been needed to identify specific proteins. Modern static SIMS
instrumentation, using a multivariate statistical analysis of the
data, has demonstrated the ability to distinguish between more
than 13 different proteins adsorbed on surfaces (Wagner and
Castner, 2001). Also, the limits of detection for adsorbed pro-
teins on various surfaces were compared by ESCA and SIMS
(Wagner et al., 2002).

Poly(glycolic acid) Degradation Studied by SIMS

The degradation of an important polymer for tissue engi-
neering, poly(glycolic acid), has been studied by static SIMS.
As well as providing useful information on this degradation
process, the study illustrates the power of SIMS for characteriz-
ing synthetic polymers and their molecular weight distributions
(Chen et al., 2000).

CONCLUSIONS

The instrumentation of surface analysis steadily advances
and newer instruments and techniques can provide invalu-
able information about biomaterials and medical devices. The
information obtained can be used to monitor contamina-
tion, ensure surface reproducibility, and explore fundamental
aspects of the interaction of biological systems with living
systems. Considering that biomedical experiments are typically
expensive to perform, the costs for surface analysis are modest
to ensure that the surface is as expected, stable and identical
surface from experiment to experiment. Surface analysis can
also contribute to the understanding of medical device fail-
ure (and success). Myriad applications for surface methods are
found in device optimization, manufacture and quality con-
trol. Predicting biological reaction based on measured surface
structure is a frontier area for surface analysis.
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QUESTIONS

1. Scan the table of contents and abstracts from the last
three issues of the Journal of Biomedical Materials
Research or Biomaterials. List all the surface analysis
methods used in the articles therein and briefly describe
what was learned by using them.

2. How is critical surface tension related to wettability? For
the polymers in Table 2, draw the chemical formulas of
the chain repeat units and attempt to relate the struc-
tures to the wettability. Where inconsistencies are noted,
explain those inconsistencies using Table 3.

3. A titanium dental implant was manufactured by the
Biomatter Company for the past 8 years. It performed
well clinically. For economic reasons, manufacturing of
the titanium device was outsourced to Metalsmed, Inc.
Early clinical results on this Metalsmed implant, sup-
posedly identical to the Biomatter implant, suggested
increased inflammation. How would you compare the
surface chemistry and structure of these two devices to
see if a difference that might account for the difference
in clinical performance could be identified?
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1.5 ROLE OF WATER IN BIOMATERIALS
Erwin A. Vogler

The primary role water plays in biomaterials is as a sol-
vent system. Water is the “universal ether” as it has been
termed (Baier and Meyer, 1996), dissolving inorganic salts
and large organic macromolecules such as proteins or carbohy-
drates (solutes) with nearly equal efficiency (Pain, 1982). Water
suspends living cells, as in blood, for example, and is the princi-
pal constituent of the interstitial fluid that bathes tissues. Water
is not just a bland, neutral carrier system for biochemical pro-
cesses, however. Far from this, water is an active participant
in biology, which simply could not and would not work the
way it does without the special mediating properties of water.
Moreover, it is widely believed that water is the first molecule
to contact biomaterials in any clinical application (Andrade
et al., 1981; Baier, 1978). This is because water is the major-
ity molecule in any biological mixture, constituting 70 wt %
or more of most living organisms, and because water is such
a small and agile molecule, only about 0.25 nm in the longest
dimension. Consequently, behavior of water near surfaces and
the role of water in biology are very important subjects in bio-
materials science. Some of these important aspects of water are
discussed in this chapter.

WATER SOLVENT PROPERTIES

Figures 1A-1D collect various diagrams of water illustrating
the familiar atomic structure and how this arrangement leads

to the ability to form a network of self-associated molecules
through hydrogen bonding. Self-association confers unique
properties on water, many of which are still active areas of sci-
entific investigation even after more than 200 years of chemical
and physical research applied to water (Franks, 1972).

Hydrogen bonds in water are relatively weak 3—5 kcal/mole
associations with little covalent character (Iassacs et al., 1999;
Marshall, 1999). As it turns out, hydrogen bond strength
is approximately the same as the energy transferred from
one molecule to another by collisions at room tempera-
ture (Vinogradov and Linnell, 1971). So hydrogen bonds are
quite transient in nature, persisting only for a few tens of
picoseconds (Berendsen, 1967; Luzar and Chandler, 1996).
Modern molecular simulations suggest, however, that more
than 75% of liquid-water molecules are interconnected in a
three-dimensional (3D) network of three or four nearest neigh-
bors at any particular instant in time (Robinson et al., 1996).
This stabilizing network of self-associated water formed from
repeat units illustrated in Fig. 1D is so extensive, in fact, that it
is frequently termed “water structure,” especially in the older
literature (Narten and Levy, 1969). These somewhat dated
water-structure concepts will not be discussed further here,
other than to caution the reader that the transient nature of
hydrogen bonding greatly weakens the notion of a “structure”
as it might be practically applied by a chemist for exam-
ple (Berendsen, 1967) and that reference to water structure
near solutes and surfaces in terms of “icebergs” or “melting”
should not be taken too literally, as will be discussed further
subsequently.

A very important chemical outcome of this propensity of
water to self-associate is the dramatic effect on water solvent
properties. One view of self-association is from the standpoint
of Lewis acidity and basicity. It may be recalled from gen-
eral chemistry that a Lewis acid is a molecule that can accept
electrons or, more generally, electron density from a molec-
ular orbital of a donor molecule. An electron-density donor
molecule is termed a Lewis base. Water is amphoteric in this
sense because, as illustrated in Figs. 1A and 1D, it can simul-
taneously share and donate electron density. Hydrogen atoms
(the Lewis acids) on one or more adjacent water molecules can
accept electron density from the unshared electron pairs on
the oxygen atom (the Lewis bases) of another water molecule.
In this manner, water forms a 3D network through Lewis
acid-base self-association reactions.

If the self-associated network is more complete than some
arbitrary reference state, then there must be relatively fewer
unmatched Lewis acid-base pairings than in this reference
state. Conversely, in less-associated water, the network is
relatively incomplete and there are more unmatched Lewis
acid-base pairings than in the reference state. These unmatched
pairings in less associated water are readily available to partic-
ipate in other chemical reactions, such as dissolving a solute
molecule or hydrating a water-contacting surface. Therefore,
it can be generally concluded that less-associated water is
a stronger solvent than more-associated water because it
has a greater potential to engage in reactions other than
self-association. In chemical terminology, less self-associated
water has a greater chemical potential than more self-
associated water. Interestingly, more self-associated water with
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FIG. 1. Atomic structure of water illustrating (A) tetrahedral bonding arrangement wherein
hydrogen atoms (H, light-colored spheres) are Lewis acid centers and the two lone-pair
electrons on oxygen (O, dark-colored spheres) are Lewis base centers that permit water
to hydrogen bond with four nearest-neighbor water molecules; (B) electron density map
superimposed on an atomic-radius sphere model of water providing a more authentic rep-
resentation of molecular water; (C) approximate molecular dimensions; and (D) five water
molecules participating in a portion of a hydrogen-bond network.

a relatively more complete 3D network of hydrogen bonds
must be less dense (greater partial molar volume) than less self-
associated water because formation of linearly directed hydro-
gen bonds takes up space (Fig. 1C), increasing free volume in
the liquid. This is why water ice with a complete crystalline net-
work is less dense than liquid water and floats upon unfrozen
water, a phenomenon with profound environmental impact.
Thus, less associated water is not only more reactive but also
more dense. These inferred relationships between water struc-
ture and reactivity are summarized in Table 1, which will be
a useful aid to subsequent discussion.

A variety of lines of evidence ranging from molecular
simulations (Lum et al., 1999; Robinson et al., 1996) to

TABLE 1 Relationships among Water Structure and Solvent
Properties

Chemical potential

Extent of water Partial molar (number of available

self-association ~ Density volume hydrogen bonds)
More Less More Less
Less More Less More

experimental studies of water solvent properties in porous
media (Qi and Soka, 1998; Wiggins, 1988) suggest that water
expands and contracts in density (molar volume) with com-
mensurate changes in chemical potential to accommodate
presence of imposed solutes and surfaces. The word “imposed”
is specifically chosen here to emphasize that a solute (e.g., an
ion or a macromolecule) or an extended surface (e.g., the outer
region of a biomaterial) must in some way interfere with self-
association. Simply stated, the solute or surface gets in the way
and water molecules must reorient to maintain as many hydro-
gen bonds with neighbors as is possible in this imposed presence
of solute or surface. Water may not be able to maintain an
extensive hydrogen-bond network in certain cases and this has
important and measurable effects on water solvency. The next
sections will first consider “hydrophobic” and “hydrophilic”
solute molecules and then extend the discussion to hydropho-
bic and hydrophilic biomaterial surfaces, at least to the extent
possible within the current scientific knowledge base.

THE HYDROPHOBIC EFFECT

The hydrophobic effect is related to the insolubility of
hydrocarbons in water and is fundamental to the organiza-
tion of lipids into bilayers, the structural elements of life as
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we know it (Tanford, 1973). Clearly then, the hydrophobic
effect is among the more fundamental, life-giving phenom-
ena attributable to water. Hydrocarbons are sparingly soluble
in water because of the strong self-association of water, not
the strong self-association of hydrocarbons as is sometimes
thought. Thus water structure is seen to be directly related to
solvent properties in this very well-known case.

The so-called “entropy of hydrophobic hydration” (AS) has
received a great deal of research attention from the molecular-
simulation community because it dominates the overall (pos-
itive) free energy of hydrophobic hydration (AG) at ambient
temperatures and pressures. The rather highly negative entropy
of hydration of small hydrocarbons (AS ~ —20 e.u.; see
Kauzmann, 1959, for discussion related to lipids and proteins)
turns out to be substantially due to constraints imposed on
water-molecule orientation and translation as water attempts
to maintain hydrogen-bond neighbors near the solute molecule
(Paulaitis ez al., 1996). Apparently, there are no structural
“icebergs” with enhanced self-association around small hydro-
carbons (Besseling and Lyklema, 1995) as has been invoked in
the past to account for AS (Berendsen, 1967). Instead, water
surrounding small solutes such as methane or ethane may be
viewed as spatially constrained by a “solute-straddling” effect
that maximizes as many hydrogen-bonded neighbors as pos-
sible at the expense of orientational flexibility. Interestingly,
while these constraints on water-molecule orientation do not
significantly promote local self-association (i.e., increase struc-
ture), this lack of flexibility does have the effect of reducing
repulsive, non-hydrogen-bonding interactions between water-
molecule neighbors, accounting for a somewhat surprisingly
exothermic (& —2 kcal/mol) enthalpy of hydration (AH)
of small hydrocarbons (Besseling and Lyklema, 1995). The
strong temperature sensitivities of these entropic and enthalpic
effects are nearly equal and opposite and compensate in a
way that causes the overall free energy of hydration (AG =
AH — TAS) to be essentially temperature insensitive. Increas-
ing temperature expands the self-associated network of water,
creating more space for a hydrophobic solute to occupy, and
AS becomes more positive (—7TAS more negative). On the
other hand, nonbonding (repulsive) contacts between water
molecules increase with temperature, causing AH to become
more positive.

As one might imagine, difficulties in maintaining a
hydrogen-bonded network are exacerbated near very large
hydrophobic solutes where no orientations can prevent sep-
aration of water-molecule neighbors. Another water-driven
mechanism comes into play in some of these cases wherein
hydrophobic patches or domains on a solute such as a pro-
tein aggregate, exclude water, and participate in what has
been termed “hydrophobic bonding” (DeVoe, 1969; Dunhill,
1965; Kauzmann, 1959; Tanford, 1966). This aspect of the
hydrophobic effect is very important in biomaterials because
it controls the folding of proteins and is thus involved in pro-
tein reactions at surfaces, especially denaturation of proteins
at biomaterial surfaces induced by unfolding reactions in the
adsorbed state. Water near large hydrophobic patches will be
further considered in relation to hydrophobic surfaces that
present analogous physical circumstances to water.

THE HYDROPHILIC EFFECT

There is no broadly recognized “hydrophilic effect” in sci-
ence that is the antithesis to the well-known hydrophobic effect
just discussed. But generally speaking, the behavior of water
near hydrophilic solutes is so substantially different from that
occurring near hydrophobic solutes that hydrophilicity may
well be granted a distinguishing title of its own. The terms
hydrophilic and hydrophobic are poorly defined in bioma-
terials and surface science (Hoffman, 1986; Oss and Giese,
1995; Vogler, 1998), requiring some clarification at this junc-
ture since a distinction between hydrophilic and hydrophobic
needs to be made. For the current purposes, let the term
hydrophilic be applied to those solutes that compete with
water for hydrogen bonds. That is to say, hydrophilic solutes
exhibit Lewis acid or base strength comparable to or exceed-
ing that of water, so that it is energetically favorable for
water to donate electron density to or accept electron density
from hydrophilic solutes instead of, or at least in competi-
tion with, other water molecules. For the sake of clarity, let
it be added that there is no chemistry or other energetic rea-
son for water to hydrogen bond with a hydrophobic solute as
defined herein. Generally speaking, free energies of hydrophilic
hydration are greater than that of hydrophobic hydration
since acid-base chemistry is more energetic than the non-
bonding “hydrophobic” reactions previously considered, and
this frequently manifests itself in large enthalpic contributions
to AG.

Familiar examples of hydrophilic solutes with biomedical
relevance would include cations such as Na*t, K, CaZ*, and
Mg?* or anions such as CI—, HCOg1 and HPOZZ. These ions
are surrounded by a hydration sphere of water directing oxy-
gen atoms toward the cations or hydrogen atoms toward the
anions. Water structuring near ions is induced by a strong elec-
tric field surrounding the ion that orients water dipole moments
in a manner that depends on ionic size and extent of hydration
(Marcus, 1985). Some ions are designated “structure promot-
ing” and others “structure breaking.” Structure-promoting
ions are those that impose more local order in surrounding
water than occurs distant from the ion whereas structure-
breaking or “chaotropic” ions increase local disorder and
mobility of adjacent water molecules (Wiggins, 1971). Another
feature of ion solvation important in biomaterials is that certain
ions such as Ca?t and Mg2* are more hydrated (surrounded
by more water molecules) than K™ and Na* in the order of
the so-called Hofmeister or lyotropic series. This implies that
highly hydrated ions will partition into less associated water
with more available hydrogen bonds for solvation (see Table 1)
preferentially over more associated water with fewer avail-
able hydrogen bonds (Christenson et al., 1990; Vogler, 1998;
Wiggins, 1990; Wiggins and Ryn, 1990). This ion partition-
ing can have dramatic consequences on biology near surfaces
since Ca2t and Mg?* have strong allosteric effects on enzyme
reactions, a point that will be raised again in the final section
of this chapter.

As in the hydrophobic effect, size plays a big role in the
solvation of hydrophilic ions. Small inorganic ions are com-
pletely ionized and lead to separately hydrated ions in the
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manner just discussed above. Hydration of a polyelectrolyte
such as hyaluronic acid or a single strand of DNA is more
complicated because a counterion “atmosphere” surrounds
the dissolved polyelectrolyte. The countercharge distribution
within this atmosphere is not uniform in space but instead
diminishes in concentration with distance from the polyelec-
trolyte. This means that water in a hypothetical compartment
near the polyelectrolyte is enriched in countercharges (higher
ionic strength, lower water chemical potential) relative to that
of an identical compartment distant from the polyelectrolyte
(lower ionic strength, higher water chemical potential). Since
concentration (chemical potential) gradients cannot persist at
equilibrium, there must be some route to making chemical
potentials uniform throughout solution. Wiggins has argued
that the only means available to such a system of dissolved
polyelectrolytes at constant temperature, pressure, and fixed
composition (including water) is adjustment of water den-
sity or, more precisely, partial molar volume (Wiggins, 1990).
That is to say, in order to increase water chemical potential
in the near compartment relative to that of water in the dis-
tant compartment, water density must increase (see row 2 of
Table 1, more molecules/unit volume available for chemical
work). At the same time, in order to decrease water chemical
potential in the distant compartment relative to that in the
closer one; water density must decrease (see row 2 of Table 1,
fewer molecules/unit volume available for chemical work).
This thinking gives rise to the notion of contiguous regions of
variable water density within a polyelectrolyte solution. Here
again, it is evident that adjustment of water chemical poten-
tial to accommodate the presence of a large solute molecule
appears to be a necessary mechanism to account for commonly
observed hydration effects. The next section will explore how
these same effects might account for surface wetting effects.

THE SURFACE WETTING EFFECT

It is a very common observation that water wets certain
kinds of surfaces whereas water beads up on others, form-
ing droplets with a finite “contact angle.” This and related
wetting phenomena have intrigued scientists for almost three
centuries, and the molecular mechanisms of wetting are still
an important area of research to this day. The reason for such
continued interest is that wetting phenomena probe the various
intermolecular forces and interactions responsible for much of
the chemistry and physics of everyday life. Some of the remain-
ing open questions are related to water structure and solvent
properties near different kinds of surfaces.

Although surfaces on which water spreads are commonly
termed hydrophilic and those on which water droplets form
hydrophobic, the definitions employed in preceding sections
based on presence or absence of Lewis acid/base groups that
can hydrogen bond with water will continue to be used here,
as this is a somewhat more precise way of categorizing bio-
materials. Thus, hydrophobic surfaces are distinguished from
hydrophilic by virtue of having no Lewis acid or base functional
groups available for water interaction.

Water near hydrophobic surfaces finds itself in a predica-
ment similar to that briefly mentioned in the preceding section

on the hydration of large hydrophobic solutes in that there are
no configurational options available to water molecules clos-
est to the surface that allow maintenance of nearest-neighbor
hydrogen bonds. These surface-contacting water molecules are
consequently in a less self-associated state and, according to
row 2 of Table 1, must temporarily be in a state of higher chemi-
cal potential than bulk water. The key word here is temporarily,
because chemical potential gradients cannot exist at equilib-
rium. At constant temperature and pressure, the only recourse
available to the system toward establishment of equilibrium
is decreasing local water density by increasing the extent of
water self-association (row 1, Table 1). Thus it is reasoned that
water in direct contact with a hydrophobic surface is less dense
than bulk water some distance away from the hydrophobic
surface.

This reasoning has been recently corroborated theoreti-
cally through molecular simulations of water near hydrophobic
surfaces (Besseling and Lyklema, 1995; Lum ef al., 1999;
Silverstein et al., 1998) and experimentally by application
of sophisticated vibrational spectroscopies (Du et al., 1994;
Gragson and Richmond, 1997). Although there is not precise
uniformity among all investigators using a variety of different
computational and experimental approaches, it appears that
density variations propagate something of the order of § nm
from a hydrophobic surface, or about 20 water layers.

There are at least two classes of hydrophilic surfaces that
deserve separate mention here because these represent impor-
tant categories of biomaterials as well (Hoffman, 1986). One
class includes surfaces that adsorb water through the interac-
tion with surface-resident Lewis acid or base groups. These
water—surface interactions are constrained to the outermost
surface layer, say the upper 1 nm or so. Examples of these
biomaterials might include polymers that have been surface
treated by exposure to gas discharges, use of flames, or reaction
with oxidative reagents as well as ceramics, metals, and glass.
Another category of hydrophilic surfaces embraces those that
significantly absorb water. Examples here are hydrogel poly-
mers such as poly(vinyl alcohol) (PVA), poly(ethylene oxide)
(PEO), or hydroxyethylmethacrylate (HEMA) that can visi-
bly swell or even go into water solution, depending on the
molecular weight and extent of crosslinking. Modern surface
engineering can create materials that fall somewhere between
water-adsorbent and -absorbent by depositing very thin films
using self-assembly techniques (P.-Grosdemange et al., 1991;
Prime and Whitesides, 1993), reactive gas plasma deposition
(Lopez et al., 1992), or radiation grafting (Hoffman and Harris,
1972; Hoffman and Kraft, 1972; Ratner and Hoffman, 1980)
as examples. Here, oligomers that would otherwise dissolve in
water form a thin-film surface that cannot swell in the usual,
macroscopic application of the word. In all of the mentioned
cases, however, water hydrogen bonds with functional groups
that may be characterized as either Lewis acid or base. In the
limit of very strong (energetic) surface acidity or basicity, water
can become ionized through proton or hydroxyl abstraction.

The subject of water structure near hydrophilic surfaces
is considerably more complex than water structuring at
hydrophobic surfaces just discussed, which itself is no trivial
matter. This extra complexity is due to three related fea-
tures of hydrophilic surfaces. First, each hydrophilic surface is
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a unique combination of both type and surface concentration of
water-interactive Lewis acid or base functional groups (amine,
carboxyl, ether, hydroxyl, etc.). Second, hydrophilic surfaces
interact with water through both dispersion forces and Lewis
acid-base interactions. This is to be contrasted to hydropho-
bic surfaces that interact with water only through dispersion
forces (dispersion forces being a class of intermolecular inter-
actions between the momentary dipoles in matter that arise
from rapid fluctuations of electron density within molecular
orbitals). Third, as a direct result of these two features, the
number of possible water interactions and configurations is
very large, especially if the hydrophilic surface is heterogeneous
on a microscopic scale. These features make the problem of
water behavior at hydrophilic surfaces both computationally
and experimentally challenging.

In spite of this complexity, the reasoning and rationale
applied to large polyelectrolytes in the preceding section should
apply in an approximate way to extended hydrophilic surfaces,
especially the more water-wettable types where acid—base inter-
actions with water predominate over weaker dispersion inter-
actions. This would suggest, then, that water near hydrophilic
surfaces is more dense than bulk water, with a correspondingly
less extensive self-associated water network (row 2, Table 1).
There is some support for this general conclusion from sim-
plified molecular models (Besseling, 1997; Silverstein et al.,
1998).

Thickness of this putative denser-water layer must depend
in some way on the surface concentration (number) of Lewis
acid/base sites and on whether the surface is predominately
acid or predominately basic, but these relationships are far
from worked out in detail. One set of experimental results
suggesting that hydration layers near water-wettable surfaces
can be quite thick comes from the rather startling finding by
Pashley and Kitchener (1979) of 150-nm-thick, free-standing
water films formed on fully water-wettable quartz surfaces
from water vapor. These so-called condensate water films
would comprise some 600 water molecules organized in a
layer through unknown mechanisms. Perhaps these condensate
films are formed from water-molecule layers with alternat-
ing oriented dipoles similar to the water layers around ions
briefly discussed in the previous section. Note that this hypo-
thetical arrangement defeats water self-association throughout
the condensate-film layer in a manner consistent with the
inferred less self-associated, high-density nature of water near
hydrophilic surfaces.

Stepping back and viewing the full range of surface wetting
behaviors discussed herein, it is apparent that water solvent
properties (structure) near surfaces can be thought of as a sort
of continuum or spectrum. At one end of the spectrum lie per-
fectly hydrophobic surfaces with no surface-resident Lewis acid
or base sites. Water interacts with these hydrophobic surfaces
only through dispersion forces mentioned above. At the other
end of the spectrum, surfaces bear a sufficient surface concen-
tration of Lewis sites to completely disrupt bulk water structure
through a competition for hydrogen bonds, leading to complete
water wetting (0° contact angle). Structure and solvent prop-
erties of water in contact with surfaces between these extremes
must then exhibit some kind of graded properties associated
with the graded wettability observed with contact angles. If the

surface region is composed of molecules that hydrate to a sig-
nificant degree, as in the case of hydrogel materials, then the
surface can adsorb water and swell or dissolve. At the extreme
of water—surface interactions, surface acid or base groups can
abstract hydroxyls or protons from water, respectively, leading
to water ionization at the surface.

Finally, in closing this section on water properties near sur-
faces, it is worthwhile to note that whereas insights gained
from computational models employing hypothetical surfaces
and experimental systems using atomically smooth mica and
highly polished semiconductor-grade silicon wafers provide
very important scientific insights, these results have limited
direct biomedical relevance because practical biomaterial sur-
faces are generally quite rough relative to the dimensions of
water (Fig. 1C). At the 0.25-nm scale, water structure near
a hydrophobic polymer such as polyethylene, for example,
might better be envisioned as a result of hydrating molecular-
scale domains where methyl- and methylene-group protrusions
from a “fractal” surface solvate in water rather than a sea of
close-packed groups disposed erectly on an infinitely flat plane
that one might construct in molecular modeling. Surfaces of
functionalized polymers such as poly(ethylene terephthalate)
(PET) would be even more complex. Both surface topography
and composition will play a role in determining water structure
near surfaces.

WATER AND THE BIOLOGICAL RESPONSE
TO MATERIALS

It has long been assumed that the observed biological
response to materials is initiated or catalyzed by interactions
with material residing in the same thin surface region that
affects water wettability, arguably no thicker than about 1 nm.
In particular, it is frequently assumed that biological responses
begin with protein adsorption. These assumptions are based
on the observations that cells and proteins interact only at the
aqueous interface of a material, that this interaction seemingly
does not depend on the macroscopic thickness of a rigid mate-
rial, and that water does not penetrate deeply into the bulk
of many materials (excluding those that absorb water). Thus,
one may conclude that biology does not “sense” or “see” bulk
properties of a contacting material, only the outermost molec-
ular groups protruding from a surface. Over the past decade or
so, the validity of this assumption seems to have been confirmed
through numerous studies employing self-assembled monolay-
ers (SAMs) supported on glass, gold, and silicon in which
variation of the outermost surface functional groups exposed
to blood plasma, purified proteins, and cells indeed induces
different outcomes (Fragneto et al., 1995; Liebmann-Vinson ef
al., 1996; Margel et al., 1993; Mooney et al., 1996; Owens
et al., 1988; Petrash et al., 1997; Prime and Whitesides, 1993;
Scotchford et al., 1998; Singhvi et al., 1994; Sukenik et al.,
1990; Tidwell et al., 1997; Vogler et al., 1995a, b). But exactly
how surfaces influence “biocompatibility” of a material is still
not well understood.

