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Preface

In 1959, Richard P. Feynman, Professor of Physics at the California Institute of
Technology and Nobel Laureate, delivered an address at the American Physical
Society, which is given the credit for inspiring the field of nanotechnology. Published
in Engineering and Science, Feynman’s address entitled “Plenty of Room at the
Bottom” described a new field of science dealing with “the problem of manipulating
and controlling things on a small scale.”*

Feynman theorized that the development of improved electron microscopes
would allow scientists to view the components of DNA, RNA, and proteins, to
develop miniature computers and miniature machine systems, as well as to manip-
ulate materials at the atomic level. “Perhaps this doesn’t excite you to do it and only
economics will do so. Then I want to do something; but I can’t do it at the present
moment, because I haven’t prepared the ground. It is my intention to offer a prize
of $1000 to the first guy who can take the information on the page of a book and
put it on an area 1/25,000 smaller in linear scale in such a manner that it can be
read by an electron microscope.” Secondarily, Feynman said, “And I want to offer
another prize — if I can figure out how to phrase it so that I don’t get into a mess
of arguments about definitions — of another $1000 to the first guy who makes an
operating electric motor — a rotating electric motor, which can be controlled from
the outside and, not counting the lead-in wires, is only 1/64 inch cube.” In addition,
he ended, “I do not expect that such prizes will have to wait very long for claimants.”

He was right. His second challenge was achieved in 1960 by an engineer named
William McLellan. McLellan constructed his small motor by hand using tweezers
and a microscope. The nonfunctioning motor currently resides in a display at the
California Institute of Technology. It took until 1985 for Thomas Newman, then a
graduate student at Stanford, to achieve the first challenge by using a computer-
controlled, finely focused pencil electron beam to write, in an area 5.9 micrometers
square, the first page of Charles Dickens’ A Tale of Two Cities.

In the 40 plus years since Feynman’s challenges, the field of nanotechnology
has advanced in many directions and at an astonishing pace. Some of the earliest
advances, which made the burgeoning field feasible, were in microscopy and
included not just the scanning electron microscope and the transmission electron
microscope, but the scanning tunneling microscope and the atomic force microscope.
With these in hand, scientists were able to begin to observe and manipulate structures
at a scale measured in nanometers. The field of nanotechnology has since developed
rapidly. It is considered likely by most experts that nanotechnology will influence
energy more than any other industry, but that its application to biology and medicine

* Richard Feynman’s talk at the December 29, 1959, annual meeting of the American Physical
Society at the California Institute of Technology (Caltech), first published in the February
1960 issue of Caltech's Engineering and Science.
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is inevitable. In 2000, President Bill Clinton announced the founding of the U.S.
National Nanotechnology Initiative (NNI). In the last three years this national insti-
tute has grown in scope and support, with a federal budget in 2003 of $710.2 million.
Governments in Europe, Japan, and other Asian nations have responded with com-
petitive investments in programs that are national in scope. Although the era of
nanotechnology is in its infancy, as it comes into full maturity there undoubtedly
will be profound implications on not only many branches of science, but in all of
our lives on a daily basis.

Ralph S. Greco, M.D.
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1.1 INTRODUCTION

Over the last two centuries, the field of medicine has increasingly utilized bioma-
terials in the investigation and treatment of disease. Common examples include
surgical sutures and needles, catheters, orthopedic hip replacements, vascular grafts,
implantable pumps, and cardiac pacemakers. The purpose of this chapter is to provide
a historical overview of biomaterials, emphasizing the evolution of three generations
of materials over the last century, and detailing current trends in the development
and application of biomaterials in medicine.

Most have defined biomaterials broadly. Park stated that a biomaterial is “a
synthetic material used to replace part of a living system or to function in intimate
contact with living tissue.”! Similarly, the National Institutes of Health consensus
development conference of 1982 defined a biomaterial as “any substance other than
a drug, or combination of substances, synthetic or natural in origin which can be
used for any period of time as a whole or as a part of the system that treats, augments,
or replaces any tissue, organ or function of the body.”? In contrast, a biological
material is a substance produced by a living organism.*> Muscle and bone are
examples. Of note, synthetic materials that only come in contact with the skin, such
as hearing aids and bandages, are generally not categorized as biomaterials.?

The development and application of biomaterials has been significantly influ-
enced by advances in medicine, surgery, biotechnology, and material science. Spe-
cifically, advances in surgical technique and instrumentation have enabled the place-
ment of implants into previously poorly accessible locations.* Examples include the
placement of endovascular stents and the surgical insertion of mechanical heart
valves. Similarly, advances in biotechnology have led to the development of scaffolds
for tissue engineering.*> Today, biomaterials can be found in over 8000 different
types of medical devices.® Table 1.1 lists several current applications of biomaterials
in modern medicine.

1.2 HISTORICAL BACKGROUND

The first reported clinical application of a “biomaterial” can be traced back to 1759,
when Hallowell repaired an injured artery using a wooden peg and twisted thread.’
However, it was not until the promotion of aseptic surgical techniques in the 1860s
by Lister that the practical use of biomaterials became possible.® Before this, surgical
procedures were often complicated by serious and often life-threatening infection.
Foreign materials deliberately implanted into the body exacerbated this problem,
often representing a nidus for infection that the body’s natural immune response
could not effectively penetrate.’> As the widespread implementation of sterile tech-
niques brought infection rates under control, the impact of the physical properties
of specific medical materials on the success of implant procedures was recognized.®

The recognition of the therapeutic potential of biomaterials, along with advances
in surgical techniques, led to increasing interest in the incorporation of synthetic
materials into living tissues.® These early implants were largely applied to the skeletal
system. In the 1900s, bone plates were used to fix long bone fractures, though many
of these early plates failed as a result of poor mechanical design.® Also, early
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TABLE 1.1
Uses of Biomaterials

Problem Area Examples

Replace diseased or damaged parts Soft or hard tissue prosthetic implants, cardiac valve
replacements, renal dialysis machines, tissue engineering
scaffolds

Assist in healing Sutures, adhesives and sealants, bone plates, screws, and
nails

Improve function Cardiac pacemakers, intraocular lens

Correct functional abnormality Cardiac defibrillator/pacemaker

Correct cosmetic problem Soft tissue implants (breast, chin, calf)

Aid diagnosis of disease Probes, catheters, and biosensors

Aid treatment of disease Catheters, drains, implantable pumps, and controlled drug

delivery systems

Source: Modified from Park.?

materials chosen primarily for their mechanical properties often corroded rapidly in
the body and inhibited the natural healing processes.? The early use of Vanadium
steel in orthopedic implants is an example of this.

Despite these early troubles, improved designs and more suitable materials were
soon introduced. In the 1930s, the introduction of stainless steel and cobalt chromium
alloys led to greater success in fracture fixation and the performance of the first
joint replacement surgeries.® Similarly, during World War II, it was noted that
retained fragments of plastic from aircraft canopies did not result in chronic adverse
reactions in injured pilots.? Consequently, the use of plastics and polymers as bio-
materials grew exponentially. Table 1.2 lists several notable events in the early history
of biomaterials.

1.3 FIRST-GENERATION BIOMATERIALS (1950s-1960s)
1.3.1 GENERAL CHARACTERISTICS

The experiences of the late nineteenth and early twentieth centuries led to the
development of the first set of modern biomaterials in the 1950s and 1960s. These
“first-generation” biomaterials were specifically designed for use inside the human
body and saw application in multiple disciplines of medicine including orthopedics,
cardiovascular surgery, ophthalmology, and wound healing. First-generation bio-
materials were often based on commonly available materials selected from engi-
neering practice. For example, the original dialysis tubing was made of cellulose
acetate, a commodity plastic, and early vascular grafts were made of Dacron, a
polymer developed in the textile industry.® Though these materials facilitated the
treatment of disease, it became clear that they had the potential to elicit serious
inflammatory reactions. Therefore, newer materials were selected for two funda-
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TABLE 1.2
Notable Events in the Early History of Biomaterial Implants

Year Investigators Development
Late 18th—19th century Various metal devices to fix bone fractures: wires
and pins from Fe, Au, Ag, and Pt
1860-1870 J. Lister Aseptic surgical techniques
1886 H. Hansmann Ni-plated steel bone fracture plates
1893-1912 W.A. Lane Steel screws and plates (Lane fracture plates)
1912 W.D. Sherman Vanadium steel plates first developed for medical

use; lesser stress concentration and corrosion
(Sherman plate)

1924 A.A. Zierold Introduced satellites (CoCrMo alloy)

1926 M.Z. Lange Introduced 18-8sMo stainless steel, better than 18-8
stainless steel

1926 E.W. Hey-Goves Used carpenter’s screw for femoral neck fracture

1931 M.N. Sith-Petersen First femoral neck fixation device made of stainless
steel

1936 C.S. Venable, W.G. Stuck Introduced Vitallium (19-9 stainless steel), later
changed the material to CoCr alloys

1938 P. Wiles First total hip prosthesis

1939 J.C. Burch, H.M. Carney Introduced Tantalum (Ta)

1946 J. Judet, R. Judet First biomechanically designed femoral head

replacement prosthesis, first plastics (PMMA) used
in joint replacements

1940s M.J. Dorzee, First use of acrylics (PMMA) for corneal
A. Franceschetti replacement

1947 J. Cotton Introduction of Ti and its alloys

1952 A.B. Vorhees, A. Jaretzta, First successful blood vessel replacement made of
A.B. Blackmore cloth for tissue ingrowth

Source: Modified from Park.?

mental characteristics: the ability to be tolerated by the body and the ability to
reproduce the natural functions of the tissues to be augmented or replaced.’

The primary characteristic is often termed biocompatibility and refers to the
acceptance of an artificial implant by the surrounding tissues and by the body as a
whole.'® A completely biocompatible material would not cause thrombogenic, toxic,
or inflammatory responses when placed into living tissue. Furthermore, the material
would not elicit carcinogenic, mutagenic, or teratogenic effects. While biocompat-
ibility remains a desired characteristic for all biomaterials, it should be noted that
no synthetic material is completely biologically inert. Biocompatibility is more
accurately a relative term. The specific host response to biomaterials will be covered
in Chapter 2.

The second characteristic, sometimes termed biofunctionality, refers to a bio-
material’s ability to exhibit adequate physical and mechanical properties to augment
or replace body tissues.!! As expected, these properties vary greatly depending on
the target tissue. For example, a material being used for bone augmentation must
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TABLE 1.3
Properties of First-Generation Biomaterials

Property Description

Biocompatibility * Biologically “inert”
* Causes little thrombogenic, toxic, or inflammatory response in host tissue
* Noncarcinogenic, mutagenic, or teratogenic

Biofunctionality  Exhibits adequate physical and mechanical properties to replace or aug-

ment the desired tissue

Practical * Amenable to being machined or formed into different shapes
* Not cost prohibitive
* Readily available

exhibit a high compressive strength, while a material used for ligament replacement
must exhibit a high degree of flexibility and tensile strength. Finally, for practical
purposes, a biomaterial must be amenable to being machined or formed into different
shapes, have relatively low cost, and be readily available.!! Table 1.3 lists the primary
properties of first-generation biomaterials.

In general, biomaterials are categorized by their origin (i.e., natural or synthetic)
as well as by their chemical composition (i.e., polymers, ceramics, alloys, and
composites). The following sections provide an overview of various first-generation
biomaterials and their predecessors. However, it should be noted that these categories
may also apply to newer generations of biomaterials and that there is significant
overlap between the three generations of biomaterials highlighted in this chapter.
Table 1.4 categorizes some of the most commonly used biomaterials.

1.3.2 NATURALLY OCCURRING BIOMATERIALS

Naturally occurring biomaterials encompass biological products of nonhuman origin
that are or were used in clinical applications. For example, cellulose, catgut, ivory,
silk, natural rubber, glass, graphite, and several pure metals are natural biomaterials.®
Historically, natural biomaterials were some of the first devices to be used in clinical
practice. In 1860, Lister reported the use of catgut as a suture material.® Similarly,
natural rubber was used by Horsley in the early 1900s for the development of
synthetic grafts.® Today, natural occurring biomaterials have largely been replaced
by synthetic materials deliberately designed with specific characteristics.

1.3.3 METALS AND ALLOYS

Metals are commonly used for load-bearing implants. Specifically, orthopedic proce-
dures utilize a variety of metals to replace or augment skeletal function. Examples
range from simple plates and screws to complex joint prostheses. In addition, metals
are used in cardiovascular surgery, and for dental and maxillofacial implants.!'! Overall,
the biocompatibility of metallic implants is an important characteristic because these
implants can corrode in the in vivo environment.!? Corrosion leads to the disintegration
of the implant material and the release of potentially harmful products into the sur-
rounding tissues.? These issues are addressed in detail in Chapter 2.
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TABLE 1.4

Examples of Biomaterials and Their Applications

Material

Metals and Alloys
316L stainless steel
CP-Ti, Ti-Al-V, Ti—Al-Nb, Ti-
13Nb-13Zr, Ti-Mo-Zr—Fe
Co-Cr—Mo, Cr-Ni—Cr-Mo

Ni-Ti

Gold alloys

Silver products

Platinum and Pt-Ir
Hg—Ag—Sn and amalgam

Ceramics and Glasses
Alumina
Zirconia
Calcium phosphates
Bioactive glasses
Porcelain
Carbons

Polymers
Polyethylene
Polypropylene
Polyamides
PTFE
Polyesters
Polyurethanes
PVvC
PMMA

Silicones
Hydrogels

Composites
BIS-GMA-quartz/silica filler
PMMA -glass fillers

Principal Applications

Fracture fixation, stents, surgical instruments

Bone and joint replacement, fracture fixation, dental implants,
pacemaker encapsulation

Bone and joint replacement, dental implants, dental restorations,
heart valves

Bone plates, stents, orthodontic wires

Dental restorations

Antibacterial agents

Electrodes

Dental restorations

Joint replacement, dental implants

Joint replacement

Bone repair and augmentation, surface coatings on metals
Bone replacement

Dental restorations

Heart valves, percutaneous devices, dental implants

Joint replacement

Sutures

Sutures

Soft-tissue augmentation, vascular prostheses

Vascular prostheses, drug delivery systems

Blood-contacting devices

Tubing

Dental restorations, intraocular lenses, joint replacement (bone
cements)

Soft-tissue replacement, ophthalmology

Ophthalmology, drug-delivery systems

Dental restorations
Dental restorations (dental cements)

Note: Abbreviations: CP-Ti, commercially pure titanium; PTFE, polytetra fluoroethylenes (Teflon,
E.I. DuPont de Nemours & Co.); PVC, polyvinyl chlorides; PMMA, polymethyl methacrylate; BIS-

GMA, bisphenol A-glycidyl.

Source: Davis JR. Overview of biomaterials and their use in medical devices, in Handbook of Materials
for Medical Devices, Davis JR, Ed., Materials Park, OH, ASM International, 2003, pp. 1-13.
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1.3.3.1 Pure Metals

The noble metals, such as gold, silver, and platinum, represent some of the earliest
used biomaterials due to their tissue compatibility and corrosion resistance.® For
example, metal ligatures of silver, gold, platinum, and lead were utilized by Levert
in 1829. Similarly, Cushing used silver clips in 1911 to control bleeding during
operations to remove cerebral tumors.® While the pure metals were the earliest metals
used as biomaterials, they have been steadily replaced by alloys engineered for
improved strength and biocompatibility. In fact, titanium, which was initially used
in World War II for aircraft devices, has been the only new pure metal biomaterial
introduced since 1940.%

1.3.3.2 Alloys

Metal alloys have largely replaced pure metals as biomaterials. Although many alloys
are used in medical devices, the most commonly employed are stainless steels,
commercial titanium alloys, and cobalt-based alloys.!! The first metal alloy devel-
oped specifically for human use was “Vanadium steel,” which was used to manu-
facture bone fixation plates and screws in the early 1900s.?> However, as mentioned
earlier, Vanadium steel corrodes in vivo. Since then, several stainless steel alloys
have been developed with greater strength and improved corrosion resistance. These
include 18-8 or type 302 stainless steel as well as the later 18-8sMo or type 316
stainless steel. Of note, 18-8sMo steel was unique in that it contained a small
percentage of molybdenum to improve its corrosion resistance in salt water.> Reduc-
tion of the carbon content from 0.08 to 0.03% led to the development of type 316L
steel. Together, types 316 and 316L stainless steel are known as the austenitic
stainless steels and are the most widely used alloys for biomaterial applications.?

Similar to stainless steel alloys, cobalt-chromium alloys were developed for
commercial application in the early 1900s and subsequently utilized as biomaterials.
These alloys were used as an alternative to gold alloys in dentistry and have recently
been utilized in the production of artificial joints.> Most recently, titanium and its
alloys have been used as biomaterials for implant fabrication.!? Initially discovered
by Gregor in 1791, titanium remained a laboratory curiosity until 1946, when Kroll
developed a process for the commercial production of titanium by reducing titanium
tetrachloride with magnesium.'* Since then, titanium and its alloys have been widely
used as biomaterials because of their relative biological inertness and superior
mechanical properties.!* Specifically, titanium is a reactive metal that forms a tena-
cious oxide layer on its surface when exposed to air, water, or specific electrolytes. '’
This oxide layer provides a protective coating that shields the material from chemical
degradation and the biological environment.!> Conversely, the oxide layer, which is
in contact with body tissues, is essentially insoluble and does not release ions that
can react with other molecules.!> Lastly, titanium exhibits a high yield strength and
low elastic modulus, properties that are desirable in orthopedic implants.'*
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1.3.3.3 Shape-Memory Alloys (SMAs)

Shape-memory alloys are a group of metals that have the interesting properties of
thermal shape memory, superelasticity, and force hysteresis.!®!” Nitinol, an approx-
imately equiatomic allow of nickel and titanium, is the most widely used member
of this group. Originally discovered at the U.S. Naval Ordinance Laboratory and
then reported by Beuhler and colleagues in 1963, nitinol is relatively biocompatible
and more compliant than most other alloys.!® Currently, nitinol is used in an increas-
ing number of surgical prostheses and disposables, including a variety of endovas-
cular stents, intracranial aneurysm clips, and vascular suture anchors. !

