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The field of biomaterials is inherently multidisciplinary involving materials
science, physical, engineering, biological and clinical sciences. Therefore,
it is important for biomaterials researchers to understand what to and how to
characterise different biomaterials. In recent years, there are quite a few
good books published on introduction to biomaterials topic, however, no
specific book is available towards how to characterise different biomaterials.
The aim to develop this book was to focus primarily on biomaterials char-
acterisation, something that can help graduate students and biomaterials
professionals to learn specifically what techniques are good for testing
certain biomaterial properties based on applications and how to do it.
Moreover, what properties are good to test during materials development
versus which properties should be tested during device development? These
questions may be simple to some experienced biomaterials scientists, but
many times hard to find answers for others. Considering these issues, this
book is developed with specific emphasis towards characterisation of
biomaterials and biomedical devices for their physical, mechanical, surface,
in vitro and in vivo biological properties. Special attention was given
towards device level characterisation for orthopaedic and cardiovascular
implants. Chapters dealing with physical, mechanical and surface properties
of biomaterials are developed by researchers from physical and engineering
sciences. These chapters are focused on techniques that can reveal basic
properties such as atomic structures, bonding, chemical interactions, phase
identification and transformation, strength and toughness measurements, and
property measurements at the surface level. Most of these techniques are
followed by biomaterials researchers during early stage of materials devel-
opment towards certain applications. The following chapters include in vitro
and in vivo testing of biomaterials including microbial interactions and
biofilm characterisation. These levels of testing are needed before a bioma-
terial can be considered for clinical trials or in actual device manufacturing.
The final part of the book deals with device level characterisation with
special emphasis on orthopaedic and cardiovascular devices. Researchers
with industrial product development background contributed towards these
chapters.

Apart from all the contributing authors, we also like to thank many of
our students for their support towards developing this book particularly
Mr Solaiman Tarafder, Mr Gary Fielding, Mr Himanshu Sahasrabudhe and
Ms Sahar Vahabzadeh. We are also grateful to our boys, Shohom and Aditya,
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without their cooperation we could not have completed this work. We hope that
better understanding of biomaterials and biomedical device will not only save
time but also will make them safer to use, a dream that resonates with every
biomaterials researcher.

Susmita Bose and Amit Bandyopadhyay
Pullman, WA, USA
February 2013.



@ of Contribut@

Nehal I. Abu-Lail, Gene and Linda Voiland School of Chemical Engineering and
Bioengineering, Washington State University, Pullman, WA, USA

Amit Bandyopadhyay, W. M. Keck Biomedical Materials Research Lab, School
of Mechanical and Materials Engineering, Washington State University, Pullman,
WA, USA

Haluk Beyenal, Gene and Linda Voiland School of Chemical Engineering and
Bioengineering, Washington State University, Pullman, WA, USA

Subhasish Biswas, Department of Livestock Products Technology, West Bengal
University of Animal & Fishery Sciences, Kolkata, India

Aldo R. Boccaccini, Institute of Biomaterials, University of Erlangen-Nuremberg,
Erlangen, Germany

Susmita Bose, W. M. Keck Biomedical Materials Research Lab, School
of Mechanical and Materials Engineering, Washington State University, Pullman,
WA, USA

Hengchu Cao, Edwards Lifesciences LLC, One Edwards Way Irvine, CA, USA

Paul K. Chu, Department of Physics and Materials Science, City University of
Hong Kong, Kowloon, Hong Kong, China

Rainer Detsch, Institute of Biomaterials, University of Erlangen-Nuremberg,
Erlangen, Germany

Gautam Gupta, Biomet Inc, Warsaw, IN, USA
Imran Khan, Biomet Inc, Warsaw, IN, USA

T.S. Sampath Kumar, Department of Metallurgical and Materials Engineering,
Indian Institute of Technology Madras, Chennai, India

Samit K. Nandi, Department of Veterinary Surgery and Radiology, West Bengal
University of Animal & Fishery Sciences, Kolkata, India

Malcolm Naylor, Biomet Inc, Warsaw, IN, USA

Ryan K. Roeder, Department of Aerospace and Mechanical Engineering,
Bioengineering Graduate Program, University of Notre Dame, Notre Dame,
IN, USA

Mangal Roy, W. M. Keck Biomedical Materials Research Lab, School of
Mechanical and Materials Engineering, Washington State University, Pullman,
WA, USA

Chandra P. Sharma, Division of Biosurface Technology, Biomedical Technology
Wing, Sree Chitra Tirunal Institute for Medical Sciences and Technology,
Trivandrum, Kerala, India