Theories attempting to explain the role of surfaces in the
biological response fall into two basic categories. One asserts
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that surface energy is the primary correlating surface prop-
erty (Akers et al., 1977; Baier, 1972; Baier et al., 1969), the
other that water solvent properties near surfaces are the pri-
mary causative agent (Andrade et al., 1981; Andrade and
Hlady, 1986; Vogler, 1998). The former attempts to cor-
relate surface energy factors such as critical surface energy
oc or various interfacial tension components while the lat-
ter attempts correlations with water contact angle 6 or some
variant thereof such as water adhesion tension 7 = oy, cos 6,
where oy, is the interfacial tension of water (see Chapter 1.4).
Both approaches attempt to infer structure—property relation-
ships between surface energy/wetting and some measure of
the biological response. These two ideas would be function-
ally equivalent if water structure and solvent properties were
directly related to surface energy in a straightforward way
(e.g., linear), but this appears not to be the case (Vogler, 1998)
because of water structuring in response to surface (adsorption)
energetics, as described in preceding sections.

Both surface energy and water theories acknowledge that
the principle interfacial events surfaces can promote or cat-
alyze are adsorption and adhesion. Adsorption of proteins
and/or adhesion of cells/tissues is known (or at least strongly
suspected) to be involved in the primary interactions of
biology with materials. Therefore, it is reasonable to antic-
ipate that surfaces induce a biological response through
adsorption and/or adhesion mechanisms. The surface energy
theory acknowledges this connection by noting that surface
energy is the engine that drives adsorption and adhesion.
The water theory recognizes the same but in a quite differ-
ent way. Instead, water theory asserts that surface energetics
is the engine that drives adsorption of water and then, in
subsequent steps, proteins and cells interact with the result-
ing hydrated interface either through or by displacing a so-
called vicinal water layer that is more or less bound to the
surface, depending on the energetics of the original water—
surface interaction. Furthermore, water theory suggests that
the ionic composition of vicinal water may be quite differ-
ent than that of bulk water, with highly hydrated ions such
as Ca?t and Mg?* preferentially concentrating in water near
hydrophilic surfaces and less hydrated ions such as Na™ and
KT preferentially concentrating in water near hydrophobic
surfaces. It is possible that the ionic composition of vicinal
water layers further accounts for differences in the biolog-
ical response to hydrophilic and hydrophobic materials on
the basis that divalent ions have allosteric effects on enzyme
reactions and participate in adhesion through divalent ion
bridging.

Water is a very small, but very special, molecule. Properties
of this universal biological solvent, this essential medium of
life as we understand it, remain more mysterious in this
century of science than those of the very atoms that com-
pose it. Self-association of water through hydrogen bonding is
the essential mechanism behind water solvent properties, and
understanding self-association effects near surfaces is a key to
understanding water properties in contact with biomaterials. It
seems safe to conclude that no theory explaining the biological
response to materials can be complete without accounting for
water properties near surfaces and that this remains an exciting
topic in biomaterials surface science.
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2.1 INTRODUCTION
Allan S. Hoffman

Biomaterials can be divided into four major classes of
materials: polymers, metals, ceramics (including carbons, glass-
ceramics, and glasses), and natural materials (including those
from both plants and animals). Sometimes two different classes
of materials are combined together into a composite material,
such as silica-reinforced silicone rubber or carbon fiber- or
hydroxyapatite particle-reinforced poly (lactic acid). Such com-
posites are a fifth class of biomaterials. What is the history
behind the development and application of such diverse materi-
als for implants and medical devices, what are the compositions
and properties of these materials, and what are the princi-
ples governing their many uses as components of implants and
medical devices? This chapter critically reviews this important
literature of biomaterials.

The wide diversity and sophistication of materials currently
used in medicine and biotechnology is testimony to the signif-
icant scientific and technological advances that have occurred
over the past 50 years. From World War II to the early 1960s,
relatively few pioneering surgeons were taking commercially
available polymers and metals, fabricating implants and com-
ponents of medical devices from them, and applying them
clinically. There was little government regulation of this acti-
vity, and yet these earliest implants and devices had a remark-
able success. However, there were also some dramatic failures.
This led the surgeons to enlist the aid of physical, biolog-
ical, and materials scientists and engineers, and the earliest
interdisciplinary “bioengineering” collaborations were born.

These teams of physicians and scientists and engineers not
only recognized the need to control the composition, purity,
and physical properties of the materials they were using, but
they also recognized the need for new materials with new and
special properties. This stimulated the development of many
new materials in the 1970s. New materials were designed
de novo specifically for medical use, such as biodegradable
polymers and bioactive ceramics. Some were derived from
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existing materials fabricated with new technologies, such as
polyester fibers that were knit or woven in the form of tubes
for use as vascular grafts, or cellulose acetate plastic that was
processed as bundles of hollow fibers for use in artificial kidney
dialysers. Some materials were “borrowed” from unexpected
sources such as pyrolytic carbons or titanium alloys that had
been developed for use in air and space technology. And other
materials were modified to provide special biological prop-
erties, such as immobilization of heparin for anti-coagulant
surfaces. More recently biomaterials scientists and engineers
have developed a growing interest in natural tissues and poly-
mers in combination with living cells. This is particularly
evident in the field of tissue engineering, which focuses on the
repair or regeneration of natural tissues and organs. This inter-
est has stimulated the isolation, purification, and application
of many different natural materials. The principles and appli-
cations of all of these biomaterials and modified biomaterials
are critically reviewed in this chapter.

2.2 POLYMERS
Stuart L. Cooper, Susan A. Visser,
Robert W. Hergenrother, and Nina M. K. Lamba

Many types of polymers are widely used in biomedical
devices that include orthopedic, dental, soft tissue, and car-
diovascular implants. Polymers represent the largest class of
biomaterials. In this section, we will consider the main types of
polymers, their characterization, and common medical appli-
cations. Polymers may be derived from natural sources, or from
synthetic organic processes.

The wide variety of natural polymers relevant to the
field of biomaterials includes plant materials such as cellu-
lose, sodium alginate, and natural rubber, animal materials
such as tissue-based heart valves and sutures, collagen, gly-
cosaminoglycans (GAGs), heparin, and hyaluronic acid, and
other natural materials such as deoxyribonucleic acid (DNA),
the genetic material of all living creatures. Although these
polymers are undoubtedly important and have seen widespread

Biomaterials Science, 24 Edition
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use in numerous applications, they are sometimes eclipsed
by the seemingly endless variety of synthetic polymers that
are available today. Synthetic polymeric biomaterials range
from hydrophobic, non-water-absorbing materials such as
silicone rubber (SR), polyethylene (PE), polypropylene (PP),
poly(ethylene terephthalate) (PET), polytetrafluoroethylene
(PTFE), and poly(methyl methacrylate) (PMMA) to some-
what more polar materials such as poly(vinyl chloride) (PVC),
copoly(lactic—glycolic acid) (PLGA), and nylons, to water-
swelling materials such as poly(hydroxyethyl methacrylate)
(PHEMA) and beyond, to water-soluble materials such as
poly(ethylene glycol) (PEG or PEO). Some are hydrolytically
unstable and degrade in the body while others may remain
essentially unchanged for the lifetime of the patient.

Both natural and synthetic polymers are long-chain
molecules that consist of a large number of small repeating
units. In synthetic polymers, the chemistry of the repeat units
differs from the small molecules (monomers) that were used in
the original synthesis procedures, resulting from either a loss
of unsaturation or the elimination of a small molecule such
as water or HCI during polymerization. The exact difference
between the monomer and the repeat unit depends on the mode
of polymerization, as discussed later.

The task of the biomedical engineer is to select a bioma-
terial with properties that most closely match those required
for a particular application. Because polymers are long-chain
molecules, their properties tend to be more complex than those
of their short-chain precursors. Thus, in order to choose a poly-
mer type for a particular application, the unusual properties of
polymers must be understood.

This chapter introduces the concepts of polymer synthesis,
characterization, and property testing as they are relevant to the
eventual application of a polymer as a biomaterial. Following
this, examples of polymeric biomaterials currently used by the
medical community are cited and their properties and uses are
discussed.

MOLECULAR WEIGHT

In polymer synthesis, a polymer is usually produced with a
distribution of molecular weights. To compare the molecular
weights of two different batches of polymer, it is useful to define
an average molecular weight. Two statistically useful defini-
tions of molecular weight are the number average and weight
average molecular weights. The number average molecular
weight (My) is the first moment of the molecular weight dis-
tribution and is an average over the number of molecules. The
weight average molecular weight (My,) is the second moment
of the molecular weight distribution and is an average over the
weight of each polymer chain. Equations 1 and 2 define the
two averages:

N; M;

My = ZZ—N (1)
N; M?

My, = éNiM @)

My,

Mw

Amount of polymer

Molecular weight

FIG. 1. Typical molecular weight distribution of a polymer.

where N; is the number of moles of species i, and M; is the
molecular weight of species i.

The ratio of My to M, is known as the polydispersity
index (PI) and is used as a measure of the breadth of the
molecular weight distribution. Typical commercial polymers
have polydispersity indices of 1.5-50, although polymers with
polydispersity indices of less than 1.1 can be synthesized
with special techniques. A molecular weight distribution for
a typical polymer is shown in Fig. 1.

Linear polymers used for biomedical applications gener-
ally have M, in the range of 25,000 to 100,000 and M,
from 50,000 to 300,000, and in exceptional cases, such as
the PE used in the hip joint, the M,, may range up to a mil-
lion. Higher or lower molecular weights may be necessary,
depending on the ability of the polymer chains to crystallize or
to exhibit secondary interactions such as hydrogen bonding.
The crystallinity and secondary interactions can give polymers
additional strength. In general, increasing molecular weight
corresponds to increasing physical properties; however, since
melt viscosity also increases with molecular weight, process-
ability will decrease and an upper limit of useful molecular
weights is usually reached. Mechanical properties of some
polymeric biomaterials are presented in Table 1.

SYNTHESIS

Methods of synthetic polymer preparation fall into two cat-
egories: addition polymerization (chain reaction) and conden-
sation polymerization (stepwise growth) (Fig. 2). (Ring opening
is another type of polymerization and is discussed in more detail
later in the section on degradable polymers.) In addition poly-
merization, unsaturated monomers react through the stages of
initiation, propagation, and termination to give the final poly-
mer product. The initiators can be free radicals, cations, anions,
or stereospecific catalysts. The initiator opens the double bond
of the monomer, presenting another “initiation” site on the
opposite side of the monomer bond for continuing growth.
Rapid chain growth ensues during the propagation step until
the reaction is terminated by reaction with another radical,
a solvent molecule, another polymer molecule, an initiator,
or an added chain transfer agent. PVC, PE, and PMMA are
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TABLE 1 Mechanical Properties of Biomedical Polymers

Water absorption Bulk modulus Tensile Strength Elongation at break
Polymer (%) (GPa) (MPa) (%) Ty (K) T (K)
Polyethylene 0.001-0.02 0.8-2.2 30-40 130-500 160-170 398-408
Polypropylene 0.01-0.035 1.6-2.5 21-40 100-300 243-270 433-453
Polydimethyl-siloxane 0.08-0.1 3-10 50-800 148 233
Polyurethane 0.1-0.9 1.5-2 28-40 600-720 200-250 453-523*
Polytetrafluoro-ethylene 0.01-0.05 1-2 15-40 250-550 293-295 595-600
Polyvinyl-chloride 0.04-0.75 3-4 10-75 10-400 250-363 423*
Polyamides 0.25-3.5 2.4-3.3 44-90 40-250 293-365 493-540
Polymethyl-methacrylate 0.1-0.4 3-4.8 38-80 2.5-6 379-388 443*
Polycarbonate 0.15-0.7 2.8-4.6 56-75 8-130 418 498-523
Polyethylene-terephthalate 0.06-0.3 3-4.9 42-80 50-500 340-400 518-528
* = decomposition temperature
A Free radical polymerization - poly(methyl methacrylate)
CH CH
| 3 7 © | ’ /O
R" + CH,=—C—C e R'— CH, —C—C
O— CH, O— CHg
B Condensation polymerization - poly(ethyleneterephthalate)
ﬁ 0
(n+1)  HO—CH,—CH,—™OH + N CH,—O0—C C—O0—CHy —>»
0 0
HO—CH, — CH, 0 — —@C—O—CHs—CHz—CHZ OH + 2n CH; OH
n

FIG. 2. (A) Polymerization of methyl methacrylate (addition polymerization). (B) Synthesis of poly(ethylene terephthalate) (condensation

polymerization).

relevant examples of addition polymers used as biomaterials.
The polymerization of MMA to form PMMA is shown in
Fig. 2A.

Condensation polymerization is completely analogous to
condensation reactions of low-molecular-weight molecules.
Two monomers react to form a covalent bond, usually with
elimination of a small molecule such as water, hydrochlo-
ric acid, methanol, or carbon dioxide. Nylon and PET
(Fig. 2B) are typical condensation polymers and are used
in fiber or fabric form as biomaterials. The reaction contin-
ues until almost all of one reactant is used up. There are
also polymerizations that resemble the stepwise growth of
condensation polymers, although no small molecule is elimi-
nated. Polyurethane synthesis bears these characteristics, which

is sometimes referred to as polyaddition or rearrangement
polymerization (Brydson, 1995).

The choice of polymerization method strongly affects the
polymer obtained. In free radical polymerization, a type of
addition polymerization, the molecular weights of the poly-
mer chains are difficult to control with precision. Added
chain transfer agents are used to control the average molec-
ular weights, but molecular weight distributions are usually
broad. In addition, chain transfer reactions with other polymer
molecules can produce undesirable branched products (Fig. 3)
that affect the ultimate properties of the polymeric material.
In contrast, molecular architecture can be controlled very pre-
cisely in anionic polymerization. Regular linear chains with PI
indices close to unity can be obtained. More recent methods
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Linear

Branched

FIG. 3. Polymer arrangements. (From F. Rodriguez, Principles of
Polymer Systems, Hemisphere Publ., 1982, p. 21, with permission.)

of living free radical polymerizations called ATRP and RAFT
may also yield low Pls.

Polymers produced by addition polymerization can be
homopolymers, i.e., polymers containing only one type of
repeat unit, or copolymers with two or more types of repeat
units. Depending on the reaction conditions and the reactiv-
ity of each monomer type, the copolymers can be random,
alternating, graft, or block copolymers, as illustrated in Fig. 4.
Random copolymers exhibit properties that approximate the
weighted average of those of the two types of monomer
units, whereas block copolymers tend to phase separate into
a monomer-A-rich phase and a monomer-B-rich phase, dis-
playing properties unique to each of the homopolymers. Figure
5 shows the repeat units of many of the homopolymers used
in medicine.

Condensation polymerization can also result in copoly-
mer formation. The properties of the condensation copolymer
depend on three factors: the chemistry of monomer units; the
molecular weight of the polymer product, which can be con-
trolled by the ratio of one reactant to another and by the time

wwwww AAAAAARAAAAARAAL wWwwwwww
homopolymer

ww AABABAABBAAABBBA wwww

random copolymer

www - ABABABABABABABABwWwww

alternating copolymer

of polymerization; and the final distribution of the molecu-
lar weight of the copolymer chains. The use of bifunctional
monomers gives rise to linear polymers, while multifunctional
monomers may be used to form covalently cross-linked net-
works. Figure 6 shows the reactant monomers and polymer
products of some biomedical copolymers.

Postpolymerization cross-linking of addition or condensa-
tion polymers is also possible. Natural rubber, for example,
consists mostly of linear molecules that can be cross-linked
to a loose network with 1-3% sulfur (vulcanization) or to a
hard rubber with 40-50% sulfur (Fig. 3). In addition, physi-
cal, rather than chemical, cross-linking of polymers can occur
in microcrystalline regions, that are present in nylon (Fig. 7A).
Alternatively, physical cross-linking can be achieved through
incorporation of ionic groups in the polymer (Fig. 7B). This is
used in acrylic acid cement systems (e.g., for dental cements)
where divalent cations such as zinc and calcium are incor-
porated into the formulation and interact with the carboxyl
groups to produce a strong, hard material. The alginates, which
are polysaccharides derived from brown seaweed, also con-
tain anionic residues that will interact with cations and water
to form a gel. The alginates are used successfully to dress
deep wounds and are also being studied as tissue engineering
matrices.

THE SOLID STATE

Tacticity

Polymers are long-chain molecules and, as such, are capable
of assuming many conformations through rotation of valence
bonds. The extended chain or planar zigzag conformation of PP
is shown in Fig. 8. This figure illustrates the concept of tactic-
ity. Tacticity refers to the arrangement of substituents (methyl
groups in the case of polypropylene) around the extended poly-
mer chain. Chains in which all substituents are located on the
same side of the zigzag plane are isotactic, whereas syndiotac-
tic chains have substituents alternating from side to side. In the
atactic arrangement, the substituent groups appear at random
on either side of the extended chain backbone.

00 toto oo o

wwwwww - A AN AAARA AR AR A MWW

graft copolymer

ww AAAABBBBBBAAAAA Wwwwww
block copolymer

FIG. 4. Possible structures of polymer chains.
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T CHs CHs
for, - $3n H,C=C C=CH,
Cc=0 C C
(') I I
0 OCH,CH,0
C,HzOH
Poly (2-hydroxyethyl- Ethyleneglycol
methacrylate) poly(HEMA) dimethacrylate
(EGDM)

tor -on Fore- o
CHg

Polytetrafluoroethylene
(PTFE)

Polypropylene (PP)

fon, - or
Cl

Polydimethylsiloxane (PDMS) Polyvinylchloride Polyethyleneterephthalate
(silicone rubber) (PVC) (PET)
CH,OH
Q OH cellulose
o~ OH
HO 0]
OH " hocH; o
HQN_ (CHQ)S - NH2 + HO- CO_(CH2)4_ CO- OH
hexamethylene adipic acid
diamine Ac-OH

Ac— [HN— (CHy)g—NH—-CO- (CH5)4~CO],— HN — (CHy)g — NH — Ac

FIG. 5.

Nylon 6,6

Homopolymers used as biomaterials.
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0 0
OCH, OCH 0 0
CHs o} o nr> nr:’ i i
—_— C-CH —0-C-CH — C-CH,—0-C-CH,—
m (o) CH, n O
o} m n

o]
lactide glycolide polylactide polyglycolic acid

Polyurethane

OCN-R-NCO + HOWAMAOH — OCN—(R,-NHCO-Q VYV 0-CONH), ,-R;-NCO

diisocyanate polyol prepolymer; n=2-5

OCN-prepolymer-NCO + H)N-R,-NH, ————— WAV O—CONH-R,-NHCO-NH-R,-NH-CO-NH-R;-NHCO - OVvWwvwvwvww

diamine Poly(ether urethane urea)

+ HO-RyOH ——>VWVWVVA O—CONH-R;-NHCO-0-R,-O-CO-NH-R;-NHCO = OV
diol Poly(ether urethane)

FIG. 6. Copolymers used in medicine and their base monomers.

A
CHp
CH2 CHp
CH2 CHp C=0
CHp C=0---H---N
B
C=0---H---N CHp
- CHp CHa
CH2 CH2 ICHz
CH2 }CHZ CHp
CH2 CH2 }CHZ
CHz CHp CH2
CH2 CHa N--—H
CH2 N---H---0=C
N---H---0 =C CHp
O=C CHp CHa
CH2 CHa
CH2

FIG. 7. (A) Hydrogen bonding in nylon-6,6 molecules in a triclinic unit cell: o form. (From L. Mandelkern, An Introduction to Macromolecules,
Springer-Verlag, 1983, p. 43, with permission.) (B) lonic aggregation giving rise to physical cross-links in copolymers.
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isotactic syndiotactic

polypropylene

FIG. 8. Schematic of stereoisomers of polypropylene. (From
F. Rodriguez, Principles of Polymer Systems, Hemisphere Publ., 1982,
p. 22, with permission.)

Atactic polymers usually cannot crystallize, and an amor-
phous polymer results. Isotactic and syndiotactic polymers may
crystallize if conditions are favorable. PP is an isotactic crys-
talline polymer used as sutures. Crystalline polymers, such as
PE, also possess a higher level of structure characterized by
folded chain lamellar growth that results in the formation of
spherulites. These structures can be visualized in a polarized
light microscope.

Crystallinity

Polymers can be either amorphous or semicrystalline. They
can never be completely crystalline owing to lattice defects
that form disordered, amorphous regions. The tendency of a
polymer to crystallize is enhanced by the small side groups
and chain regularity. The presence of crystallites in the poly-
mer usually leads to enhanced mechanical properties, unique
thermal behavior, and increased fatigue strength. These proper-
ties make semicrystalline polymers (often referred to simply as
crystalline polymers) desirable materials for biomedical appli-
cations. Examples of crystalline polymers used as biomaterials
are PE, PP, PTFE, and PET.

Mechanical Properties

The tensile properties of polymers can be characterized
by their deformation behavior (stress-strain response (Fig. 9).
Amorphous, rubbery polymers are soft and reversibly extensi-
ble. The freedom of motion of the polymer chain is retained at
a local level while a network structure resulting from chemical
cross-links and chain entanglements prevents large-scale move-
ment or flow. Thus, rubbery polymers tend to exhibit a lower
modulus, or stiffness, and extensibilities of several hundred per-
cent, as shown in Table 1. Rubbery materials may also exhibit
an increase of stress prior to breakage as a result of strain-
induced crystallization assisted by molecular orientation in the

Brittle Increasing strain rate
or decreasing
temperature

A;Slope ~modulus

Stress

Yield point

Strain

FIG. 9. Tensile properties of polymers.

direction of stress. Glassy and semicrystalline polymers have
higher moduli and lower extensibilities.

The ultimate mechanical properties of polymers at large
deformations are important in selecting particular polymers for
biomedical applications. The ultimate strength of polymers is
the stress at or near failure. For most materials, failure is catas-
trophic (complete breakage). However, for some semicrys-
talline materials, the failure point may be defined by the stress
point where large inelastic deformation starts (yielding). The
toughness of a polymer is related to the energy absorbed at
failure and is proportional to the area under the stress-strain
curve.

The fatigue behavior of polymers is also important in
evaluating materials for applications where dynamic strain is
applied. For example, polymers that are used in the artifi-
cial heart must be able to withstand many cycles of pulsating
motion. Samples that are subjected to repeated cycles of stress
and release, as in a flexing test, fail (break) after a certain
number of cycles. The number of cycles to failure decreases
as the applied stress level is increased, as shown in Fig. 10
(see also Chapter 6.4). For some materials, a minimum stress
exists below which failure does not occur in a measurable
number of cycles.

Maximum stress

Number of cycles to failure

FIG. 10. Fatigue properties of polymers.
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Thermal Properties

In the liquid or melt state, a noncrystalline polymer pos-
sesses enough thermal energy for long segments of each poly-
mer to move randomly (Brownian motion). As the melt is
cooled, a temperature is eventually reached at which all long-
range segmental motions cease. This is the glass transition
temperature (Tg), and it varies from polymer to polymer. Poly-
mers used below their Ty, such as PMMA, tend to be hard
and glassy, while polymers used above their Ty, such as SR,
are rubbery. Polymers with any crystallinity will also exhibit a
melting temperature (Ty,) owing to melting of the crystalline
phase. These polymers, such as PET, PP, and nylon, will be rel-
atively hard and strong below Tg, and tough and strong above
T,. Thermal transitions in polymers can be measured by differ-
ential scanning calorimetry (DSC), as discussed in the section
on characterization techniques. All polymers have a Tg, but
only polymers with regular chain architecture can pack well,
crystallize, and exhibit a T,. The T is always below the Ty,.

The viscoelastic responses of polymers can also be used to
classify their thermal behavior. The modulus versus temper-
ature curves shown in Fig. 11 illustrate behaviors typical of
linear amorphous, cross-linked, and semicrystalline polymers.
The response curves are characterized by a glassy modulus
below T, of approximately 3 x 10° Pa. For linear amorphous
polymers, increasing temperature induces the onset of the
glass transition region where, in a 5-10°C temperature span
(depending on heating rate), the modulus drops by three orders
of magnitude, and the polymer is transformed from a stiff glass
to a leathery material. The relatively constant modulus region
above Ty is the rubbery plateau region where long-range seg-
mental motion is occurring but thermal energy is insufficient
to overcome entanglement interactions that inhibit flow. This
is the target region for many biomedical applications. Finally,
at high enough temperatures, the polymer begins to flow, and
a sharp decrease in modulus is seen over a narrow temperature
range. This is the region where polymers are processed into
various shapes, depending on their end use.

10
_ _Semicrystalline
oF  \ T TTTTTTm—- -~
< \
S
w 8r
2 Crosslinked
- - T ———————
7+
Linear amorphous
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Temperature (°C)

FIG. 11. Dynamic mechanical behavior of polymers.