1.3.4 CERAMICS

Ceramics are one of the oldest artificially produced materials, used in the form of
pottery for thousands of years. Ceramics are polycrystalline compounds including
silicates, metallic oxides, carbides, and various refractory hydrides, sulfides, and
selenides.” The first clinical application of ceramics was the use of plaster of Paris
as a casting material.? However, until recently, the general use of ceramics as
implantable biomaterials was limited due to their inherent brittleness, low tensile
strength, and low impact strength.!” In recent years, newer, “high-tech” ceramics
have gained increased use as biomaterials due to their relative bioinertness and high
compressive strength.?!?> These implantable ceramics have been termed bioceramics
and are grouped into three categories based on their biologic behavior in certain
environments: the relatively bioinert ceramics, the bioreactive or surface reactive
ceramics, and the biodegradable or reabsorbable ceramics.

Relatively bioinert bioceramics are nonabsorbable carbon-containing ceramics,
alumina, zirconia, and silicon nitrides.!” While in a biological host, relatively bioinert
ceramics maintain their mechanical and physical properties.?! They are used in dense
and porous forms, usually have good wear, and are excellent for gliding functions.'
For example, bioinert bioceramics are used to produce femoral head replacements.
In addition, relatively bioinert materials are typically used as structural-support
implants such as bone plates and bone screws.!”

The bioactive ceramics include glass, glass-ceramics, and calcium phosphate-
based materials.!” They are characterized by their ability to provoke surrounding
bone and tissue responses, which makes them advantageous for anchoring an implant
or reducing its stress.!” They have been successfully used as coatings, continuous
layers, and embedded particles in orthopedics and dental surgery.?

Lastly, biodegradable or resorbable ceramics include aluminum calcium phos-
phate, coralline, plaster of Paris, hydroxyapatite, and tricalcium phosphate.!® They
differ from the bioactive ceramics in two major ways. First, they are more soluble,
and consequently are degraded by surrounding tissues. Second, due to their porous
structure they may stimulate tissue ingrowth and therefore offer the potential to fill
or bridge defects. These materials have been used in the fabrication of various
orthopedic implants as well as for solid or porous coatings on hybrid implants made
of other biomaterials.?*?3
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Overall, bioceramics are unique in their ability to form porous structures. This
is advantageous because a large surface area to volume ratio results in a greater
tissue contact surface.?¢ In addition, interconnected pores permit tissue ingrowth and
may facilitate blood and nutrition delivery. Though the bioactive and biodegradable
ceramics are included in this discussion, they are often classified as second-gener-
ation biomaterials due to their dynamic qualities.

1.3.5 POLYMERS

In the 1890s, the earliest synthetic plastics were developed using cellulose, a major
structural component of plants.?’” In the 1930s, nylon, the first commercial polymer,
was produced and made widely available, leading to the birth of the field of polymer
science.® However, the field of polymer science was relatively limited until 1954,
when Professor G. Natta developed a new polymerization technique that transformed
random structural arrangements on noncrystallizable polymers into structures of high
chemical and geometrical regularity.?® This discovery had a significant impact on
the development of propylene polymers, an inexpensive petroleum derivative used
for a variety of medical applications.®

Since then, synthetic polymetric materials have been extensively used in a variety
of biomedical applications including medical disposables, prosthetic materials, dental
materials, implants, dressings, and extracorporeal devices.?® Overall, polymeric bio-
materials display several key advantages. These include ease of manufacturing into
products with a wide variety of shapes, ease of secondary processability, reasonable
cost, wide availability, and wide variety of mechanical and physical properties.?

Polymers consist of small repeating units, or isomers, strung together to form
long chain molecules.’® These long chains are formed by covalent bonding along
the backbone chain and can be arranged into linear, branched, and network structures,
depending on the functionality of the repeating units.?® The long chains may be held
together by a variety of chemical and ionic forces. These include secondary bonding
forces, such as van der Waals forces and hydrogen bonds, and primary covalent
bonding forces through cross-links between chains.?’ Such cross-linking can increase
the density of materials to improve their strength and hardness. However, cross-
linked materials often lose their flexibility and become more brittle.?

The physical properties of polymers can be deliberately changed in many ways.
In particular, altering the molecular weight and its distribution has a significant effect
on the physical and mechanical properties of a polymer.!° For example, with increas-
ing molecular weight, the chains of a polymer become longer and less mobile,
resulting in a more rigid material.?® Similarly, changing the chemical composition
of the backbone or side chains can change the physical properties of the polymer.!°
For example, the substitution of a backbone carbon in a polyethylene with divalent
oxygen increases the rotational freedom of the chain, resulting in a more flexible
material.!? Likewise, side chain substitution, cross-linking, and branching all affect
the physical properties of polymers. Increasing the size of side groups or branches,
or increasing the cross-linking of the main chains all result in a poorer degree of
molecular packing. This retards the polymer crystallization rate, thereby decreasing
the melting temperature of a material.!®?® Similarly, changes in temperature can have
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a significant effect on the properties of polymers.!° The glass transition temperature
refers to the point between the temperature range in which a polymer is relatively
stiff (glassy region), and the temperature range in which a polymer is very compliant
(rubbery region).!®? Depending on the temperature, a single polymeric material can
therefore take on a variety of forms.

Today, a variety of polymers are used as biomaterials. These include polyvinyl-
chloride (PVC), polyethylene (PE), polypropylene (PP), polymethylmethacrylate
(PMMA), polystyrenes (PS), fluorocarbon polymers (most notably polytetraflouro-
ethylene or PTFE), polyesters, polyamides or nylons, polyurethanes, resins, and
polysiloxanes (silicones).®*° These synthetic polymers have found extensive utiliza-
tion in a wide variety of applications including implantable devices, coatings on
devices, catheters and tubing, vascular grafts, and injectable drug delivery and
imaging systems.3*32 Table 1.5 lists the names, key properties, and traditional appli-
cations of commonly used nondegradable polymers.3°

1.3.6 COMPOSITES

Composite biomaterials are composed of two or more distinct constituent materials,
incorporating the desired physical and mechanical properties of each.?® This results
in a hybrid product whose overall properties may be significantly different from the
homogenous materials. For example, rubber used in various catheters is often filled
with very fine particles of silica to enhance the strength and toughness of the
material. Other examples of composite biomaterials in clinical use include com-
posite resins commonly used as dental fillings (e.g., polymer matrix and barium,
glass, or silica inclusions) as well as porous orthopedic and soft tissue implants.>*

1.4 SECOND-GENERATION BIOMATERIALS
(1970s-2000)

1.4.1 GENERAL CHARACTERISTICS

Over the last three decades, the field of biomaterials shifted away from the traditional
properties of first-generation biomaterials. While biocompatibility and biofunction-
ality continued to remain important, the long-standing goal of achieving a bioinert
tissue response began to be replaced by the notion of developing materials that were
bioactive, or biodegradable.® These bioactive or biodegradable biomaterials have
been termed “second-generation” biomaterials and have seen increasing clinical
application.

While bioinert materials were designed to elicit little or no tissue response,
bioactive materials have been designed to elicit specific and controlled interactions
between the material and the surrounding tissue. For example, synthetic hydroxya-
patite (HA) ceramics are used as porous implants, powders, and coatings on metallic
prostheses to provide bioactive fixation.>?> HA coatings on implants lead to a
controlled tissue response in which bone grows along the coating.’ This response,
termed osteoconduction, promotes the formation of a mechanically strong interface
between the implant and the native bone.” Such materials have seen widespread
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TABLE 1.5

Chemical Names, Key Properties, and Traditional Applications of Commonly

Used Nondegradable Polymers

Chemical Name and
Trade Name

Poly(ethylene) (PE) (HDPE,
UHMWPE)
Poly(propylene) (PP)

Poly(tetrafluroethylene)
(PTFE)

(Teflon), extended-PTFE
(Gore-Tex®)

Poly(methymethacrylate)
(Palacos®)

Ethylene-co-vinylacetate
(EVA) (Elvax®)

Poly(dimethylsiloxane)
(PDMS)

(Silastic®, silicone rubber)

Low MW
poly(dimethylsiloxane)

(Silicone oil)

Poly(ether-urethanes) (PU)
(Tecoflex®, Tecothane®,
BioSpan®)

Poly(ethylene terephthalate)
(PET) (Dacron®)

Poly(sulphone) (PS)

Poly(ethyleneoxide)
(PEO, PEG)

Poly(ethyleneoxide-
copropyleneoxide)
(PEO-PPO), (Pluronics®)

Poly(vinylalcohol)

Key Property
Strength and lubricity

Chemical inertness and
rigidity

Chemical and biological
inertness and lubricity

Hard material, excellent
optical transparency

Elasticity, film forming
properties

Ease of processing, biological
inertness, excellent oxygen
permeability, excellent
optical transparency

Gel-like characteristics

Blood compatibility and
rubber-like elasticity

Fiber-forming properties and
slow in vivo degradation

Chemical inertness, creep
resistant

Negligible protein adsorption
and hydrogel forming
characteristics

Ampiphilicity and gel

forming properties

Surfactant and gel-forming
properties

Source: Modified from Shastri.?°

Traditional Applications

Orthopedic implants and
catheters

Drug delivery, meshes and
sutures

Hollow fibers for enzyme
immobilization, vascular grafts,
guided tissue regeneration barrier
membranes for the
prevention of tissue adhesions

Bone cement, ocular lens

Implantable drug delivery
devices

Implantable drug delivery
devices, device coatings, gas
exchange membranes, ocular
lens, orbital implants

Filler in silicone breast
implants

Vascular grafts, heart valves,
blood contacting devices,
coatings

Knitted Dacron vascular grafts,
coatings on degradable sutures,
meshes for abdominal surgery

Hollow fibers and membranes
for immobilization of
biomolecules in extracorporeal
devices

Passsivation of devices toward
protein adsorption and cell
encapsulation

Emulsifier

Emulsifier in drug
encapsulation processes and
matrix for sustained drug
delivery

Copyright © 2005 by Taylor & Francis



TABLE 1.6
Properties of Second-Generation Biomaterials

Property Description
Bioactive * Elicits a controlled interaction between the material and surrounding
tissues
Biodegradable/ » Exhibits controlled chemical breakdown and reabsorption
bioresorbable * Allows functional tissue to grow in its place

clinical use in the fields of orthopedics and dentistry.?* Overall, bioactivity is increas-
ingly becoming a characteristic of modern biomaterials as expanding applications
call for dynamic biomaterials and devices.

Similarly, biodegradable or bioresorbable materials were designed to exhibit
clinically relevant breakdown and absorption. In this manner, the issue of interface
integration of the implant and surrounding tissue is addressed as the foreign material
is eventually replaced by regenerating tissues. A common example is absorbable
sutures. Consisting of a polymer composed of polylactic (PLA) and polyglycolic
(PGA), these sutures decompose into carbon dioxide and water after a designated
length of time. Consequently, the foreign material used to approximate tissue during
surgery is resorbed after the tissue has naturally healed together.?> Other applications
of bioresorbable materials include resorbable fracture fixation plates and screws as
well as controlled-release drug delivery systems.’ Table 1.6 lists the properties of
second-generation biomaterials. The following sections detail several classes of
second-generation biomaterials, including biodegradable polymers, hydrogels, and
bioactive and biodegradable ceramics.

1.4.2 BIODEGRADABLE POLYMERS

Many types of biomaterials utilized for soft and hard tissue repair are required only
for a short time to support tissue regeneration and ingrowth. These temporary bio-
materials have been constructed using biodegradable polymers that degrade when
placed in the body, allowing functional tissue to grow in its place. The mechanisms
for degradation for these types of polymers include both hydrolytic and enzymatic
degradation.®> These degradation processes are influenced by many factors including
molecular weight and distribution of the polymer, chemical composition of the polymer
backbone, polymer morphology (e.g., amorphous/crystalline structure), glass transition
temperature, additives, and environmental conditions (pH, temperature, etc.).
Biodegradable polymers can be natural or synthetic in origin. Natural polymers
include starch, chitin, collagen, and glycosaminoglycans.? For example, prepara-
tions of chitin and its derivative chitosan have been developed for wound dressings
and sustained-release drug delivery systems.?-4 The first totally synthetic biode-
gradable polymer was polyglycolic acid which was introduced in the early 1970s.
This was followed by the polylactides in 1985.4! Both of these polymers fall under
the poly(a-hydroxy acid) family of polymers which is the most widely used for the
production of biodegradable biomaterials. Other biodegradable polymers include
polycaprolactone, poly(ortho esters), polyanhydrides, and polyphosphazenes.?> Cur-
rently, biodegradable polymers are used for a variety of biomaterials applications
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FIGURE 1.1 Various biodegradable implants. (From Sudkamp NP, Kaab MJ. Biodegradable
implants in soft tissue refixation: experimental evaluation, clinical experience, and future
needs, Injury, 2002, 33, Suppl. 2, B17-B24.)

including sutures, wound dressings, fracture plates and screws, and controlled-
release delivery systems.*! In addition, biodegradable matrices and scaffolds show
a great deal of promise in the field of tissue engineering due to their ability to degrade
while encouraging functional host tissue to take their place.*>* Figure 1.1 depicts
several commercially available biodegradable implants.

1.4.3 HYDROGELS

Hydrogels are cross-linked hydrophilic polymer networks that can absorb water or
other biological fluids. First used for a biomedical application in the late 1950s as
a soft contact lens material, hydrogels have since found widespread application as
orthopedic and ophthalmic implants, controlled drug systems, and biosensors.*
Table 1.7 lists some commonly used hydrogels and their biomedical applications.
Even though hydrogels were first utilized in the 1950s, they are included here as
second-generation biomaterials because of their unique properties.

Hydrogels display several modifiable characteristics that make them useful as
biomaterials. These characteristics, which are primarily determined by the hydrogel’s
polymer network structure, include a hydrogel’s swelling behavior, diffusive char-
acteristics, and surface properties.** The swelling behavior of a hydrogel refers to
the material’s ability to absorb water or other fluids and is largely a function of its
structural network properties.** When a biopolymer network comes in contact with
an aqueous solution, the network starts to swell due to the interaction of the polymer
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TABLE 1.7
Medical Applications of Hydrogel Polymers

Hydrogel Polymer
Poly(vinyl alcohol) [PVA]
Polyacrylamide [PAAm]
Poly(N-vinyl pyrrolidone) [PNVP]

Poly(hydroxyethyl methacrylate) [PHEMA] Poly(ethylene oxide) [PEO]

Poly(ethylene glycol) [PEG]
Poly(ethylene glycol) monomethyl ether [PEGME]
Cellulose
Poly(hydroxyethyl methacrylate) [PHEMA]
copolymerized with:
NVP
Methacrylic acid [MAA]
Butyl methacrylate [BMA]
Methyl methacrylate [MMA]
3-methoxy-2-hydroxypropylmethacrylate [MHPM]
PHEMA/poly(ethylene terephthalate) [PTFE]

Cellulose acetate

PVA and cellulose acetate

PNVP, PHEMA, cellulose acetate

PVA and PHEMA

Terpolymers of HEMA, MMA and NVP

PHEMA, P(HEMA-co-MMA)

PVA

P(HEMA-b-siloxane)

PVA, poly(acrylic acid) [PAA], poly(glyceryl methacrylate)
PVA, HEMA, MMA

Poly(glycolic acid) [PGA], Poly(lactic acid) [PLA], PLA-PGA, PLA-
PEG, Chitosan, Dextran, Dextran-PEG, polycyanoacrylates, fumaric
acid-PEG, sebacic acid/1,3-bis(p-carboxyphenoxy) propane [P (CPP-
SA)

PHEMA, PVA, PNVP, poly(ethylene-co-vinyl acetate) [PEVAc]

Poly(acrylamide) [PAAm], poly(acrylic acid) [PAA], PMAA,
poly(diethylaminoethyl methacrylate)[ PDEAEMA],
poly(dimethylaminoethyl methacrylate) [PDMAEMA]

Poly(methacrylic acid-grafted-poly(ethylene glycol)) [P(MAA-g-EG)],
poly(acrylic acid-grafted-poly(ethyleneglycol)) [P(PAA-g-EG)]

Poly(N-isopropyl acrylamide) [PNIPAAm]

PNIPAAmM/PAA, PNIPAAm/PMAA

Medical Applications

Blood-compatible hydrogels

Contact lenses

Artificial tendons

Other medical applications
Artificial kidney
Membranes for plasmapheresis
Artificial liver

Artificial skin
Mammoplasty
Maxillofacial reconstruction
Vocal cord reconstruction
Sexual organ reconstruction
Ophthalmic applications
Articular cartilage
Controlled drug delivery?
Biodegradable hydrogels

Nonbiodegradable hydrogels
Neutral
pH-Sensitive

Complexing hydrogels

Temperature-sensitive
pH/Temperature-sensitive

2 These drug delivery applications have been used for the controlled release of several therapeutic agents

such as contraceptives, antiarrhythmics, peptides, proteins, anticancer agents, anticoagulants, antibodies,

among others. This table does not include all the copolymers of such hydrogels.

Source: Modified from Peppas.*
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chains and water. This propensity to swell is offset by the resistive force induced
by the cross-links of the polymer network.** When these two forces balance, an
equilibrium is reached and swelling stops. In addition to the network structure of
the polymer, a hydrogel’s swelling behavior can be influenced by the presence of
ionizable pendant groups.** In such cases, the forces influencing the swelling equi-
librium may be altered by the localization of charges within the hydrogel.*

The diffusive characteristics of a hydrogel have been the basis of many of their
newer applications, including drug and protein delivery.®*4¢ While the chemical
potential gradient of a solute determines its flux within a system, several important
characteristics of hydrogels may serve to influence the rate and pattern of this
diffusion. These include the structure and pore size of a hydrogel, the polymer
composition, the water content, and the nature and size of the solute.** In addition,
interactions between different solutes, between solutes and the gel polymers, and
between solutes and solvents all play a role in determining the overall diffusion
characteristics of a solute and a hydrogel.**

Finally, the surface properties of hydrogels may be altered to achieve a variety
of unique characteristics.* In general, hydrogels have a complex surface structure
composed of numerous dangling chains attached on one end to the polymer network.
By altering these chains, the surface properties of hydrogels can be engineered to
serve a number of different purposes. Hern and Hubbell incorporated adhesion-
promoting oligopeptides into hydrogels, giving them the ability to mediate cell
adhesion properties.*’ Similarly, by using modified lipid bilayers, hydrogel surfaces
have been engineered to mimic cell membranes.*3

By adjusting these unique characteristics, engineered hydrogels have recently
been created to serve a variety of biomedical applications. Specifically, controlled
drug delivery systems have been developed by altering the diffusive characteristics
of hydrogels.*#6 Such systems are able to maintain a desired blood concentration
of a specific drug for a prolonged period of time and have been constructed as either
matrix or reservoir configurations.* In a reservoir system, the agent is stored in a
central core surrounded by a polymer membrane.** Conversely, in a matrix system,
the agent is uniformly distributed throughout the material and slowly released from
it.** In addition, these drug delivery systems can be constructed using biodegradable
polymers, thereby negating the necessity of surgical removal.