Xi



List of Contributors

Y.M. Thasneem, Division of Biosurface Technology, Biomedical Technology Wing,
Sree Chitra Tirunal Institute for Medical Sciences and Technology, Trivandrum,
Kerala, India

Huaiyu Wang, Department of Physics and Materials Science, City University of Hong
Kong, Kowloon, Hong Kong, China

Julia Will, Institute of Biomaterials, University of Erlangen-Nuremberg, Erlangen,
Germany

Ming H. Wu, Edwards Lifesciences LLC, One Edwards Way Irvine, CA, USA



Preface

List of Contributors

1. Introduction to Biomaterials
Susmita Bose and Amit Bandyopadhyay

1.1.
1.2.
1.3.
1.4.
1.5.
1.6.

1.7.

Introduction

Types of Materials

Biomaterials and Biocompatibility

Types of Biomaterials

Properties of Biomaterials

Biomaterials Characterization and Outline
of this Book

Summary

Suggested Further Reading

2. Physical and Chemical Characterization
of Biomaterials
T.S. Sampath Kumar

2.1.
2.2,
2.3.
2.4.
2.5.
2.6.
2.7.
2.8.
2.9.

Microstructural Characterization
Scanning Probe Microscopy

X-ray Diffraction and Scattering Methods
FT-IR Spectroscopy

DLS Techniques

Contact Angle Measurements

Mercury Intrusion Porosimetry

Gas Adsorption Measurements
Summary

References

3. Mechanical Characterization of Biomaterials
Ryan K. Roeder

3.1.
3.2
3.3.
3.4.

Introduction

Fundamental Concepts

Specimens

Application and Measurement of Load
and Deformation

C Contents )

Xl

DU AN =

O &

11
20
28
32
35
38
41
44
46
47

50
51
62

64



5.1.

5.2.

Contents
3.5. Environment 91
3.6. Data Acquisition and Analysis 95
Acknowledgments 96
References 97
Surface Characterization of Biomaterials
Huaiyu Wang and Paul K. Chu
4.1. X-ray Photoelectron Spectroscopy 106
4.2. Auger Electron Spectroscopy 111
4.3. Secondary lon Mass Spectrometry (SIMS) 113
4.4. Surface Matrix-Assisted Laser Desorption
lonization Mass Spectrometry 122
4.5. Infrared IR Spectroscopy 125
4.6. Raman Spectroscopy 127
4.7. Electron Energy Loss Spectroscopy 131
4.8. Ultraviolet—Visible Spectroscopy 132
4.9. Light Microscopy and Confocal Microscopy 134
4.10. Scanning Electron Microscopy 135
4.11. Scanning Tunnelling Microscopy and Atomic
Force Microscopy 144
4.12. Profilometry 151
4.13. Contact Angle Measurement 152
4.14. Ellipsometry 157
4.15. Conclusions 161
References 161

In Vitro Characterization of Cell—Biomaterials Interactions
Y.M. Thasneem and Chandra P. Sharma

5.1.1. Introduction 176
5.1.2. Basics of Cell Biology 177
5.1.3. Materials for Biomedical Applications

(Biomaterials) 179
5.1.4. Cell-Nanotopography Responses on Synthetic

Substrates 188
5.1.5. Techniques to Evaluate Cell-Material

Interactions 192
Acknowledgments 200
References 201

Characterization of Bacteria—Biomaterial Interactions,
from a Single Cell to Biofilms

Nehal I. Abu-Lail and Haluk Beyenal

5.2.1. Introduction 208
5.2.2. Quantification of Bacterial Interactions
with Surfaces 213



Contents

7.1.

7.2,

5.2.3. Atomic Force Microscopy (AFM) Use
in Investigations of Biological Systems

5.2.4. Use of AFM for Quantification of Bacteria—
Biomaterial Interactions

5.2.5. Examples from the Literature of AFM Studies
of Bacteria—Biomaterial Interactions

5.2.6. Characterization of Biofilms on Biomaterial Surfaces

5.2.7. Quantifying Biofilm Structure

5.2.8. Analysis of Biofilm Images

5.2.9. Conclusions

Sources for Further Information and Advice

Acknowledgments

References

In Vivo Characterization of Biomaterials
Samit K. Nandi and Subhasish Biswas

6.1. Introduction

6.2. Ideal Characteristics of Biomaterial for in vivo
Application

6.3. Animal Model in Orthopaedic Surgery

6.4. Animal Models in Spinal Surgery
and Characterization of Biomaterials

6.5. Characterization Parameters

6.6. Biodistribution Studies

6.7. In Vivo Characterization of Biomaterials
in Soft Tissue Surgery

6.8. Summary

References

Structural and Biological Characterization of Scaffolds
Julia Will, Rainer Detsch and Aldo R. Boccaccini