Crystalline polymers exhibit the same general features in
modulus versus temperature curves as amorphous polymers;
however, crystalline polymers possess a higher plateau mod-
ulus owing to the reinforcing effect of the crystallites.
Crystalline polymers tend to be tough, ductile plastics whose
properties are sensitive to processing history. When heated
above their flow point, they can be melt processed and will
crystallize and become rigid again upon cooling.

Chemically cross-linked polymers exhibit modulus versus
temperature behavior analogous to that of linear amorphous
polymers until the flow regime is approached. Unlike linear
polymers, chemically cross-linked polymers do not display flow
behavior; the cross links inhibit flow at all temperatures below
the degradation temperature. Thus, chemically cross-linked
polymers cannot be melt processed. Instead, these materials
are processed as reactive liquids or high-molecular-weight
amorphous gums that are cross-linked during molding to give
the desired product. SR is an example of this type of polymer.
Some cross-linked polymers are formed as networks during
polymerization, and then must be machined to be formed
into useful shapes. The soft contact lens, poly(hydroxyethyl
methacrylate) or polyHEMA, is an example of this type of net-
work polymer; it is shaped in the dry state, and used when
swollen with water.

Copolymers

In contrast to the thermal behavior of homopolymers dis-
cussed earlier, copolymers can exhibit a number of additional
thermal transitions. If the copolymer is random, it will exhibit
a Ty that approximates the weighted average of the Ty values
of the two homopolymers. Block copolymers of sufficient size
and incompatible block types, such as the polyurethanes, will
exhibit two individual transitions, each one characteristic of
the homopolymer of one of the component blocks (in addi-
tion to other thermal transitions) but slightly shifted owing to
incomplete phase separation.

CHARACTERIZATION TECHNIQUES

Determination of Molecular Weight

Gel permeation chromatography (GPC), a type of size exclu-
sion chromatography, involves passage of a dilute polymer
solution over a column of porous beads. High-molecular-
weight polymers are excluded from the beads and elute first,
whereas lower molecular-weight molecules pass through the
pores of the bead, increasing their elution time. By monitoring
the effluent of the column as a function of time using an ultravi-
olet or refractive index detector, the amount of polymer eluted
during each time interval can be determined. Comparison of
the elution time of the samples with those of monodisperse
samples of known molecular weight allows the entire molecu-
lar weight distribution to be determined. A typical GPC trace
is shown in Fig. 12.

Osmotic pressure measurements can be used to measure Mj,.
A semipermeable membrane is placed between two chambers.
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FIG. 12. A typical trace from a gel permeation chromatogra-
phy run for a poly(tetramethylene oxide)/toluene diisocyanate-based
polyurethane. The response of the ultraviolet detector is directly
proportional to the amount of polymer eluted at each time point.

Only solvent molecules flow freely through the membrane. Pure
solvent is placed in one chamber, and a dilute polymer solution
of known concentration is placed in the other chamber. The
lowering of the activity of the solvent in solution with respect to
that of the pure solvent is compensated by applying a pressure
7 on the solution. 7 is the osmotic pressure and is related to
M, by:

1
l:RT[—+AZC+A3CZ+-~~] (3)
c My

where ¢ is the concentration of the polymer in solution, R is
the gas constant, T is temperature, and Ay and Aj are virial
coefficients relating to pairwise and triplet interactions of the
molecules in solution. In general, a number of polymer solu-
tions of decreasing concentration are prepared, and the osmotic
pressure is extrapolated to zero:

. T RT

lim — =

=— 4
c—0 ¢ My ( )

A plot of n/c versus c then gives as its intercept the number
average molecular weight.

A number of other techniques, including vapor pressure
osmometry, ebulliometry, cryoscopy, and end-group analysis,
can be used to determine the M, of polymers up to molecular
weights of about 40,000.

Light-scattering techniques are used to determine M. In
dilute solution, the scattering of light is directly proportional
to the number of molecules. The scattered intensity is observed
at a distance 7 and an angle 6 from the incident beam I, is
characterized by Rayleigh’s ratio Ry:

ior?

Ry == (5)

The Rayleigh ratio is related to My by:

K., 1 5
Ry MW+ 20+ 3 A" + (6)

A number of solutions of varying concentrations are mea-
sured, and the data are extrapolated to zero concentration to
determine M.

Determination of Structure

Infrared (IR) spectroscopy is often used to characterize the
chemical structure of polymers. Infrared spectra are obtained
by passing infrared radiation through the sample of interest and
observing the wavelength of the absorption peaks. These peaks
are caused by the absorption of the radiation and its conversion
into specific motions, such as C-H stretching The infrared spec-
trum of a polyurethane is shown in Fig. 13, with a few of the
bands of interest marked.

Nuclear magnetic resonance (NMR), in which the magnetic
spin energy levels of nuclei of spin 1/2 or greater are probed,
may also be used to analyze chemical composition. 'H and
13C NMR are the most frequently studied isotopes. Polymer
chemistry can be determined in solution or in the solid state.
Figure 14 shows a 13C NMR spectrum of a polyurethane
with a table assigning the peaks to specific chemical groups.
NMR is also used in a number of more specialized applications
relating to local motions and intermolecular interactions of
polymers.

Wide-angle X-ray scattering (WAXS) techniques are use-
ful for probing the local structure of a semicrystalline poly-
meric solid. Under appropriate conditions, crystalline materials
diffract X-rays, giving rise to spots or rings. According to
Bragg’s law, these can be interpreted as interplanar spac-
ings. The interplanar spacings can be used without further
manipulation or the data can be fit to a model such as a
disordered helix or an extended chain. The crystalline chain
conformation and atomic placements can then be accurately
inferred.

Small-angle X-ray scattering (SAXS) is used in determin-
ing the structure of many multiphase materials. This technique
requires an electron density difference to be present between
two components in the solid and has been widely applied
to morphological studies of copolymers and ionomers. It can
probe features of 10-1000 A in size. With appropriate model-
ing of the data, SAXS can give detailed structural information
unavailable with other techniques.

Electron microscopy of thin sections of a polymeric solid can
also give direct morphological data on a polymer of interest,
assuming that (1) the polymer possesses sufficient electron den-
sity contrast or can be appropriately stained without changing
the morphology and (2) the structures of interest are sufficiently
large.

Mechanical and Thermal Property Studies

In stress-strain or tensile testing, a dog-bone-shaped poly-
mer sample is subjected to a constant elongation, or strain,
rate, and the force required to maintain the constant elonga-
tion rate is monitored. As discussed earlier, tensile testing gives
information about modulus, yield point, and ultimate strength
of the sample of interest.
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FIG. 13. Infrared spectrum of a poly(tetramethylene oxide)/toluene diisocyanate-based polyurethane.
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FIG. 14. '3C NMR spectrum and peak assignation of a polyurethane [diphenylmethane diisocyanate (MDI, hard segment), polytetramethylene
oxide (PTMO, soft segment), butanediol (BD, chain extender)]. Obtained by cross-polarization magic angle spinning of the solid polymer.
(From Okamoto, D. T., Ph.D. thesis, University of Wisconsin, 1991. Reproduced with permission.)
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Dynamic mechanical analysis (DMA) provides information
about the small deformation behavior of polymers. Samples are
subjected to cyclic deformation at a fixed frequency in the range
of 1-1000 Hz. The stress response is measured while the cyclic
strain is applied and the temperature is slowly increased (typi-
cally at 2-3 degrees /min). If the strain is a sinusoidal function
of time given by:

e(w) = g, sin(wt) (7)

where ¢ is the time-dependent strain, &, is the strain amplitude,
w is the frequency of oscillation, and ¢ is time, the resulting
stress can be expressed by:

o (w) = o, sin(wt + §) (8)

where o is the time-dependent stress, o, is the amplitude of
stress response, and § is the phase angle between stress and
strain. For Hookean solids, the stress and strain are completely
in phase (§ = 0), while for purely viscous liquids, the stress
response lags by 90°. Real materials demonstrate viscoelastic
behavior where § has a value between 0° and 90°.

A typical plot of tan § versus temperature will display max-
ima at Ty and at lower temperatures where small-scale motions
(secondary relaxations) can occur. Additional peaks above Ty,
corresponding to motions in the crystalline phase and melt-
ing, are seen in semicrystalline materials. DMA is a sensitive
tool for characterizing polymers of similar chemical compo-
sition or for detecting the presence of moderate quantities of
additives.

Differential scanning calorimetry is another method for
probing thermal transitions of polymers. A sample cell and
a reference cell are supplied energy at varying rates so that
the temperatures of the two cells remain equal. The tempera-
ture is increased, typically at a rate of 10-20 degrees /min over
the range of interest, and the energy input required to main-
tain equality of temperature in the two cells is recorded. Plots
of energy supplied versus average temperature allow determi-
nation of Tg, crystallization temperature (T¢), and T, Tg is
taken as the temperature at which one half the change in heat
capacity, ACp, has occurred. The T, and Ty, are easily iden-
tified, as shown in Fig. 15. The areas under the peaks can be
quantitatively related to enthalpic changes.

Surface Characterization

Surface characteristics of polymers for biomedical appli-
cations are critically important. The surface composition is
inevitably different from the bulk, and the surface of the
material is generally all that is contacted by the body.
The main surface characterization techniques for polymers
are X-ray photoelectron spectroscopy (XPS), contact angle
measurements, attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy, and scanning electron
microscopy (SEM). The techniques are discussed in detail in
Chapter 1.4.

<¢— Endotherm

Temperature

FIG. 15. Differential scanning calorimetry thermogram of a
semicrystalline polymer, showing the glass transition temperature (Tg),
the crystallization temperature (T¢), and the melting temperature (Tp,)
of the polymer sample.

FABRICATION AND PROCESSING

Before a polymer can be employed usefully in a medical
device, the material must be manipulated physically, thermally,
or mechanically into the desired shape. This can be achieved
using the high-molecular-weight polymer at the start of the pro-
cess and may require additives in the material to aid processing,
or the end use. Such additives can include antioxidants, UV sta-
bilizers, reinforcing fillers, lubricants, mold release agents, and
plasticizers.

Alternatively, polymer products can be fabricated into
end-use shapes starting from the monomers or low-molecular-
weight prepolymers. In such processes, the final polymerization
step is carried out once the precursors are in a casting or mold-
ing device, yielding a solid, shaped end product. A typical
example is PMMA dental or bone cement, which is cured
in situ in the body. Polymers can be fabricated into sheets,
films, rods, tubes, and fibers, as coatings on another substrate,
and into more complex geometries and foams.

It is important to realize that the presence of processing and
functional aids can affect other properties of a polymer. For
example, plasticisers are added to rigid PVC to produce a softer
material, e.g., for use as dialysis tubing and blood storage bags.
But additives such as plasticizers and mold release agents may
alter the surface properties of the material, where the tissues
come into contact with the polymer, and may also be extracted
into body fluids.

Prior to use, materials must also be sterilized. Agents used to
reduce the chances of clinical infection include, steam, dry heat,
chemicals, and irradiation. Exposing polymers to heat or ioniz-
ing radiation may affect the properties of the polymer, by chain
scission or creating cross-links. Chemical agents such as ethy-
lene oxide may also be absorbed by a material and later could
be released into the body. Therefore, devices sterilized with
ethylene oxide require a period of time following sterilization
for any residues to be released before use.
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PMMA is a hydrophobic, linear chain polymer that is trans-
parent, amorphous, and glassy at room temperature and may
be more easily recognized by such trade names as Lucite or
Plexiglas. It is a major ingredient in bone cement for orthopedic
implants. In addition to toughness and stability, it has excellent
light transmittance, making it a good material for intraocular
lenses (IOLs) and hard contact lenses. The monomers are poly-
merized in the shape of a rod from which buttons are cut. The
button or disk is then mounted on a lathe, and the posterior
and anterior surfaces machined to produce a lens with defined
optical power. Lenses can also be fabricated by melt processing,
compression molding, or casting, but lathe machining methods
are most commonly used.

Soft contact lenses are made from the same methacry-
late family of polymers. The substitution of the methyl ester
group in methylmethacrylate with a hydroxyethyl group
(2-hydroxyethyl methacrylate or HEMA) produces a very
hydrophilic polymer. For soft contact lenses, the poly(HEMA)
is slightly cross-linked with ethylene glycol dimethyacrylate
(EGDMA) to retain dimensional stability for its use as a lens.
Fully hydrated, it is a swollen hydrogel. PHEMA is glassy when
dried, and therefore, soft lenses are manufactured in the same
way as hard lenses; however, for the soft lens a swelling fac-
tor must be included when defining the optical specifications.
This class of hydrogel polymers is discussed in more detail in
Chapter 2.5.

Polyacrylamide is another hydrogel polymer that is used in
biomedical separations (e.g., polyacrylamide gel electrophore-
sis, or PAGE). The mechanical properties and the degree of
swelling can be controlled by cross-linking with methylene-
bis-acrylamide (MBA). Poly(N-alkylacrylamides) are environ-
mentally sensitive, and the degree of swelling can be altered
by changes in temperature and acidity. These polymers are
discussed in more detail in Chapters 2.6 and 7.14; see also
Hoffman (1997).

Polyacrylic acids also have applications in medicine. They
are used as dental cements, e.g., as glass ionomers. In this use,
they are usually mixed with inorganic salts, where the cation
interacts with the carboxyl groups of the acid to form phys-
ical cross-links. Polyacrylic acid is also used in a covalently
cross-linked form as a mucoadhesive additive to mucosal drug
delivery formulations (See Chapter 7.14). Polymethacrylic acid
may also be incorporated in small quantities into contact lens
polymer formulations to improve wettability.

PE is used in its high-density form in biomedical applications
because low-density material cannot withstand sterilization
temperatures. It is used as tubing for drains and catheters, and
in ultrahigh-MW form as the acetabular component in artificial
hips and other prosthetic joints. The material has good tough-
ness and wear resistance and is also resistant to lipid absorp-
tion. Radiation sterilization in an inert atmosphere may also
provide some covalent cross-linking that strengthens the PE.

PP is an isotactic crystalline polymer with high rigidity,
good chemical resistance, and good tensile strength. Its stress
cracking resistance is excellent, and it is used for sutures and
hernia repair.

PTFE, also known as PTFE Teflon, has the same structure
as PE, except that the four hydrogens in the repeat unit of PE
are replaced by fluorines. PTFE is a very high melting polymer
(T;m = 327°C) and as a result it is very difficult to process. It is
very hydrophobic, has excellent lubricity, and is used to make
catheters. In microporous form, known generically as e-PTFE
or most commonly as the commercial product Gore-Tex, it is
used in vascular grafts. Because of its low friction, it was the
original choice by Dr. John Charnley for the acetabular com-
ponent of the first hip joint prosthesis, but it failed because of
its low wear resistance and the resultant inflammation caused
by the PTFE wear particles.

PVC is used mainly as tubing and blood storage bags in
biomedical applications. Typical tubing uses include blood
transfusion, feeding, and dialysis. Pure PVC is a hard, brit-
tle material, but with the addition of plasticizers, it can be
made flexible and soft. PVC can pose problems for long-term
applications because the plasticizers can be extracted by the
body. While these plasticizers have low toxicities, their loss
also makes the PVC less flexible.

Poly(dimethyl siloxane) (PDMS) or SR is an extremely ver-
satile polymer, although its use is often limited by its relatively
poor mechanical strength. It is unique in that it has a silicon—
oxygen backbone instead of a carbon backbone. Its properties
are less temperature sensitive than other rubbers because of its
very low Tg. In order to improve mechanical properties, SR is
usually formulated with reinforcing silica filler, and sometimes
the polysiloxane backbone is also modified with aromatic rings
that can toughen it. Because of its excellent flexibility and sta-
bility, SR is used in a variety of prostheses such as finger joints,
heart valves, and breast implants, and in ear, chin, and nose
reconstruction. It is also used as catheter and drainage tub-
ing and in insulation for pacemaker leads. It has also been
used in membrane oxygenators because of its high oxygen
permeability, although porous polypropylene or polysulfone
polymers have recently become more used as oxygenator mem-
branes. Silicones are so important in medicine that details on
their chemistry are provided in Chapter 2.3 and their medical
applications are discussed in Chapter 7.19.

PET is one of the highest volume polymeric biomateri-
als. It is a polyester, containing rigid aromatic rings in a
“regular” polymer backbone, which produces a high-melting
(Tm =267°C) crystalline polymer with very high tensile
strength. It may be fabricated in the forms of knit, velour, or
woven fabrics and fabric tubes, and also as nonwoven felts.
Dacron is a common commercial form of PET used in large-
diameter knit, velour, or woven arterial grafts. Other uses of
PET fabrics are for the fixation of implants and hernia repair.
PET can also be used in ligament reconstruction and as a
reinforcing fabric for tissue reconstruction with soft polymers
such as SR. It is used in a nonwoven felt coating on the peri-
toneal dialysis shunt (where it enters the body and traverses the
skin) to enhance ingrowth and thereby reduce the possibility
of infection.

PEG is used in drug delivery as conjugates with low solu-
bility drugs and with immunogenic or fairly unstable protein
drugs, to enhance the circulation times and stabilities of the
drugs. It is also used as PEG-phospholipid conjugates to
enhance the stability and circulation time of drug-containing
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liposomes. In both cases it serves to “hide” the circulating
drug system from immune recognition, especially in the liver
(See Chapter 7.14). PEG has also been immobilized on poly-
meric biomaterial surfaces to make them “nonfouling.” PEGs
usually exist in a highly hydrated state on the polymer surfaces,
where they can exhibit steric repulsion based on an osmotic
or entropic mechanism. This phenomenon contributes to the
protein- and cell-resistant properties of surfaces containing
PEGs (See Chapter 2.13).

Regenerated cellulose, for many years, was the most widely
used dialysis membrane. Derivatives of cellulose, such as cellu-
lose acetate (CA), are also used, since CA can be melt processed
as hollow fibers for the hollow fiber kidney dialyser. CA is also
used in osmotic drug delivery devices (See Chapter 7.14).

Polymerization of bisphenol A and phosgene produces poly-
carbonate, a clear, tough material. Its high impact strength
dictates its use as lenses for eyeglasses and safety glasses,
and housings for oxygenators and heart-lung bypass machine.
Polycarbonate macrodiols have also been used to prepare
copolymers such as polyurethanes. Polycarbonate segments
may confer enhanced biological stability to a material.

Nylon is the name originally given by Du Pont to a fam-
ily of polyamides; the name is now generic, and many other
companies make nylons. Nylons are formed by the reaction of
diamines with dibasic acids or by the ring opening polymeriza-
tion of lactams. Nylons are used as surgical sutures (see also
Chapter 2.4).

Biodegradable Polymers

PLGA is a random copolymer used in resorbable surgical
sutures, drug delivery systems, and orthopedic appliances such
as fixation devices. The degradation products are endogenous
compounds (lactic and glycolic acids) and as such are nontoxic.
PLGA polymerization occurs via a ring-opening reaction of
a glycolide and a lactide, as illustrated in Fig. 6. The pres-
ence of ester linkages in the polymer backbone allows gradual
hydrolytic degradation (resorption). The rate of degradation
can be controlled by the ratio of polyglycolic acid to polylactic
acid (See Chapter 7.14).

Copolymers

Copolymers are another important class of biomedical
materials. A copolymer of tetrafluoroethylene with a small
amount of hexafluoropropylene (FEP Teflon) is used as a tub-
ing connector and catheter. FEP has a crystalline melting point
near 265°C compared with 327°C for PTFE. This enhances the
processability of FEP compared with PTFE while maintaining
the excellent chemical inertness and low friction characteristic
of PTFE.

Polyurethanes are block copolymers containing “hard”
and “soft” blocks. The “hard” blocks, having Ty val-
ues above room temperature and acting as glassy or semicrys-
talline reinforcing blocks, are composed of a diisocyanate
and a chain extender. The diisocyanates most commonly
used are 2,4-toluene diisocyanate (TDI) and methylene

di(4-phenyl isocyanate) (MDI), with MDI being used in most
biomaterials. The chain extenders are usually shorter aliphatic
glycol or diamine materials with two to six carbon atoms.
The “soft” blocks in polyurethanes are typically polyether
or polyester polyols whose Ty values are much lower than
room temperature, allowing them to give a rubbery character
to the materials. Polyether polyols are more commonly used
for implantable devices because they are stable to hydrolysis.
The polyol molecular weights tend to be on the order of 1000
to 2000.

Polyurethanes are tough elastomers with good fatigue and
blood-containing properties. They are used in pacemaker
lead insulation, catheters, vascular grafts, heart assist balloon
pumps, artificial heart bladders, and wound dressings.

FINAL REMARKS

The chemistry, physics, and mechanics of polymeric mate-
rials are highly relevant to the performance of many devices
employed in the clinic today. Polymers represent a broad,
diverse family of materials, with mechanical properties that
make them useful in applications relating to both soft and hard
tissues. The presence of functional groups on the backbone or
side chains of a polymer also means that they are readily mod-
ified chemically or biochemically, especially at their surfaces.
Many researchers have successfully altered the chemical and
biological properties of polymers, by immobilizing anticoagu-
lants such as heparin, proteins such as albumin for passivation
and fibronectin for cell adhesion, and cell-receptor peptide
ligands to enhance cell adhesion, greatly expanding their range
of applications (See Chapter 2.16).
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2.3 SILICONE BIOMATERIALS: HISTORY

AND CHEMISTRY
André Colas and Jim Curtis

CHEMICAL STRUCTURE AND NOMENCLATURE

Silicones are a general category of synthetic polymers whose
backbone is made of repeating silicon to oxygen bonds. In
addition to their links to oxygen to form the polymeric chain,
the silicon atoms are also bonded to organic groups, typically
methyl groups. This is the basis for the name “silicones,” which
was assigned by Kipping based on their similarity with ketones,
because in most cases, there is on average one silicone atom
for one oxygen and two methyl groups (Kipping, 1904). Later,
as these materials and their applications flourished, more spe-
cific nomenclature was developed. The basic repeating unit
became known as “siloxane” and the most common silicone is
polydimethylsiloxane, abbreviated as PDMS.

R CH;
| |
— Sli -0- andif Ris CH;, — Sli -0-
R CH;
“siloxane” iy

“polydimethylsiloxane”

Many other groups, e.g., phenyl, vinyl and trifluoropropyl,
can be substituted for the methyl groups along the chain. The
simultaneous presence of “organic” groups attached to an
“inorganic” backbone gives silicones a combination of unique
properties, making possible their use as fluids, emulsions,
compounds, resins, and elastomers in numerous applications
and diverse fields. For example, silicones are common in the
aerospace industry, due principally to their low and high tem-
perature performance. In the electronics field, silicones are used
as electrical insulation, potting compounds and other applica-
tions specific to semiconductor manufacture. Their long-term
durability has made silicone sealants, adhesives and waterproof
coatings commonplace in the construction industry. Their
excellent biocompatibility makes many silicones well suited for
use in numerous personal care, pharmaceutical, and medical
device applications.

Historical Milestones in Silicone Chemistry

Key milestones in the development of silicone chemistry—
thoroughly described elsewhere by Lane and Burns (1996),
Rochow (1987), and Noll (1968)—are summarized in Table 1.

Nomenclature

The most common silicones are the polydimethylsiloxanes
trimethylsilyloxy terminated, with the following structure:

CH; CH; CH;
50| $-0| s,
CH3 CH3 , CHj

(n=0,1,...)

These are linear polymers and liquids, even for large values of 7.
The main chain unit, —(Si(CH3)3 O),,—, is often represented by
the letter D because, as the silicon atom is connected with two
oxygen atoms, this unit is capable of expanding within the
polymer in two directions. M, T and Q units are defined in
a similar manner, as shown in Table 2.

The system is sometimes modified by the use of super-
script letters designating nonmethyl substituents, for example,
D" = H(CH3)SiO;/2 and M® or MP" = (CH3), (C4Hs)SiO1 2
(Smith, 1991). Further examples are shown in Table 3.

Preparation

Silicone Polymers

The modern synthesis of silicone polymers is multifaceted.
It usually involves the four basic steps described in Table 4.
Only step 4 in this table will be elaborated upon here.

Polymerization and Polycondensation. The linear [4] and
cyclic [5] oligomers resulting from dimethyldichlorosilane
hydrolysis have chain lengths too short for most applications.
The cyclics must be polymerized, and the linears condensed, to
give macromolecules of sufficient length (Noll, 1968).

Catalyzed by acids or bases, cyclosiloxanes (R;SiO),,
are ring-opened and polymerized to form long linear chains.

TABLE 1 Key Milestones in the Development of Silicone Chemistry

1824 Berzelius discovers silicon by the reduction of potassium fluorosilicate with potassium: 4K + K;,SiFs — Si + 6KF. Reacting
silicon with chlorine gives a volatile compound later identified as tetrachlorosilane, SiCly: Si + 2Cly — SiCly.

1863 Friedel and Craft synthesize the first silicon organic compound, tetraethylsilane: 2Zn(C,Hs)s + SiCly — Si(CyHs)s + 2ZnCl,.

1871 Ladenburg observes that diethyldiethoxysilane, (C;Hs)2Si(OCyHs)a, in the presence of a diluted acid gives an oil that

decomposes only at a “very high temperature.”

1901-1930s  Kipping lays the foundation of organosilicon chemistry with the preparation of various silanes by means of Grignard reactions
and the hydrolysis of chlorosilanes to yield “large molecules.” The polymeric nature of the silicones is confirmed by the work
of Stock.