More recently, hydrogel-based delivery systems have been created that release
their agents in response to changes in their environment.**4%>% These new, bioactive
systems may respond to changes in pH, temperature, ionic potentials, solvent con-
centrations, and magnetic or electrical fields.’! The use of such systems is being
investigated for the controlled release of a variety of agents including insulin,
streptokinase, lysozyme, and salmon calcitonin.* In addition, a recently recognized
advantage of hydrogels is that they may have the ability to protect embedded drugs,
peptides, or proteins from the potentially harsh biological environment. This may
enable the oral delivery of engineered proteins, which may otherwise be prematurely
broken down in the digestive tract.®
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1.4.4 BioAcTIVE AND BIODEGRADABLE CERAMICS

As stated earlier, the bioactive ceramics include glass, glass-ceramics, and calcium
phosphate-based materials.! They are characterized by their ability to provoke
surrounding bone and tissue responses, which makes them advantageous for anchor-
ing an implant or reducing its stress.?* The biodegradable ceramics include aluminum
calcium phosphate, coralline, plaster of Paris, hydroxyapatite, and tricalcium phos-
phate.!” They are unique in that they are soluble and are therefore degraded and
absorbed by surrounding tissues. In addition, due to their porous structure they
stimulate bone ingrowth. These materials have been used in the fabrication of various
orthopedic implants, as well as for solid or porous coatings on implants made of
other biomaterials.?

1.5 THIRD-GENERATION BIOMATERIALS
(2000-PRESENT)

Recently described by Hench and Polak, a new, third-generation of biomaterials is
being designed.® For this class of biomaterials, the distinct characteristics of bioac-
tivity and biodegradability have now converged. As opposed to second-generation
biomaterials, which are generally either bioactive or biodegradable, third-generation
biomaterials are being designed that display both of these characteristics.” Further-
more, these new biomaterials are being designed alongside advances in the fields
of tissue engineering, microfabrication, and nanofabrication. In this manner, third-
generation biomaterials will be created to aid in the regeneration, and not simply
the replacement of injured or lost tissues. In addition, micro- and nanofabrication
techniques are being utilized to create “smart” biomaterials and implants that can
detect and respond to various tissue and cellular stimuli.

1.5.1 BIOMATERIALS IN TiSSUE ENGINEERING

In a recent review, Griffith defined tissue engineering as “the process of creating
living, physiological, three-dimensional tissues and organs utilizing specific combi-
nations of cells, cell scaffolds, and cell signals, both chemical and mechanical.”> As
the field of tissue engineering has developed, novel biomaterials have been created
to facilitate these approaches. Broadly speaking, there are currently three ways in
which biomaterials have been utilized in the field of tissue engineering:®

1. To induce cellular migration or tissue regeneration
2. To encapsulate cells and act as an immunoisolation barrier
3. To provide a matrix to support cell growth and cell organization

The first approach involves the use of bioactive biomaterials to facilitate local
tissue repair. Such materials have been developed in several forms (e.g., powders,
solutions, or doped microparticles) and have been designed to release a variety of
chemicals, proteins, and/or growth factors in a controlled fashion by diffusion or
network breakdown.” These agents trigger a local cellular response leading to tissue
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repair and regeneration. The infusion of bone morphogenic protein into orthopedic
implants® as well as the use of glycosaminoglycan and collagen constructs to act as
an artificial skin substitute are current examples of biomaterials used in tissue
engineering.%?

In the second strategy, a polymer is used as an immunoisolation barrier for
encapsulated cells.® For example, hollow fiber membranes enclosing hepatocytes
have been used to construct a bioartifical liver for the treatment of liver failure.®3-4
Similarly, microcapsules that store and protect cellular transplants also have been
developed.® These microcapsules protect the transplanted cells from immune cell
penetration while allowing the passage of medium- and small-sized substances, such
as oxygen, nutrients, and wastes.53>

The third and most widespread use of biomaterials in tissue engineering involves
the use of tissue scaffolds to direct the three-dimensional organization of cells in
vitro and in vivo.> Scaffolds are porous structures created from natural or synthetic
polymers.?>3 Scaffolds can be constructed in a variety of forms including sponge-
like sheets and fabrics, gels, and highly complex three-dimensional structures with
detailed pores and channels.*> Similar to the biomaterials of the 1950s and 1960s,
the early tissue engineering scaffolds were adapted from other uses in surgery.’
These early scaffolds, often made of surgical fabrics and mesh, provided a three-
dimensional biocompatible structure onto which cells could attach.* However, they
did not specifically interact with cells in a controlled fashion. More recently, scaf-
folds are being created with embedded growth factors or cellular ligands, allowing
them to influence signaling pathways necessary for cell migration and prolifera-
tion.*>>7>8 In this manner, these new scaffolds can be thought of as synthesized
extracellular matrix, providing tissues with the appropriate architecture and signaling
pathways to influence key cell functions.* Currently, scaffolds have been used to
engineer a variety of tissues including vascular tissue, skin, bone, and cartilage.3”-3°-62
Figure 1.2 represents a porous collagen scaffold.

1.5.2 MICRO/NANOTECHNOLOGY AND BIOMATERIALS

In recent years, significant interest has developed surrounding the utilization of
micro- and nanofabrication techniques for the construction of novel biomaterials
and implants. Developed from advances in the fields of computer science, engineer-
ing, physics, and biology, these techniques have found widespread application in an
array of industries including computing, consumer electronics, manufacturing, and
biotechnology. While the application of these techniques toward biomaterials is
relatively new, they promise to enable the creation of smaller, more active, and more
dynamic implants and devices.

1.5.2.1 Microfabrication and Microtechnology

Microfabrication is the process of constructing materials and devices with dimen-
sions in the micrometer to millimeter range.®® Developed and refined for the pro-
cessing of integrated circuits, microfabrication techniques have been utilized since
the 1950s for the production of semiconductor-based microelectronics. In general,
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FIGURE 1.2 Collagen scaffold. (From Vats A, Tolley NS, Polak JM, Gough JE. Scaffolds
and biomaterials for tissue engineering: a review of clinical applications, Clin. Otolaryngol.,

2003, 28(3), 165—172. With permission.)

microfabrication techniques utilize a “top down” approach for creating structures,
where one takes a substrate and builds a device out of the bulk material (bulk
micromachining) or on its surface (surface micromachining).®> These techniques
include unit process steps such as thin-film growth/deposition, photolithography,
etching, and bonding and will be covered in detail in later chapters.®364

Over the last few decades, microfabricated devices containing electrical and
mechanical components, also known as microelectromechanical systems (MEMS),
have made their way into a multitude of products used in daily life. For example,
the air bag system in an automobile is likely to include a MEMS accelerometer to
help the system detect the proper time to fire.®> Similarly, in the healthcare arena,
MEMS technology can be found in blood pressure sensors, blood chemistry analysis
systems, DNA array systems, and home telemetry monitoring systems.%*% In the
field of biomaterials and implants, MEMS technology is being applied toward the
development of implantable drug delivery systems.®> Such systems utilize micro-
pumps that deliver regulated amounts of stored medication in a controlled fashion.
The use of such systems for the delivery of insulin for the treatment of diabetes is
currently being investigated.%> Figure 1.3 and Figure 1.4 represent examples of
MEMS technology in medicine.

1.5.2.2 Nanofabrication and Nanotechnology

Nanotechnology has been defined as “research and technology development at the
atomic, molecular, and macromolecular levels in the length and scale of approxi-
mately 1-100 nanometer range, to provide a fundamental understanding of phenom-
ena and materials at the nanoscale and to create and use structures, devices, and
systems that have novel properties and functions because of their small and/or
intermediate size.”® On a simpler level, this definition can be broken down into two
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FIGURE 1.3 Catheter tip blood pressure transducer. (From Salzberg AD, Bloom MB, Mour-
las NJ, Krummel TM. Microelectrical mechanical systems in surgery and medicine, J. Am.
Coll. Surg., 2002, 194(4), 463—-476. With permission.)

Batteries Control Circuitry  Biosensor Drug Release
A
‘ )
7,4___;
Artificial Muscle Membranes Drug Reservoir

BioPermeable Membrane

FIGURE 1.4 MEMS drug delivery system. (From Salzberg AD, Bloom MB, Mourlas NJ,
Krummel TM. Microelectrical mechanical systems in surgery and medicine, J. Am. Coll.
Surg., 2002, 194(4), 463—476. With permission.)

specific and important characteristics that distinguish nanotechnology and nanostruc-
tures from their micro and macro counterparts. First, nanotechnology refers to the
creation and manipulation of structures at the nanoscale range (1-100 nm).%” Table
1.8 compares several nanostructures to biological structures. Second, nanotechnol-
ogy is concerned with the characterization and application of the unique physical,
chemical, and biological properties that nanoscale structures display because of their
size.?8%° New behavior at the nanoscale range is not necessarily predictable and may
be completely different from that of the same material in its bulk, macroscopic

Copyright © 2005 by Taylor & Francis



TABLE 1.8
Sizes of Nanostructures in Comparison to

Natural Structures®”

Structure Size

Nanotechnology Structures

Nanoparticles 1-100 nm
Fullerene (C60) 1 nm
Quantum dot (CdSe) 8 nm
Dendrimer 10 nm

Natural Structures

Atom 0.1 nm

DNA (width) 2 nm

Protein 5-50 nm

Virus 75-100 nm
Bacteria 1000-10,000 nm
White blood cell 10,000 nm

form.®® The understanding and utilization of these properties is a fundamental goal
of nanoscience and nanotechnology.

Nanofabrication refers to the processes and methods employed in the creation
of nanoscale materials and structures. In contrast to the microfabrication techniques
developed for the semiconductor and MEMS industries, nanofabrication techniques
utilize complementary “top down” and “bottom up” fabrication methods.% Building
on advances in microfabrication, nanoscience researchers have utilized newer “top
down” fabrication methods such as electron beam lithography to yield near-atomic-
scale precision.® Alternatively, the “bottom up” creation of nanostructures is being
developed where fabrication starts at the molecular level. Structures are “self-assem-
bled” by taking advantage of the atomic and molecular properties of nanoscale
materials.®”® In this manner, nanofabrication can be thought of as being inspired
by nature, as biological structures are typically assembled and rearranged at the
nanoscale range using molecular interactions such as van der Waals forces, hydrogen
bonds, and electrostatic dipoles.”

Today, nanotechnology is an exploding field. Since the year 2000, more than 35
countries have developed programs in nanotechnology.”’ Furthermore, worldwide
government funding of nanotechnology has increased approximately five-fold since
1997, exceeding 2 billion dollars in 2002.7° In the United States alone, the National
Nanotechnology Initiative, established by President Bill Clinton in 2000, has grown
rapidly in both scope and support, with a 2002 federal budget award of approximately
$697 million.”® With this intense interest and development, nanotechnology and
nanofabrication have already played a significant role in the development of new
medical devices and materials. Today, pharmaceutical preparations are being encap-
sulated in a variety of nanostructures to enhance effectiveness and decrease side
effects.”! Similarly, nanoparticle-based scaffolds that facilitate bone growth have
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already received FDA approval for use in orthopedic surgery.”! As we look toward
the future, nanotechnology will undoubtedly play a significant role in the develop-
ment and use of future generations of biomaterials.

1.6 CONCLUSION

Biomaterial science has developed significantly over the last century. Originally
adopted from industrial materials never intended for biological use, biomaterials are
now being developed to specifically interact with living tissue — aiding in tissue
repair, regeneration, and replacement. Throughout the three generations of bioma-
terials covered in this chapter, a central theme of interaction between science,
engineering, and medicine is evident. As new materials with new properties are
engineered, new clinical applications for these materials are developed. Conversely,
as newer ways to diagnose and treat disease are discovered, new materials and
implants are created to facilitate these techniques. Today, the fields of tissue engi-
neering and micro- and nanotechnology promise to revolutionize the science and
practice of medicine. Their impact on the development of new biomaterials, as well
as their application in multiple fields of medicine is the focus of this book.
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The immune system targets, destroys, and removes foreign material. It is a complex
and redundant apparatus that has evolved over eons into a coordinated process to
protect the host from infection. In the modern era, a detailed understanding of the
immune system has coincided with the ability to surgically implant devices. Nature,
however, could not have anticipated a foreign body with benevolent intent, such as
a vascular graft or a hip prosthesis. Consequently, there are complex interactions
between the host immune system and biomaterials. This chapter will review the host
response to implantable devices in order to provide a conceptual framework for
understanding immunity and inflammation within a biologic host.

2.1 OVERVIEW OF THE IMMUNE SYSTEM

The description of the biologic response to biomaterials will begin with a brief
overview of immunology. Overall, the immune response attempts to protect the host
from opportunistic infection. The distinction of native tissue from foreign material,
or in other words, self from nonself, is a fundamental component of this process. A
delicate balance is needed, as overactive immune surveillance leads to autoimmune
disease, and immunodeficiency places the host at increased risk of infection. For
example, multiple sclerosis and systemic lupus erythematosus (SLE) result from the
inappropriate targeting of self tissue by the immune system. Conversely, acquired
immunodeficiency syndrome (AIDS) and severe combined immunodeficiency
(SCID) are examples of immune compromise that result from either a viral infection
or a gene deficiency, respectively. Given the devastating consequences of either
autoimmunity or immunodeficiency, the system is highly regulated, with extensive
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integration and redundancy between components. In general, regulatory failure leads
to loss of homeostatic integrity, systemic injury, and, if severe, the death of the host.

Two broad categorizations define the immune response: innate and acquired
immunity, and cell-mediated versus humoral immunity. These categories overlap
broadly, yet provide a foundation to understand the immune system from two
different perspectives. Innate immunity is the nonspecific response to foreign and/or
infectious material (see Table 2.1). It is an important initial line of defense, though
teleologically more primitive than acquired immunity."?> By definition, the innate
response lacks immunologic memory, is antigen independent, and is the same each
time a pathogen is encountered.!> The various components of innate immunity are
molecules, such as serum proteins, complement, cytokines, and certain immune cells.
Upon contact with foreign material, serum proteins immediately bind to its surface,?
a process called protein adsorption. Protein adsorption facilitates the removal of
foreign material by phagocytic cells,* a sequence of events also known as opsoniza-
tion. Common serum proteins are listed in Table 2.2. Once a phagocyte engulfs a
foreign body, it is generally destroyed through intracellular exposure to a complex
array of toxins,' preventing damage to healthy adjacent tissue.

Platelets are another component of innate immunity, as they too bind to foreign
material, release inflammatory mediators, and, at times, initiate local thrombosis.’
The complement cascade, a series of escalating reactions that results in the binding
of complement to the surface of the foreign body with concurrent release of addi-
tional inflammatory mediators, is another part of the innate immune response. The
complement cascade will be discussed in greater detail later in this chapter. Finally,
dendritic cells, neutrophils, monocytes, macrophages, and natural killer (NK) cells
make up the cellular component of innate immunity.! These cells recognize, engulf,
and destroy foreign material. This process, namely the cellular ingestion of foreign
material, is also known as phagocytosis. Other cells, for example basophils, eosino-
phils, and mast cells, release inflammatory mediators to induce a local or systemic

TABLE 2.1
Innate vs. Acquired Immunity
Innate Acquired
Primitive Advanced
Nonspecific Specific
Nonadaptive Adaptive
No Memory Memory
TABLE 2.2
Common Serum Proteins
Albumin IgG
Fibrinogen Transferrin
C3 IgA
IgeM Haptoglobins
o-Antitrypsin a-Macroglobulin
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response to the foreign material.! The complex inflammatory response specifically
elicited by biomaterials will be discussed in greater detail in a later section of this
chapter.

Acquired immunity is the highly complex system that has evolved in vertebrates
to recognize, respond, and remember a unique pathogen.!? Also known as adaptive
immunity, this type of immune response improves with repeated exposures to a
pathogen (see Table 2.1) and generally takes place in the lymph nodes, spleen, and
mucosa-associated lymphoid tissue of the host.! When a new pathogen is encoun-
tered, unique proteins on its cell membrane lead to a coordinated T cell-mediated
response to the pathogen,'® and B cells are induced to produce specific immuno-
globulins to the targeted antigen(s) of the pathogen.'-® Finally, memory cells catalog
the unique epitope(s) and produce a more rapid response to the pathogen, should it
ever be encountered again.! Using a complex array of gene modification techniques,
lymphocytes can produce an estimated 10'> variations of T and B cell receptors to
help specifically identify a broad range of antigenic material.!?

Acquired immunity has both specificity and immunologic memory; in other
words, it targets and destroys specific material it recognizes — or remembers — as
foreign.! Though separate processes, the innate and adaptive immune systems typ-
ically work in tandem to coordinate the removal of an infectious agent.! For example,
the innate immune response may stimulate local dendritic cells to activate T cells,
leading to an inflammatory response that ultimately yields adaptive immunity.” T
cells can, in turn, modify dendritic cell responsiveness to a local foreign body.” Innate
and adaptive immunity are coordinated and complex responses designed to protect
the host from infectious disease.