7.1.1. Introduction

7.1.2. Characterization of Scaffolds Morphology
and Porosity

7.1.3. Permeability

7.1.4. Mechanical Characterization of Scaffolds

7.1.5. Biological Characterization of Scaffolds

7.1.6. Summary

References

Mechanical Properties of Bioceramic Coatings
on Medical Implants

Mangal Roy, Amit Bandyopadhyay and Susmita Bose
7.2.1. Introduction

7.2.2. Coating Microstructure
7.2.3. Wear Properties

215

221

223
235
237
241
242
242
242
242

256

258
259

261
263
284

286
290
290

299

301
302
302
303
306
306

311
312
313



Index

7.2.4. Bond Strength of Coatings
7.2.5. Fatigue Properties of Coatings
7.2.6. Shear Testing of Coatings
7.2.7. Summary

References

Characterization of Orthopaedic Devices
Imran Khan, Malcolm Naylor and Gautam Gupta
8.1. Mechanical Testing of Orthopaedic Devices

8.2. Tribological Testing of Joint Implants

8.3. Metallic Coatings for Orthopaedic Devices
References

Contents

315
317
318
319
319

323
336
345
351

Characterization of Cardiovascular Implantable Devices

Ming H. Wu and Hengchu Cao

9.1. Cardiovascular System

9.2. Types of Cardiovascular Implantable Devices

9.3. In Vitro Characterization of Cardiovascular
Implantable Devices

References

355
359

377
414

419



C Chapter 1 )

Introduction to Biomaterials

Susmita Bose and Amit Bandyopadhyay
W. M. Keck Biomedical Materials Research Lab, School of Mechanical and Materials
Engineering, Washington State University, Pullman, WA, USA

Glapter Outline \
1.1. Introduction 1 1.6. Biomaterials
1.2. Types of Materials 2 Characterization and Outline
1.3. Biomaterials and of this Book 8
Biocompatibility 4 1.7. Summary 9
1.4. Types of Biomaterials 5 Suggested Further Reading 9
Q.S. Properties of Biomaterials 6 /

1.1. INTRODUCTION

With the evolution of human civilization, the field of biomaterials evolved
involving different materials at multiple length scales from nano- to micro- to
macrolevel with a simple focus to extend human life and improve the quality of
life. Over 1000 years back, silver in different forms was used as an antimi-
crobial agent to prevent infection. Different types of surgical procedures can
also be found during early stages of civilization. However, probably the most
significant developments took place in the field of biomaterials over the years
1901-2000. Artificial joints improved the quality of life for millions of people
over the past 60 years, resorbable sutures simplified surgical procedures, and
different cardiovascular devices saved millions of lives, just to name a few. The
advent of tissue engineering and organ regeneration is pushing the frontiers of
science today to make the years 2001-2100 more exciting in the field
of biomaterials. However, to appreciate the benefits, it is not just the design of
biomaterials that is important, but sound engineering design and appropriate
materials and device characterization are also needed. Moreover, for
a biomedical device to see the commercialization light, it is also important to
carry out testing following appropriate standards to get regulatory approval.
Overall, benefits of biomaterials research can only be appreciated when these

Characterization of Biomaterials. http://dx.doi.org/10.1016/B978-0-12-415800-9.00001-2
Copyright © 2013 Elsevier Inc. All rights reserved 1
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materials are characterized well at both the materials level and the device level
following regulatory guidelines. Considering the multidisciplinary nature of the
field, it is also not easy to carry out large variety of experiments using different
techniques. Realizing this problem in biomaterials characterization, we have
developed this book to offer an insight on various characterization tools
focusing on biomaterials and biomedical devices.