1940s In the 1940s, silicones become commercial materials after Hyde of Dow Corning demonstrates the thermal stability and high

electrical resistance of silicone resins, and Rochow of General Electric finds a direct method to prepare silicones from silicon

and methylchloride.
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TABLE 2 Shorthand Notation for Siloxane Polymer Units

CH; CH; | !

| | ¢ 0
. . | |
CHs - ﬁ‘_o_ -0 ﬁ‘_o_ ~0-Si-0—  —0-Si-O-
| |
CHj3; CHj3; CH; o-
M D T Q
(CH3);Si01,  (CH3);8i022  CH3Si03) $i04)2

TABLE 3 Examples of Silicone Shorthand Notation

CH; CH; \ CHj
CH3—S|i—O— so —S‘i—CH3 MD,M
on \c ), o
i CH,
CHy~'; O —

[ :
\. Si CH
AT
o, |

CH,
Hy
CH3
|
CH;3;—Si—CHj3
|
CHj3; O CHj3; T™M;

\ | |
CH3—-Si —O— Si —O— Si—CHj3
\ | |
CHj3; CHj3; CHj3;

H
|
CH3—-Si —CHj3
|
CH3 0 CH3
| | |
CH;-Si —O—Si —O— Si—CHj; QM, MHMC2Hs
| | | or
CH; 0 CH; QM MHME

|
CH;— Si —CH,-CHj
|
CH;

At equilibrium, the reaction results in a mixture of cyclic
oligomers plus a distribution of linear polymers. The pro-
portion of cyclics will depend on the substituents along the
Si—O chain, the temperature, and the presence of a solvent.
Polymer chain length will depend on the presence and concen-
tration of substances capable of giving chain ends. For example,
in the KOH-catalyzed polymerization of the cyclic tetramer
octamethylcyclotetrasiloxane (Me,SiO)4 (or D4 in shorthand
notation), the average length of the polymer chains will depend
on the KOH concentration:

x(Me;Si0)4 + KOH — (Me;Si0),, + KO(Me;SiO),H

A stable hydroxy-terminated polymer, HO(Me,SiO). H, can
be isolated after neutralization and removal of the remain-
ing cyclics by stripping the mixture under vacuum at elevated
temperature. A distribution of chains with different lengths is
obtained.

The reaction can also be made in the presence of
Me3SiOSiMes, which will act as a chain end blocker:

T Me SIOK + Mes SiOSiMes
— 7 Me; SiOSiMes + Me3SiOK

where *.-""..+"*.- represents the main chain.
The Me3SiOK formed will attack another chain to reduce the
average molecular weight of the linear polymer formed.

The copolymerization of (Me;SiO)4 in the presence of
Me;3SiOSiMes with MesNOH as catalyst displays a surpris-
ing viscosity change over time (Noll, 1968). First a peak or
viscosity maximum is observed at the beginning of the reac-
tion. The presence of two oxygen atoms on each silicon in the
cyclics makes them more susceptible to a nucleophilic attack
by the base catalyst than the silicon of the endblocker, which is
substituted by only one oxygen atom. The cyclics are polymer-
ized first into very long, viscous chains that are subsequently
reduced in length by the addition of terminal groups provided
by the endblocker, which is slower to react. This reaction can
be described as follows:

Me;3SiOSiMe; + x(Mer SiO)4—2>Me3SiO(Me; SiO),,SiMe;
or, in shorthand notation:
MM + x D4—<25MD,M

where n = 4x (theoretically).

The ratio between D and M units will define the average
molecular weight of the polymer formed.

Catalyst removal (or neutralization) is always an important
step in silicone preparation. Most catalysts used to prepare
silicones can also catalyze the depolymerization (attack along
the chain), particularly at elevated temperatures in the presence
of traces of water.

e (MepSi0) T + Hp O
AT (Mea Si0)y H 4+ HO(Mep Si0) ™.
It is therefore essential to remove all remaining traces of
the catalyst, providing the silicone optimal thermal stability.
Labile catalysts have been developed. These decompose or

are volatilized above the optimum polymerization tempera-
ture and consequently can be eliminated by a brief overheating.
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TABLE 4 The Basic Steps in Silicone Polymer Synthesis

1. Silica reduction to silicon

2. Chlorosilanes synthesis

Si0z +2C — Si+2CO

Si+ 2CH3Cl — (CH3),SiCly + CH3SiCl3 + (CH3)3SiCl + CH3HSICl + - - -
(1] 2] (3]

CHj3; CHj3; CH3
\ | |
3. Chlorosilanes hydrolysis Cl - S‘i —-Cl +2H0 - HO-| -Si—-O— | —-H+ Sli -0 +HCI
|
CH; CH3 x CH3 3.4.5
[1] linears cyclics
[4] (5]
CHj3 CHj3;
| |
4. Polymerization and polycondensation Sli -0 - -] -Si-0—-|-
|
CH3 3.4.5 CH3 y
cyclics polymer
(5]
CH3 CH3
| |
HO-| -Si-O-| —H— —| -Si—-0—-| —+ zH,O
| |
CHj3 . CHj3 .
linears polymer

(4]

In this way, catalyst neutralization or filtration can be avoided
(Noll, 1968).

The cyclic trimer (Me;SiO)3 has an internal ring tension
and can be polymerized without reequilibration of the resulting
polymers. With this cyclic, polymers with narrow molecular-
weight distribution can be prepared, but also polymers only
carrying one terminal reactive function (living polymerization).
Starting from a mixture of different “tense” cyclics also allows
the preparation of block or sequential polymers (Noll, 1968).

Linears can combine when catalyzed by many acids or bases
to give long chains by intermolecular condensation of silanol
terminals (Noll, 1968; Stark et al., 1982).

Me Me

| |
0= Si—OH + HO=§i—Or.".

Me Me
Me Me
-H,O U | ! .
— s 0 =Si—- O -Si— 0O
+H20 | |

A distribution of chain lengths is obtained. Longer chains
are favored when working under vacuum and/or at elevated
temperatures to reduce the residual water concentration. In
addition to the polymers described above, reactive polymers
can also be prepared. This can be achieved when reequilibrating
oligomers or existing polymers to obtain a polydimethyl-
methylhydrogenosiloxane, MD,DIM.

Me3SiOSiMe3 + x(Me;S5i0)4 + Me3SiO(MeHSiO)y SiMe;
= eyclics + Me3SiO(Me; Si0), (MeHSiO),, SiMes
[6]

Additional functional groups can be attached to this polymer
using an addition reaction.

Me3SiO(Me;SiO), (MeHSiO),,SiMes + H,C = CHR
[6]

Pt cat

—> Me35i0(Me3Si0); (Me Sli 0),,SiMe3
CH,CH,R

The polymers shown are all linear or cyclic, comprising difunc-
tional units, D. In addition to these, branched polymers or
resins can be prepared if, during hydrolysis, a certain amount
of T or Q units are included, which will allow molecular expan-
sion, in three or four directions, as opposed to just two. For
example, consider the hydrolysis of methyltrichlorosilane in the
presence of trimethylchlorosilane, which leads to a branched
polymer as shown next:

Me Cl
|, | +H,0
xMe - Si —Cl+yMe-Si - Cl —
| | —HCl
Me Cl
(31 2]
Me Me Me

| | | ..
Me-§5i-0-8i-0-S§i-0""
| | |

Me O OH
Me—Sli ~0
o
Me—Sli —Me
e
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The resulting polymer can be described as (Me3SiOq,2),
(MeSiO3/5)y or M, Ty, using shorthand notation. The for-
mation of three silanols on the MeSiCl3 by hydrolysis yields
a three-dimensional structure or resin, rather than a linear
polymer. The average molecular weight depends upon the num-
ber of M units that come from the trimethylchlorosilane, which
limits the growth of the resin molecule. Most of these resins
are prepared in a solvent and usually contain some resid-
ual hydroxyl groups. These could subsequently be used to
cross-link the resin and form a continuous network.

Silicone Elastomers

Silicone polymers can be easily transformed into a three-
dimensional network by way of a cross-linking reaction, which
allows the formation of chemical bonds between adjacent
chains. The majority of silicone elastomers are cross-linked
according to one of the following three reactions.

1. Cross-Linking with Radicals Efficient cross-linking
with radicals is only achieved when some vinyl groups are
present on the polymer chains. The following mechanism has
been proposed for the cross-linking reaction associated with
radicals generated from an organic peroxide (Stark, 1982):

R"+CH; =CH-Si=— R-CH;-CH -Si =

RCH,;-CH -Si=+CH;3-Si=
— RCH;-CH;-Si = + =Si-CH,

=Si-CH, +CH; =CH-Si=
—-=S81-CH;-CH,;-CH -Si =

=S8i-CH;-CH,;-CH -Si = 4+ = §i-CH3
—= 5i-CH,; -CH,;-CH,-Si = 4+ = Si-CH,

2=Si-CH), - =Si-CH,-CH, -Si =

where = represents two methyl groups and the rest of the
polymer chain.

This reaction has been used for high-consistency silicone
rubbers (HCRs) such as those used in extrusion or injection
molding, as well as those that are cross-linked at elevated
temperatures. The peroxide is added before processing. During
cure, some precautions are needed to avoid the formation of
voids by the peroxide’s volatile residues. Postcure may also
be necessary to remove these volatiles, which can catalyze
depolymerization at high temperatures.

2. Cross-Linking by Condensation Although mostly
used in silicone caulks and sealants for the construction indus-
try and do-it-yourselfer, this method has also found utility for
medical devices as silicone adhesives facilitating the adherence
of materials to silicone elastomers, as an encapsulant and as
sealants such as around the connection of a pacemaker lead
to the pulse generator (Fig. 1 shows Silastic Medical Adhesive,
type A).

These products are ready to apply and require no mixing.
Cross-linking starts when the product is squeezed from the
cartridge or tube and comes into contact with moisture,

FIG. 1. RTV silicone adhesive.

typically from humidity in the ambient air. These materi-
als are formulated from a reactive polymer prepared from a
hydroxy end-blocked polydimethylsiloxane and a large excess
of methyltriacetoxysilane.

HO — (Me,Si0), — H + excess MeSi(OAc)3
—>(AcO)>, MeSiO(Me; Si0), OSiMe(OAc),
—2AcOH

[7]

CHj3
|

where Ac=-C=0

Because a large excess of silane is used, the probability of
two different chains reacting with the same silane molecule
is remote. Consequently, all the chains are end-blocked with
two acetoxy functional groups. The resulting product is still
liquid and can be packaged in sealed tubes and cartridges.
Upon opening the acetoxy groups are hydrolyzed by the ambi-
ent moisture to give silanols, which allow further condensation
to occur.

Me Me
.. l +H,0 .. . |
" O0-Si-OAc——>" .. "."0O-Si—-OH
| -AcOH |
OAc OAc

[7] (8]
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Nlle Nlle

”:o—%—0H+Ad)—$—o¢"
OAc OAc
[8] [7]

1\/|Ie Nlle
:g:f”;”xO—%—O—%—of'
OAc OAc

In this way, two chains have been linked, and the reac-
tion will proceed further from the remaining acetoxy groups.
An organometallic tin catalyst is normally used. The cross-
linking reaction requires moisture to diffuse into the material.
Accordingly cure will proceed from the outside surface inward.
These materials are called one-part RTV (room temperature
vulcanization) sealants, but actually require moisture as a sec-
ond component. Acetic acid is released as a by-product of
the reaction. Problems resulting from the acid can be over-
come using other cure (cross-linking) systems that have been
developed by replacing the acetoxysilane RSi(OAc)s; with
oximosilane RSi(ON = CR})3 or alkoxysilane RSi(OR')3.

Condensation curing is also used in some two-part systems
where cross-linking starts upon mixing the two components,
e.g., a hydroxy end-blocked polymer and an alkoxysilane such
as tetra-n-propoxysilane (Noll, 1968):

nPr

e j
4#”::'”3%—0H+npu)—%—onm

Me O
nPr

Nlle

Nk—%ff“
Me (@) Me

cat e [ I
S Si-0-Si—-0-=Si-
b
Me-Sio ..o
I\L[e

..
—4nPrOH

Here, no atmospheric moisture is needed. Usually an organotin
salt is used as catalyst, but it also limits the stability of the
resulting elastomer at high temperatures. Alcohol is released
as a by-product of the reaction, leading to a slight shrinkage
upon cure (0.5 to 1% linear shrinkage). Silicones with this cure
system are therefore not suitable for the fabrication of parts
with precise tolerances.

3. Cross-linking by Addition Use of an addition-cure
reaction for cross-linking can eliminate the shrinkage problem

mentioned above. In addition cure, cross-linking is achieved by
reacting vinyl endblocked polymers with Si—-H groups carried
by a functional oligomer such as described above [6]. A few
polymers can be bonded to this functional oligomer [6], as
follows (Stark, 1982):

Me
mﬁxwo_$_CH=CHr+H_$z
Me [5]
Me
:ﬁag*;fwo_ﬁ_CHz—CHz—ﬁz
Me

where = represents the remaining valences of the Si in [6].

The addition occurs mainly on the terminal carbon and
is catalyzed by Pt or Rh metal complexes, preferably as
organometallic compounds to enhance their compatibility. The
following mechanism has been proposed (oxidative addition of
the =Si to the Pt, H transfer to the double bond, and reductive
elimination of the product):

Si—Pt—H a+ = Si—CH=CH,
Si—CH,—CH;,—Pt—Si =
Si—CH,—CH;-Si =

T
i

where, to simplify, other Pt ligands and other Si substituents
are omitted.

There are no by-products with this reaction. Molded pieces
made with silicone using this addition-cure mechanism are
very accurate (no shrinkage). However, handling these two-
part products (i.e., polymer and Pt catalyst in one component,
SiH oligomer in the other) requires some precautions. The Pt in
the complex is easily bonded to electron-donating substances
such as amine or organosulfur compounds to form stable com-
plexes with these “poisons,” rendering the catalyst inactive and
inhibiting the cure.

The preferred cure system can vary by application. For
example, silicone-to-silicone medical adhesives use acetoxy
cure (condensation cross-linking), and platinum cure (cross-
linking by addition) is used for precise silicone parts with no
by-products.

4. Elastomer Filler In addition to the silicone polymers
described above, the majority of silicone elastomers incor-
porate “filler.” Besides acting as a material extender, as the
name implies, filler acts to reinforce the cross-linked matrix.
The strength of silicone polymers without filler is generally
unsatisfactory for most applications (Noll, 1968). Like most
other noncrystallizing synthetic elastomers, the addition of
reinforcing fillers reduces silicone’s stickiness, increases its
hardness and enhances its mechanical strength. Fillers might
also be employed to affect other properties; for example, car-
bon black is added for electrical conductivity, titanium dioxide
improves the dielectric constant, and barium sulfate increases
radiopacity. These and other materials are used to pigment the
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otherwise colorless elastomer; however, care must be taken to
select only pigments suitable for the processing temperatures
and end-use application.

Generally, the most favorable reinforcement is obtained
using fumed silica, such as Cab-O-Sil, Aerosil, or Wacker
HDK. Fumed silica is produced by the hydrolysis of silicon
tetrachloride vapor in a hydrogen flame:

SiCly + 2H, + 0, %€ 610, + 4HCI

Unlike many naturally occurring forms of crystalline silica,
fumed silica is amorphous. The very small spheroid silica par-
ticles (on the order of 10 nm diameter) fuse irreversibly while
still semimolten, creating aggregates. When cool, these aggre-
gates become physically entangled to form agglomerates. Silica
produced in this way possesses remarkably high surface area,
100 to 400 m?/g as measured by the BET method developed
by Brunauer, Emmett, and Teller (Brunauer et al., 1938; Noll,
1968; Cabot Corporation, 1990).

The incorporation of silica filler into silicone polymers is
called “compounding.” This is accomplished prior to cross-
linking, by mixing the silica into the silicone polymers on a
two-roll mill, in a twin-screw extruder, or in a Z-blade mixer
capable of processing materials with this rheology.

Reinforcement occurs with polymer adsorption encouraged
by the silica’s large surface area and when hydroxyl groups on
the filler’s surface lead to hydrogen bonds between the filler and
the silicone polymer, thereby contributing to the production of
silicone rubbers with high tensile strength and elongation capa-
bility (Lynch, 1978). Theaddition of fillerincreases the polymer’s
already high viscosity. Chemical treatment of the silica filler with
silanes further enhances its incorporation in, and reinforcement
of, thesilicone elastomer, resulting inincreased material strength
andtearresistance (Laneand Burns, 1996) (Fig.2).

Silicone elastomers for medical applications normally utilize
only fillers of fumed silica, and occasionally appropriate pig-
ments or barium sulfate. Because of their low glass transition
temperature, these compounded and cured silicone materials
are elastomeric at room and body temperatures without the
use of any plasticizers—unlike other medical materials such as
PVC, which might contain phthalate additives.

FIG. 2. Silicone elastomer matrix.

Physicochemical Properties

Silicon’s position just under carbon in the periodic table led
to a belief in the existence of analog compounds where sili-
con would replace carbon. Most of these analog compounds
do not exist, or behave very differently. There are few similari-
ties between Si—X bonds in silicones and C—X bonds (Corey,
1989; Hardman, 1989; Lane and Burns, 1996; Stark, 1982).

Between any given element and Si, bond lengths are longer
than for C with this element. The lower electronegativity of
silicon (% &~ 1.80, x© =~ 2.55) leads to more polar bonds
compared to carbon. This bond polarity also contributes to
strong silicon bonding; for example, the Si—O bond is highly
ionic and has large bond energy. To some extent, these val-
ues explain the stability of silicones. The Si—O bond is highly
resistant to homolytic scission. On the other hand, heterolytic
scissions are easy, as demonstrated by the reequilibration reac-
tions occurring during polymerizations catalyzed by acids or
bases (see earlier discussion).

Silicones exhibit the unusual combination of an inorganic
chain similar to silicates and often associated with high surface
energy, but with side methyl groups that are very organic and
often associated with low surface energy (Owen, 1981). The
Si— O bonds are quite polar and without protection would lead
to strong intermolecular interactions (Stark, 1982). Yet, the
methyl groups, only weakly interacting with each other, shield
the main chain (see Fig. 3).

FIG. 3. Three-dimensional representation of dodecamethylpentasiloxane, Me3SiO-
(SiMe, O)3S5iMe3 or MD3M. (Courtesy S. Grigoras, Dow Corning.)
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This is made easier by the high flexibility of the silox-
ane chain. Barriers to rotation are low and the siloxane
chain can adopt many configurations. Rotation energy around
a H,C-CH, bond in polyethylene is 13.8 kJ/mol but only
3.3 kJ/mol around a Me;Si—O bond, corresponding to a nearly
free rotation. In general, the siloxane chain adopts a config-
uration such that the chain exposes a maximum number of
methyl groups to the outside, whereas in hydrocarbon poly-
mers, the relative rigidity of the polymer backbone does not
allow a “selective” exposure of the most organic or hydropho-
bic methyl groups. Chain-to-chain interactions are low, and
the distance between adjacent chains is also greater in silicones.
Despite a very polar chain, silicones can be compared to paraf-
fin, with a low critical surface tension of wetting (Owen, 1981).

The surface activity of silicones is evident in many ways
(Owen, 1981):

® The polydimethylsiloxanes have a low surface tension
(20.4 mN/m) and are capable of wetting most surfaces.
With the methyl groups pointing to the outside, this gives
very hydrophobic films and a surface with good release
properties, particularly if the film is cured after applica-
tion. Silicone surface tension is also in the most promising
range considered for biocompatible elastomers (20 to
30 mN/m).

e Silicones have a critical surface tension of wetting
(24 mN/m) higher than their own surface tension. This
means that silicones are capable of wetting themselves,
which promotes good film formation and good surface
covering.

o Silicone organic copolymers can be prepared with sur-
factant properties, with the silicone as the hydrophobic
part, e.g., in silicone glycols copolymers.

The low intermolecular interactions in silicones have other
consequences (Owen, 1981):

® Glass transition temperatures are very low, e.g., 146 K
for a polydimethylsiloxane compared to 200 K for poly-
isobutylene, the analog hydrocarbon.

® The presence of a high free volume compared to hydro-
carbons explains the high solubility and high diffusion
coefficient of gas into silicones. Silicones have a high
permeability to oxygen, nitrogen, or water vapor, even
though liquid water is not capable of wetting a silicone
surface. As expected, silicone compressibility is also high.

® The viscous movement activation energy is very low
for silicones, and their viscosity is less dependent
on temperature compared to hydrocarbon polymers.
Furthermore, chain entanglements are involved at higher
temperature and contribute to limit the viscosity reduc-
tion (Stark, 1982).

CONCLUSION

Polydimethylsiloxanes are often referred to as silicones.
They are used in many applications because of their stabil-
ity, low surface tension, and lack of toxicity. Methyl group
substitution or introduction of tri- or tetra-functional siloxane
units leads to a wide range of structures. Polymers are easily

cross-linked at room or elevated temperature to elastomers,
without loosing the above properties.
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2.4 MepICAL FIBERS AND BIOTEXTILES
Steven Weinberg and Martin W. King

The term “medical textiles” encompasses medical products
and devices ranging from wound dressings and bandages to
high-technology applications such as biotextiles, tissue engi-
neered scaffolds, and vascular implants (King, 1991). The
use of textiles in medicine goes back to the Egyptians and
the Native Americans who used textiles as bandages to cover
and draw wound edges together after injury (Shalaby, 1985).
Over the past several decades, the use of fibers and textiles
in medicine has grown dramatically as new and innovative
fibers, structures, and therapies have been developed. Advances
in fabrication techniques, fiber technology, and composition
have led to numerous new concepts for both products and
therapies, some of which are still in development or in clini-
cal trials. In this chapter, an introduction to fiber and textile
fabric technology will be presented along with discussion of
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TABLE 1 Textile Structures and Applications (Ko, 1990)
Application Material Yarn structure  Fabric structure
Arteries Dacron T56 Textured Weft/warp knit
Teflon Multifilament  Straight/
bifurcations
Woven/non-woven
Tendons Dacron T56 Low-twist Coated woven tape
Dacron T5S filament
Kevlar Multifilament
Hernia Polypropylene ~ Monofilament  Tricot knit
repair
Esophagus  Regenerated Monofilament  Plain weave Knit
collagen
Patches Dacron T56 Monofilament  Woven
Multifilament  Knit/knit velour
Sutures Polyester Monofilament  Braid
Nylon Multifilament ~ Woven tapes
Regenerated
collagen
Silk
Ligaments  Polyester Monofilament  Braid
Teflon Multifilament
Polyethylene
Bonesand ~ Carbon in Monofilament Woven tapes
joints thermoset or Knits/braids

thermoplastic
Matrix

both old and new application areas. Traditional and nontra-
ditional fiber and fabric constructions, processing issues, and
fabric testing will be included in order to offer an overview of
the technology associated with the use of textiles in medicine.
Table 1 illustrates some of the more common application areas
for textiles in medicine. As can be seen from this table, the prod-
ucts range from the simplest products (i.e., gauze bandages) to
the most complex textile products such as vascular grafts and
tissue scaffolds.

MEDICAL FIBERS

All textile-based medical devices are composed of struc-
tures fabricated from monofilament; multifilaments; or staple
fibers formulated from synthetic polymers, natural poly-
mers (biopolymers), or genetically engineered polymers. When
choosing the appropriate fiber configuration and polymer for
a specific application, consideration must be given to the
device design requirements and the manner in which the
fiber is to be used. For example, collagen-based implantable
hemostatic wound dressings are available in multiple config-
urations including loose powder (Avitine), nonwoven mats
(Helistat and Surgicel Fibrillar Hemostat), and knitted colla-
gen fibrils (Surgicel Nu-Knit). In addition, other materials are
also available for the same purpose (e.g., Surgicel Absorbable
Hemostat is knitted from regenerated cellulose). Fibers can
be fabricated from nonabsorbable synthetic polymers such as

poly(ethylene terephthalate) or polyester (e.g., Dacron) and
polytetrafluoroethylene (e.g., Teflon), or absorbable synthetic
materials such as polylactide (PLA) and polyglycolide (PGA)
(Hoffman, 1977). Natural materials (biopolymers), such as
collagen or polysaccharides like alginates, have also been
used to fabricate medical devices (Keys, 1996). And there are
recent reports that biomimetic polymers have been synthesized
in experimental quantities by genetic engineering of peptide
sequences from elastin, collagen, and spider dragline silk pro-
tein, and expressed in Escherichia coli and yeast using plasmid
vectors (Huang, 2000; Teule, 2003).

Cotton was and still is commonly being used for bandages,
surgical sponges, drapes, and surgical apparel, and in surgical
gowns. In current practice, cotton has been replaced in many
applications by coated nonwoven disposable fabrics, especially
in cases when nonabsorbency is critical.

It is important to note that most synthetic polymers cur-
rently used in medicine were originally developed as commer-
cial polymers for nonmedical applications and usually contain
additives such as dyes, delustrants, stabilizers, antioxidants,
and antistatic agents. Some of these chemicals may not be
desirable for medical applications, and so must be removed
prior to use. To illustrate this point, poly(ethylene terephtha-
late) (PET), formerly Dacron, which at present is the material
of choice for most large-caliber textile vascular grafts, was
originally developed for apparel use. A complex cleaning pro-
cess is required before the material can be used in an implant
application. Additional reading relating to this point can be
found in Goswami et al. (1977) and Piller (1973).