The immune response may also be divided into either cell-mediated or humoral
immunity. As will be apparent, this method of classification overlaps broadly with
the cellular component of innate immunity and acquired immunity in its entirety.
Lymphocytes are the principle effectors of both cell-mediated and humoral immu-
nity. Specific receptors on these cells bind to antigens and, thus, initiate a complex
inflammatory and immune response."¢ In simplified terms, T cells are responsible
for cell-mediated immunity, and B cells are responsible for humoral immunity.
However, similar to the coordinated integration of innate and acquired immunity, T
cells and B cells act in concert with one another to promote — and improve upon
— atargeted response to foreign material. T cells are generally divided into cytotoxic
T cells, which destroy infected or atypical cells, and helper T cells, which coordinate
the cell-mediated and humoral immune response. Conversely, activated B cells
produce significant quantities of antibodies. Broadly defined, antibodies are antigen-
specific proteins that circulate within bodily fluids that either sterically inhibit the
attachment of a pathogen to its target cell and, therefore, prevent infection or recruit
other immune cells to kill the offending agent.® Figure 2.1 provides a schematic
representation of an antibody binding to a specific antigen present on a pathogen.
As detailed below, the antibody—antigen complex is also a potent stimulant of the
classic complement cascade. Humoral immunity is a highly specific response to
foreign materials. Antibody—antigen interaction leads to the agglutination of bacteria,
the neutralization of toxins, and the activation of nonspecific immune responses,
such as phagocytosis.®
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FIGURE 2.1 Antigen—antibody complex.

The complement cascade is an integrative process of the immune system.
Once activated, it propagates the release of potent inflammatory mediators and
chemokines, facilitates the opsonization and phagocytosis of infectious material,
and ultimately integrates the innate and acquired immune responses.® The com-
plement system includes more than 30 plasma proteins that circulate either as
zymogens or as inactive serine proteases.® Many of the complement proteins are
acute phase reactants and are thus present in increased quantities during a systemic
inflammatory response.®® There are two pathways of complement activation —
the classic and the alternative — though both reactions converge into a shared
common pathway (see Figure 2.2). The classic pathway is activated though contact
of C1 complex with a specific region of an antibody—antigen complex. After a
series of intervening enzymatic reactions, C3 convertase is activated, which con-
verts C3 into C3a (a potent inflammatory mediator) and C3b. After another series
of intervening steps, C5 convertase is formed, initiating the membrane attack
complex.®!? The alternative pathway of complement is initiated after C3 comes
in contact with foreign material. It is distinguished from the classic pathway in
that it does not require a humoral reaction for initiation and, consequently, may

Classic Pathway Alternative Pathway

Antibody-Antigen Complex Non-specific Surface Activators

\ v

Cl C3 + Factor B
C2 -‘ ‘ r C4 ‘
C3 Convertase C3 Convertase

C3-‘* ‘ rC?}

C5 Convertasc ==p» (C5 <«@== (5 Convertase

\

Membrane Attack Complex

FIGURE 2.2 Simplified complement cascade.
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be the more common mechanism of complement activation with implantable
devices.®!0 Other activated complement factors stimulate the release of histamine
from mast cells, further propagating the inflammatory response.! Increased blood
vessel permeability and neutrophil recruitment to the area of injury and/or inflam-
mation may subsequently occur.!

The major histocompatability complex (MHC) is the primary mechanism
through which the immune system distinguishes the host from foreign material.
MHC class I molecules are present on the cell membrane of all nucleated cells.!:!!
In simplified terms, proteins are broken down in the cytosol of a cell and transported
to the endoplasmic reticulum, where the peptide fragments bind to MHC class I
molecule. The MHC-peptide complex is then transported to the plasma membrane,
where it is “read” by circulating cytotoxic T cells and NK cells as a mechanism to
determine self from nonself. Cells with “self” peptides are tolerated, whereas cells
with foreign peptides are destroyed. For example, a cell infected with a virus will
demonstrate viral peptides within its MHC complex and thus mark the infected cell
for clearance by cytotoxic T cell.!!! In addition, cells without MHC class I complexes
are also generally targeted for destruction.! MHC class II complexes are present on
the cell membrane of antigen-presenting cells and facilitate the initiation of an
adaptive immune response.! In brief, after a phagocyte has ingested and destroyed
an invading material, various foreign particles are complexed to a MHC class II
molecule on the phagocyte’s cell surface. This cell then “presents” the foreign
material to a helper T cell, which leads to a coordinated and targeted response to
the invading pathogen.

The specific human leukocyte antigen (HLA) phenotypes of MHC are another
important determinant of “self.”” MHC class I is subdivided into HLA-A, B, and C,
and MHC class II is subdivided into HLA-DP, DR, and DQ.! Each individual receives
two haplotypes of these genes, one from each parent, and expression is codominant.
Consequently, an individual may express as many as twelve HLA proteins. These
surface proteins are an important element of successful engraftment of a transplanted
organ. HLA discordance leads to graft rejection in the absence of immune suppres-
sion.

The immune system is a highly complex system of coordinated molecular and
cellular processes to prevent infection. In the modern era, with its significant
advances in medical and surgical technology, devices and organs have been delib-
erately implanted for therapeutic purposes. The immune response, however, does
not distinguish an infectious agent from an implanted biomaterial. Having completed
a brief overview of the immune system, the host response to implanted devices will
now be described.

2.2 HOST RESPONSE TO IMPLANTED DEVICES

The materials used in implantable devices are engineered to be biocompatible.
However, biocompatibility is a relative term, and the immune system reacts to some
degree with every surgically implanted device.!? In fact, materials presumed in the
past to be biologically inert may cause subtle, or at times even distinctive, inflam-
matory reactions within the recipient. Though the effects of chronic inflammation
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and monocyte function are certainly important components of long-term device
function, the next sections will focus primarily on the acute inflammatory response,
specifically the neutrophil reaction to biomaterials.

The acute host response to a device may be broken into a sequence of two
overlapping events: local injury at the time of insertion and the inflammatory pro-
cess.!'? Local tissue injury leads to changes in vascular permeability and a protein-
rich exudate at the site of implantation.'? Serum proteins quickly bind to the surface
of the device, wrapping it in a proteinaceous film.*!*!* Protein adsorption — espe-
cially fibrinogen — leads to platelet adherence,'* complement activation,' and in
certain situations, thrombus formation. The complement cascade and platelet acti-
vation serve as potent mediators of the inflammatory response, as highlighted pre-
viously. The adsorbed proteins, attached platelets, and bound complement attract,
bind, and activate neutrophils,'> which are found on biomaterials within minutes of
implantation.!® Specifically, the 190-202 epitope of fibrinogen interacts with the
Mac-1 receptor on phagocytes, leading to their recruitment to the site of implantation,
their binding to the device, and the propagation of the overall inflammatory response
to the biomaterials.!” This represents the first stage of the complex cellular inflam-
matory response to an implanted device.

Though protein adsorption and phagocyte activation are effective in the destruc-
tion and clearance of a bacterium, they are ineffective when confronting a large,
inorganic, and nonbiodegradable material. Specifically, when activated neutrophils
are incapable of engulfing a foreign body, a futile process defined as “frustrated
phagocytosis” occurs.!?!819 “Frustrated” neutrophils inappropriately release reactive
oxygen species locally, rather than intracellularly.!? The extracellular release of toxic
agents designed to destroy infectious material intracellularly may cause adjacent
tissue damage and chronic inflammation.! Furthermore, proteases and oxygen-
derived free radicals released by activated inflammatory cells can contribute to the
degradation of the implanted biomaterial.'>?* There are several other untoward effects
of frustrated phagocytosis. For example, neutrophils attached to biomaterials dem-
onstrate reduced bacteriocidal activity?' and decreased viability,?? perhaps explaining
why implanted devices are prone to infection. Research has demonstrated that the
surface topography of a biomaterial influences neutrophil survival,?} and that protein
kinase inhibitors may prevent the activation of neutrophils bound to a biomaterial.?*
Figure 2.3 demonstrates an activated neutrophil adherent to a large biomaterial.
[lustrative examples of common implantable devices will provide additional per-
spective into the host immune response.

Total hip arthroplasty uses a titanium replacement to restore a dysfunctional
joint. Long-term function is common, though device design, operative technique,
and mechanical factors are generally implicated in the need for revision surgery.?
However, cell-mediated and humoral immunity have also been associated with
mechanical failure after hip replacement surgery. For example, nanoscale particles
dislodged during routine wear may lead to phagocyte activation, which in turn may
lead to osteolysis and, if severe, aseptic loosening of the prosthesis.?-2%27 Further-
more, antibodies that target biomaterials have been reported,?®? and humoral immu-
nity has also been implicated in aseptic loosening of hip prostheses.? Though the
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FIGURE 2.3 Electron micrograph of neutrophils attached to a large biomaterial.

materials used in this procedure are generally regarded as biocompatible, such data
raise new questions regarding whether they are truly biologically inert.

Allogenic heart valves provide a second illustrative example of the immunology
of implantable devices. HLA typing is not performed prior to implantation of allo-
geneic cryopreserved human heart valves, and recipients do not receive immuno-
suppresion after surgery.*® Although the majority do well after allograft valve implan-
tation, a humoral immune response against donor HLA may be associated with early
graft failure,*® though the functional impact of anti-HLA antibodies after valve
replacement is controversial.’?3! A separate study showed a strong antibody response
to cryopreserved nonvalved allografts in a pediatric population and concluded that
luminal calcification and stenosis of a graft may result from immune-mediated tissue
injury.*? Finally, the link between valvular heart disease and the immune response
has a historical precedent: streptococcal pharyngitis is known to cause rheumatic
heart disease as a consequence of molecular mimicry between the bacterial antigens
and native heart valves.’® Such data provide additional perspective of the host
response to engineered tissues and replacement parts.

Though not classically a “device,” organ transplantation provides perhaps the
best illustrative overview of the host response to implanted material. This type of
graft is biologic — and not mechanical — and thus commonly requires immuno-
suppression for long-term graft function. Furthermore, it provides a macro-level
perspective of the potential host response to replacement tissues engineered from
allogeneic sources. Prior to transplantation of an organ, cross matching between the
donor and patient is performed to prevent hyperacute rejection of the graft, which
occurs when preformed antibodies exist to the graft prior to implantation. Even with
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appropriate HLA matching between donor and recipient, minor antigens present on
the graft may lead to rejection unless the recipient receives immunosuppression.
Though the adaptive immune response is largely responsible for graft rejection,
innate immunity appears to have regulatory and functional role in transplant rejec-
tion.>** In this sense, successful organ transplantation requires careful and meticulous
suppression of the host response. Even with adequate long-term immunosuppression,
chronic rejection of a transplanted organ generally occurs.

Each of these three examples provides perspective of the immune response to
implantable replacement devices. Titanium hips restore structural function, alloge-
neic heart valves restore mechanical function, and organ transplants restore physi-
ologic function. Tissue engineering represents the next generation of replacement
technology, as cellular constructs are integrated within a biologic (or inorganic)
scaffold to repair the deficient host. Numerous technical hurdles exist. For example,
cellular behavior may vary depending on the size of the engineered construct,? as
depicted in Figure 2.4. Furthermore, the inflammatory response to a biomaterial
scaffold is potentially integrated with the immune response to allogeneic or xeno-
geneic cells. The combined inflammatory stimulus is not necessarily additive, as a
recent study revealed that coadministration of a common biomaterial enhanced the
humoral response to a common antigen.*® The immune response to engineered tissue
replacements remains a significant impediment to the successful implementation of
replacement biology.

As implanted devices evolve from structural to mechanical to electronic, and
with an improved understanding of the intricacies of the host response, a concept
of biofouling has emerged.* For clinical success, an implanted device must withstand
long-term exposure to both the physical and the physiologic environment. For exam-
ple, a titanium hip or prosthetic heart valve must maintain structural integrity within

Increased initial adhesion, increased long-term adhesion, increased cytoskeleton

Increased initial adhesion, decreased long-term adhesion, reduced cytoskeleton

No change adhesion, reduced cytoskeleton

Reduced adhesion,
Reduced cytoskeleton

Cell Response

95 nm

Scaffold Island Height (nm)

FIGURE 2.4 Differential cellular response to nanoscale scaffold. (Reprinted from Biomate-
rials. Vol. 25, Dalby et al. Rapid fibroblast adhesion to 27 nm high polymer demixed nano-
topography, p. 77, ©2004, with permission from Elsevier.)
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the load dynamics of its respective mechanical environment. Furthermore, these
implants must also maintain their function during the acute and chronic inflammatory
response. Failure to do so is defined as biofouling,’” and generally results from
chronic oxidation, hydrolysis, mechanical loading, and mineralization of the
device.? As implanted devices become smaller and more mechanically and elec-
tronically complex, the negative impact of the immune response could increase.
Furthermore, a size threshold may exist for biomaterials that alleviates frustrated
phagocytosis. Should this occur, implantable devices would move from the extra-
cellular to the intracellular environment and thus open new complexities and uncer-
tainties of the host response to an implantable device (see Figure 2.5).

Nanoscale particles are either the inadvertent product of biomaterial wear, or
are the product of deliberate and highly technical engineering. As discussed previ-
ously, regardless of its source, nanoscale material may elicit an inflammatory
response. Particle toxicology is a relatively new scientific field that studies the impact
of fine and ultrafine materials on the host*® and may clarify the immune response
to small biomaterials. Ultrafine particles are defined as material less than 100 nm
in diameter.*® Nanoscale particles, especially material that is aerosolized, may have
a toxic profile, even when larger particles of the same material are nontoxic.* The
inflammatory response to ultrafine titanium dioxide*’and 14-nm particles of carbon
black?® are examples of nontoxic materials that elicit an immune response when
milled into nanoscale particles. Though the proinflammatory mechanism of ultrafine
material is poorly understood, phagocyte activation after particle ingestion is
believed to contribute.?’-* Also, as highlighted earlier, as devices shrink to a size
that permit effective phagocytosis, a potential new intracellular inflammatory frontier
emerges. Again, see Figure 2.5.

Frustrated Phagocytosis

) ) Extracellular Response
Effective Phagocytosis

Intracellular Response

Cell Response

Nanoscale Macroscale
Biomaterial Size

FIGURE 2.5 Differential cellular response to changes in biomaterial size.
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Bioengineers attempt to minimize the untoward effects of the host inflammatory
response by designing implantable devices that are relatively inert and nontoxic.
The impact of material size, however, is poorly defined. As implantable devices
shrink, the inflammatory profile of their components may evolve. In addition, as
their function grows ever more complex, the impact of protein adsorption, cell
adhesion, and long-term oxidative and hydrolytic stress may also change.

2.3 NANOTECHNOLOGY AND THE IMMUNE RESPONSE

The study of the interaction of micro- and nanoscale devices within the biologic
environment is in its infancy. For example, the in vivo immune response to micro-
electromechanical (MEM) drug delivery systems, an implantable device designed
to release a drug from a reservoir in a complex dosing pattern, was only recently
described. As a preliminary study, the report examined the material components of
a MEM system placed within a steel cage, which was subsequently implanted within
the dorsum of recipient rodents.’” Over a 21-day period, exudative fluid was tested
for acute and chronic inflammatory responses; all materials generated an early
neutrophil response when compared to empty cage controls but were determined to
be biocompatible.?” Long-term in vivo function of drug delivery was not tested. In
a second study, a nanoscale scaffold made of poly-L-lactic acid resulted in increased
protein adsorption and increased cell attachment in vitro when compared to solid-
walled scaffolds of the same material.*! Perhaps more importantly, the T and B cell
receptors have been estimated to be between 60 and 170 nm in size*? and, therefore,
may not independently bind and/or recognize a nanoscale device. However, it is well
known that a nonimmunogenic particle may still stimulate an inflammatory reaction
when coupled with a carrier molecule.** As discussed below, the immune response
to nanoscale particular material may be substantially more complex than previously
believed, potentially involving both intra- and extracellular inflammatory reactions.

Inorganic and nonbiodegradable nanoparticles have been found in liver, kidney,
and colon, leading to the definition of a new concept: nanopathology.*+*> The toxicity
of fine particulate matter is perhaps best demonstrated through the association of
lung cancer with chronic exposure to airborne material less than 2.5 um in diameter
that constitute, in part, air pollution.*® New data also suggest the potential for patho-
logic dissemination of inorganic material into other bodily tissues, raising concern
over nonairborne environmental exposures of nano- and microscale material. For
example, a patient with systemic granulomatosis and a worn dental prosthesis was
found to have particulate matter measuring between 6 to 20 um in the liver and
particles measuring less than 6 um in both kidneys.*” Though describing a unique
clinical finding, this case report, perhaps more importantly, revealed that the intes-
tinal epithelium may not provide an effective barrier to particulate matter less than
20 um.*” Further corroborating the concept of nanopathology, a recent study of 18
patients with either colon cancer or Crohn’s disease demonstrated nanoparticles of
inorganic and nonbiodegradable materials such as silicon, aluminum, zirconium,
titanium, stainless steel, and silver; none of the samples from healthy donors dem-
onstrated any evidence of nanoscale particles.* Though the concept of nanopathol-
ogy is controversial, such reports mandate further analysis of the inflammatory and
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pathologic effects of nanoscale materials. As minaturized devices are implanted into
a biologic host, they must withstand the inflammatory response and maintain long-
term function. If history is any guide, our understanding of the immune response
will likely evolve along with this emerging technology.

2.4 CONCLUSION

The immune system is a complex process designed to protect the host from infection.
Until the modern era, the foreign material encountered by host defenses consisted
largely of pathogens, whereas at present, implantable devices are being frequently
used for therapeutic purposes. Consequently, the immune response is increasingly
being challenged by noninfectious material. Our understanding of the immune sys-
tem has evolved with our ability to implant therapeutic devices, and biocompatibility
i1s emerging as a dynamic process that changes over time. Though the data are at
times controversial, knowledge of the host response to implantable devices is grow-
ing. Nanotechnology represents yet another frontier, and our understanding of immu-
nology will undoubtedly grow as the host response to nanoscale devices is defined.
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3.1 INTRODUCTION

Nanotechnology is one of the most exciting new technologies of the twenty-first
century. With its increasingly important and diverse impact on a variety of sectors
such as biotechnology, energy, electronics, and consumer goods, it promises to
transform our lives within this decade. As its ubiquitous prefix implies, nanotech-
nology entails the creation of functional materials, devices, and systems through the
control of matter at the scale of 1 to 100 nanometers, as well as the exploitation of
novel properties and phenomena at the same scale.!