1.2. TYPES OF MATERIALS

Materials can be classified into different groups based on their crystal structure,
bonding, and macrostructures. Each subgroup of materials shows somewhat
similar properties and then those materials can be clubbed together to study their
performance for different applications. If we look at types of bonding, materials
can be classified into three broad categories—metals, ceramics and polymers.
Materials that are bonded via metallic bonds are called metals. Due to
abundance of free electrons in metallic bonds, metals are both thermally and
electrically conductive, and show malleability in terms of their mechanical
properties. Materials that are primarily ionic and/or covalently bonded are called
ceramics. Since ionic and covalent bonds do not offer any free electrons,
ceramics are generally nonconducting materials both thermally and electrically.
However, due to the movements of defects, some ceramics show conductivity at
higher temperature. Materials that are based on long carbon chain and cova-
lently bonded with some secondary bonding are polymers, where “mers” or
units are connected in the long range. Due to covalent bonding, most polymers
are nonconducting. When any three of these main materials are mixed together
without losing its inherent characteristics, then we form a new class of materials,
called composites. Some examples of natural composites are wood and bone.
When we look at the unit cell, the basic building block of any material, we
can classify materials into three groups—crystalline, semicrystalline and
amorphous. If the unit cell is repeated in all three directions and maintains
a long-range order, then those materials are called a crystalline material such as
iron, titanium, chromium or polycrystalline ceramics. The basic unit cell,
defined by the three-dimensional shape and atom positions, can be for example
body centered cubic or face centered cubic or hexagonal close packed (hcp),
where “cubic” or “hexagonal” are crystal systems defined by the shape of the
unit cell and “body centered” or “face centered” are specific atom positions that
defines the Bravais lattice of the unit cell. These kinds of simple structures are
common for most metallic systems, which are mainly crystalline in nature. For
many materials, unit cell does not repeat itself in three dimension for long
range, but only shows short-range repetition. Those materials with short-range
ordering of unit cells are called amorphous materials or glass. Due to lack of
ordering, glassy materials show unique properties such as glass transition
temperature (7g), where a liquid phase transforms to a solid rubbery phase.
There are also a group of materials that are partially glassy and partially
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crystalline. Those materials are called semicrystalline materials. Among others,
many polymeric materials show semicrystalline nature.

Materials can also be classified as natural or synthetic. Natural materials are
those which are available in nature such as wood, rocks, corals and bones. Most
natural materials are ceramics, polymers and their composites. Mother Nature
designed these materials for a variety of purposes such as sensors, reservoirs,
structural support or energy converters. Most of these materials have complex
chemistry and structure and the mankind is still exploring those to enrich their
learning. Synthetic materials are man-made materials designed for specific
functionality. These materials include metallic materials such as steels for
fracture management devices, to titanium and its alloys for implant, to poly-
mers for ocular lenses and to ceramics for bone-tissue engineering. Synthetic
materials are tailored for specific chemistry and structure for properties that can
be utilized to improve our everyday life. Once processed, their physical,
chemical, mechanical and sometimes biological property determination is
necessary based on application need.

Materials can also be classified based on their macrostructures such as
dense or porous. Most natural materials such as rocks, tissues, wood are porous
materials. Porosity in these materials can serve various purposes. Most ceramic
materials have residual porosity. Porosity can be nonuniform and vary in size
and distribution. Porosity in materials can vary from 1% to 10% such as in
cortical bone to as high as >70% in some cancellous bones. Because of
porosity, these materials are lighter weight, and many times show nonuniform
properties at different directions. However, it is very difficult to mimic such
natural materials in terms of composition, structure and properties. When
materials do not show any porosity, those are called dense materials. Most
metallic materials are dense in nature with residual porosity <1%. Dense
materials are typically isotropic in nature and can be shaped easily by various
forming techniques.

Figure 1.1 schematically shows different types of materials. Any one
material can also fall into many of these categories. For example, bone is
a natural material, that is porous, and a ceramic—polymer composite.

| Types of materials l

Synthetic -—~ Porous { Crystalline —-—
;é:a;nicrystalline }__
'Natural -—~—-< Dense I Amorphous L.........

FIGURE 1.1 Different types of materials.
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1.3. BIOMATERIALS AND BIOCOMPATIBILITY

A biomaterial is a material, synthetic or natural, that can be used in medical
applications to perform a body function or replace a body part or tissue.
A biomaterial is intended to interact at the interface of biological systems. It may
also be used as a delivery system for drug or biological factor. Biomaterials are
designed based on application needs. Reaching back to the beginnings of civi-
lization, the Romans, Aztecs and Chinese used gold in dental applications. The
Mayans were found to have fashioned dental implants out of sea shells with
results indicating actual bone integration. A biomaterial must be biocompatible,
i.e., it should be friendly to biological system and not do any harm to the system,
whether at the cellular level or at the system level. A biocompatible material
should elicit appropriate host response or able to perform its intended function in
a specific application without the presence of adverse reactions. This is an
emerging paradigm that requires and pushes unique multidisciplinary bound-
aries based on understanding and integration of concepts from various broad
fields, but not limited to, chemistry, biology, materials science, mechanical,
chemical and electrical engineering as well as medicine.