Synthetic Fibers

Various synthetic fibers have been used to fabricate med-
ical devices over the past 25 years. Starting in the 1950s,
various materials were evaluated for use in vascular grafts,
such as Vinyon (PVC copolymer), acrylic polymers, poly(vinyl
alcohol), nylon, polytetrafluoroethylene, and polyester (PET)
(King, 1983). Today, only PTFE and PET are still used for vas-
cular graft applications since they are reasonably inert, flexible,
resilient, durable, and resistant to biological degradation. They
have withstood the test of time, whereas other materials have
not proven to be durable when used in an implant application.
Table 2 shows a partial list of synthetic polymers that have
been prepared as fibers, their method of fabrication, and how
they are used in the medical field.

Most synthetic fibers are formed either by a melt spinning
or a wet spinning process.

Melt Spinning

With melt spinning the polymer resin is heated above its
melting temperature and extruded through a spinneret. The
number of holes in the spinneret defines the number of fila-
ments in the fiber being produced. For example, a spinneret
for a monofilament fiber contains one hole, whereas 54 holes
are required to produce the 54-multifilament yarn that is com-
monly used in vascular graft construction. Once the monofil-
ament or multifilament yarn is extruded, it is then drawn and
cooled prior to being wound onto spools. The yarn can also be
further processed to form the final configuration. For example,
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TABLE 2 Synthetic Polymers (Shalaby, 1996)

Type Chemical and physical aspects

Construction /useful forms

Comments /applications

Polyethylene (PE)  High-density PE (HDPE): melting
temperature Ty, = 125°C

Low-density PE (LDPE): Ty, = 110°C,

Linear low-density (LLDPE)

Ultrahigh molecular weight PE (UHMWPE)
(Tm = 140-150°C), exceptional tensile
strength and modulus

Polypropylene (PP) Predominantly isotactic, Ty = 165-175°C;

higher fracture toughness than HDPE

Melt spun into continuous yarns
for woven fabric and/or melt
blown onto nonwoven fabric

Converted to very high tenacity
yarn by gel spinning

Melt spun to monofilaments and
melt blown to nonwoven

The HDPE, LDPE and LLDP are used in
a broad range of health care products

Used experimentally as reinforced fabrics
in lightweight orthopedic casts,
ligament prostheses, and load-bearing
composites

Sutures, hernia repair meshes, surgical
drapes, and gowns

fabrics Plasma filtration
Hollow fibers
Poly(tetrafluoro- High melting (T, = 325°C) and high Melt extruded Vascular fabrics, heart valve sewing rings,
ethylene) crystallinity polymer (50-75% for orthopedic ligaments
(PTFE) processed material)
Nylon 6 Ty = 45°C, Ty = 220°C, thermoplastic, Monofilaments, braids Sutures
hydrophilic
Nylon 66 Ty = 50°C, Ty = 265°C, thermoplastic, Monofilaments, braids Sutures
hydrophilic
Poly(ethylene Excellent fiber-forming properties, Multifilament yarn for weaving,  Sutures, hernia repair meshes, and
terephthalate) Tm =265°C, Tg = 65-105°C knitting, and braiding vascular grafts
(PET)

most yarns used for application in vascular grafts are textur-
ized to improve the handling characterizes of the final product.
In contrast to flat or untexturized yarn, texturization results
in a yarn that imparts bulk to the fabric for improved “hand”
or feel, flexibility, ease of handling and suturing, and more
pores for tissue ingrowth. Melt spinning is typically used with
thermoplastic polymers that are not affected by the elevated
temperatures required in the melt spinning process. Figure 1 is
a schematic representation of a melt spinning process.

In this process, the molten resin is extruded through the
spinning head containing one (monofilament) or multiple

Polymer extruder

Metering pump

Spinning head
Quench air —— Filaments
Convergence guide—

Finish application —

Take-up spool

FIG. 1. Melt spinning process.

holes (multifilament). Air is typically used to cool and solid-
ify the continuous threadline prior to lubricating, twisting, and
winding up on a bobbin.

Wet Spinning

If the polymer system experiences thermal degradation at
elevated temperatures, as is the case with a polymer containing
a drug, a low-temperature wet solution spinning process can be
used. In this process the polymer is dissolved in a solvent and
then extruded through a spinneret into a nonsolvent in a spin
bath. Because the solvent is soluble in the spin bath, but the
polymer is not, the continuous polymer stream precipitates into
a solid filament, which is then washed to remove all solvents
and nonsolvents, drawn, and dried before winding up (Adanur,
1995). Figure 2 presents a schematic of a typical wet solution
spinning process.

Electrospinning

The diameters of fibers spun by melt spinning and wet solu-
tion spinning are controlled by the size of the hole in the
spinneret and the amount of draw or stretch applied to the
filament prior to wind-up. So the diameters of conventional
spun fibers fall in a range from about 10 wm for multifilament
yarns to 500 pm or thicker for monofilaments. To obtain finer
fiber diameters it is necessary to employ alternative spinning
technologies such as the bicomponent fiber (BCF) approach
(see later section entitled “Hybrid Bicomponent Fibers”), or
an electrospinning technique. This method of manufactur-
ing microfibers and nanofibers has been known since 1934
when the first patent was filed (Formhals, 1934). Since then
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Solidifying

Insert — Filter

filaments \Stretching

Washing and chemical treatment

/

pump r) O
| |

/

Spinneret

Advancing
rollers

FIG. 2. Wet solution spinning process.

Freudenberg Inc. has used this process for the commercial
production of ultrahigh-efficiency filters (Groitzsch, 1986).

Electrospinning occurs when a polymer solution or melt is
exposed to an electrostatic field by the application of a high
voltage (5-30 kV), which overcomes the surface tension of the
polymer and accelerates fine jets of the liquid polymer towards
a grounded target (Reneker et al., 2000). As the polymer jets
cool or lose solvent they are drawn in a series of unstable loops,
solidified, and collected as an interconnected web of fine fibers
on a grounded rotating drum or other specially shaped target
(Fig. 3).

The fineness of the fibers produced depends on the poly-
mer chemistry, its solution or melt viscosity, the strength and
uniformity of the applied electric field, and the geometry and
operating conditions of the spinning system. Fiber diameters in
the range of 1 wm down to 100 nm or less have been reported.

In addition to being used to fabricate ultrathin filtration
membranes, electrospinning techniques have also been applied
to the production of nonwoven mats for wound dressings
(Martin et al., 1977), and there is currently much inter-
est in making scaffolds for tissue engineering applications.
Nonwoven scaffolds spun from Type I collagen and synthetic
polymers such as poly(i-lactide), poly(lactide-co-glycolide),
poly(vinyl alcohol), poly(ethylene-co-vinyl acetate), poly(ethyl-
ene oxide), polyurethanes, and polycarbonates have been
reported (Stitzel et al., 2001; Matthews et al., 2002; Kenawy
et al., 2002; Theron et al., 2001; Schreuder-Gibson et al.,
2002). In addition genetic engineering has been used to syn-
thesize an elastin—biomimetic peptide polymer based on the
elastomeric peptide sequence of elastin and expressed from
recombinant plasmid pRAM1 in Escherichia coli. The pro-
tein has been electrospun into fibers with diameters varying
between 3 nm and 200 nm (Huang et al., 2000) (Fig. 4).

Polymer and Fiber Selection

When deciding on a polymer and fiber structure to be
incorporated into the construction of a medical fabric, careful

. Wind up
Coagulating
bath
|—t ~‘ ~—— Motor
l 3 Reservoir

=0

Syringe\‘"

Nozzle ——

@ High voltage
© Source

Polymer jet

72

RY

Rotating and

reciprocating
drum N
[

Motor

Schematic representation of laboratory electrospinning system

FIG. 3. Electrospinning system.

consideration of the end use is necessary. Issues such as
the duration of body contact, device mechanical properties,
fabrication restrictions, and sterilization methods must be
considered. To illustrate this point, polypropylene has been
successfully used in many implantable applications such as
a support mesh for hernia repair. Experience has shown that
polypropylene has excellent characteristics in terms of tissue
compatibility and can be fabricated into a graft material with
adequate mechanical strength. A critical question remaining
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FIG. 4. Electrospun fibers from biomimetic-elastin peptide.

is whether the graft will remain stable and survive as a long-
term implant. Figure 5 demonstrates the creep characteristics
of grafts fabricated from expanded polytetrafluoroethylene
(e-PTFE), polyester, and a bicomponent fiber (BCF) contain-
ing polypropylene yarns. In the case of the first BCF design
(see later section), the polypropylene was used as the nonab-
sorbable core material and the main structural component of
the fiber. Figure 5 represents the outer diameter of a series of
pressurized graft materials as a function of time. Classical graft
materials such as PET and e-PTFE show no creep over time,
whereas the polypropylene-based materials continue to creep
over time, making them unacceptable for long-term vascular
implants. However, in other applications such as for hernia
repair meshes and sutures, polypropylene has been used very
successfully. It should be noted that in the second-generation
BCF design, the core material was changed to poly(butylene
terephthalate) (King et al., 2000).

* | == Polyester core (PBT)

--8-- Polypropylene core (Type 1)
~<- Polypropylene core (Type 2)
| -+ Expanded PTFE

% Change in diameter

Weeks

FIG. 5. Creep characteristics of various graft materials (Weinberg,
1998).

Absorbable Synthetic Fibers

Another series of synthetic fibers used in clinical applica-
tions are constructed from polymers that are designed to be
absorbed over time when placed in the body. They classically
have been used as sutures, but have also been used experi-
mentally for neurological, vascular graft, and tissue scaffold
applications. Table 3 is a list of bioabsorbable polymers that
have been used in the past to fabricate medical devices. When in
contact with the body, these polymers degrade either by hydrol-
ysis or by enzymatic degradation into nontoxic by-products.
They break down or degrade either through an erosion pro-
cess that starts on the exterior surface of the fiber and continues
until the fiber has been totally absorbed, or by a bulk erosion
mechanism in which the process is autocatalytic and starts in
the center of the fiber. Caution should be exercised when using
these types of materials. In vascular applications, the risk of
distal embolization to the microvasculature may occur if small
pieces of the polymer break off during the erosion or absorption
process.

Modified Natural Fibers

In addition to synthetic polymers, a class of fibers exists that
is composed of natural biopolymer based materials. In contrast
to synthetic fibers that have been adapted for medical use, nat-
ural fibers have evolved naturally and so can be particularly
suited for medical applications. Cellulose, which is obtained
from processed cotton or wood pulp, is one of the most
common fiber-forming biopolymers. Because of the highly
absorbent nature of cellulose fibers, they are commonly used
in feminine hygiene products, diapers, and other absorbable
applications, but typically are not used i vivo because of the
highly inflammatory reactions associated with these materials.
In certain cases, these properties can be used to advantage
such as in the aforementioned hemostat Surgicel. In this appli-
cation, the thrombogenicity and hydration characteristics of
the regenerated cellulose are used in stopping internal bleeding
from blood vessels and the surface of internal organs. Also of
growing interest are fibers created from modified polysaccha-
rides including alginates, xanthan gum, chitosan, dextran, and
reticulated cellulose (Shalaby and Shah, 1991; Keys, 1996).
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TABLE 3 Absorbable Synthetic Polymers
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Type

Chemical and physical aspects

Construction/useful forms

Comments /applications

Poly(glycolide) (PGA)

10/90 Poly(r-lactide-co-
glycolide) (Polyglactin
910)

Poly(p-dioxanone) (PDS)

Poly(alkylene oxalates)

Isomorphic
poly(hexamethylene-co-

Thermoplastic crystalline polymer
(T = 225°C, Ty = 40-45°C)

Thermoplastic crystalline
co-polymer (T, = 205°C,
Ty =43°C)
Thermoplastic crystalline
co-polymer, (T, = 110-115°C,
Ty, = 10°C)

A family of absorbable polymers
with T, between 64 and 104°C

A family of crystalline polymers
with Ty, between 64 and 225°C

Multifilament yarns, for weaving,
knitting and braiding, sterilized
by ethylene oxide

Multifilament yarns, for weaving,
knitting and braiding, sterilized
by ethylene oxide

Melt spun to monofilament yarn

Can be spun to monofilament and
multifilament yarns

Can be spun to monofilament and
multifilament yarns

Absorbable sutures and meshes (for
defect repairs and periodontal
inserts)

Absorbable sutures and meshes

Sutures, intramedullary pins and
ligating clips

Experimental sutures

Experimental sutures

trans-1, 4-cyclohexane
dimethylene oxalates)

These materials are obtained from algae, crustacean shells,
and through bacterial fermentation. A list of several forms
of alginates and their proposed uses is presented in Table 4
(Keys, 1996). Another natural material, chitosan, has been
used to fabricate surgical sutures and meshes, and it is cur-
rently under investigation for use as a substrate or scaffold for
tissue-engineered materials (Skjak-Break and Sanford, 1989).
Chitosan and alginate fibers are formed when the polymer is
coagulated in a wet solution spinning process.

Silk and collagen are two natural fibers that have been
widely used in medicine for multiple applications. Silk from the
silkworm, Bombyx mori, has been used for decades as a suture.
Because of the fineness of individual silk fibers, it is necessary
to braid the individual fibers or brins together into thicker yarn
bundles. Collagen has been used either in a reconstituted form
or in its natural state. Reconstituted collagen is obtained from
enzymatic chemical treatment of either bovine skin or tendon
followed by reconstitution into fibrils. These fibrils can then

TABLE 4 Potential Uses of Alginates (Keys, 1996)

Type Current use

Ca alginate (non-woven) Absorbent wound dressings
Pledgets
Scaffold for cell culture

Surgical hemostats

Acid-labile conjugates of alginate and
doxirubicin

Sequestration of 90Sr from ingested
contaminated food and water

Ca alginate (particulate)

Na alginate (ultra pure) Microencapsulation

Bioreactors

Ca/Na alginate (hydrogel) Wound management

be spun into fibers and fabricated into textile structures or can
be left in their native fibrillar form for use in hemostatic mats
and tissue-engineered substrates. “Catgut,” a natural collagen-
based suture material obtained from ovine intestine, which is
cross-linked and cut into narrow strips, was one of the first
bioabsorbable fibers used in surgery.

Hybrid Bicomponent Fibers

Hybrid bicomponent fiber technology is a novel fiber con-
cept that has been under development for a number of years
for use in vascular grafts and other cardiovascular applications.
One of the configurations of a bicomponent fiber is a sheath
of an absorbable polymer around an inner core of a second
nonabsorbable or less absorbable polymer. With a multifila-
ment BCF yarn, each of the filaments of the yarn bundle is
identical and contains an identical inner core and outer sheath.
Prior to the development of the BCF yarn, when a bicompo-
nent fabric was to be produced it was fabricated by weaving,
braiding, or knitting together two (or more) homogenous yarns
(e.g., a polyester yarn and a PLA yarn). With such construc-
tions, the tissue or blood sees multiple polymers at the same
time. In contrast, with BCF technology only one polymer in
the sheath makes initial contact with the tissue. If the outer
sheath of a BCF fiber is composed of a bioabsorbable material
such as PGA, the inner core polymer is only exposed when the
sheath is absorbed. The composition and molecular weight of
the polymer and the thickness of the sheath regulate its absorp-
tion rate. The hypothesis relating to the BCF concept is that the
healing process can be modulated by slowly exposing the less
biocompatible inner core material. Preliminary data has shown
that the absorption rate can be regulated and will affect the
healing process (King et al., 1999). By constructing the inner
core from a nonabsorbable biostable polymer such as PET, or
a slower absorbing polymer such as PLA, the strength of the
fiber will be maintained even as the outer sheath dissolved.
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Additionally, drugs can be incorporated into the outer
absorbable sheath and delivered at predefined rates depend-
ing on the choice and thickness of the outer polymer. By using
this BCF technology, both the material strength profile and the
biological properties can be engineered into the fiber to meet
specific medical requirements.

CONSTRUCTION

After a fiber or yarn is produced, it is then fabricated into
a textile structure in order to obtain the desired mechanical
and biological properties. Typical biotextile structures used
for medical applications include nonwovens, wovens, knits,
and braids. Within each of these configurations, many varia-
tions exist. Each type of construction has positive and negative
attributes, and in most cases, the final choice represents a com-
promise between desired and actual fabricated properties. For
example, woven fabrics typically are stronger and can be fab-
ricated with lower porosities or water/blood permeability as
compared to knits, but are stiffer, less flexible, and more diffi-
cult to handle and suture. Knits have higher permeability than
woven designs and are easier to suture, but may dilate after
implantation. Braids have great flexibility, but can be unsta-
ble except when subject to longitudinal load, as in the case of
a suture. Multilayer braids are more stable, but are also thicker
and less flexible than unidimensional braids. Each construction
is a compromise.

Nonwovens

By definition, a nonwoven is a textile structure produced
directly from fibers without the intermediate step of yarn
production. The fibers are either bonded or interlocked
together by means of mechanical or thermal action, or by using
an adhesive or solvent or a combination these approaches.
Figure 6 is a representation of both wet and dry nonwoven
forming processes. The fibers may be oriented randomly or
preferentially in one or more directions, and by combining
multiple layers one can engineer the mechanical properties
independently in the machine (lengthwise) and cross directions.
The average pore size of a nonwoven web depends on the
density of fibers, as well as the average fiber diameter, and
falls under a single distribution (Krcma, 1971). For this rea-
son some tissue-engineered substrates under development use
nonwovens to form the underlying tissue scaffold (Chu, 2002).

Woven Fabrics

The term “woven” is used to describe a textile configuration
where the primary structural yarns are oriented at 90° to each
other. The machine direction is called the warp direction and
the cross direction is identified as the filling or weft direction.
Because of the orthogonal relationship between the warp and
filling yarns, woven structures display low elongation and high
breaking strength in both directions. There are many types of
woven constructions including plain, twill, and satin weaves
(Robinson, 1967). Figure 7 is a sketch showing several weave

Dry process

Dry forming (Air-Laid)

Fiber : -
blending Fiber iPneumaticjCondensing | Winding
and loading | opening  [conveying Bonding %
system@ part 7 fpart | 7 ‘ @..
i [omme, | OO
| |
o
Wet process
~.[-] Preparation of
:|:| fiber suspension Windup

(O 2NN © PN © B © g © B ©)
\'0‘0 Wet-raid De-watering

|
| | o 1]
|

Screen fibrous
layer

FIG. 6. Wet and dry nonwoven processes.

designs commonly used in vascular graft fabrications. Water
permeability is one critical parameter used in the assessment of
textile structures for vascular implants. Water permeability is
a measure of the water flux through a fabric under controlled
conditions and is given in units of mlecm~2 min~!. It is mea-
sured by placing fabric into a test fixture having a fixed orifice
size and applying a pressure of 120 mm Hg across the fabric.
The water passing through the fabric is collected and mea-
sured over time and water permeability is calculated (ISO 7198,
Section 8.2.2, Water Permeability). Surgeons use this parame-
ter as a guide to determine if “pre-clotting” of a graft material
is necessary prior to implantation. “Pre-clotting” is a process
where a graft material is clotted with a patient’s blood prior
to implantation, rendering the fabric nonpermeable to blood
after implantation. Fabric grafts with water permeability values
less than 50 mlcm~2 min~! usually do not require pre-clotting
prior to implantation. The water permeability of the woven
graft fabrics can be controlled through the weaving and finish-
ing process and can range from a low of 50 mlcm™2 min~! up
to about 350 mlecm~2 min~!. Above this range, a woven fabric
starts becoming mechanically unstable.

Table 5 offers a list of a number of commercial woven graft
designs with their respective mechanical properties. As can be
seen, many variations in design are possible, presenting a dif-
ficult selection process for the surgeon. It is interesting to note
that the choice of a graft by a surgeon is often based on the
graft’s “ease of handling” or “ease of suturing” rather than on
its reported long-term performance. Plain weaves, in contrast
to knits, can be made very thin (< 0.004 in.) and have thus
become the material of choice for many endovascular graft
designs.
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Twill weave

Plain weave

HG. 7.

93

Satin weave

Examples of woven graft designs.

TABLE 5 Woven Graft Properties and Construction (King, 1991)

Ends per  Picks per Bursting Water Suture retention Dilatation at
Prosthesis Type of weave inch inch strength (N)  permeability strength (N) 120 mm Hg (%)

Twill woven 1/1 Plain with float ~ 42p22f 48 280 330 25 0

Debakey soft woven 1/1 Plain 52 32 366 220 35 0.2
Debaky extra low porosity 1/1 Plain 55 40 439 50 40 —
Vascutek woven 1/1 Plain 56 30 227 80 30 0.5
Meadox woven double velour  6/4 Satin+ 1/1 plain ~ 36s36p 38 310 310 48 1.2
Meadox cooley verisoft 1/1 Plain 58 35 211 180 30 0.2
Intervascular oshner 200 1/1 Plain with leno 42p14L 21 268 250 22 0.5
Intervascular oshner 500 1/1 Plain with leno 42p14L 21 259 530 26 1.2

Knits

Knitted constructions are made by interloping yarns in
horizontal rows and vertical columns of stitches. They are
softer, more flexible and easily conformable, and have better
handling characteristics than woven graft designs. Knit fab-
rics can be built with water permeability values as high as
5,000 mlem2 min~! and still maintain structural stability.
Currently, highly porous grafts materials are usually coated or
impregnated with collagen or gelatin so that the surgeon does
not have to perform the time consuming pre-clotting process
at the time of surgery. The water permeability values for non-
coated knitted grafts range from about 1200 mlcm =2 min~—!
up to about 3500 mlem =2 min~—!. When knits are produced,

the fabric is typically very open and requires special processing
to tighten the looped structure and lower its permeability. This
compaction process is usually done using a chemical shrink-
ing agent such as methylene chloride or by thermal shrinking.
Because of their open structure, knits are typically easier to
suture and have better handling characteristics; however, in
vascular graft applications, some ultralightweight designs have
been known to continuously dilate or expand when implanted
in hypertensive patients. It is not uncommon to have lighter
weight weft knitted grafts increase up to 20% in diameter
shortly after implantation.

As is the case with woven structures, there are several vari-
ations in knits; the most common are the weft knit and warp
knit constructions (see Fig. 8). Warp knitted structures have
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FIG. 8. Types of knit fabrics (Spencer, 1983).

less stretch than weft knits, and therefore are inherently more
dimensionally stable, being associated with less dilation iz vivo.
Warp knits do not run and ravel when cut at an angle (King,
1991). Warp knits can be further modified by the addition of an
extra yarn in the structure, which adds thickness, bulk, and sur-
face roughness to the fabric. This structure is commonly known
as a velour knit. The addition of the velour yarn, while making
the fabric feel softer, results in a more intense acute inflamma-
tory reaction and increases the amount of tissue ingrowth into
the fabric.

Figures 9A and 9B demonstrate the difference in the level
of inflammatory response as seen with plain and velour knit
designs, respectively. Figure 9A is a photomicrograph of
a Golaski Microkit weft knit with high water permeability.
This high porosity weft knit design utilized nontexturized
yarns that resulted in a mild inflammatory response as seen at
4 weeks. In contrast, the Microvel fabric, which is a warp knit
velour design using texturized yarns, shows an intense acute
response at 3 days (Fig. 9B). This more intense acute reaction
was designed intentionally so as to make the graft easier to pre-
clot and to increase the extent of tissue incorporation into the
graft wall.

Braids

Braids have found their way into medical use primarily in
the manufacture of suture materials and anterior cruciate liga-
ment (ACL) prostheses. Common braided structures involve
the interlacing of an even number of yarns, leading to dia-
mond, regular, and Hercules structures that can be either two-
or three-dimensional (see Fig. 10). A myriad of structural forms
can be achieved with 3D braiding, such as “I” beams, channels,
and solid tubes. A sketch of a flat braiding machine is included
in Fig. 11.

PROCESSING AND FINISHING

Once a fabric has been produced from yarn, the subsequent
processing steps are known as finishing. As mentioned previ-
ously, the starting yarn may contain additives that can result in
cytotoxicity and adverse reactions when in contact with tissue.
Some of these additives, such as titanium dioxide, which is used
as a delusterant to increase the amount of light reflected, are
inside the spun fiber and cannot be removed in the finishing
operation. Other surface finishes, on the other hand, such as
yarn lubricants, can be removed with the proper cleaning and
scouring operations. Typically such surface additives are min-
eral oil based and demand specially designed aqueous-based
washing procedures or dry-cleaning techniques with organic
solvents to ensure complete removal. In addition to such sur-
face lubricants, the warp yarns may be coated with a sizing
agent prior to weaving. This sizing protects the yarns from
surface abrasion and filament breakage during weaving. Since
each polymer and fabrication process is different, the finish-
ing operation must be material and device specific. Finishing
includes such steps as cleaning, heat setting, bleaching, shrink-
ing (compaction), inspection, packaging, and sterilization and
will influence the ultimate properties of the biotextile fabric.
Figure 12 represents a schematic of a typical finishing opera-
tion used in vascular graft manufacturing. The chemicals used
in the finishing operation may differ among manufacturers and
are usually considered proprietary. If the cleaning process is
properly designed, all surface finishes are removed during the
finishing process. Testing of the finished product for cytotoxi-
city and residual extractables is typically used to ensure all the
surface additives are removed from the product’s surface prior
to packaging and sterilization.