The nanoworld of 1- to 100-nm dimensions is a land where fundamental prop-
erties are defined. This world resides in the gap between the scale of chemical
structures and that of micromechanical and microelectronic devices. Rather than
being a single technology, nanotechnology is a synonym for a multitude of
approaches, devices, and systems all aimed at the understanding, control, and con-
struction of molecular structures exhibiting new useful properties and functions.
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Despite the current excitement and recent waves of visionary predictions, nano-
science and nanotechnology are not entirely new areas. Nanoscale materials such
as carbon black (10- to 400-nm sized carbon particles) have been in use as fillers
in automotive tires for more than 100 years. Carbon nanotubes, candidates for novel
nanomechanical devices and nanoelectronic materials, were discovered at NEC
Corporation in 1991. Scanning probe microscopes, capable of imaging and manip-
ulating surface-bound molecules with atomic-scale precision, have been around for
about 15 years and are now widely used in materials science and, to a lesser extent,
in biology. Nanodispersed systems, such as lipid nanoparticles and liposomes, have
been of interest for effecting the controlled delivery of active ingredients in skin
care products. Nanoscale materials are now used in electronic, optoelectronic, cat-
alytic, pharmaceutical, biomedical, personal care, energy, and materials applications.
Given these broad application ranges, nanotechnology is considered to be a general-
purpose technology which still has most of its experts located in academia and
government-funded basic research centers.

What makes the nanobiotechnology field so interesting and revolutionary is the
convergence of the angstrom-, nano- and microscale worlds (see Figure 3.1) with
the exploitation of physical principles, chemical synthesis capabilities, and functional
properties of biological nanostructures. Nature has made highly precise and func-
tional nanostructures for billions of years: DNA, proteins, membranes, filaments,
and cellular components. These biological nanostructures typically consist of simple
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FIGURE 3.1 The convergence of angstrom-, nano-, and micro-scale.
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molecular building blocks of limited chemical diversity arranged into vast numbers
of complex three-dimensional architectures and dynamic interaction patterns. Nature
has evolved the ultimate design principles for nanoscale assembly by supplying and
transforming building blocks such as atoms and molecules into functional nano-
structures and utilizing templating and self-assembly principles, thereby providing
systems that can self-replicate, self-repair, self-generate, and self-destroy. In this
“bottom-up” approach, molecular recognition and self-assembly of simple building
blocks are key elements in the formation of nano- and microstructures of unique
chemical and physical properties. Scientists and engineers in the field of nanobio-
technology (or bionanotechnology) are working to gain the ability to design synthetic
materials on the nanoscale in hopes of shaping and creating the molecular architec-
ture of biologically relevant molecules. Eventually, this will allow the integration of
biological and artificial matter. In other words, bioinspired synthesis based on prin-
ciples of molecular recognition, self-assembly, and templating will create biomimetic
nanostructures with potentially vastly expanded chemical diversity and physical
properties. The ability to design and synthesize nanoscale supramolecular structures
of inorganic and organic matter is an important step toward this goal.

New approaches of a highly interdisciplinary nature are required to learn how
biological nanostructures are built, function, and interact within larger biological
systems, to apply tools for nanoscale analytical purposes (e.g., single molecule
analysis), and to develop methods for creating devices composed of biological and
inorganic matter (e.g., nanoscale lithography). Understanding the biological-inor-
ganic interface is an important step in this direction. Today, many approaches still
depend on milling down from the macroscopic level with high precision instru-
ments. This “top down” approach utilizes physical methods to carve out desired
nanostructures from materials of larger dimensions or to analyze nanoscopic
properties with advanced analytical tools (e.g., scanning probe microscopy) and
often occurs as a natural extension of well-known methods in microlithography
and materials science.

While the realization of molecular robots and artificial organelles is far away at
this time, other, less dramatic but nonetheless important, developments are in an
advanced stage of implementation. This includes, for example, the fabrication of
biologically relevant nanomaterials for applications in biosensing and drug delivery,
the engineering of biocompatible materials, and the development of a variety of
tools and methods such as ultrahigh-sensitivity bioanalytical tools, high-precision
lithographic methods, and nanoscale dispensing devices. In the following overview
of the field, I briefly highlight three of the most exciting areas in bionanotechnology
currently under development: (1) following nature’s lead; biological nanostructures
as source for biomimetic and bioinspired nanomachines, (2) DNA-based nanotech-
nologies, and (3) nanoparticles.

Other exciting fields, equally worth mentioning, have not been covered in this
brief overview (e.g., miniaturized protein biochips, nanowires, nanolithography, or
scanning probe microscopy). It is beyond the scope of this chapter to provide a
comprehensive review. For further reading, references 2—4 are recommended.
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3.2 LEARNING FROM NATURE

Cellular nano- and microstuctures provide stimulating templates for designing arti-
ficial nanomachines. Cellular nanostructures such as the photosynthetic reaction
center, the ribosome, linear and rotary molecular motors, the DNA replication com-
plex, mitochondria, and membrane channels have been extensively studied in vivo
and ex vivo by biochemists, biophysicists, and cell biologists. Comprehensive studies
of the structure and function relationships of these biological nanomachines have
provided substantial insight into how different mechanisms of nanomachines can be
from the basic working principles of macroscopic manmade machines. Nanobio-
technology faces the challenge of emulating these unique mechanisms in an attempt
to integrate them into novel artificial systems. In this section, two examples of
bioinspired nanoscience are briefly discussed.

3.2.1 LINEAR AND ROTARY MOLECULAR MOTORS

Molecular motors are proteins that convert chemical energy into mechanical energy
(chemomechanical energy transduction) through the hydrolysis of adenosine 5'-
triphosphate (ATP) or, alternatively, the translocation of ions through cellular mem-
branes. The potential use of molecular motors as actuators and power sources for
nanoelectromechanical systems (NEMS) has been widely discussed. Examples of
such motors include the protein F1-ATPase,>¢ kinesin and dynein,’® myosin,*!° and
RNA polymerase.!!

The rotational movement and forward propulsion of molecular motors have been
extensively studied and optically visualized with fluorescence-based single molecule
in vitro motility assays over the last decade.

3.2.1.1 F1FOATPase

The FIFOATPase is composed of a multidomain F1 head group connected to a FO
base piece that is embedded in the mitochondrial inner membrane. The physiological
function of this enzyme is the synthesis of ATP using a transmembrane pH gradient
as energy source. The electrochemical gradient enables the FO base to produce a
mechanical force via a cam shaft, which drives the F1 part to undergo conformational
changes that result in the conversion of ADP to ATP. The complex is reversible:
ATP hydrolysis is used to pump protons into the extramitochondrial compartment
with the cam shaft turning counterclockwise (instead of clockwise during ATP
synthesis). The efficiency of the F1ATPase motor can be as high as 100% under
viscous loading, higher than any other hydrolysis-driven molecular motor.'?

In a remarkable experiment, Noji and coworkers visualized the rotary motion
of the cam shaft by attaching a genetically modified form of F1ATPase site-specif-
ically onto a surface (with the catalytic subunits surface bound) and following the
rotation of the motor shaft with a bioconjugated, fluorescently labeled actin filament
(see also Figure 3.2).613.14

This is a classic case of an experiment that has utilized the power of a multi-
faceted approach that combines the diverse fields of protein engineering with surface
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FIGURE 3.2 Tllustration of ¢ subunit rotation in FOF1 visualized by connecting a fluores-
cently labeled actin filament to the ¢ subunit. (From Sambongi Y, Iko Y, Tanabe M, Omote
H, Iwamoto-Kihara A, Ueda I, Yanagida T, Wada Y, Futai M. Mechanical rotation of the c
subunit oligomer in ATP synthase(FOF1): direct observation, Science, 1999, 286, 1722-1724.
With permission.)

chemistry and fluorescence detection. It seems obvious to consider modified versions
of the F1ATPase as nanopropellers within two-dimensional NEMS devices.

3.2.1.2 Linear Molecular Motors

Linear molecular motors such as myosin and kinesin are responsible for muscle
contraction, transport of vesicles, and cell division. These motors have been exten-
sively studied over the last decade using a multifaceted approach. In vitro motility
assays of surface-bound heavy meromyosin (HMM) developed 20 years ago by
Spudich and coworkers, as well as single molecule laser trapping experiments, have
provided substantial insight into the molecular mechanism of molecular motors.!'
It seems obvious that in a next step spatially oriented defined tracks of molecular
motors could be used to facilitate the vectorial transport of other proteins or nano-
scale matter along certain trajectories within artificial two-dimensional nanostruc-
tures. For further information on molecular motors the reader is referred to Chapter
8 by Altman and Spudich within this volume.

3.2.2 ABALONE SHELLS

Abalone shells are known for their high-performance, highly resistant, composite
mineral structure. They are formed of a microlaminate composed of proteins and
calcium carbonate crystals with a microarchitecture that provides crack- and shatter-
resistant properties. The shells are unlikely to break or shatter because, when a crack
forms, it propagates along complicated paths that diffuse the crack. The underlying
nanostructure has been extensively studied.!'6-?!
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Abalone shells have been attracting the attention of nanoscientists, who aim to
replicate new materials and ceramics with similar mechanical properties.

3.3 DNA NANOTECHNOLOGY

DNA is the central biological molecule. Due to its chemical properties, DNA is also,
without doubt, the work horse of ex vivo bio-experimentalists. Despite its classical
importance in biology, DNA is increasingly explored for applications in nonbiolog-
ical areas (e.g., nanoelectronics and computing). DNA can be chemically labeled,
cut, ligated, copied, replicated, extended, sequenced, boiled, dried, and subjected to
electrical voltages, all of which are ideal properties for serving as a construction
medium for nanotechnological applications. In this section, three different
approaches are summarized: (1) the formation of three-dimensional structures built
from DNA building blocks, (2) the rapid, single-molecule analysis of nucleic acids
using nanopores, and (3) DNA chemically linked to inorganic matter for the con-
struction of nanoelectronic devices.

3.3.1 StrucTURAL DNA ASSEMBLY

Pioneered by Ned Seeman during the 1980s, the concept of structural nucleic acid
nanotechnology based on branched DNA was introduced to form larger two-dimen-
sional networks and three-dimensional structures of precise geometry. In this “bot-
tom-up” approach, DNA of known sequence with defined cohesive attachment points
(e.g., single-stranded, sticky ends) is hybridized via sticky-ended junctions into
predictable three-dimensional nanostructures of high precision. For example, this
approach has generated a truncated octahedron (molecular weight 790 kD), cube-
like structures, and two-dimensional periodic arrays. One of the potential applica-
tions communicated by Seeman is the scaffolding of biomolecular crystallization
using DNA as a host lattice for the organization of macromolecular guest molecules
into a crystalline lattice for subsequent diffraction analysis.?*28

In a similar approach, DNA scaffolding has been used for the generation of two-
dimensional arrays of metallic nanoparticles (1.4 nm in diameter) of precise spacing,
providing a promising strategy for applications in nanoelectronics and nanomaterials
synthesis.?

3.3.2 NANOPORE DNA SEQUENCING

Rather than using DNA as a building block for the formation of nanostructures, new
strategies continue to emerge for the rapid and sensitive detection and characteriza-
tion of nucleic acids. Branton and Deamer have pioneered the use of nanopores for
the analysis of single DNA and RNA molecules. In this approach, single-stranded
DNA or RNA is translocated through a voltage-biased nanopore in a linear manner,
thereby blocking the open-pore ionic current. A prerequisite for this method to work
is that the diameter of the nanopore must accommodate the single-stranded DNA
or RNA only, which presents challenges with respect to the construction of the pore.
The resulting electrical signal fluctuations are used for real-time single molecule
counting and sizing, providing microsecond time scale resolution of nucleic acid
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FIGURE 3.3 Principles and components of high-speed device for probing single molecules
of DNA. (Courtesy D. Branton, Harvard University.)

characterization, including nucleotide composition (see Figure 3.3). A single,
ultrathin hole in a solid state membrane can function as a nanopore,*® or as exten-
sively studied, a naturally occurring biopore such as a-hemolysine, can be utilized
as a membrane channel. (a-Hemolysine is a 33-kD protein of 2.6-nm diameter
secreted by Staphylococcus aureus and incorporated into an insulating lipid bilayer,
exhibiting a channel aperture of 15 angstrom.) Newer research in this arena focuses
on electron tunneling detection, rather than measurement of ionic current fluctua-
tions. If further advanced to a multiplexed, robust device level, strategies such as
this could provide dramatic improvements in ultra-high-speed DNA sequencing and
single-nucleotide polymorphism analysis.?'=%7

3.3.3 DNA CourLep T0 CARBON NANOTUBES

Carbon nanotubes, molecular-scale wires made of graphene sheets rolled into cyl-
inders, have significant potential as building blocks for the construction of nano-
electronic and nanomechanical devices at the sublithographic scale. Functionaliza-
tion of carbon nanotubes with DNA would enable the programmed assembly of the
nanotubes into functional architectures taking advantage of the molecular recognition
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properties of the DNA. Dekker and coworkers succeeded in the covalent coupling
of PNA (peptide nucleic acid, an uncharged DNA analogue) to the ends of single-
walled carbon nanotubes (SWNTs) and hybridizing the adducts with complementary
DNA, a first step toward DNA-directed SWNT integration into nanoelectronic
devices.?8

3.3.4 DNA-MODIFIED SURFACES

DNA-modified surfaces play an important role in bioanalytical (e.g., gene chips)
and biophysical applications (e.g., surface-based analysis using scanning probe
microscopy). For micro- and nanoelectronic detection of DNA, semiconductor mate-
rials such as silicon are of high value. DNA has been successfully coupled to
hydrogen-terminated silicon surfaces via covalent silicon—carbon bonds.**-*! This
strategy is very different from the less reproducible, but nevertheless well established,
method of surface silane-based monolayer formation on oxidized silicon substrates.

3.4 NANOPARTICLES

Nanoparticles play a major role in nanobiotechnology. In fact, applications involving
nanoparticle reagents have already been commercially developed to a high degree.
Penn, Natan, and He have summarized the use of nanoparticles in biotechnology in
an excellent review.*

Particles of controlled size with at least one dimension of less than 100 nm are
considered nanoparticles. Depending on their chemical composition, their optical and
electronic properties have garnered much attention in studies of properties of particles
approaching molecular dimensions. At nanometer length scales, the line between
colloids and molecules becomes blurred (i.e., methods for synthesis, handling, and
coating of nanoparticles are derived from both colloidal and synthetic organic and
inorganic chemistry). Novel synthetic strategies have created a vast number of new
nanoscopic materials and fueled a significant amount of fundamental research directed
at exploring the optical, magnetic, and electronic properties of the new nanoscopic
materials, often in comparison with bulk samples of the same materials. Defined
surface chemistry, particle morphology, and narrow size distribution are important
factors regarding the utility for these applications.

3.4.1 NANOPARTICLES FOR BIOLOGICAL ASSAYS

Nanoparticles have found widespread use for biological assays. They can be utilized
as assay labels (tags), replacing standard fluorescent probes, or as substrates for
multiplexed assays. Nanoparticles have substantial advantages over classical organic
dyes because of their superior photophysical properties, which overcome many of
the spectral limitations of molecular fluorophores.

Semiconductor quantum dots, for example, have tunable, narrow emission spec-
tra with very high photostability. They have the advantage of a single exciting
wavelength providing for multiple emission wavelengths.*?

For example, a Her2 assay with quantum dots has been used for immunofluo-
rescent imaging of breast cancer cells.*
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Quantum dots also appear to be valuable reagents for nucleic acid bioassays
including single nucleotide polymorphism (SNP) analysis.®

Metallic nanoparticles such as colloidal gold (1-5 nm in diameter) are popular
staining agents in biological electron microscopy, appearing dark in transmission
electron microscope images (due to high Au density) and bright in scanning electron
microscopy images (due to high backscatter coefficient).®

In addition, colloidal gold has been successfully used for biological assays such
as DNA hybridization. For example, gold nanoparticles show a characteristic plas-
mon resonance absorption which is useful for detection purposes.*’#3

A conductivity-based method has been reported by Mirkin and coworkers, uti-
lizing oligonucleotide functionalized gold nanoparticles that provide conductivity
between microelectrodes upon the binding of the nanoparticles to the electrodes.*
Resonance light scattering of gold nanoparticles can be also used for microarray-
based DNA hybridization.>°

In another approach, biomarkers for leukemia cell recognition were conjugated
with ruthenium complexes encapsulated in silica.’!

Nanoparticles can also be considered as substrates for assays similar to micro-
bead assays (e.g., for immunoturbidimetric assays). Nanoparticle suspensions are
more stable than microparticle suspensions and they offer substantially reduced
scatter of visible light, thereby providing higher signal-to-noise rations and assay
sensitivities. For example, an immunoturbidimetric assay for urine albumin was
developed using 40-nm sized anti-albumin antibody coated poly(vinyl-naphthalene)
particles quite some time ago.>?>3

Superparamagnetic nanoparticles such as iron oxide particles (Fe;O, or y-Fe,05)
have enormous potential for separation and biomolecular assay applications. They
can be magnetized in a magnetic field, but then redispersed (without agglomeration)
after removal of the field. For example, microparticles coated with superparamag-
netic nanoparticles have been used for cell sorting, DNA isolation, and proteomic
assays.>4-6

Natan and coworkers have pioneered the design and applicability of striped metal
nanoparticles (Nanobarcodes™ particles) for multiplexed assays. Figure 3.4 shows
images of Nanobarcodes™ particles and their basic manufacturing process. These
particles are made of alternating layers of reflective metals (gold, silver) that function
as “barcodes.” The barcode provides an intrinsic encoding signal that is based on
reflectivity, which allows multiplexed assays to be performed simultaneously when
the barcode is surface-coated with active biomolecules such as antibodies or nucleic
acids.>’8

3.4.2 NANOPARTICLES AS DRUG DELIVERY VEHICLES

Top-down milling processes can be used to reformulate highly insoluble drugs as
nanoparticles, thereby providing more efficient uptake. For example, Elan Pharma-
ceuticals has reported a method of using nanocrystalline formulations of human
immunodeficiency virus (HIV) protease inhibitors.

Alternative strategies involving new types of drug delivering vehicles are in high
demand.
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(Au) and silver (Ag) stripes. (B) Production process of nanobarcodes. (Courtesy M. Natan,
Nanoplex Technologies.)

Liposomes in which pharmaceutical agents have been encapsulated have also
been in use. Although liposomes exhibit outstanding biocompatibility and low tox-
icity, problems such as drug leakage and low delivery efficiency (e.g., for gene
therapy) remain major obstacles.

In a different approach, magnetically guided drug targeting makes use of micro-
particles composed of elemental iron particles and activated carbon with drug absor-
bance and release properties in order to direct the drug agents directly to the target
tissue (e.g., a tumor).”