Biomaterials are used to augment, repair or replace any tissue, organ, or
function of the body that has been lost through trauma, disease or injury. Recent
practice in medicine often times uses tissue reconstruction using autograft,
where tissue graft or organ transplant from one point to another of the same
individual takes place. However, limited availability, donor site morbidity and
above all, the need for a second surgery restrict their application. On the other
hand, potential alternative is the use of allograft, i.e. tissue graft or organ
transplant from a donor of the same species as the recipient. The other alter-
native could be xenograft, which is tissue graft or organ transplant from a donor
of a different species from the recipient. Both allograft and xenograft use are
somewhat restricted due to the immunogenic response and they may impose
adverse biocompatibility in patients’ body. These reasons draw our attention to
the biomaterials that are available from other sources, which could be synthetic
or natural. It was not until the turn of the twentieth century, modern biomate-
rials and their potential applications began to take shape. These first-generation
modern biomaterials are mainly focused on basic functionality and
biocompatibility.

Since early 1900s, metal plates were used to stabilize long bone fractures
with the hopes of faster and more functional healing. By the 1930s, full joint
replacement surgeries were being performed with varying degrees of
success. The invention and widespread use of synthetic plastics created
a boom in the biomaterials industry resulting in devices such as synthetic
heart valve (metal cage surrounding a silicone elastomer ball) and total hip
arthroplasty systems (ultrahigh molecular weight polyethylene). Some other
important inventions in this era include the intraocular lenses (poly(methyl
methacrylate) —PMMA) and the desk-sized pacemaker.
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Further understanding of the complexities of biology ushered in the next
generation of biomaterials beginning in the 1960s. Scientists and engineers
began to design materials specifically for use in biomedical applications.
The focus began to shift from materials that were simply biocompatible to
technologies that took into consideration the specific needs of the specific
biology. Many bioresorbable materials, those biomaterials resorbed in bio-
logical system, were also created during this time. Some of the major
advances in materials came in the form of synthetic polymers such as Teflon,
which is still widely used today in various vascular grafting and surgical
applications. Hydrogels lead to the invention of the soft contact lenses.
Poly(lactic—glycolic acid) (PLGA) was developed for resorbable sutures.
Plastic materials were not the only advances made during this time period.
Ceramics such as calcium phosphate synthetic bone analogs were also
developed. Today, these synthetic materials are used more often than auto-
grafts (bone taken from another source on the patient’s body) or allografts
(processed cadaver bones). Titanium alloys with better biocompatibility
were developed as a lighter alternative to traditional stainless steel ortho-
pedic implants.

1.4. TYPES OF BIOMATERIALS

Like any other materials, biomaterials can be grouped into four major cate-
gories: (1) polymers, (2) metals, (3) ceramics, and (4) composites. Polymers
can be used in both soft and hard tissue applications, and comprise the largest
class of biomaterials. Polymers are also widely used in drug delivery appli-
cations. Polymers could be natural (examples: collagen, sodium alginate, and
cellulose) or synthetic (examples: silicone rubber, PMMA, poly(vinyl chlo-
ride), and co-PLGA). Metals are mostly used for dental and orthopedic
applications. Most commonly used metals are Ti and its alloy, stainless steels
and Co—Cr alloy. Ceramics are mainly used in hard tissue repair, regeneration
and augmentation, especially in nonload-bearing applications or as coatings on
metal implants. Most widely used ceramic biomaterials are calcium phosphates
(CaP), alumina (Al,03), and bioglass. Polymer—ceramic composite represents
the major part of composite biomaterials.

Biomaterials—tissue responses can be divided into four different types.
(1) Toxic: toxic materials cause death to surrounding tissue. (2) Bioinert:
this type of response is caused by nontoxic but biologically inactive mate-
rials. Fibrous tissue encapsulation of the bioinert material is caused in vivo,
which leads to the loosening and ultimate failure of the implant. This is most
commonly seen in metallic implants. A bioactive material coating on
metallic implant may prevent fibrous tissue encapsulation. (3) Bioactive: this
type of response is seen if the material is nontoxic and biologically active.
The term biologically active means that an interfacial bond forms between
the material and host tissue. Bioactive glasses, many types of polymers and