TESTING AND EVALUATION

Once the biotextile is in its final form, it must be tested and
evaluated to confirm that it meets published standards and its
intended end use. The testing will include component testing on
each component including the textile as well as final functional
testing of the entire device. When developing and implementing
a testing program, various pieces of reference information may
apply, including ASTM standards, AAMI/ISO standards, FDA
documents, prior regulatory submissions, and the results of
failure analyses. In setting up the test plan a fine balance is


Nesil
Highlight

Nesil
Highlight

Nesil
Highlight

Nesil
Highlight

Nesil
Highlight

Nesil
Highlight

Nesil
Highlight


2.4 MEDICAL FIBERS AND BIOTEXTILES 95

Diamond braid

FIG. 10.

FIG. 9. (A) Weft knit inflammatory response at 4 weeks (Golaski Microkit); (B) Warp
knit inflammatory response at 3 days (Microvel). (See color plate)

Regular braid

Braided constructions.

needed so as to minimize the scope of the testing program while
still ensuring that the polymer, textile, and final product will
be safe and efficacious. Table 6 is a list of the suggested test
methods used in the development of a textile-based vascular
graft for large vessel replacement (ANSI/AAMUI/ISO, 2001).

APPLICATIONS

The application of fibers and biotextiles as components for
implantable devices is widespread and covers all aspects of
medicine and health care. Textiles are used as basic care items
such as drapes, protective apparel, wound dressings, and dia-
pers and in complex devices such as heart valve sewing rings,
vascular grafts, hernia repair meshes, and percutaneous access
devices.
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1— Track plate
2— Spool carrier

3— Braiding yarn

4— Braiding point and former
5— Take-off roll with change gears
6— Delivery can

Flat braider and braid

HG. 11.

Yarn
flat or texturized

'

Fabric
woven or knit

Initial cleaning

B

Compaction, if rqd.

Crimping

Heat setting

-

External support

Final cleaning

L

Inspection

packaging and sterilization

FIG. 12. Typical graft finishing operation.

Drapes and Protective Apparel

The most common nonimplantable medical use of textiles is
for protective surgical gowns, operating room drapes, masks,
and shoe covers. Nonwovens and wovens are most frequently

Sketch of flat braider.

TABLE 6 Sample Test Methods for Large-Diameter Textile

Grafts
Required regulatory Routine quality
Test testing testing

Visual inspection for defects X X
Water permeability X X
Longitudinal tensile strength X
Burst strength X X
Usable length X X
Relaxed internal diameter X X
Pressurized internal diameter X
Wall thickness X
Suture retention strength X
Kink diameter/radius X
Dynamic compliance X
Animal trials X
Shelf life X
Sterility X X
Biomaterials/toxicity and X X

pyrogen testing

used for these applications, with nonwovens being the material
of choice for single-use (disposable) products, and wovens for
reusable items. Most of these barrier-type fabrics are made
from cellulose (cotton, viscose rayon, and wood pulp),
polyethylene, and polypropylene fibers. Many fabrics con-
tain finishes that render them water repellent depending on
the clinical need. Additionally, such fabrics must generally
be fire retardant because of the risk of explosions due to
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exposure to flammable gases used for anesthesia. In applica-
tions such as facemasks, the fabric must minimize the passage
of bacteria through the mask. This can be ensured by engi-
neering the appropriate pore size distribution in the filtration
fabric (Schreuder-Gibson, 2002). Antibacterial coatings are
also placed on surgical drapes to minimize the risk of wound
contamination. Drapes and protective apparel typically require
some assembly that can be done either through conventional
sewing or by ultrasonic seaming methods. The latter method is
preferred for those products used in sterile fields since the holes
created by conventional sewing needles can render the fabric
permeable to liquids and liquid-borne pathogens. Drapes are
usually constructed of a nonwoven fabric laminated to a plas-
tic film to ensure that they are impervious to blood and other
fluids. Another common use of textiles is in the fabrication of
adhesive tapes. These tapes generally consist of an adhesive
layer that is laminated onto a woven, knitted, or nonwoven
fabric substrate.

Topical and Percutaneous Applications

Textiles have been used for many years as bandages, wound
coverings, and diapers. Gauze, which is basically an open
woven structure made from cotton fiber, is manufactured in
many forms and sold by many companies worldwide. Elastic
bandages are basically woven tapes where an expandable yarn,
such as spandex polyurethane, is placed in the warp direction to
allow for longitudinal stretch and recovery. Development con-
tinues to improve wound dressing products by the addition of
antibiotics, barrier fabrics, growth factors, and modification
of the basic underlining bandage construction. One example
of the latter is the work of Karamuk et al. (2001), in which a
three-layered laminate was formed from a nonwoven polyester/
polypropylene/cotton outer layer, a monofilament polyester
middle layer, and a three-dimensional embroidered poly-
ester inner layer with large pores to promote angiogenesis.

Blood access devices are a class of medical devices where
tubes, wires, or other components pass through the skin.
These include percutaneous drug delivery devices, blood access
shunts, air or power lines for heart and left ventricular assist
devices, and many types of leads. All of these devices suffer
from the same basic problem, a high risk of infection at the
skin—device interface due to the migration of bacteria along
the surface of the percutaneous lead. If a textile cuff is placed
around the tube, at the point of entry through the skin, aggres-
sive tissue ingrowth into the fabric reduces the risk of infection
at the percutaneous site. These cuffs are usually made from
knits, nonwoven felts, and velour materials. Once a device is
infected, it must be removed to prevent further spreading of
the infection. Surface additives, such as silver or antibiotics,
are sometimes coated on the fabric to reduce infection rates
(Butany, 2002; Takai, 2002).

In Vivo Applications

Cardiovascular Devices

Biotextiles developed for cardiovascular use include appli-
cations such as heart valve sewing rings, angioplasty rings,

vascular grafts, valved conduits, endovascular stent grafts, and
the components of left ventricular assist devices. One of the
most important uses of textile fabrics in medicine is in the fab-
rication of large diameter vascular grafts (10 mm to 40 mm
in diameter). As previously noted, polyester [poly(ethylene
terephthalate)] is the principal polymer used to fabricate vascu-
lar grafts. These grafts can either be woven or knitted and are
produced in straight or bifurcated configurations. Within each
type of construction, various properties can be incorporated
into the product as illustrated in Table 5. Manufacturers rec-
ommend that all woven and knit grafts with water permeability
rates over 50 mlem~2 min~! be pre-clotted to prevent blood
loss through the fabric at the time of implantation. To eliminate
the need for this pre-clotting procedure, textile-based vascular
grafts are usually manufactured with a coating or sealant of
collagen or gelatin.

Today a substantial amount of research activity is being
directed toward the development of a small vessel prosthe-
sis with diameters less than 6 mm for coronary artery bypass
and tibial/popliteal artery replacement. Currently, no success-
ful commercial products exist to meet this market need. The
question still remains as to whether a biotextile will work
as a small vessel prosthesis if it is fabricated to have the
required compliance and mechanical properties and its surface
is modified with surface coatings, growth factors, and other
bioactive agents to prevent thrombosis and thrombo-embolic
events. Current development activities are directed toward
tissue-engineered grafts (Teebken, 2002; Huang, 2000), coated
or surface-modified synthetic and textile grafts (Chinn, 1998),
and biologically based grafts (Weinberg, 1995).

During the past 10 years, large amounts of financial and per-
sonnel resources have gone into the development of endovas-
cular stent grafts (Makaroun, 2002). These grafts have been
used for aortic aneurysm repair, occlusive disease, and vascu-
lar trauma. Endovascular prostheses or stent grafts are tubular
grafts with an internal or external stent or rigid scaffold. The
stent grafts range in size from about 20 mm up to 40 mm
ID and are collapsed and folded into catheters and inserted
through the femoral artery, thus avoiding the need for open
surgery. The stents are typically made from nitinol, stainless
steel, and Elgiloy wires and are similar to the coronary stents,
however, much larger in diameter (e.g., 24 mm versus 4 mm,
respectively). There are balloon expandable or self-expanding
stents, which are manufactured in straight or bifurcated config-
urations. The stents are then covered in either ultrathin ePTFE
(Cartes-Zumelzu, 2002) or woven polyester (Areydi, 2003).
Most of the endovascular graft designs incorporate an ultra-
thin woven polyester tube. Most biotextile tubes are plain
woven structures with water permeabilities ranging from 150
to 300 ml cm™—2 min~! depending on the manufacturer. They
have been woven from 40 or 50 denier untexturized polyester
yarn so as to minimize the overall wall thickness of the device.

General Surgery

Three key applications of biotextiles in general surgery
are sutures, hemostatic devices, and hernia repair meshes.
Commercial sutures are typically monofilament or braided;
they can be constructed of natural materials such as silk
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TABLE 7 Comparison between Commercial Hemostats (Ethicon, 1998)

Surgicel Fibrillar Hemostat

Oxycel

Collagen power Gelfoam

Bacterial activity Inhibits bacterial growth
3.5 to 4.5 minutes

7 to 14 days

Foil/Tyvek Sterile

Packaged for use

Hemostasis time
Bioresorbability
Packaging Glass vials

Preparation

No antibacterial activity
2 to 8§ minutes

3 to 4 weeks

Packaged for use

No antibacterial activity No antibacterial activity

2 to 4 minutes Not specified
8 to 10 weeks 4 to 6 weeks
Glass jars Peel envelope

Packaged for use Must be cut/soaked

or collagen (catgut), or synthetic materials such as nylon,
polypropylene, and polyester. Sutures can be further classified
into absorbable and nonabsorbable types. For obvious reasons,
when blood vessels are ligated, only nonabsorbable sutures
are used, and these are typically constructed of either braided
polyester or polypropylene monofilaments. On the other hand,
when ligating soft tissue or closing wounds subcutaneously,
absorbable sutures are preferred. Absorbable sutures do not
create a chronic inflammatory response and do not require
removal. These are typically made from poly(glycolic acid)
(PGA) or poly(glycolide-co-lactide) copolymers.

Another common application of biotextiles and fiber tech-
nology in general surgery is the use of absorbable hemostatic
agents, including those constructed of collagen and oxidized
regenerated cellulose. As mentioned previously, these can be
fabricated as nonwoven mats or woven and knitted fabrics,
or they can be left in fibrillar form. Table 7 highlights some
commercially available hemostatic agents and their represen-
tative properties. As can be seen in Table 7, collagen-based
hemostatic devices are available in layered fibril, foam, and
powdered forms. The regenerated cellulose pad is also available
as a knitted fabric and is sold under the trade name of Surgicel.
This material is commonly used to control suture line bleed-
ing. The nonwoven and powdered forms are generally used to
stop diffuse bleeding that results from trauma to the liver and
spleen. Experience has shown that the loose fibril form is more
difficult to use, so most surgeons prefer the more structured
form of the product.

Various forms of open mesh fabrics are used as secondary
support material in hernia repair. Traditional constructions are
warp knitted from polypropylene monofilaments, and some
forms of the mesh are preshaped for easy installation. More
recently three-dimensional Raschel knits using polyester mul-
tifilament yarns have been found to be more flexible and
therefore can be implanted endoscopically. As with other tex-
tile structures, various properties can be engineered into the
mesh to meet design goals that may include added flexibility,
increased strength, reduced thickness, improved handling, and
better suture holding strength. Some designs include a protein
or microporous PTFE layer on one side only, which reduces
the risk of unwanted adhesions in vivo.

Orthopedics

Attempts have been made to construct replacement lig-
aments and tendons using woven and braided fabrications.
One design, which has had some limited clinical success, is

a prestretched knitted graft, material used to repair sepa-
rated shoulder joints. A similar design, using a high-tenacity
polyester woven web inside of a prestretched knitted graft, was
evaluated for anterior cruciate ligament (ACL) repair in the
knee joint with limited success. In general, biotextiles have had
limited success in orthopedic ligament and tendon applications
as a result of abrasion wear problems, inadequate strength, and
poor bone attachment (Guidoin, 2000). An attempt was made
to use a braided PTFE structure for ACL repair, but early fail-
ures occurred as a result of creep problems associated with
the PTFE polymer. Roolker (2000) recently reported on using
the e-PTFE ligament prosthesis on 52 patients. However, dur-
ing the follow-up they experienced increasing knee instability
over time indicating prosthesis failure. Copper (2000) and Lu
(2001) have reported the development of a three-dimensional
bioabsorbable braid using poly(glycolide-co-lactide) fibers for
ligament replacement. They were able to modify the scaf-
fold porosity, mechanical properties and matrix design using
a three-dimensional braiding technique. A successful ACL
ligament replacement would be a significant advance for ortho-
pedic surgery, but at present, no biotextile or other type of
prosthesis has shown clinical promise.

Tissue Engineering Scaffolds and The Future

One key area of research gaining significant attention over
the past several years is tissue engineered scaffolds. This tech-
nology combines an engineered scaffold, or three-dimensional
structure, with living cells. These scaffolds can be constructed
of various materials and into various shapes depending on
the desired application. One such concept is the use of the
biodegradable hydrogel-textile substrate (Chu, 2002). Their
concept uses a 3D porous biodegradable hydrogel on a non-
woven fabric structure. An alternate concept developed by
Karamuk (2000, 2001) uses a 3D embroidered scaffold to
form a tissue-engineered substrate. With this concept, polyester
yarns were used to form a complex textile structure, which
allowed for easy deformation that they believe will enhance
cellular attachment and cell growth. Risbud (2002) reported
on the development of 3D chitosan—collagen hydrogel coat-
ing for fabric meshes to support endothelial cell growth. They
are directing their research toward the development of liver
bioreactors.

Further in the future, various novel concepts will be
undergoing development. Heim (2002) reported on the devel-
opment of a textile-based tissue engineered heart valve.
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Using microfiber woven technology, Heim et al. hypothesized
that the filaments could be oriented along the stress lines and
the fabric based leaflet structure would have good fatigue resis-
tance with minimal bending stiffness. Significant development
is required before this concept can be used i vivo. Coatings on
textile based vascular grafts continue to be an area of interest.
Coury (2000) reported on the use of a synthetic hydrogel coat-
ing based on poly(ethylene glycol) (PEG) to replace collagen.
If successful, the use of a synthetic coating would be prefer-
able to use of a collagen one since it will reduce manufacturing
costs and graft-to-graft variability that typically occurs with
naturally derived collagen materials. As mentioned earlier, even
silk is undergoing modifications to enhance its biocompatibility
for cardiovascular applications by sulfation and copolymeriza-
tion with various monomers (Tamada, 2000). These concepts
will provide new and novel implantable products for advancing
medical treatments and therapies in the future.

SUMMARY

In summary, it can be stated that the use of biotextiles in
medicine will continue to grow as new polymers, coatings, con-
structions, and finishing processes are introduced to meet the
device needs of the future. In particular, advances in genetic
engineering, fiber spinning, and surface modification technolo-
gies will provide a new generation of biopolymers and fibrous
materials with unique chemical, mechanical, biological, and
surface properties that will be responsible for achieving the
previously unobtainable goal of tissue-engineered organs.
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2.5 HYDROGELS
Nicholas A. Peppas

Hydrogels are water-swollen, cross-linked polymeric struc-
tures containing either covalent bonds produced by the simple
reaction of one or more comonomers, physical cross-links
from entanglements, association bonds such as hydrogen
bonds or strong van der Waals interactions between chains
(Peppas, 1987), or crystallites bringing together two or more
macromolecular chains (Hickey and Peppas, 1995). Hydrogels
have received significant attention because of their excep-
tional promise in biomedical applications. The classic book by
Andrade (1976) offers some of the best work that was avail-
able prior to 1975. The more recent book and other reviews
by Peppas (1987, 2001) addresses the preparation, structure,
and characterization of hydrogels.

Here, we concentrate on some features of the preparation
of hydrogels, as well as characteristics of their structure and
chemical and physical properties.

CLASSIFICATION AND BASIC STRUCTURE

Depending on their method of preparation, ionic charge,
or physical structure features, hydrogels maybe classified in
several categories. Based on the method of preparation, they
may be (i) homopolymer hydrogels, (ii) copolymer hydrogels,
(iii) multipolymer hydrogels, or (iv) interpenetrating polymeric
hydrogels. Homopolymer hydrogels are cross-linked networks
of one type of hydrophilic monomer unit, whereas copolymer
hydrogels are produced by cross-linking of two comonomer
units, at least one of which must be hydrophilic to render
them swellable. Multipolymer hydrogels are produced from
three or more comonomers reacting together (see e.g., Lowman
and Peppas, 1997, 1999). Finally, interpenetrating polymeric
hydrogels are produced by preparing a first network that
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is then swollen in a monomer. The latter reacts to form a
second intermeshing network structure. Based on their ionic
charges, hydrogels may be classified (Ratner and Hoffman,
1976; Brannon-Peppas and Harland, 1990) as (i) neutral
hydrogels, (ii) anionic hydrogels, (iii) cationic hydrogels, or
(iv) ampholytic hydrogels. Based on physical structural features
of the system, they can be classified as (i) amorphous hydro-
gels, (ii) semicrystalline hydrogels, or (iii) hydrogen-bonded
or complexation structures. In amorphous hydrogels, the
macromolecular chains are arranged randomly. Semicrystalline
hydrogels are characterized by dense regions of ordered
macromolecular chains (crystallites). Finally, hydrogen bonds
and complexation structures may be responsible for the
three-dimensional structure formed.

Structural evaluation of hydrogels reveals that ideal net-
works are only rarely observed. Figure 1A shows an ideal
macromolecular network (hydrogel) indicating tetrafunc-
tional cross-links (junctions) produced by covalent bonds.
However, in real networks it is possible to encounter
multifunctional junctions (Fig. 1B) or physical molecular
entanglements (Fig. 1C) playing the role of semiperma-
nent junctions. Hydrogels with molecular defects are always
possible. Figures 1D and 1E indicate two such effects: unre-
acted functionalities with partial entanglements (Fig. 1D) and
chain loops (Fig. 1E). Neither of these effects contributes to the
mechanical or physical properties of a polymer network.

The terms “cross-link,” “junction,” or “tie-point” (an open
circle symbol in Fig. 1D) indicate the connection points of sev-
eral chains. These junctions may be carbon atoms, but they
are usually small chemical bridges [e.g., an acetal bridge in
the case of cross-linked poly(vinyl alcohol)] with molecular
weights much smaller than those of the cross-linked polymer
chains. In other situations, a junction may be an association
of macromolecular chains caused by van der Waals forces, as
in the case of the glycoproteinic network structure of natural
mucus, or an aggregate formed by hydrogen bonds, as in the
case of aged microgels formed in polymer solutions.

Finally, the network structure may include effective junc-
tions that can be either simple physical entanglements of
permanent or semipermanent nature, or ordered chains form-
ing crystallites. Thus, the junctions should never be considered
as points without volume, which is the usual assumption made
when developing structural models for analysis of the cross-
linked structure of hydrogels (Flory, 1953). Instead, they have
a finite size and contribute to the deformational distribution
during biomedical applications.

PREPARATION

Hydrogels are prepared by swelling cross-linked structures
in water or biological fluids. Water or aqueous solutions may be
present during the initial preparation of the cross-linked struc-
ture. Methods of preparation of the initial networks include
chemical cross-linking, photopolymerization, or irradiative
cross-linking (Peppas et al., 2000).

Chemical cross-linking calls for direct reaction of a lin-
ear or branched polymer with at least one difunctional,

FIG. 1. (A) Ideal macromolecular network of a hydrogel.
(B) Network with multifunctional junctions. (C) Physical entan-
glements in a hydrogel. (D) Unreacted functionality in a hydrogel.
(E) Chain loops in a hydrogel.

small molecular weight, cross-linking agent. This agent usu-
ally links two longer molecular weight chains through its
di- or multifunctional groups. A second method involves a
copolymerisation-cross-linking reaction between one or more
abundant monomers and one multifunctional monomer that is
present in relatively small quantities. A third method involves
using a combination of monomer and linear polymeric chains
that are cross-linked by means of an interlinking agent, as in
the production of polyurethanes. Several of these techniques
can be performed in the presence of UV light leading to rapid
formation of a three-dimensional network. Ionizing radiation
cross-linking (Chapiro, 1962) utilizes electron beams, gamma
rays, or X-rays to excite a polymer and produce a cross-linked
structure via free radical reactions.
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SWELLING BEHAVIOR

The physical behavior of hydrogels is dependent on their
equilibrium and dynamic swelling behavior in water, since
upon preparation they must be brought in contact with water to
yield the final, swollen network structure. Figure 2 shows one
of two possible processes of swelling. A dry, hydrophilic cross-
linked network is placed in water. Then, the macromolecular
chains interact with the solvent molecules owing to the rela-
tively good thermodynamic compatibility. Thus, the network
expands to the solvated state.

The Flory-Huggins theory can be used to calculate thermo-
dynamic quantities related to that mixing process. Flory (1953)
developed the initial theory of the swelling of cross-linked poly-
mer gels using a Gaussian distribution of the polymer chains.
His model describing the equilibrium degree of cross-linked
polymers postulated that the degree to which a polymer net-
work swelled was governed by the elastic retractive forces of
the polymer chains and the thermodynamic compatibility of the
polymer and the solvent molecules. In terms of the free energy
of the system, the total free energy change upon swelling was
written as:

AG = AGgtic + AGmix (1)

Here, AGjaqic 1s the contribution due to the elastic retractive
forces and AG iy represents the thermodynamic compatibility

of the polymer and the swelling agent (water).

Upon differentiation of Eq. 1 with respect to the water
molecules in the system, an expression can be derived for the
chemical potential change of water in terms of the elastic and
mixing contributions due to swelling.

H1 = 1,0 = Afdelastic T AMmix (2)

Here, 11 is the chemical potential of water within the gel
and p1,g is the chemical potential of pure water.

At equilibrium, the chemical potentials of water inside and
outside of the gel must be equal. Therefore, the elastic and
mixing contributions to the chemical potential will balance
one another at equilibrium. The chemical potential change
upon mixing can be determined from the heat of mixing and
the entropy of mixing. Using the Flory—-Huggins theory, the

Vy < 1

chemical potential of mixing can be expressed as:
Apmix = RT (In(1 = 202 +v25 +x103,)  3)

where xj is the polymer-water interaction parameter, v g
is the polymer volume fraction of the gel, T is absolute
temperature, and R is the gas constant.

This thermodynamic swelling contribution is counterbal-
anced by the retractive elastic contribution of the cross-linked
structure. The latter is usually described by the rubber elas-
ticity theory and its variations (Peppas, 1987). Equilibrium
is attained in a particular solvent at a particular temperature
when the two forces become equal. The volume degree of
swelling, Q (i.e., the ratio of the actual volume of a sample
in the swollen state divided by its volume in the dry state), can
then be determined from Eq. 4.

Volume of polymer Vp

Y25 = Yolume of swollen gel - Vel

=1/0 (4)

Researchers working with hydrogels for biomedical applica-
tions prefer to use other parameters in order to define the
equilibrium-swelling behavior. For example, Yasuda et al.
(1969) introduced the use of the so-called hydration ratio, H,
which has been accepted by those researchers who use hydro-
gels for contact lens applications (Peppas and Yang, 1981).
Another definition is that of the weight degree of swelling, ¢,
which is the ratio of the weight of the swollen sample to that
of the dry sample.

In general, highly swollen hydrogels include those of
cellulose derivatives, poly(vinyl alcohol), poly(N-vinyl-2-
pyrrolidone) (PNVP), and poly(ethylene glycol), among others.
Moderately and poorly swollen hydrogels are those of
poly(hydroxyethyl methacrylate) (PHEMA) and many of its
derivatives. In general, a basic hydrophilic monomer can be
copolymerized with other more or less hydrophilic monomers
to achieve desired swelling properties. Such processes have led
to a wide range of swellable hydrogels, as Gregonis et al.
(1976), Peppas (1987, 1997), and others have pointed out.
Knowledge of the swelling characteristics of a polymer is of
utmost importance in biomedical and pharmaceutical applica-
tions since the equilibrium degree of swelling influences (i) the
solute diffusion coefficient through these hydrogels, (ii) the sur-
face properties and surface mobility, (iii) the optical properties,

B V2% Vo<1 Vye< Uy <1

——-
Polymer swells

———-
Polymer swells

FIG. 2. (A) Swelling of a network prepared by cross-linking in dry state. (B) Swelling of a network prepared by cross-linking in solution.
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especially in relation to contact lens applications, and (iv) the
mechanical properties.

DETERMINATION OF STRUCTURAL
CHARACTERISTICS

The parameter that describes the basic structure of the
hydrogel is the molecular weight between cross-links, M, (as
shown in Fig. 1A). This parameter defines the average molec-
ular size between two consecutive junctions regardless of the
nature of those junctions and can be calculated by Eq. 5.

12 W[ —v)+ug+ i "
Me M. (v;/f - UZ,S/z)

An additional parameter of importance in structural analy-
sis of hydrogels is the cross-linking density, p,, which is defined
by Eq. 6.

1
T UM,

Px (6)

In these equations, v is the specific volume of the polymer
(i.e., the reciprocal of the amorphous density of the polymer),
and M, is the initial molecular weight of the un-cross-linked
polymer.

PROPERTIES OF IMPORTANT BIOMEDICAL
HYDROGELS

The multitude of hydrogels available leaves numerous
choices for polymeric formulations. The best approach for
developing a hydrogel with the desired characteristics for
biomedical application is to correlate the macromolecular
structures of the polymers available with the swelling and
mechanical characteristics desired (Peppas et al., 2000; Peppas,
2001).