In addition, magnetoliposomes and bacterial magnetic particles (50-100 nm in
diameter) have been evaluated for targeted drug delivery and release in antitumor
chemotherapy applications.®*6!

Another class of important nanoparticles are dendrimers. Dendrimers are spher-
ical nanoscale, polymeric, polyvalent molecules of well-defined chemical structure
consisting of multiple shells (“generations”) synthesized around a small core mol-
ecule. Dendrimer nanotechnology is a rapidly expanding field with drug delivery
only one of many potential applications. The first dendrimer drugs with antiviral
activity (HIV, herpes simplex) are under clinical investigation. In addition, a poly-
anionic dendrimer with potency as anti-HIV microbicide is undergoing regulatory
approval processes in the United States.®>-64

West and Halas at Rice University, pioneered the use of nanoshells, a different
type of nanoparticle, for bioassays and targeted drug delivery. Nanoshells are com-
posed of a dielectric core (e.g., silica) and a thin metal shell (e.g., gold). They have
tunable optical properties and utility for various imaging and biosensing applications,
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such as near infrared imaging, ELISA-based assays, and surface enhanced raman
spectroscopy (SERS).%36¢ West and Halas also described the use of nanoshells for
thermal ablative therapy of cancer. In this approach, antibody-conjugated nanoshells
are targeted to human breast carcinoma cells, where therapeutic dosages of heat
upon absorption of light in the near infrared are delivered, resulting in the localized
destruction of the tumor cells.®’

3.4.3 NANOPARTICLES AS CONTRAST AGENTS

Nanoparticles can function as contrast agents for better image resolution and tissue-
specific targeting. For example, superparamagnetic Fe,O, nanoparticles provide
better contrast in magnetic resonance imaging (MRI). Tissue enriched with these
nanoparticles appear darker due to protons decaying from excited states more effec-
tively via energy transfer to neighboring nuclei.®

3.5 PATH INTO THE FUTURE AND ECONOMIC
CONSIDERATIONS

What will be the biggest breakthroughs in nanobiotechnology? Where are the chal-
lenges in transforming nanoscience into mainstream products? Why do some fear
nanotechnology? Many questions exist in a field that is now widely recognized by
the general public, has created excitement at the media, and has earned Wall Street’s
attention. Working in the field of nanobiotechnology means operating without the
traditional boundaries between physics, biology, and chemistry. Research in this area
is expensive and demands large amounts of funding, thereby catalyzing more and
more collaboration-centered, consortium-like efforts. Most advances in the field to
date have actually been in nanoscience, not in nanotechnology.

As mentioned above, nanotechnology is, or has the potential to become, a
general-purpose technology (some estimates predict a market size of $1 trillion by
2015). However, landmark scientific breakthroughs will only have an impact if
commercial success follows. Commercial success will only happen if compelling
applications are found and major economic and technical hurdles can be overcome.
What are the challenges? For example, converting innovation into implemented
products with economic sustainability is capital intensive and quite challenging for
an area with unfamiliar formats that are characterized by slow product adoption
rates. In addition, having incremental progress only slows down the adoption process.
Large-scale production can be challenging for highly integrated nanodevices, as well
as bottom-up strategies that require economic ways of mass self-assembly. Moore’s
law has been one of the major competitive driving factors in the microelectronics
industry, leading to better products over time. If there is an analogy with the computer
industry — what will be Moore’s law of nanobiotechnology?

Last, but not least, for certain applications in nanobiotechnology, substantial
regulatory, and socioeconomic hurdles exist. While it is naive to call all nanotech-
nology applications as potentially suspect, the request for an in-depth environmental
analysis is reasonable (example: asbestos). The educational system and the media
will be challenged to accurately address the excitement and scientific highlights in
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the face of an existing ambiguous fear over a potentially suspect, oversimplified
technology area that is composed of many fragmented nonrelated segments. Because
of this factor, discussions of certain aspects of nanobiotechnology will be challeng-
ing, much like discussions on embryonic stem cell research, genetically modified
food, and somatic cell nuclear transfers.

What applications will emerge in nanobiotechnology? With an increasing
demand for better healthcare and an aging population in the developed countries,
healthcare will continue to be the major stimulating factor for advances in nanobio-
technology. Clever integration of biology, information science, and materials science
is required to develop new generations of medical devices, diagnostic tools, and
therapeutic products.

Tools to manipulate biological matter at the nanometer scale were among the
first products to be developed in nanobiotechnology (e.g., atomic force micro-
scopes, microfluidic devices), followed by reagents such as nanoparticles and
biochips. Now, products using nanostructured materials for drug delivery and tissue
engineering are approaching clinical test phases. Applications in bioanalysis,
biomaterials, and drug delivery will predominate in the near future. For example,
high-performance protein biochips for multiplexed protein profiling providing
higher speeds of analysis and novel information content will accelerate research
in drug development, provide better diagnostic tests, and help in the stratification
of patient populations. The above-mentioned nanoparticles are extremely valuable
reagents for these purposes.

The following listed applications will require substantial development break-
throughs to become reality, but appear, nevertheless, to be achievable in the not-so-
distant future: (1) external tissue products (e.g., artificial skin, tissue reconstruction),
(2) internal tissue products (e.g., xenotransplants from other animals or tissue grown
artificially on nanostructured scaffolds), (3) in vivo testing devices (e.g., for the
detection of cancer, infections, heart conditions), (4) smart pills for localized multiple
drug bursts of high dosage, (5) nonviral nanovectors for gene therapy, (6) handheld
devices for personal diagnosis, (7) polymer—drug conjugates and encapsulated drugs,
and finally (8) nanosurgical particles capable of stitching tissue at the cellular level,
thereby accelerating wound healing processes stemming from surgical or injury
trauma. Some of the listed applications will require thorough approval processes
regarding safety and bioethic standards, an immediate need given the time scale of
these upcoming biomedical breakthroughs. Unfortunately, many public discussions
about nanobiotechnology are instead still centered on and fueled by the exaggerated
speculations of a few on the outperformance of evolution and even apocalyptic
scenarios of self-replicating robots turning the earth’s matter into a “grey goo” that
is unable to support life. This is an unfortunate situation, since such overly dramatic
speculations capture more attention than the science itself, thereby potentially caus-
ing setbacks to the short- and mid-term challenges and developments that require
our utmost attention. It seems for some, nanobiotechnology is Aladdin’s lamp, and
for others it is Pandora’s box.
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4.1 INTRODUCTION

During the past decade, details regarding the role of intracellular ions in signaling
pathways have followed technological breakthroughs in biochemistry, genetics, and
developmental biology. Yet the fundamental mechanisms by which the total intra-
cellular ionic state influences the cell response to its chemical and mechanical
environment are still undetermined. This deficiency is due in part to limitations of
analytical methods for assessing intracellular ion flux in living cells. Many measure-
ment methods rely on the addition of chemical reagents such as ion binding dyes
that may alter cell metabolism and provide only limited spatial resolution. Other
deficiencies in sensing technologies can be attributed to the difference in size
between the molecular processes taking place and the sensor. Recent advances in
nanofabrication allow for the creation of arrays of sensors, each with a tip radius of
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tens of nanometers and a spacing of a few microns between tips. The tip arrays will
form the core of massively parallel electrodes directly connected to field effect
transistors and operational amplifiers. These probes introduce a new methodology
for the direct assessment of intracellular metabolism in living cells. Following
controlled insertion into the interior environment of living cells, the probes are
designed to measure membrane permeability through impedance spectroscopy and
changes in the intracellular pH in the cytosol and organelles. The distribution of the
nanotips within the arrays will provide a spatial resolution of no more than 2 pum.
Measurements will be made using 20 to 60 active probes almost simultaneously on
a single cell crosssection. Sequential probing of cells at different depth levels will
establish three-dimensional maps of internal cellular environments. Microelectro-
mechanical systems (MEMS) and complementary metal oxide semiconductor
(CMOS) fabrication can be used to advance current impedance spectroscopy tech-
nology towards a concept better referred to as impedance microscopy. This probe
technology will provide a framework for investigating mechanisms underlying ion-
based regulatory processes that modulate phenotypic expression. The data can be
correlated to the cellular reaction to externally applied physical stimuli and soluble
factors in the chemical environment.

4.2 BACKGROUND

The impetus for the development of dynamic intracellular sensing probes comes from
an increasing body of evidence substantiating the role of intracellular ion flux in cell
metabolic control. Observing the dynamics of intracellular electrochemistry is crucial
in creating a theoretical framework for understanding interactions between signaling
mechanisms within a single cell and also between networks of cells. Today, the highest
resolution tools investigating cell communication phenomena are cell-attached capac-
itance measurements using patch clamps. The revolutionary insights provided by the
patch clamp sensor of Sakman, Neher, and Marty'? furthered our understanding of
trans-membrane signaling mechanisms. Other advanced techniques for studying intra-
cellular pH and ion transport include fluorescent microinjection coupled with flash
photolysis of caged moieties and patch amperometry.*-> Plasma membrane decoupling
from the cytoskeleton, mechanical perturbations in the membrane, and cell ballooning
are problems associated with patch clamp methods.® Fluorescence detection methods
require the addition of exogenous compounds that may adversely affect the system
that is being measured. These techniques, however, lack the capability to investigate
electrochemical phenomena simultaneously at a variety of different cell locations and
couple that data with force feedback measurements.

The transmission of information from the cell membrane to the nucleus involves
complex chemical interactions in which pH and ion flux are key elements. Functional
similarities associated with membrane impedance and intracellular pH occurs in all
cell types. In epithelial tissue, tight junctions regulate paracellular conductance and
ionic selectivity.” Recent experiments show that overexpression of human claudin-
4, a membrane protein, decreases paracellular conductance by changing Na* and Cl~
permeability.® In embryonic cells, the ionic flux between the nucleus and cytosol
has been hypothesized to alter chromatin condensation and influence gene expres-
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sion.” In macrophages, an ATP binding cassette transporter, ABCI, regulates a
cAMP-dependent anionic flux in the cells.!® These results demonstrate the ability
of ion flux to influence paracellular ion selectivity, cell metabolism, and potentially
tissue differentiation. Physiological processes by which cells respond to environ-
mental stimuli require autogenous metabolic reactions as well as reactivity to extrin-
sic factors. The host-defense cell, the neutrophil, and the articular cartilage chon-
drocyte represent two specific cell types whose metabolism depends on the
intracellular ionic state. While one cell is phagocytic and the other is synthetic, both
types of cells respond to environmental stimuli that influence intracellular ions and
pH. The following sections describe fabrication methods toward the creation of
nanotips and nanotip arrays. Initially, the focus will be on strategies for the realization
of single probe tips, followed by a discussion of tip arrays and signal transduction.

4.3 NANOPROBES AND TIP CHARACTERIZATION

The purpose of these efforts is to develop a probe capable of electrochemically
characterizing the cell membrane surface and the cell interior by piercing the cell
while causing minimal damage. Previous research identified scanning electrochem-
ical microscopy (SECM) as an important analytical tool for studying surface reac-
tions and their kinetics down to nanoscale dimensions. The use of this method has
been demonstrated in a wide range of applications, such as resolving fast heteroge-
neous kinetics at various material interfaces or imaging of biological molecules.'!-!3
The spatial resolution of SCEM depends on shape and size of the electrochemical
electrode. Ultra-micro electrodes (UME), which are tip probes having submicron
electrodes on the top, are required to obtain resolution at the nanometer scale.
Manufacturing approaches have been investigated, ranging from isolation of etched
metal wires or scanning tunneling electron microscopy (STEM) tips for single-
electrode systems to batch fabrication strategies for electrode array systems.!#!7 A
combination of SECM with other scanning probe microscopy (SPM) techniques,
such as atomic force microscopy (AFM), is highly desirable in order to obtain
electrochemical information as well as complementary surface information simul-
taneously.!® In particular, the combined use of SCEM and AFM will allow for precise
positioning of probes adjacent to or inside of cells and sensing of concentrations
and fluxes of electrochemically active substances. A crucial component of such a
system is the specialized probe system that has to be composed of a micromechanical
cantilever structure necessary for the AFM mode and an electrochemical UME tip
required for a high performance SECM. Several strategies for fabrication of such
transducer structures have already been reported.!*->* While these efforts resulted in
functional tip structures and combined AFM and SECM imaging, performance issues
related to the tip sharpness, low aspect ratio of the tip structure, and size of the
electrochemical electrode remain. The commonality for most of the fabrication
technologies above described is a single-electrode production scheme, which limits
miniaturization potential and fabrication of multielectrode systems. In order to
overcome these limitations, enable radical miniaturization, and build high-density
array probes, fabrication schemes exploiting micro- and nanofabrication technolo-
gies have been developed.
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Micro- and nanofabrication technologies originate from the field of microelec-
tronics, combining parallel processing techniques with a miniaturization potential
of submicron regimes. In particular, high-aspect-ratio electrochemical tip probes
embedded in silicon nitride cantilevers have been developed for simultaneous AFM
and SECM analyses.!”?> The fabrication process is based on batch processes in
combination with an etch-mask technology utilizing focused ion beam (FIB) tech-
niques to achieve both well-defined UME and sharp high-aspect-ratio tips on a single
cantilever, as well as in cantilever arrays. The process has been developed on 4-in
wafers and is divided into three main fabrication pathways. An overview of the
fabrication process is depicted in Figure 4.1. First, high-aspect-ratio silicon (HARS)
tips are shaped, combining isotropic etching with an anisotropic deep-RIE-silicon
etch process. Second, silicon tips are embedded in a silicon nitride layer; electrode
systems are patterned and passivated with an isolation layer. Finally, a UME on top
of the tip structures is established by etching the isolation layer only at the tip. To
achieve accuracy and resolution in the nanometer regime on the HARS tip, an etch
mask technology has been developed utilizing a focused ion beam-based technique.
Subsequently, the cantilevers with embedded electrochemical tip electrodes are
shaped and released. A detailed description of the whole fabrication process can be
found in previous publications.!”?* In Figure 4.2A, an example of a finished HARS
tip is shown. Tips with a shaft diameter of 1.2 um are created using oxide caps as
a mask.'7?® HARS tips with an aspect ratio of up to 20 and a diameter in the
submicron regime can be fabricated in this way. Figure 4.2B shows a detail of a
sharpened tip with a tip radius smaller than 50 nm. HARS tips embedded in a 500
nm thick low-stress silicon nitride are shown in Figure 4.2C and Figure 4.2D.
Application of a nonuniform coating of photo resist in combination with silicon
nitride etching allows for the exposure of the silicon tips.?>2” About 5 um of the
silicon tip at its base is anchored in the silicon nitride while the rest of the tip
protrudes from the nitride layer. This processing step results in an additional reduc-
tion of the tip diameter to 600 nm and creates further sharpening of the HARS tip.?®
In Figure 4.2E and Figure 4.2F, a platinum electrode structure is patterned on the
embedded tips. Using magnetron sputtering, a homogeneous metal layer is formed
and sufficient side-wall coverage of the HARS tip structures is observed. This
conformal metallization establishes a reliable electrical connection between an elec-
trode on top of the tip and bonding structures on the bulk silicon. This process is
not limited to single-electrode patterning and can be expanded to larger linear arrays
as well as to two-dimensional arrays. A finished tip probe array is depicted in Figure
4.3A. The bending of the cantilevers is caused by small residual stresses resulting
from the nitride thin film passivation layer. The platinum UMESs on top of the tips
are recognizable in Figure 4.3B. The UME diameter of these probes is about 200
nm. The probes are used for the electrochemical characterization. A low-magnifica-
tion optical micrograph shows a probe device with an array of four cantilever tip
probes and its bonding pad system (Figure 4.4).

4.3.1 ELECTROCHEMICAL CHARACTERIZATION

Electrochemical characterization is carried out using a Solatron 1287, an electro-
chemical interface, in combination with a Solatron 1260 impedance/gain phase
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FIGURE 4.1 (A) Fabrication of HARS tips: (1) patterning of a silicon oxide etch mask; (2)
isotropic silicon etching to shape the tip and deep-RIE Si-etching to shape the shaft; (3) releasing
silicon oxide caps and sharpening of tips by oxidation and back etching of silicon oxide; (4)
finished HARS tip. (B) Embedding of HARS tips in silicon nitride and metal patterning of the
electrode system: (5) growing of silicon oxide and silicon nitride; (6) back-etching of the silicon
nitride using nonuniform resist coating on high-aspect-ratio structures and release of oxide layer
using wet etching; (7) patterning of the electrode system utilizing lift-off technique; (8) isolation
of the electrode system and tip structure with deposition silicon nitride. (C) Fabrication of UMEs
and cantilevers: (9) shaping of cantilevers; (10) FIB-patterning of etch metal mask; (11) etching
of the isolation layer exposing the electrode metal layer (creation of UMEs) and patterning of
back side etch mask for release; (12) releasing of cantilever structure using wet etching.
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FIGURE 4.2 Tip-probes at different fabrication levels: (A) example of an etched HARS tip;
(B) detail of a sharpened tip with a tip radius smaller than 50 nm; (C—D) HARS tips embedded
in a 500-nm thick low stress silicon nitride; (E-F) metallized embedded HARS tips.

analyzer (Solatron Analytical). As shown in Figure 4.5, a three-electrode arrange-
ment was employed. The cantilever device is mounted on a micromanipulator stage
(PCS-6000, Burleigh Instruments) or atomic force microscope (PicoPlus, MI). The
tips on the cantilever are immersed and positioned in a drop or film of electrolyte
in a controlled fashion. A platinum thin film layer is used as a counter electrode,
and an Ag/AgCl wire electrode functions as the reference electrode. Cyclic volta-
mmetry of the tip probe electrode with a platinum wire reference electrode is used
to characterize the electrochemical behavior of the tip probes. In these experiments,
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FIGURE 4.3 SEM pictures of a finished tip probe array: (A) tip probe array with four UME
cantilever structures; (B) tip probe of the cantilever structures with a platinum UME (radius
of 200 nm).