The most widely used hydrogel is water-swollen, cross-
linked PHEMA, which was introduced as a biological material
by Wichterle and Lim (1960). The hydrogel is inert to nor-
mal biological processes, shows resistance to degradation, is
permeable to metabolites, is not absorbed by the body, is bio-
compatible, withstands heat sterilization without damage, and
can be prepared in a variety of shapes and forms.

The swelling, mechanical, diffusional, and biomedical char-
acteristics of PHEMA gels have been studied extensively.
The properties of these hydrogels are dependent upon their
method of preparation, polymer volume fraction, degree of
cross-linking, temperature, and swelling agent.

Other hydrogels of biomedical interest include polyacry-
lamides. Tanaka (1979) has done extensive studies on the
abrupt swelling and deswelling of partially hydrolyzed acry-
lamide gels with changes in swelling agent composition, cur-
ing time, degree of cross-linking, degree of hydrolysis, and
temperature. These studies have shown that the ionic groups
produced in an acrylamide gel upon hydrolysis give the gel

a structure that shows a discrete transition in equilibrium-
swollen volume with environmental changes.

Discontinuous swelling in partially hydrolyzed polyacry-
lamide gels has been studied by Gehrke et al. (1986).
Besides HEMA and acrylamides, N-vinyl-2-pyrrolidone
(NVP), methacrylic acid (MAA), methyl methacrylate (MMA),
and maleic anhydride (MAH) have all been proven useful
as monomers for hydrogels in biomedical applications. For
instance, cross-linked PNVP is used in soft contact lenses.
Small amounts of MAA as a comonomer have been shown
to dramatically increase the swelling of PHEMA polymers.
Owing to the hydrophobic nature of MMA, copolymers of
MMA and HEMA have a lower degree of swelling than pure
PHEMA (Brannon-Peppas and Peppas, 1991). All of these
materials have potential use in advanced technology applica-
tions, including biomedical separations, and biomedical and
pharmaceutical devices.

INTELLIGENT OR SMART HYDROGELS

Hydrogels may exhibit swelling behavior dependent on
the external environment. Over the past 30 years there has
been a significant interest in the development and analysis
of environmentally or physiologically responsive hydrogels
(Peppas, 1991). Environmentally responsive materials show
drastic changes in their swelling ratio due to changes in their
external pH, temperature, ionic strength, nature and composi-
tion of the swelling agent, enzymatic or chemical reaction, and
electrical or magnetic stimuli (Peppas, 1993). In most respon-
sive networks, a critical point exists at which this transition
occurs.

An interesting characteristic of numerous responsive gels is
that the mechanism causing the network structural changes
can be entirely reversible in nature. The ability of pH- or
temperature-responsive gels to exhibit rapid changes in their
swelling behavior and pore structure in response to changes
in environmental conditions lend these materials favorable
characteristics as carriers for bioactive agents, including pep-
tides and proteins. This type of behavior may allow these
materials to serve as self-regulated, pulsatile drug delivery
systems.

pH-Sensitive Hydrogels

One of the most widely studied types of physiologically
responsive hydrogels is pH-responsive hydrogels. These hydro-
gels are swollen ionic networks containing either acidic or
basic pendant groups. In aqueous media of appropriate pH
and ionic strength, the pendant groups can ionize developing
fixed charges on the gel. All ionic materials exhibit a pH and
ionic strength sensitivity. The swelling forces developed in these
systems are increased over those of nonionic materials. This
increase in swelling force is due to the localization of fixed
charges on the pendant groups. As a result, the mesh size of
the polymeric networks can change significantly with small pH
changes.
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Temperature Sensitive Hydrogels

Another class of environmentally sensitive gels exhibits
temperature-sensitive swelling behavior due to a change in
the polymer/swelling agent compatibility over the tempera-
ture range of interest. Temperature-sensitive polymers typically
exhibit a lower critical solution temperature (LCST), below
which the polymer is soluble. Above this temperature, the poly-
mers are typically hydrophobic and do not swell significantly
in water (Kim, 1996). However, below the LCST, the cross-
linked gel swells to significantly higher degrees because of the
increased compatibility with water.

Complexing Hydrogels

Some hydrogels may exhibit environmental sensitivity due
to the formation of polymer complexes. Polymer complexes
are insoluble, macromolecular structures formed by the non-
covalent association of polymers with affinity for one another.
The complexes form as a result of the association of repeat-
ing units on different chains (interpolymer complexes) or on
separate regions of the same chain (intrapolymer complexes).
Polymer complexes are classified by the nature of the asso-
ciation as stereocomplexes, polyelectrolyte complexes, or
hydrogen-bonded complexes. The stability of the associations
is dependent on such factors as the nature of the swelling
agent, temperature, type of dissolution medium, pH and ionic
strength, network composition and structure, and length of the
interacting polymer chains.

In this type of gel, complex formation results in the forma-
tion of physical cross-links in the gel. As the degree of effective
cross-linking is increased, the network mesh size and degree
of swelling is significantly reduced. As a result, if hydrogels
are used as drug carriers, the rate of drug release will decrease
dramatically upon the formation of interpolymer complexes.

APPLICATIONS

Biomedical Applications

The physical properties of hydrogels make them attractive
for a variety of biomedical and pharmaceutical applications.
Their biocompatibility allows them to be considered for medi-
cal applications, whereas their hydrophilicity can impart desir-
able release characteristics to controlled and sustained release
formulations.

Hydrogels exhibit properties that make them desirable can-
didates for biocompatible and blood-compatible biomaterials
(Merrill et al., 1987). Nonionic hydrogels for blood con-
tact applications have been prepared from poly(vinyl alcohol),
polyacrylamides, PNVP, PHEMA, and poly(ethylene oxide)
(Peppas et al., 1999). Heparinized polymer hydrogels also
show promise as materials for blood-compatible applications
(Sefton, 1987).

One of the earliest biomedical applications of hydrogels
was in contact lenses (Tighe, 1976; Peppas and Yang, 1981)
because of their relatively good mechanical stability, favorable
refractive index, and high oxygen permeability.

Other potential applications of hydrogels include (Peppas,
1987) artificial tendon materials, wound-healing bioadhesives,
artificial kidney membranes, articular cartilage, artificial skin,
maxillofacial and sexual organ reconstruction materials, and
vocal cord replacement materials (Byrne et al., 2002).

Pharmaceutical Applications

Pharmaceutical hydrogel applications have become very
popular in recent years. Pharmaceutical hydrogel systems
include equilibrium-swollen hydrogels, i.e., matrices that have
a drug incorporated in them and are swollen to equilibrium.
The category of solvent-activated, matrix-type, controlled-
release devices comprises two important types of systems:
swellable and swelling-controlled devices. In general, a sys-
tem prepared by incorporating a drug into a hydrophilic,
glassy polymer can be swollen when brought in contact with
water or a simulant of biological fluids. This swelling process
may or may not be the controlling mechanism for diffusional
release, depending on the relative rates of the macromolecular
relaxation of the polymer and drug diffusion from the gel.

In swelling-controlled release systems, the bioactive agent is
dispersed into the polymer to form nonporous films, disks, or
spheres. Upon contact with an aqueous dissolution medium,
a distinct front (interface) is observed that corresponds to the
water penetration front into the polymer and separates the
glassy from the rubbery (gel-like) state of the material. Under
these conditions, the macromolecular relaxations of the poly-
mer influence the diffusion mechanism of the drug through
the rubbery state. This water uptake can lead to considerable
swelling of the polymer with a thickness that depends on time.
The swelling process proceeds toward equilibrium at a rate
determined by the water activity in the system and the struc-
ture of the polymer. If the polymer is cross-linked or if it is
of sufficiently high molecular weight (so that chain entangle-
ments can maintain structural integrity), the equilibrium state
is a water-swollen gel. The equilibrium water content of such
hydrogels can vary from 30% to 90%. If the dry hydrogel
contains a water-soluble drug, the drug is essentially immobile
in the glassy matrix, but begins to diffuse out as the polymer
swells with water. Drug release thus depends on two simulta-
neous rate processes: water migration into the device and drug
diffusion outward through the swollen gel. Since some water
uptake must occur before the drug can be released, the initial
burst effect frequently observed in matrix devices is moderated,
although it may still be present. The continued swelling of the
matrix causes the drug to diffuse increasingly easily, ameliorat-
ing the slow tailing off of the release curve. The net effect of the
swelling process is to prolong and linearize the release curve.
Details of hydrogels for medical and pharmaceutical applica-
tions have been presented by Korsmeyer and Peppas (1987) for
poly(vinyl alcohol) systems, and by Peppas (1981) for PHEMA
systems and their copolymers. One of numerous examples of
such swelling-controlled systems was reported by Franson and
Peppas (1983), who prepared cross-linked copolymer gels of
poly(HEMA-co-MAA) of varying compositions. Theophylline
release was studied and it was found that near zero-order
release could be achieved using copolymers containing 90%
PHEMA.
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Poly(vinyl alcohol)

Another hydrophilic polymer that has received attention
is poly(vinyl alcohol) (PVA). This material holds tremendous
promise as a biological drug delivery device because it is
nontoxic, is hydrophilic, and exhibits good mucoadhesive
properties. Two methods exist for the preparation of PVA
gels. In the first method, linear PVA chains are cross-linked
using glyoxal, glutaraldehyde, or borate. In the second method,
Peppas and Hassan (2000), semicrystalline gels were prepared
by exposing aqueous solutions of PVA to repeating freezing and
thawing. The freezing and thawing induced crystal formation
in the materials and allowed for the formation of a network
structure cross-linked with the quasi-permanent crystallites.
The latter method is the preferred method for preparation as
it allows for the formation of an “ultrapure” network without
the use of toxic cross-linking agents. Ficek and Peppas (1993)
used PVA gels for the release of bovine serum albumin using
novel PVA microparticles.

Poly(ethylene glycol)

Hydrogels of poly(ethylene oxide) (PEO) and poly(ethylene
glycol) (PEG) have received significant attention for biomedical
applications in the past few years (Graham, 1992). Three major
preparation techniques exist for the preparation of cross-linked
PEG networks: (i) chemical cross-linking between PEG chains,
(ii) radiation cross-linking of PEG chains, and (iii) chemical
reaction of mono- and difunctional PEGs. The advantage of
using radiation-cross-linked PEO networks is that no toxic
cross-linking agents are required. However, it is difficult to
control the network structure of these materials. Stringer and
Peppas (1996) have prepared PEO hydrogels by radiation
cross-linking. In this work, they analyzed the network structure
in detail. Additionally, they investigated the diffusional behav-
ior of smaller molecular weight drugs, such as theophylline, in
these gels. Kofinas et al. (1996) have prepared PEO hydrogels
by a similar technique. In this work, they studied the diffusional
behavior of various macromolecules in these gels. They noted
an interesting, yet previously unreported dependence between
the cross-link density and protein diffusion coefficient and the
initial molecular weight of the linear PEGs.

Lowman et al. (1997) have presented an exciting new
method for the preparation of PEG gels with controllable
structures. In this work, highly cross-linked and tethered
PEG gels were prepared from PEG dimethacrylates and PEG
monomethacrylates. The diffusional behavior of diltiazem and
theophylline in these networks was studied. The technique pre-
sented in this work is promising for the development of a new
class of functionalized PEG-containing gels that may be of use
in a wide variety of drug delivery applications.

pH-Sensitive Hydrogels

Hydrogels that have the ability to respond to pH changes
have been studied extensively over the years. These gels typi-
cally contain side ionizable side groups such as carboxylic acids
or amine groups. The most commonly studied ionic polymers
include poly(acrylamide) (PAAm), poly(acrylic acid) (PAA),

poly(methacrylic acid) (PMAA), poly(diethylaminoethyl
methacrylate) (PDEAEMA), and poly(dimethylaminoethyl
methacrylate) (PDMAEMA). The swelling and release char-
acteristics of anionic copolymers of PMAA and PHEMA
(PHEMA-co-MAA) have been investigated. In acidic media,
the gels did not swell significantly; however, in neutral or basic
media, the gels swelled to a high degree because of ionization
of the pendant acid group. Brannon-Peppas and Peppas (1991)
have also studied the oscillatory swelling behavior of these gels.

Temperature-Sensitive Hydrogels

Some of the earliest work with temperature-sensitive hydro-
gels was done by Hirotsu et al. (1987). They synthesized
cross-linked poly(N-isopropyl acrylamide) (PNIPAAm) and
determined that the LCST of the PNIPAAm gels was 34.3°C.
Below this temperature, significant gel swelling occurred. The
transition about this point was reversible. They discovered
that the transition temperature was raised by copolymer-
izing PNIPAAm with small amounts of ionic monomers.
Dong and Hoffman (1991) prepared heterogeneous gels con-
taining PNIPAAm that collapsed at significantly faster rates
than homopolymers of PNIPAAm. Yoshida et al. (1995) and
Kaneko ez al. (1996) developed an ingenious method to prepare
comb-type graft hydrogels of PNIPAAm. The main chain of
the cross-linked PNIPAAm contained small-molecular-weight
grafts of PNIPAAm. Under conditions of gel collapse (above
the LCST), hydrophobic regions were developed in the pores
of the gel resulting in a rapid collapse. These materials had the
ability to collapse from a fully swollen conformation in less
than 20 minutes, whereas comparable gels that did not con-
tain graft chains required up to a month to fully collapse. Such
systems show major promise for rapid and abrupt or oscillatory
release of drugs, peptides, or proteins.

Complexation Hydrogels

Another promising class of hydrogels that exhibit respon-
sive behavior is complexing hydrogels. Bell and Peppas (1995)
have discussed a class of graft copolymer gels of PMAA
grafted with PEG, poly(MAA-g-EG). These gels exhibited
pH-dependent swelling behavior due to the presence of acidic
pendant groups and the formation of interpolymer complexes
between the ether groups on the graft chains and protonated
pendant groups. In these covalently cross-linked, complex-
ing poly(MAA-g-EG) hydrogels, complexation resulted in the
formation of temporary physical cross-links due to hydro-
gen bonding between the PEG grafts and the PMAA pendant
groups. The physical cross-links were reversible in nature and
dependent on the pH and ionic strength of the environment.
As a result, these complexing hydrogels exhibit drastic changes
in their mesh size in response to small changes of pH.

Promising new methods for the delivery of chemotherapeu-
tic agents using hydrogels have been recently reported. Novel
biorecognizable sugar-containing copolymers have been inves-
tigated for the use in targeted delivery of anti-cancer drugs.
Peterson et al. (1996) have used poly(N-2-hydroxypropyl
methacrylamide) carriers for the treatment of ovarian cancer.
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Self-Assembled Structures

In the past few years there have been new, creative methods
of preparation of novel hydrophilic polymers and hydrogels
that may represent the future in drug delivery applications.
The focus in these studies has been the development of
polymeric structures with precise molecular architectures.
Stupp et al. (1997) synthesized self-assembled triblock copoly-
mer nanostructures that may have very promising biomedical
applications.

Star Polymers

Dendrimers and star polymers (Dvornik and Tomalia,
1996) are exciting new materials because of the large num-
ber of functional groups available in a very small volume.
Such systems could have tremendous promise in drug targeting
applications. Merrill (1993) has offered an exceptional review
of PEO star polymers and applications of such systems in
the biomedical and pharmaceutical fields. Griffith and Lopina
(1995) have prepared gels of controlled structure and large bio-
logical functionality by irradiation of PEO star polymers. Such
new structures could have particularly promising drug delivery
applications when combined with emerging new technologies
such as molecular imprinting.
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2.6 APPLICATIONS OF “SMART POLYMERS”

AS BIOMATERIALS
Allan S. Hoffman

INTRODUCTION

Stimulus-responsive, “intelligent” polymers are polymers
that respond with sharp, large property changes to small
changes in physical or chemical conditions. They are also
known as “smart” or “environmentally sensitive” polymers.
These polymers can take many forms; they may be dissolved
in aqueous solution, adsorbed or grafted on aqueous—solid
interfaces, or cross-linked in the form of hydrogels.

Many different stimuli have been investigated, and they
are listed in Table 1. Typically, when the polymer’s critical
response is stimulated, the behavior will be as follows (Fig. 1):

e The smart polymer that is dissolved in an aqueous solu-
tion will show a sudden onset of turbidity as it phase
separates, and if its concentration is high enough, it will
convert from a solution to a gel.

TABLE 1 Environmental Stimuli

Physical
Temperature
Ionic strength
Solvents
Radiation (UV, visible)
Electric fields
Mechanical stress
High pressure
Sonic radiation
Magnetic fields

Chemical
pH
Specific ions
Chemical agents

Biochemical
Enzyme substrates
Affinity ligands
Other biological agents

+ Stimulus Reversible
> @ precipitation
yrI— or
— Stimulus .
gelation
+ Stimulus )
—_— Reversible
e & adsorbtion
Y timulus on a surface
+ Stimulus
Reversible
~lp—
_ Stimulus & collapse of
surface graft
polymer
+ Stimulus Reversible
—_—
@ collapse of
— Stimulus hydrogel

FIG. 1. Schematic illustration showing the different types of
responses of “intelligent” polymer systems to environmental stimuli.
Note that all systems are reversible when the stimulus is reversed
(Hoffman et al., Journal of Biomedical Materials Research © 2000).

® The smart polymer that is chemically grafted to a surface
and is stimulated to phase separate will collapse, convert-
ing that interface from a hydrophilic to a hydrophobic
interface. If the smart polymer is in solution and it is
stimulated to phase separate, it may physically adsorb to
a hydrophobic surface whose composition has a balance
of hydrophobic and polar groups that is similar to the
phase-separated smart polymer.

® The smart polymer that is cross-linked in the form of a
hydrogel will exhibit a sharp collapse, and release much
of its swelling solution.
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These phenomena are reversed when the stimulus is
reversed. Sometimes the rate of reversion is slower when the
polymer has to redissolve or the gel has to reswell in aque-
ous media. The rate of collapse or reversal of smart polymer
systems is sensitive to the dimensions of the smart polymer sys-
tem, and it will be much more rapid for systems with nanoscale
dimensions.

Smart polymers may be physically mixed with or chemically
conjugated to biomolecules to yield a large and diverse fam-
ily of polymer-biomolecule hybrid systems that can respond
to biological as well as to physical and chemical stimuli.
Biomolecules that may be combined with smart polymer sys-
tems include proteins and oligopeptides, sugars and polysac-
charides, single and double-stranded oligonucleotides, RNA
and DNA, simple lipids and phospholipids, and a wide spec-
trum of recognition ligands and synthetic drug molecules.
In addition, polyethylene glycol (PEG, which is also a smart
polymer) may be conjugated to the smart polymer backbone
to provide it with “stealth” properties (Fig. 2).

Combining a smart polymer and a biomolecule produces
a new, smart “biohybrid” system that can synergistically

Biocompatible polymer
backbone

(may also be biodegradable or
stimuli-responsive to pH, T, E)

Biofunctional molecule
(linked by biodegradable
spacer arm)

Ligand (for cell receptor,
mucin, E.C.M. component,
plasma protien, ...)

a Signal group (for imaging)

Liphophilic group (for
insertion in cell membrane,
liposome, micelle,
nanoparticle)

Plasmid vector (for
insertion into cell nucleus)

Non-fouling group
(to repel IgGs)

FIG. 2. Schematic illustration showing the variety of natural or syn-
thetic biomolecules which may be conjugated to a smart polymer. In
some cases, only one molecule may be conjugated, such as a recogni-
tion protein, which may be linked to the protein at a reactive terminal
group of the polymer, or it may be linked at a reactive pendant group
along the polymer backbone. In other cases more than one molecule
may be conjugated along the polymer backbone, such as a targeting
ligand along with many drug molecules (Hoffman et al., Journal of
Biomedical Materials Research © 2000).

combine the individual properties of the two components to
yield new and unusual properties. One could say that these
biohybrids are “doubly smart.” Among the most important of
these systems are the smart polymer-biomolecule conjugates,
especially the polymer—drug and polymer—protein conjugates.
Such smart bioconjugates, and even a physical mixture of the
individual smart polymers and biomolecules, may be physically
adsorbed or chemically immobilized on solid surfaces. The
biomolecule may also be physically or chemically entrapped in
smart hydrogels. All of these hybrid systems have been exten-
sively studied and this chapter reviews these studies. There
have been a number of successful applications in both medicine
and biotechnology for such smart polymer—biomolecule sys-
tems, and as such, they represent an important extension
of polymeric biomaterials beyond their well-known uses in
implants and medical devices. Several review articles are avail-
able on these interesting smart hybrid biomaterials (Hoffman,
1987, 1995, 1997; Hoffman et al., 1999, 2000; Okano et al.,
2000).

SMART POLYMERS IN SOLUTION

There are many polymers that exhibit thermally induced
precipitation (Table 2), and the polymer that has been
studied most extensively is poly(N-isopropyl acrylamide), or
PNIPAAm. This polymer is soluble in water below 32°C, and
it precipitates sharply as temperature is raised above 32°C
(Heskins and Guillet, 1968). The precipitation temperature
is called the lower critical solution temperature, or LCST.
If the solution contains buffer and salts the LCST will be

TABLE 2 Some Polymers and Surfactants that Exhibit
Thermally-Induced Phase Separation in Aqueous Solutions

Polymers/Surfactants with Ether Groups
Poly(ethylene oxide) (PEO)
Poly(ethylene oxide/propylene oxide) random copolymers
[poly(EO/PO)]
PEO-PPO-PEO triblock surfactants (Polyoxamers or Pluronics)
PLGA-PEO-PLGA triblock polymers
Alkyl-PEO block surfactants (Brij)
Poly(vinyl methyl ether)

Polymers with Alcohol Groups
Poly(hydropropyl acrylate)
Hydroxypropyl cellulose
Methylcellulose
Hydroxypropyl methylcellulose
Poly(vinyl alcohol) derivatives

Polymers with Substituted Amide Groups
Poly(N-substituted acrylamides)
Poly(N-acryloyl pyrrolidine)
Poly(N-acryloyl piperidine)
Poly(acryl-L-amino acid amides)

Others
Poly(methacrylic acid)
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Effect of copolymerization
on LCST of poly (NIPAAm)
60
50 AAm

40 1

Copolymer 30

LCST
(C) 20
] N-tBAAm
10 1
0 L4 L] v 1
0 20 40 60 80

% AAm or N-tBAAm in monomer mixture

FIG. 3. Copolymerization of a thermally sensitive polymer,
PNIPAAm, with a more hydrophilic comonomer, AAm, raises the
LCST of the copolymer, whereas copolymerization with a more
hydrophobic comonomer, N-tBAAm, lowers the LCST (Hoffman
et al., Journal of Biomedical Materials Research © 2000).

reduced several degrees. If NIPAAm monomer is copolymer-
ized with more hydrophilic monomers such as acrylamide,
the LCST increases and may even disappear. If NIPAAm
monomer is copolymerized with more hydrophobic monomers,
such as #n-butylacrylamide, the LCST decreases (Fig. 3)
(Priest et al., 1987). NIPAAm may also be copolymerized
with pH-sensitive monomers, leading to random copolymers
with temperature- and pH-responsive components (Dong and
Hoffman, 1987; Zareie et al., 2000) (see also Chapter 7.14 on
drug delivery systems). NIPAAm has been copolymerized with
pH-responsive macromonomers, leading to graft copolymers
that independently exhibit two separate stimulus-responsive
behaviors (Chen and Hoffman, 1995).

A family of thermally gelling, biodegradable triblock
copolymers has been developed for injectable drug delivery
formulations (Vernon et al., 2000; Lee et al., 2001; Jeong
et al., 2002). They form a medium viscosity, injectable solu-
tion at room temperature and a solid hydrogel at 37°C.
These polymers are based on compositions of hydropho-
bic, degradable polyesters combined with PEO. The copoly-
mers are triblocks with varying MW segments of PLGA
and PEO. Typical compositions are PEO-PLGA-PEO and
PLGA-PEO-PLGA.

Tirrell (1987) and more recently, Stayton, Hoffman, and
co-workers have studied the behavior of pH-sensitive alpha-
alkylacrylic acid polymers in solution (Lackey et al., 1999;
Murthy et al., 1999; Stayton et al., 2000). As pH is lowered,
these polymers become increasingly protonated and hydropho-
bic, and eventually phase separate; this transition can be sharp,
resembling the phase transition at the LCST. If a polymer such
as poly(ethylacrylic acid) or poly(propylacrylic acid) is in the
vicinity of a lipid bilayer membrane as pH is lowered, the
polymer will interact with the membrane and disrupt it. These
polymers have been used in intracellular drug delivery to
disrupt endosomal membranes as pH drops in the endo-
some, enhancing the cytosolic delivery of drugs, and avoiding

exposure to lysosomal enzymes. (See further discussion in
Chapter 7.14 on drug delivery systems.)