FIGURE 4.4 Optical low magnification micrographs of an SECM-AFM probe device.

phosphate buffer is used as an electrolyte solution. The tip probe system shows all
the important electrochemical surface reactions of a platinum electrode in a phos-
phate buffer solution. Hexaamineruthenium (III) chloride is used to study the
response of the electrode in a reversible redox system. Figure 4.6 shows voltammo-
grams taken in an electrolyte with 10 mmol and 0 mmol concentration of Ru(NH,)¢**.
The tip probes in these experiments have an approximate electrode area of 0.125
pum?. The reduction current appears in the potential regime below —200 mV related
to Ag/AgCl at 0.1 mol KCI. Electrochemical impedance spectroscopy (EIS) analysis
leads to a faradic impedance of the tip transducer system at a DC working potential
of =300 mV of 5 x 107 Ohm for 10 mM Ru(NH,)** and 4 x 10° Ohm for phosphate
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FIGURE 4.5 Schematic electrode arrangement of an electrochemical measurement setup.
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FIGURE 4.6 Cyclic voltammograms of tip probe with a platinum UEM (0.125 pm?) in 0.1
M phosphate buffer electrolyte and in a 10 mmol Ru(NH;),Cl and 0.1 KCI solution. The

potential is related to a 0.1 M KCl Ag/AgCl-Reference electrode. Potential sweep rate was
10 mV/s.

buffer only. Both the behavior of the reduction current and values of the faradic
impedance in a Ru(NH,)** redox system show typical characteristics of a single
ultra-micro electrode in submicron size and indicate the electrochemical function-
ality of the tip probe system. This electrochemical, platinum, nano-sized transducer
system can be directly applied to measure ion fluxes or electrochemically active
species within and between cells. Furthermore, the transducer system can be mod-
ified to detect specific ions such as sodium, potassium, or substances involved in
cellular metabolic reactions or signaling pathways.?
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FIGURE 4.7 (A) Silicon nitride cantilever array with single high-aspect-ratio tips. The thick-
ness of cantilevers is about 500 nm. (B) High-aspect-ratio tip array on single silicon nitride
cantilever.

4.4 PROBE ARRAYS

4.4.1 SiicoN NITRIDE CANTILEVER ARRAY WITH SINGLE TIPS AND
Tip ARRAYS

Obtaining measurements with high spatial resolutions requires increased probe den-
sities. Arrays of multiprobe systems on a single cantilever were designed and fab-
ricated as shown in Figure 4.7. Silicon tips with spacings of 10 um are embedded
in silicon nitride pillars and supported by a 500-nm-thick silicon nitride cantilever.
The electrically conductive tips will be connected separately to the monitoring
system such that individual signals from each tip can be transmitted. The metal lines
are sputtered on an isolated substrate surface and covered with another insulation
layer to define the UME on the tip of the probe structure as described previously.
The cantilever and its substrate are compatible with conventional AFM (atomic force
microscope) systems. The probe or probe array can be mounted onto an AFM scanner
to take advantage of the precise closed-loop motion control and force feedback data
of the AFM system.

4.4.2 MuLTipLE ARRAYS OF ULTRASHARP HIGH-ASPECT-RATIO
SiLicoN Tips

Multiple arrays of ultrasharp nanotips with tip radii as small as 20 are currently
being fabricated by combining two plasma etching processes on single crystalline
wafers. As shown in Figure 4.8, nanotips located on top of the pillars respectively
have an aspect ratio of over 10:1. Such a high density of ultrasharp tips represents
a potentially powerful tool for measuring cell properties in real time. The tips can
be inserted into cells such that multiple electrodes are present within a single cell
or with a single tip in adjacent cells. The electrically active tips will be individually
connected by conductive vias to CMOS transistors on the back side of the wafer. In
this way, both individual addressability and signal processing are achieved. The tip
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FIGURE 4.8 (A) Multi-array ultra sharp silicon tips fabricated with a combination of two
plasma etching steps. (B) A closer look at the individual silicon tip with a radius less than
20 nm.

is defined so that most of the tip is insulated and only a small region at the top has
an exposed metal electrode. This will provide a well-defined tip geometry with
nanometer dimensions to further ensure localized measurements of dielectric behav-
ior within the cell interior. The fabricated nanotip arrays on cantilever structures
integrate well with the AFM stage for precise positioning relative to cell surface and
subsequent penetration of the cell membrane.

4.4.3 FABRICATION OF SILICON VIA STRUCTURES

Limitations of connection density of current technologies are imposed by space restric-
tions resulting from designing and fabricating both connection structures (bonding
pads, flip chip pumps) and functional devices (MEMS or CMOS) on a single wafer
side. In order to overcome these limitations and open the use of both sides of a wafer
independently, electrical through-wafer interconnections are necessary. The through-
wafer interconnection concept is based on multilayer deposition techniques. Openings
in a double-sided polished wafer are created by applying a high-density inductively
coupled plasma (ICP) etch technique.’® Hole structures with a diameter of 20 um are
formed through a 350-um thick wafer. A multilayer system of up to eight layers
consisting of alternating conducting layers (N-type doped poly-silicon) and isolating
layers (silicon-oxide) are grown until the vias are filled. The silicon-oxide and poly-
silicon layers are grown using a low-pressure chemical vapor deposition process to
achieve a high deposition uniformity. Subsequently, all layers on the wafer surface are
removed in a chemical mechanical polishing process. In this way, a multiconnection,
through-wafer structure can be fabricated. Figure 4.9 shows an example of such a
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FIGURE 4.9 A 40-pm-diameter ETWI consisting of four 2-pm-thick poly-silicon layers and
four 1-pum-thick thermal silicon-oxide layers: (A) SEM image of the cross section; (B) SEM
image of the top view (poly-silicon and silicon appears as dark, silicon-oxide appears as
bright); and (C) optical microscope image of the top view (poly-silicon and silicon appears
as bright, silicon-oxide appears as dark).

multilayered interconnection structure. The applied low-pressure chemical vapor dep-
osition techniques guarantee a sufficient homogenous coating outside and inside of
the entire structure to a minimum layer thickness of one micrometer. The connection
quality has been examined combining impedance spectroscopy and focused ion beam
technology. Depending on the geometry and the doping profile of the poly-silicon
layers, a connection resistance of less than 80 ohms can be achieved with sufficient
DC isolation. This technique is compatible with high-temperature processes and is
suitable for MEMS as well as CMOS applications.
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4.5 POTENTIAL IMPACT OF NANOPROBE
MEASUREMENTS

The probes can contribute to a fundamental understanding of cell signaling mech-
anisms at unprecedented levels of spatial and temporal resolution. Two examples of
terminally differentiated cell systems that can be probed with the nanotips are
chondrocytes and neutrophils. Figure 4.10 shows a specific example of a tip probing
an individual chondrocyte with an ultrasharp planer silicon nitride tip probe.

4.5.1 NEUTROPHILS

In the complex repertoire of host defenses, neutrophils play a central role with both
positive and negative consequences for the organism. The neutrophil’s role in bac-
terial killing is essential to survival but can cause great damage to the host in the
case of trauma, organ failure, and sepsis. Greco and Haimovich developed the
hypothesis that neutrophil adherence/activation to nonbiological substrata is directly
related to the defect in host defenses that occur when foreign bodies are implanted
in the host. Neutrophils have a remarkable propensity to adhere and become activated
by surfaces that are inert to other cell types.! Recent research demonstrates that
neutrophil adhesion to uncoated or plasma coated polystyrene, glass, Teflon®, or
Dacron®, but not to immobilized fibrinogen or immunoglobulin, triggers cell death
within hours in vitro and in vivo.*?

FIGURE 4.10 Ultrasharp planer silicon nitride tip fabricated with a combination of micro-
fabrication technique and FIB (focused ion beam) techniques penetrating individual chondro-
cytes.
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A number of investigators have studied the biochemical basis of neutrophil
activation and adhesion.’*-35 Polymorphonuclear leukocytes (PMNs) residing on
immobilized fibronectin have been shown to respond to TNF-a with an intense Cl~
efflux that leads to a decrease in the unusually high resting CI- content of phagocytes.
The finding that CI- efflux depends on B2 integrin engagement suggests that PMN
agonists are also required to trigger CI- efflux. Anti-CD18 monoclonal antibodies
trigger a marked release of CI- ions, which is accompanied by neutrophil spreading
and respiratory burst. Cl- efflux appears to be independent of either calcium ion
signaling or plasma membrane potential but is sensitive to changes in pH. Thus, it
is now known that:

* Cross-linking of B2 integrins triggers Cl- efflux.

e 2CI efflux regulates neutrophil spreading and respiratory burst.

* (I efflux is independent of calcium ion alterations and changes in plasma
membrane potential.

* The activation of CI- efflux may be regulated by a rise in pH and is
independent of protein tyrosine phosphorylation and cAMP.

In the past, measurement of pH was a static, discrete measurement. Improvements
described recently include pH-responsive probes in size fractionated liposomes and
transfection of pH-sensitive variants of green fluorescent protein (GFP).3¢3” Grinstein
and others utilizing macroscale techniques have shown that cell spreading of neutro-
phils on substrates results in rapid cytosolic alkalinization mediated by Na*/H*
exchange and Cl- efflux associated with pH changes.* Nanotip arrays can be used to
study cell signaling during this obligate neutrophil pathway and determine the rela-
tionship between CD18 receptor engagement and subsequent changes in pH and ion
flux. This investigation can elucidate pathways that lend themselves to manipulation
in order to obviate or enhance various neutrophil functions.

4.5.2 CHONDROCYTES

Chondrocytes respond to a variety of loading conditions both in vitro and in vivo.34°
Experimental studies in animal models and human clinical trials confirm an essential
role for mechanical loading in the preservation of cartilage.*!~*¢ Finite element studies
of cartilage loading predict that deviatoric and dilatational stresses influence matrix
thickness.*’-° Smith et al. demonstrate that shear stress and intermittent hydrostatic
pressure applied in vitro alter chondrocyte gene expression.’'=>> Despite the lack of
data directly linking the effects of these applied loads to ion flux, chondrocyte
cellular signaling resulting from exposure to mechanical stress appears to involve
electrical gradients and changes in intracellular ion densities.’*-8 Investigations of
mechanical loading effects on cartilage implicate Na*/H* flux and shifts in pH as
factors in chondrocyte metabolism.>*-¢! In calf articular cartilage, external acidity,
pHo, alters intracellular pH and reduces matrix synthesis.®> Articular chondrocytes
exposed to increased load also show decreased extracellular pH affecting an increase
in extracellular cation concentration and osmolality.®*%* In addition to intracellular
changes in pH, stress on the cells or the localized outer surface of the cells may be
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associated with changes in the cytoskeleton and intracellular electrical potentials.®
The precise measurement of intracellular potential differences due to applied loads
has not been attained. Mechanical load induced changes in intracellular ions and pH
can be examined in greater depth than current methodologies by using a nanoprobe
array to correlate ion flux with chondrocyte extracellular matrix synthesis.

4.6 SUMMARY AND FUTURE DIRECTIONS

An electrochemical cantilever transducer system with platinum electrodes in sub-
micron regimes was developed. Electrochemical investigations showed full func-
tionality of the probe system. Due to the high-aspect-ratio topography of the tip
structure and low spring constant of silicon nitride cantilevers, these probes are
particularly well suited for combined high-resolution SECM and AFM analysis in
living cells. Furthermore, this technology allows for a production of both linear
probe arrays and two-dimensional probe arrays.

Probe arrays with characteristic feature dimensions well below the cell diameter
are expected to provide new insights into the dynamics of cell metabolism. Such
insights will include rate, magnitude, and localization of oxidation—reduction reac-
tions (ORRSs) in the cytosol and possibly inside organelles. The probes are anticipated
to reveal ORRs adjacent to the inside surface of the cell membrane, including charge
transfer resistance and membrane impedance. Challenges are anticipated during
insertion of the probe into the cell interior without inflicting damage to the cell
structure or chemical composition of the cytosol, and further research on probe
surface coating to minimize such damage is envisioned. In particular, atomic layer
deposition (ALD) processing is envisioned to play a role for surface coating in future
probe generations. Ultrathin material layers, furthermore, allow for the fabrication
of ion selective membranes with high species sensitivity and short response times.
Ultimately, these probes can be used to transduce signals from intracellular ion
responses in many cell systems including chondrocytes and polymorphonuclear
leukocytes.
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5.1 INTRODUCTION

The shortage of organs for transplantation has provided the impetus for increasing
investigation into the development of artificial organs. Organs themselves consist of
three-dimesional structures made up of cells with different degrees of specialization,
an extracellular matrix, and a variety of tubes and ducts to transport their products
and waste into the blood stream. One can imagine the need for an artificial pancreas
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to treat patients with type I diabetes mellitus, an artificial liver to treat acute fulminant
hepatitis and as a bridge to transplantation for other liver diseases, an artificial kidney
to replace dialysis, artificial hearts and lungs, artificial skin, artificial endocrine
glands, artificial reproductive organs, and artificial vision. The inherent complexity
of each of these devices is related to both the incorporation of cells and our ability
to create three-dimensional structures for them. Autologous cells, which would not
require immunosuppression, create a need for complex processes to harvest the host’s
own cells, when available, and require additional interventions. The use of homol-
ogous cells or xenogeneic cells creates a level of complexity, immunologically, for
which there clearly is not a simple solution. Nevertheless, the quest for artificial
organs will continue unabated, and the possibility that microfabrication and nano-
technology can contribute to this process is substantial.

5.2 MULTIDIMENSIONAL ORGANIZATION OF
TISSUES AND ORGANS

The functional properties of tissues and organs represent the summation of activities
of the various types of differentiated cells within a three-dimensional extracellular
matrix. Early studies on the culture of cells removed from the normal in vivo
environment introduced the concepts of the necessity for specific nutrients, vitamins,
and gaseous exchange.! Knowledge regarding various nutrient demands was fol-
lowed by the discovery of soluble growth factors accessible to cells within tissues
that were critical for inducing and maintaining specialized cell functions.? However,
in some cases, the delivery of the growth factor alone was insufficient to support
cell function, and it became apparent that macromolecules within the extracellular
matrix were required to establish the differentiated state.> One prominent example
of the necessity for cell-to-cell contact has emerged from immunology, where it has
been shown that immune cell differentiation of T cells does not proceed in the
absence of occupancy of cell surface receptors for some period of time.* Other recent
studies show that stem cell differentiation is dependent on interactions between cell
surface receptors and extracellular matrix proteins that create the proper microen-
vironment for cells. For instance, the expansion of hematopoietic stem cells in an
irradiated animal requires homing of the cells to the appropriate stromal cell microen-
vironment.

The extracellular macromolecules that support the cellular specialization are
often derived from the cells themselves. In most tissues, collagen serves as a major
element in the extracellular matrix by providing tensile strength to the tissue.
Although type I collagen is predominant in skin, bone, and tendon, the types of
collagen vary from among the more than twenty genes coding for variants that
contribute to organization of the extracellular matrix. Other molecules combine with
the collagens to form specialized extracellular structures that contribute to tissue
organization, including laminin, vitronectin, cell-surface proteoglycans, and fibril-
lins.> Awareness of the role of extracellular matrix in cellular differentiation has
generated a subspecialty within biomaterial science that focuses on the development
of three-dimensional scaffolds for cellular deposition. The current state of fabrication
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remains relatively crude when compared to the molecular heterogeneity that is
established during embryogenesis. In the embryo, three discrete germ layers form
as the developing cells undergo a series of transformations from epithelial tissue
with cell—cell links to mesenchyme tissue. As development continues, the cells that
are free to migrate often shift back from loosely held contacts to form epithelial
sheets that exhibit folding, invagination, and evagination. The results of these tran-
sitions create complicated structures of mixed types of cells and structures. Examples
of this include the pancreas, liver, and connective tissues such as cartilage and
ligaments.

The challenge facing biologists, materials scientists, and engineers in creating
regenerative tissues and organs lies in establishing cellular microenvironments with
pathways for cellular communication that enhance cell function. Knowledge gained
from genetic experiments in which extracellular matrix molecules, integral mem-
brane proteins, and intracellular signaling molecules have been either knocked out
or over expressed confirms that competency for cell differentiation and phenotypic
expression requires each of these three levels of cellular connectivity. A close
examination of functional attributes of pancreas, liver, and cartilage are demonstra-
tive of ways in which fabrication of materials that establish atomic, molecular, and
cell-sized surface features that mimic natural ligands or position tissue structures
will be necessary to stimulate cellular function. A number of studies show that loss
of either extracellular matrix proteins or cell surface receptors such as integrins leads
to malformation or lack of function of a number of different organs. Therefore,
design of tissue-engineered substrates will require either surfaces that naturally
adhere extracellular matrix molecules or reproduce the high affinity binding sites
for these cell-associated receptors to reproduce the natural tissue organization
observed in the pancreas, liver, and cartilage, for example.

5.2.1 PANCREAS

The first of these tissues to be examined, the pancreas, is an example where two
major functions are provided for the organism. Each function is a product of selective
organization of differentiated cell types. The alkaline secretions that are released
following a meal aid in the breakdown of proteins, carbohydrates, fats, and nucleic
acids. In addition, the gland produces two hormones, insulin and glucagon, that
regulate carbohydrate metabolism. The pancreas is composed of a loose connective
tissue stroma that is interposed among the epithelial acinar cells. The acinar cells
have polarity so that secretions are released into a series of intralobular ducts that
merge together prior to emptying into the lumen of the duodenum. The primary
endocrine function of the pancreas is provided by islets of Langerhans, which are
isolated groups of cells present within the body of the pancreas that release insulin,
glucagon, and somatostatin. The cells of the islets are clustered together, and the
groups are scattered among the acinar cells. The cells of the islets can be subdivided
into four types that are distinguished by size, electron density, and granule content.
The o cells are associated with release of glucagon, the B cells release insulin, the
0 cells release somatostatin, and the PP cells release the pancreatic polypeptide. The
close proximity of each of the different cell types leads to interdependence in the
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regulation of o, 3, and o cell products. The coordinated regulation of the levels of
glucagon, insulin, and somatostatin then contributes to physiological homeostasis
with respect to glucose metabolism in the whole organism. Loss of this functional
regulation is the basis of type I diabetes, where autoimmune processes have resulted
in islet cell destruction.