SMART POLYMER-PROTEIN BIOCONJUGATES
IN SOLUTION

Smart polymers may be conjugated randomly to proteins
by binding the reactive end of the polymer or reactive pendant
groups along the polymer backbone to reactive sites on the
protein (Fig. 4). One may utilize chain transfer free radi-
cal polymerization to synthesize oligomers with one func-
tional end group, which can then be derivatized to form a
reactive group that can be conjugated to the protein. NIPAAm
has also been copolymerized with reactive comonomers (e.g.,
N-hydroxysuccinimide acrylate, or NHS acrylate) to yield
a random copolymer with reactive pendant groups, which
have then been conjugated to the protein. Vinyl monomer
groups have been conjugated to proteins to provide sites for
copolymerization with free monomers such as NIPAAm. These
synthesis methods are described in several publications (Cole
et al., 1987; Monji and Hoffman, 1987; Shoemaker et al.,
1987; Chen et al., 1990; Chen and Hoffman, 1990, 1994;
Yang et al., 1990; Takei et al., 1993a; Monji et al., 1994; Ding
et al., 1996) (see also Chapter 2.16 on biologically functional
materials).

Normally the lysine amino groups are the most reactive pro-
tein sites for random polymer conjugation to proteins, and
N-hydroxysuccinimide (NHS) attachment chemistry is most
often utilized. Other possible sites include —COOH groups
of aspartic or glutamic acid, —OH groups of serine or tyro-
sine, and —SH groups of cysteine residues. The most likely
attachment site will be determined by the reactive group on the
polymer and the reaction conditions, especially the pH. Because
these conjugations are generally carried out in a nonspecific
way, the conjugated polymer can interfere sterically with the
protein’s active site or modify its microenvironment, typically
reducing the bioactivity of the protein. On rare occasions the

e

Random, end-linked Random, pendant-linked

active site \ <«—— close to active site —»

<+— far away from active site ——»

Site-specific, end-linked  Site-specific, pendant-linked

FIG. 4. Various types of random and site-specific smart polymer—
protein conjugates. In the latter case, conjugation near the active site of
the protein is intended to provide stimulus control of the recognition
process of the protein for its ligand, whereas conjugation far away
from the active site should avoid any interference of the polymer with
the protein’s natural activity (Hoffman et al., Journal of Biomedical
Materials Research © 2000).
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conjugation of a polymer increases the activity of the protein.
(e.g., Ding et al., 1998).

Biomedical uses of smart polymers in solution have mainly
been as conjugates with proteins. Random conjugation of
temperature-sensitive (mainly) and pH-sensitive (occasion-
ally) polymers to proteins has been extensively investigated,
and applications of these conjugates have been focused on
immunoassays, affinity separations, enzyme recovery, and drug
delivery (Schneider ez al., 1981; Okamura et al., 1984; Nguyen
and Luong, 1989; Taniguchi et al., 1989, 1992; Chen and
Hoffman, 1990; Moniji et al., 1990; Pecs et al., 1991; Park
and Hoffman, 1992; Takei et al., 1993b, 1994; Galaev and
Mattiasson, 1993; Fong et al., 1999; Anastase-Ravion et al.,
2001). In some cases the “smart” polymer is a polyligand,
such as polybiotin or poly(glycosyl methacrylate), which is used
to phase separate target molecules by complexation to multi-
ple binding sites on target proteins, such as streptavidin and
Concanavalin A, respectively (Larsson and Mosbach, 1979;
Morris et al., 1993; Nakamae et al., 1994). Wu, Hoffman, and
Yager (1992, 1993) have synthesized PNIPA Am-phospholipid
conjugates for use in drug delivery formulations as components
of thermally sensitive composites and liposomes.

SMART POLYMERS ON SURFACES

One may covalently graft a polymer to a surface by expos-
ing the surface to ionizing radiation in the presence of the
monomer (and in the absence of air), or by preirradiating
the polymer surface in air, and later contacting the surface
with the monomer solution and heating in the absence of
air. (See also Chapter 1.4 on surface properties of materials.)
These surfaces exhibit stimulus-responsive changes in wetta-
bility (Uenoyama and Hoffman, 1988; Takei et al., 1994;
Kidoaki et al., 2001). Ratner and co-workers have used a gas
plasma discharge to deposit temperature-responsive coatings
from a NIPAAm monomer vapor plasma (Pan et al., 2001).
Okano and Yamato and co-workers have utilized the radiation
grafting technique to form cell culture surfaces having a sur-
face layer of grafted PNIPAAm. (Yamato and Okano, 2001;
Shimizu et al., 2003). They have cultured cells to confluent
sheets on these surfaces at 37°C, which is above the LCST
of the polymer. When the PNIPAAm collapses, the interface
becomes hydrophobic and leads to adsorption of cell adhesion
proteins, enhancing the cell culture process. Then when the
temperature is lowered, the interface becomes hydrophilic as
the PNIPAAm chains rehydrate, and the cell sheets release from
the surface (along with the cell adhesion proteins). The cell
sheet can be recovered and used in tissue engineering, e.g., for
artificial cornea and other tissues. Patterned surfaces have also
been prepared (Yamato et al., 2001). Smart polymers may also
be grafted to surfaces to provide surfaces of gradually varying
hydrophilicity and hydrophobicity as a function of the poly-
mer composition and conditions. This phenomenon has been
applied by Okano, Kikuchi, and co-workers to prepare chro-
matographic column packing, leading to eluate-free (“green”)
chromatographic separations (Kobayashi et al., 2001; Kikuchi
and Okano, 2002). Ishihara et al. (1982, 1984b) devel-
oped photoresponsive coatings and membranes that reversibly

changed surface wettability or swelling, respectively, due to
the photoinduced isomerization of an azobenzene-containing
polymer.

SITE-SPECIFIC SMART POLYMER BIOCONJUGATES
ON SURFACES

Conjugation of a responsive polymer to a specific site near
the ligand-binding pocket of a genetically engineered protein
is a powerful new concept. Such site-specific protein—smart
polymer conjugates can permit sensitive environmental con-
trol of the protein’s recognition process, which controls all
living systems. Stayton and Hoffman ez al. (Stayton et al.,
2000) have designed and synthesized smart polymer—protein
conjugates where the polymer is conjugated to a specific site
on the protein, usually a reactive -SH thiol group from cys-
teine that has been inserted at the selected site (Fig. 5). This
is accomplished by utilizing cassette mutagenesis to insert a
site-specific mutation into the DNA sequence of the protein,
and then cloning the mutant in cell culture. This method is
applicable only to proteins whose complete peptide sequence
is known. The preparation of the reactive smart polymer is sim-
ilar to the method described above, but now the reactive end
or pendant groups and the reaction conditions are specifically
designed to favor conjugation to —SH groups rather than to
-NH, groups. Typical SH-reactive polymer end groups include
maleimide and vinyl sulfone groups.

The specific site for polymer conjugation can be located
far away from the active site (Chilkoti ez al., 1994), in order
to avoid interference with the biological functioning of the
protein, or nearby or even within the active site, in order to
control the ligand-protein recognition process and the biolog-
ical activity of the protein (Fig. 4) (Ding et al., 1999, 2001;
Bulmus et al., 1999; Stayton et al., 2000; Shimoboji et al.,
2001, 2002a, b, 2003). The latter has been most studied by

Genetically-engineered
Binding site cystine —SH

~¥~-SH reactive group

Genetically-engineered End-reactive

recognition protein “smart” polymer Site-specific
polymer-protein
conjugate
. - ) Bind to
Site-specific polymer-protein solid
conjugate immobilized on a support

solid support

Solid support

FIG. 5. Schematic illustration of the process for preparing an immo-
bilized, site-specific conjugate of a smart polymer with a genetically-
engineered, mutant protein (Hoffman et al., Journal of Biomedical
Materials Research © 2000).
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the Stayton/Hoffman group. Temperature-, pH-, and light-
sensitive smart polymers have been used to form such novel,
“doubly smart” bioconjugates. Since the objective is to control
the activity of the protein, and not to phase separate it, these
smart polymer—engineered protein bioconjugates have usually
been immobilized on the surfaces of microbeads or nanobeads.
Stayton, Hoffman, and co-workers have used such beads
in microfluidic devices for immunoassays (Malmstadt et al.,
2003). Earlier work by Hoffman and co-workers established
the importance of matching the smart polymer composition
with the surface composition in order to enhance the stimulus-
driven adsorption of the smart polymer on the surface
(Miura et al., 1994). Others have also recently utilized this
phenomenon in microfluidic devices (Huber ez al., 2003).

The proteins that have been most studied by the Stayton/
Hoffman group to date include streptavidin and the enzyme
cellulase. PNIPAAm-streptavidin site-specific bioconjugates
have been used to control access of biotin to its binding site
on streptavidin, and have enabled separation of biotinylated
proteins according to the size of the protein (Ding et al.,
2001). Ding, Stayton, and Hoffman et al. (1999) also found
that raising the temperature to thermally induce the collapse
of the polymer “triggered” the release of the bound biotin
molecules (Ding et al., 1999). For the site-specific enzyme con-
jugates, a combined temperature- and light-sensitive polymer
was conjugated to specific sites on an endocellulase, which pro-
vided on-off control of the enzyme activity with either light or
temperature (Shimoboji et al., 2001, 2002a, b, 2003).

Triggered release of bound ligands by the smart polymer—
engineered protein bioconjugates could be used to release
therapeutics, such as for topical drug delivery to the skin or
mucosal surfaces of the body, and also for localized delivery
of drugs within the body by stimulated release at pretargeted
sites using noninvasive, focused stimuli, or delivery of stimuli
from catheters. Triggered release could also be used to release
and recover affinity-bound ligands from chromatographic and
other supports in eluate-free conditions, including capture
and release of specific cell populations to be used in stem
cell and bone marrow transplantation. These processes could
involve two different stimulus-responsive polymers with sensi-
tivities to the same or different stimuli. For delicate target lig-
ands such as peptides and proteins, recovery could be affected
without the need for time-consuming and harsh elution condi-
tions. Triggered release could also be used to remove inhibitors,
toxins, or fouling agents from the recognition sites of immo-
bilized or free enzymes and affinity molecules, such as those
used in biosensors, diagnostic assays, or affinity separations.
This could be used to “regenerate” such recognition pro-
teins for extended process use. Light-controlled binding and
release of site-specific protein conjugates may be utilized as
a molecular switch for various applications in biotechnology,
medicine, and bioelectronics, including hand-held diagnostic
devices, biochips, and lab-on-a-chip devices.

Fong, Stayton, and Hoffman (Fong ez al., 1999) have devel-
oped an interesting construct to control the distance of the
PNIPAAm from the active site. For this purpose, they conju-
gated one sequence of complementary nucleotides to a specific
site near the binding pocket of streptavidin, and a second
sequence to the end of a PNIPAAm chain. Then, by controlling

the location and length of the complementary sequence, the
self-assembly via hybridization of the two single-chain DNA
sequences could be used to control the distance of the polymer
from the streptavidin binding site.

SMART POLYMER HYDROGELS

When a smart polymer is cross-linked to form a gel, it
will collapse and re-swell in water as a stimulus raises or
lowers it through its critical condition. PNIPAAm gels have
been extensively studied, starting with the pioneering work
of Toyoichi Tanaka in 1981 (Tanaka, 1981). Since then, the
properties of PNIPAAm hydrogels have been widely investi-
gated in the form of beads, slabs, and multilamellar laminates
(Park and Hoffman, 1992a, b, 1994; Hu et al., 1995, 1998;
Mitsumata et al., 2001; Kaneko et al., 2002; Gao and Hu,
2002). Okano and co-workers have developed smart gels that
collapse very rapidly, by grafting PNIPAAm chains to the
PNIPAAm backbone in a cross-linked PNIPAAm hydrogel
(Yoshida et al., 1995; Masahiko et al., 2003). Smart hydro-
gel compositions have been developed that are both thermally
gelling and biodegradable (Zhong et al., 2002; Yoshida et al.,
2003). These sol-gel systems have been used to deliver drugs
by in vivo injections and are discussed in the section on smart
polymers in solution, and also in more detail in Chapter 7.14
on drug delivery systems.

Hoffman and co-workers were among the first to recog-
nize the potential of PNIPAAm hydrogels as biomaterials; they
showed that the smart gels could be used (a) to entrap enzymes
and cells, and then turn them on and off by inducing cyclic
collapse and swelling of the gel, and (b) to deliver or remove
biomolecules, such as drugs or toxins, respectively, by stimulus-
induced collapse or swelling (Dong and Hoffman, 1986, 1987,
1990; Park and Hoffman, 1988, 1990a, b, c) (Fig. 6). One
unique hydrogel was developed by Dong and Hoffman (1991).
This pH- and temperature-sensitive hydrogel was based on a
random copolymer of NIPAAm and AAc, and it was shown
to release a model drug linearly over a 4-hour period as the
pH went from gastric to enteric conditions at 37°C. At body
temperature the NIPAAm component was trying to maintain
the gel in the collapsed state, while as the pH went from
acidic to neutral conditions, the AAc component was becom-
ing ionized, forcing the gel to swell and slowly release the drug
(see Fig. 6B).

Kim, Bae, and co-workers have investigated smart gels con-
taining entrapped cells that could be used as artificial organs
(Vernon et al., 2000). Matsuda and co-workers have incorpo-
rated PNIPAAm into physical mixtures with natural polymers
such as hyaluronic acid and gelatin, for use as tissue engineering
scaffolds (Ohya et al., 2001a, b).

Peppas and co-workers (Robinson and Peppas, 2002) have
studied pH-sensitive gels in the form of nanospheres. Nakamae,
Hoffman, and co-workers developed novel compositions of
smart gels containing phosphate groups that were used to bind
cationic proteins as model drugs and then to release them by
a combination of thermal stimuli and ion exchange (Nakamae
et al., 1992, 1997; Miyata et al., 1994).
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FIG. 6. Schematic illustration showing three ways that smart gel for-
mulations may be stimulated to release bioactive agents: (A) thermally
induced collapse, which is relevant to skin or mucosal drug delivery;
(B) pH-induced swelling, which is relevant to oral drug delivery, where
the swelling is induced by the increase in pH in going from the gas-
tric to enteric regions; and (C) sol-to-gel formation, which is relevant
to injectable or topical formulations of a triblock copolymer solution
that are thermally gelled at body temperature. For in vivo uses, the
block copolymer is designed to be degradable. The first two apply to
cross-linked gels applied topically or orally, and the third is relevant
to thermally induced formation of gels from polymer solutions that
are delivered topically or by injection. (See also Chapter 7.14 on drug
delivery systems.)

SMART GELS THAT RESPOND
TO BIOLOGICAL STIMULI

A number of drug delivery devices have been designed to
respond to biologic signals in a feedback manner. Most of
these gels contain an immobilized enzyme. Heller and Trescony
(1979) were among the first to work with smart enzyme gels. In
this early example, urease was immobilized in a gel, and urea
was metabolized to produce ammonia, which caused a local
pH change, leading to a permeability change in the surround-
ing gel. Ishihara et al. (1985) also developed a urea-responsive
gel containing immobilized urease. Smart enzyme gels con-
taining glucose oxidase (GOD) were designed to respond to a
more relevant signal, that of increasing glucose concentration.
In a typical device, when glucose concentration increases, the
entrapped GOD converts the glucose in the presence of oxy-
gen to gluconic acid and hydrogen peroxide. The former lowers
pH, and the latter is an oxidizing agent. Each of these byprod-
uct signals has been used in various smart hydrogel systems to
increase the permeability of the gel barrier to insulin delivery
(Horbett et al., 1984; Albin et al., 1985; Ishihara et al., 1983,
1984a; Ishihara and Matsui, 1986; Ito et al., 1989; Iwata and
Matsuda, 1988).

In one case, the lowered pH due to the GOD by-product,
gluconic acid, accelerated hydrolytic erosion of the polymer
matrix that also contained entrapped insulin, releasing the
insulin (Heller ez al., 1990). Siegel and co-workers have used

the glucose-stimulated swelling and collapse of hydrogels con-
taining entrapped glucose oxidase to drive a hydrogel piston
in an oscillating manner, for release of insulin in a glucose-
driven, feedback manner (Dhanarajan et al., 2002). Other
smart enzyme gels for drug delivery have been developed based
on activation of an inactivated enzyme by a biologic signal
(Schneider et al., 1973; Roskos et al., 1993).

Smart gels have also been developed that are based on
affinity recognition of a biologic signal. Makino et al. (1990)
developed a smart system that contained glycosylated insulin
bound by affinity of its glucose groups to an immobilized Con-
canavalin A in a gel. When glucose concentration increases, the
free glucose competes off the insulin, which is then free to dif-
fuse out of the gel. Nakamae et al. (1994) developed a gel based
on a similar concept, using a cross-linked poly(glycosylethyl
methacrylate) hydrogel containing physically or chemically
entrapped Concanavalin A. In this case, the ConA is bound
by affinity to the pendant glucose groups on the polymer back-
bone, acting as a cross-linker because of its four affinity binding
sites for glucose; when free glucose concentration increases,
the ConA is competed off the polymer backbone. This leads to
swelling of the gel, which acts to increase permeation of insulin
through the gel. Miyata and co-workers have designed and syn-
thesized smart affinity hydrogels that are stimulated to swell or
collapse by the binding of affinity biomolecules (Miyata et al.,
1999, 2002).

Chapter 7.14 covers smart bioresponsive gels as drug
delivery systems in more detail.

CONCLUSIONS

Smart polymers in solution, on surfaces, and as hydro-
gels have been utilized in many interesting ways, especially
in combination with biomolecules such as proteins and
drugs. Important applications include affinity separations,
enzyme processes, immunoassays, drug delivery, and toxin
removal. These smart polymer—biomolecule systems represent
an important extension of polymeric biomaterials beyond their
well-known uses in implants and medical devices.
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INTRODUCTION

Since a degradable implant does not have to be removed
surgically once it is no longer needed, degradable polymers are
of value in short-term applications that require only the tempo-
rary presence of a device. An additional advantage is that the
use of degradable implants can circumvent some of the prob-
lems related to the long-term safety of permanently implanted
devices. A potential concern relating to the use of degradable
implants is the toxicity of the implant’s degradation products.
Since all of the implant’s degradation products are released into
the body of the patient, the design of a degradable implant
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requires careful attention to testing for potential toxicity of
the degradation products. This chapter covers basic definitions
relating to the process of degradation and/or erosion, the most
important types of synthetic, degradable polymers available
today, a classification of degradable medical implants, and
a number of considerations specific for the design and use of
degradable medical polymers (shelf life, sterilization, etc.).

DEFINITIONS RELATING TO THE PROCESS OF
EROSION AND/OR DEGRADATION

Currently four different terms (biodegradation, bioerosion,
bioabsorption, and bioresorption) are being used to indicate
that a given material or device will eventually disappear after
having been introduced into a living organism. However, when
reviewing the literature, no clear distinctions in the mean-
ing of these four terms are evident. Likewise, the meaning
of the prefix “bio” is not well established, leading to the
often-interchangeable use of the terms “degradation” and
“biodegradation,” or “erosion” and “bioerosion.” Although
efforts have been made to establish generally applicable and
widely accepted definitions for all aspects of biomaterials
research (Williams, 1987), there is still significant confusion
even among experienced researchers in the field as to the correct
terminology of various degradation processes.

Generally speaking, the term “degradation” refers to
a chemical process resulting in the cleavage of covalent bonds.
Hydrolysis is the most common chemical process by which
polymers degrade, but degradation can also occur via oxida-
tive and enzymatic mechanisms. In contrast, the term “erosion”
refers often to physical changes in size, shape, or mass of
a device, which could be the consequence of either degrada-
tion or simply dissolution. Thus, it is important to realize that
erosion can occur in the absence of degradation, and degrada-
tion can occur in the absence of erosion. A sugar cube placed
in water erodes, but the sugar does not chemically degrade.
Likewise, the embrittlement of plastic when exposed to UV
light is due to the degradation of the chemical structure of the
polymer and takes place before any physical erosion occurs.

In the context of this chapter, we follow the usage sug-
gested by the Consensus Conference of the European Society
for Biomaterials (Williams, 1987) and refer to “biodegrada-
tion” only when we wish to emphasize that a biological agent
(enzyme, cell, or microorganism) is causing the chemical degra-
dation of the implanted device. After extensive discussion in
the literature, it is now widely believed that the chemical
degradation of the polymeric backbone of poly(lactic acid)
is predominantly controlled by simple hydrolysis and occurs
independently of any biological agent (Vert et al., 1991).
Consequently, the degradation of poly(lactic acid) to lactic acid
should not be described as “biodegradation.” In agreement
with Heller’s suggestion (Heller, 1987), we define a “bioerodi-
ble polymer” as a water-insoluble polymer that is converted
under physiological conditions into water-soluble material(s)
without regard to the specific mechanism involved in the ero-
sion process. “Bioerosion” includes therefore both physical
processes (such as dissolution) and chemical processes (such

as backbone cleavage). Here the prefix “bio” indicates that the
erosion occurs under physiological conditions, as opposed to
other erosion processes, caused for example by high temper-
ature, strong acids or bases, UV light, or weather conditions.
The terms “bioresorption” and “bioabsorption” are used inter-
changeably and often imply that the polymer or its degradation
products are removed by cellular activity (e.g., phagocyto-
sis) in a biological environment. These terms are somewhat
superfluous and have not been clearly defined.

OVERVIEW OF CURRENTLY AVAILABLE DEGRADABLE
POLYMERS

From the beginnings of the material sciences, the devel-
opment of highly stable materials has been a major research
challenge. Today, many polymers are available that are virtu-
ally nondestructible in biological systems, e.g., Teflon, Kevlar,
or poly(ether ether ketone) (PEEK). On the other hand, the
development of degradable biomaterials is a relatively new area
of research. The variety of available, degradable biomaterials is
still too limited to cover a wide enough range of diverse material
properties. Thus, the design and synthesis of new, degradable
biomaterials is currently an important research challenge, in
particular within the context of tissue engineering where the
development of new biomaterials that can provide predeter-
mined and controlled cellular responses is a critically needed
component of most practical applications of tissue engineering
(James and Kohn, 1996).

Degradable materials must fulfill more stringent require-
ments in terms of their biocompatibility than nondegradable
materials. In addition to the potential problem of toxic con-
taminants leaching from the implant (residual monomers,
stabilizers, polymerization initiators, emulsifiers, sterilization
by-products), one must also consider the potential toxicity
of the degradation products and subsequent metabolites. The
practical consequence of this consideration is that only a lim-
ited number of nontoxic, monomeric starting materials have
been successfully applied to the preparation of degradable
biomaterials.

Opver the past decade dozens of hydrolytically unstable poly-
mers have been suggested as degradable biomaterials; however,
in most cases no attempts have been made to develop these new
materials for specific medical applications. Thus, detailed toxi-
cological studies in vivo, investigations of degradation rate and
mechanism, and careful evaluations of the physicomechanical
properties have so far been published for only a very small frac-
tion of those polymers. An even smaller number of synthetic,
degradable polymers have so far been used in medical implants
and devices that gained approval by the Food and Drub
Administration (FDA) for use in patients. Note that the FDA
does not approve polymers or materials per se, but only spe-
cific devices or implants. As of 1999, only five distinct synthetic,
degradable polymers have been approved for use in a narrow
range of clinical applications. These polymers are poly(lactic
acid), poly(glycolic acid), polydioxanone, polycaprolactone,
and a poly(PCPP-SA anhydride) (see later discussion). A variety
of other synthetic, degradable biomaterials currently in clinical
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TABLE 1 Degradable Polymers and Representative Applications under Investigation

Degradable polymer

Current major research applications

Synthetic degradable polyesters

Poly(glycolic acid), poly(lactic acid), and
copolymers

Polyhydroxybutyrate (PHB),
polyhydroxyvalerate (PHV), and
copolymers thereof

Polycaprolactone

Polydioxanone

Other synthetic degradable polymers
Polyanhydrides
Polycyanoacrylates
Poly(amino acids) and “pseudo”-Poly(amino acids)
Poly(ortho ester)
Polyphosphazenes
Poly(propylene fumarate)

Some natural resorbable polymers
Collagen

Drug delivery

Adhesives, drug delivery

Drug delivery, tissue engineering, orthopedic applications
Drug delivery, stents

Blood contacting devices, drug delivery, skeletal reconstruction
Orthopedic applications

Barrier membranes, drug delivery, guided tissue regeneration (in dental applications),
orthopedic applications , stents, staples, sutures, tissue engineering
Long-term drug delivery, orthopedic applications, stents, sutures

Long-term drug delivery, orthopedic applications, staples, stents
Fracture fixation in non-load-bearing bones, sutures, wound clip

Artificial skin, coatings to improve cellular adhesion, drug delivery, guided tissue

regeneration in dental applications, orthopedic applications, soft tissue augmentation,
tissue engineering, scaffold for reconstruction of blood vessels, wound closure

Fibrinogen and fibrin

Gelatin

Cellulose

Various polysaccharides such as chitosan, alginate
Starch and amylose

Tissue sealant

Capsule coating for oral drug delivery, hemorrhage arrester
Adhesion barrier, hemostat

Drug delivery, encapsulation of cells, sutures, wound dressings
Drug delivery

use are blends or copolymers of these base materials such as
a wide range of copolymers of lactic and glycolic acid. Note
that this listing does not include polymers derived from animal
sources such as collagen, gelatin, or hyaloronic acid.

Recent research has led to a number of well-established
investigational polymers that may find practical applications
as degradable implants within the next decade. It is beyond
the scope of this chapter to fully introduce all of the poly-
mers and their applications under investigation, thus only
representative examples of these polymers are described here.
This chapter will concern itself mostly with synthetic degrad-
able polymers, as natural polymers (e.g., polymers derived
from animal or plant sources) are described elsewhere in this
book. Table 1 provides an overview of some representative
degradable po<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>