5.2.2 Liver

In contrast to the pancreas, the liver is the largest compound gland in the body. It
is the primary site for detoxification of circulating substances and serves as a
reservoir for carbohydrates, a source of glucose, plasma proteins, and lipoproteins.
The liver also exhibits secretory activity through the release of bilirubin, IgA, and
bile salts. The predominant cells of the liver, the hepatocytes, are secretory epithelial
cells. Hepatocytes are organized into rows that converge toward a central vein
creating sinusoids where the cell surface is exposed to blood plasma. The proximity
of the cells to blood plasma facilitates the uptake of compounds and release of
secretory products. Recent studies show that hepatocyte function can be improved
in a coculture system in which the hepatocytes are placed in proximity to fibroblasts.
Interactions between the hepatocytes and fibroblasts increase albumin production
and urea synthesis when compared to the cultures of hepatocytes maintained alone.
These observations are consistent with a tissue organization where plates of hepa-
tocytes are localized in a cage of supporting reticuloendothelial cells. The reticu-
loendothelial cell meshwork includes endothelial cells that form the walls of the
sinusoids, macrophages that are anchored in the sinusoidal space, and stellate cells
or lipocytes that store fat. The reticuloendothelial cells communicate with the hepa-
tocytes and with each other, in part by release of cytokines such as hepatocyte growth
factor. A major effort in attempts to stimulate liver regeneration is tied to the
development of substrates that will maintain the hepatocytes within a plate-like
structure and reduce the propensity for the cells to form spheroids that cause hypoxia
and prevent nutrient flow to the interior cells. Technology for development of three-
dimensional scaffolds will contribute greatly to liver regeneration either for tissue-
engineering applications or for in vivo implantation to aid in recruitment of putative
liver stem cells.

5.2.3 CARTILAGE

The development of cartilage, bone, and tendon for repair of damaged tissues
provides a demonstration of the importance of extracellular matrix in tissue special-
ization. The use of autologous chondrocyte implantation for cartilage repair has
demonstrated the need for adequate support scaffolds.® In this procedure, cartilage
cells are isolated from a surgically collected specimen, expanded in culture, and
placed back in the joint as an aggregate of cells.” The cells are held in place by a
graft of periosteal tissue. In some cases, the outcomes show restoration of matrix,
but often the implanted tissue degenerates to a fibrocartilage phenotype. One hypoth-
esis for the change in matrix synthesis is that the isolated chondrocytes do not have
an organized extracellular matrix that can support the loads arising within the joint.

Copyright © 2005 by Taylor & Francis



As a result, the inappropriate loads may induce a shift in chondrocyte metabolism
and alter the pattern of collagen expression. An alternative hypothesis is that the
original cells may not survive and are replaced by cells that penetrate the subchondral
bone to generate the fibrocartilage phenotype. To circumvent this problem,
approaches are under development to use resorbable matrices that can be preloaded
with mesenchymal stem cells to generate repair cartilage. The use of mesenchymal
stem cells has been proposed for bone replacement and tendon repair under condi-
tions where the scaffolds include ceramics and bioglasses to mimic mineralized
matrix, or where collagen is used with other proteins to provide for tensile properties.
The ultimate mechanical performance of the graft is strongly dependent on the
structure and degradation of the resorbable matrices. Both of these properties can
be tailored with micro- and nanoengineering efforts.

5.3 CELL PATTERNING

These examples of cellular organization in native tissues invite the question of how
to impart organized structures to engineered constructs. It is apparent that recreating
the complex biological organization demanded by natural tissues can benefit from
technologies suited to highly redundant structures, vastly different length scales, and
very small feature sizes. These biological systems require microscale and nanoscale
engineering efforts with resolutions that are on the order of cellular and subcellular
length scales. The positioning of cells or parts of cells with respect to cell structures
or topologically complex substrates involves very high degrees of precision in initial
patterning of cells and control of cell growth. At the minimum length scales, this
can correlate to nanometers in the case of precise positioning of neurite growth
cones and biomolecules responsible for cellular outgrowth. At the maximum required
length scales, the precisions can be as large as hundreds or thousands of micrometers
for placing capillary ducts relative to islets of Langerhans in pancreatic tissue
engineering. Although traditional machining can be quite good at attaining feature
sizes of several micrometers, reliable indexing at submicron length scales requires
more advanced technologies traditionally seen in the semiconductor fabrication field
of VLSI processing. These technologies more than allow for the creation of very
small feature sizes but have also allowed for the creation of features spanning length
scales five to seven orders of magnitude within the same device. The application of
these advanced nano- and microfabrication methodologies with new shape transfer
technologies and materials to biological structures have now made the precise posi-
tioning of cells very possible. This spatial control of tissue composition at the cellular
and subcellular levels can be leveraged to provide the necessary complexity and
physical interrelationships between cells for advanced tissue engineering endeavors.
Moreover, many of the technologies currently available can also be used to pattern
entities smaller than cells, such as proteins and single molecules, thereby creating
precise arrangements of relevant biomolecules with respect to cells and multicellular
structures. This can be used to regulate the chemical and biological environments
surrounding cells and tissues at very precise scales.
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5.3.1 CEeLL PATTERNING METHOD

Initial attempts to engineer spatial complexity into biological systems originated
from the need to investigate the natural organization of cells and tissues during
embryogenesis and tissue regeneration. More specifically, this research led to inves-
tigations of an individual cell’s ability to respond to its microenvironment. Carter
first pioneered a method of metallic evaporation to control axonal outgrowth in
neurites. This method consisted of creating a substrate not conducive to cell adhesion
in the form of cellulose acetate that was melt-affixed to glass surfaces. The acetate
surfaces were subsequently evaporated with palladium and shadow masked in a
number of ways to create two-dimensional patterns of cell adhesive material. The
palladium surface created areas of stronger cell adhesion than the surrounding
cellulose acetate. This allowed for the observation of cellular motility up a gradient
of cell adhesive material, first termed haptotaxis by Carter.® These pioneering inves-
tigations were some of the first cell patterns and laid the basis for directing cell
outgrowth through altering substratum adhesiveness. A number of other investigators
have followed suit, trying to impart cellular organization through cell adhesion or
directed cell outgrowth.’-'® In addition to altering substratum adhesiveness, other
researchers have looked toward mechanical cues to drive cell migration and orien-
tation. Rovensky et al. used grooves as an initial attempt to guide fibroblast growth
and proliferation, discovering that cell orientation could be influenced by purely
mechanical factors.!” These preliminary investigations set the stage for ensuing
microengineering of individual cellular environments mechanically and chemically.

In more recent efforts, advanced cell patterning systems have evolved from
lithographic methods for photo-ablating proteins preadsorbed on surfaces'® and
immobilizing proteins on patterned thiol terminated siloxane films.! Kleinfeld et
al. introduced the powerful technique of functionalizing surfaces with silane chem-
istry—based lithography techniques. Silicon or silicon dioxide surfaces are coated
with photoresist. The photoresist is exposed in regions, and the open areas are bound
with alkyl-trichlorosilane chains. The resist-covered areas are then revealed and
coated with amino-trihydroxysilane. This creates a heterogenous surface with two
distinct regions of differing cell adhesiveness. The trichlorosilane areas constitute
low cell adhesive regions, and the amine derivatized silcon surfaces are highly cell
adhesive.?® A similar modification technique relies on amine derivatization without
active modification of the surrounding areas with trichlorosilanes. In this alternative,
the aminated areas are exposed to cells under serum free conditions to allow adhesion
to only the aminated areas. Subsequently a second type of cell is applied to the
surface under serum conditions. Serum proteins passively adsorb onto the bare
surfaces, and the second cell type adheres to these regions surrounding the first cell
type.2!22 Whitesides further developed the surface-selective modification technique
by removing the direct lithographic patterning steps and replacing them with silicone
elastomeric mold technologies for microcontact printing, pcp.>*-?” Microcontact
printing creates a more economically viable way to pattern cells by avoiding many
of the costly lithography steps. It is also a soft lithographic technique that is com-
patible with natural biomolecules and a number of surfaces other than silicon.
Photolithographic methods are not well suited to nonplanar substrates, and they are
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often chemically specific. The soft lithography microcontact printing method does
require at least one lithographic step in the creation of a master mold from which
the subsequent stamps are derived. In a typical pcp process, traditional microfabri-
cation methodologies, using photoresist-based lithography steps and dry or wet
etching, first shape silicon wafers. This silicon wafer constitutes the master mold
from which stamps can be cast using silicone elastomers. Variations on this process
include replica molding or using the cast negative to reconstitute a replica of the
original master in a urethane or other polymer. In either case, the stamp is wet with
a solution containing biomolecules and is then brought into conformal contact with
the substrate to be printed. The chemicals or molecules are patterned on the surface
in a mirror image of the stamp pattern. Subsequently, cells can be applied to the
printed surface, adhering to these regions through selective processes or adhering
indirectly to the surfaces after further modification.

5.3.2 NANOPATTERNING TECHNOLOGIES

Recent enhancements in patterning technologies have led to even more precise tech-
nologies for patterning features as small as tens of nanometers with nanoscribing,
focused ion beam, and atomic force microscopy-based lithographies.?*-34 Nanoscribing
makes use of a relatively high-aspect-ratio AFM tips to locally and discretely derivatize
a surface to which proteins can be conjugated. The capillary forces of the aqueous
solution keep the chemical reaction fairly tightly associated with the probe tip while
it traverses the surface in complex patterns. All of these techniques have the advantage
of very precise spatial control of the organization of cells and molecules, although
individual techniques may have advantages in certain respects as far as resolution or
speed. These advanced techniques lend the biologist new tools to probe cell reactions
and the engineer new methods to create complex organic systems.

5.4 BIOARTIFICIAL DEVICES

Many of these patterning technologies can be employed in the pursuit of creating
more complex systems. While two-dimensional culture techniques within petri
dishes have elucidated many of the basic functions of cell and molecular biology,
more realistic culture environments will serve to advance the field of bioartificial
devices. Monolayer culture with defined media and single-cell-type culture systems
have been the staple of cell biological investigations for the past 30 years. Unfortu-
nately, two-dimensional culture does not often reflect in vivo cell growth conditions.
One of the most significant differences between the in vivo and in vitro systems is
the actual physical shape of the cells in culture. Monolayer culture on tissue culture
plastic tends to produce cells with flattened morphologies, whereas the in vivo
environments often maintain cells suspended in three-dimensional configurations of
extracellular matrix or other cells. In fact, Folkman and Moscona were the first to
demonstrate a clear connection between cell morphology and phenotypic expression
correlating the proliferation of cells to their shape.?* These fundamental observations
have laid the groundwork for current more sophisticated investigations into cell
response in coculture and multiple cell culture environments with complex geome-
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tries and spatial relationships. Guguen-Guillouzo et al. were able to maintain long-
term hepatocyte cultures with enhanced albumin production through a coculture
environment with fibroblasts.¢37 This cellular reaction was further investigated more
recently by exploiting cell patterning methods to arrange specific geometries of
cocultured hepatocytes and nonperenchymal cells.®® Cells in vivo also alter their
metabolism based not just on their cellular morphology but on their cell-to-cell
contact and cell-to-extracellular-matrix contact.***! These examples of organized
two-dimensional culture show vast improvements over traditional coculture environ-
ments on tissue culture plastic and in sandwich collagen preparations. The natural
extension of this concept to the third dimension has been met with both engineering
and biological impediments. Engineering manufacturing methods for processing
biological components in an appropriate manner are limited in temperature regimes
and chemical components. The biological implications of creating complex three-
dimensional cultures have involved the lack of nutrient and oxygen support to cell
aggregates. As the size of the cell structures grow, nutrients and oxygen can no
longer support the internal cells through passive diffusion, and an active support
system must be engineered within at the time of the cell patterning. Some investi-
gators are already pursuing the combination of organization within perfused biore-
actor devices.*** Ultimately, systems that can extend the longevity of cells in
artificial environments or enhance functionality of the cellular components will
create devices that function more like the natural tissues they are engineered to
approximate.

5.5 MICROFABRICATION FOR ADVANCED CELL
CULTURE SYSTEMS

Three-dimensional culture, for the most part, consists of embedding cells haphaz-
ardly in cross-linked collagens, hydrogels, or commercial extracellular matrix ana-
logs such as matrigel. This more closely approximates the suspension of cells in
extracellular matrix and often maintains cell shape, but lacks the intercellular orga-
nizations inherent in native tissues. Layered fabrication methodologies and other
rapid prototyping techniques such as three-dimensional printing promise significant
contributions to the field. If in vivo cellular contacts and spatial resolutions can be
engineered to more closely resemble the natural microenvironment, it is logical to
assume that this improved cell culture model will more accurately metabolically
reflect the real environment. Extending these concepts of improved culture models
to bioartificial devices, cell and biomolecule patterning technologies can give rise
to more efficient and enhanced functionality in artificial organ devices. Most of these
advanced methodologies for cell organization rely in some way on microfabrication
techniques.

5.5.1 SiLicON MICROMACHINING

Microfabrication technologies, originating in the microelectronics industry, have not
only made significant progress in achieving feature sizes in the nanometer scale but
also have extended process materials to others outside of silicon and silicon-com-
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patible materials. Novel pattern transfer techniques, such as low cost LIGA, micro-
molding processes, and ultraprecision manufacturing, allow for shaping ceramics
and polymers in submicron dimensions with high aspect ratios.** These improve-
ments in micromanufacturing allow for the shaping of three-dimensional structures
such as cavities, channels, and pillars with high densities and feature sizes much
smaller than single cells. These powerful techniques are now used both for basic
research in biology and for the development of new biological devices.*¢

The fabrication of the silicon structures is based primarily on subtractive man-
ufacturing techniques, whereby material is selectively removed from the substrate
until the desired structure is achieved. In general, these silicon etch techniques can
be divided into wet and dry etch processes. The most popular wet-etch process is
based on a mixture of potassium hydroxide, KOH, and water as an etch solution,
and it exhibits etch rates that are dependent on the crystallographic direction of
silicon.*’ An etch rate of 1 um per minute at a temperature of 85°C in the <100>
crystallographic direction is typical, whereas almost no etching in <111> direction
occurs. Hence, (111) crystallographic planes in silicon serve as etch stops so that
V-shaped grooves and cavities can be shaped (Figure 5.1).

Deep reactive ion etch (DRIE) techniques, the most recently developed aniso-
tropic dry etch methods, enable etch rates of up to 10 pum/min,* and the etch
directionality is independent of the crystallographic direction of silicon. These pro-
cesses allow for the shaping of structures with high aspect ratios of up to 20 without
limitations on the shape. One widely applied process in microelectromechanical
systems (MEMS) production is the Bosch advanced silicon etch process.’® This
process is based on alternating process gases between a passivation and an etch
cycle. This sequential application of an isotropic etch cycle based on SF; chemistry
and a passivation cycle results in highly anisotropic etch behaviors. Unfortunately,
a scalloping effect on the etched walls results from the alternating etch cycles and
can be problematic if very smooth surfaces are required (Figure 5.2).

Because of the lack of anisotropic etch methods for ceramics and polymers,
most shaping methods for these materials are based on shape transfer techniques
from molds. The mold tools are usually fabricated by applying silicon processing,
plating techniques, or ultraprecise manufacturing. The pattern transfer processes can
be divided among liquid resin molding, injection molding, and hot embossing.

5.5.2 BIODEGRADABLE MATERIAL PROCESSING

As illustrated above, silicon is a well-defined medium for microfabrication. And while
silicon and its native oxide are biocompatible, they are not very natural substances

<100>
<111> 54.74°

/ |

FIGURE 5.1 Anisotropic wet etching: typical etched features in a <100> wafer.
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FIGURE 5.2 Typical etch features achieved with a Bosch advanced deep silicon etch process,
(A) High aspect Si-wall structure, (B) Rough surfaces due to scalloping effect.

conducive to cell differentiation, proliferation, and function. In the pursuit of more
natural cell and tissue function, many biodegradable materials have been investigated
within the biomedical research field for the past four decades. The most popular
polymers are glycolide/lactide-based biodegradable linear aliphatic polyesters, such
as polyglycolide, polylactide, poly(e-caprolactone), and their copolymers. These bio-
degradable polymers have different mechanical, thermal, and degradation properties,
depending on their crystalline state, fully crystalline, semicrystalline, or amorphous.
With the combination of these homopolymers, copolymers with precisely engineered
mechanical, thermal, and degradation properties can be developed. This flexibility in
material properties and biocompatibility of the degradable polymers has led to the
development of various medical devices, such as bioabsorbable sutures, dental void
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fillers, dental guided-tissue-regeneration membranes, orthopedic fixation devices, vas-
cular grafts and stents, and tissue-engineering scaffolds, as well as drug delivery
systems.

Along with the advantages and the advances of synthetic biodegradable poly-
mers, it has become a significant challenge in tissue engineering to process the
biodegradable polymers into useful forms for either seeding cells in vitro or in vivo
recruiting of the desirable cell types from the host organism.’' The importance of
geometry on engineered tissue has been addressed in the respect that geometries
with sharp angles have been shown to provoke more inflammatory response and
enzyme activity around implanted polymeric devices.’> However, more importantly
for cell survival and function, the size of internal pore structure, relative distances
between pores, and distribution of pores are major controlling metrics for cell
communication, nutrients supply, and cell migration within the structures.

Biodegradable polymer-based scaffolds have specific advantages over nondegrad-
able yet biocompatible materials such as silicon or Teflon®. The degradation times of
the device can be programmed for each application by altering the composition of the
copolymers with different degradation mechanisms. Mechanical properties such as
stiffness or strength can be tuned by altering compositions as well. Additional surgical
interventions are eliminated if the device can degrade in vivo rather than require
removal. More importantly, many biodegradable polymers are already widely used as
drug delivery mechanisms and have FDA approval. Appropriate drugs can be locally
embedded within the polymers in precise amounts and can be designed to control their
release spatially and temporally via microstructured scaffolds.

Researchers have made attempts to control spatial organization of cells in tissue
scaffolds using biodegradable materials. With aid of silicon microstructuring tech-
nology, photolithographically microstructured patterns can be transferred into poly-
mers by solvent casting and injection molding.>3>* Although these methods result
in micron-sized features on a two-dimensional surface and often serve to orient cells
in the patterns, they still lack true three-dimensional structures. To construct three-
dimensional structures, several techniques have been used such as fiber bonding,*
particulate leaching,’¢ gas foaming,”” and phase separation.’® These methods produce
highly interconnected porous structures. However, the random geometry of pores,
random spatial organization of pores, and strong dependence of processing on
solvents or thermal cycles limit the application of fabricated polymer constructs
based on these approaches.

Mimicking the biological structural environment will require more precise
design of compartments for proper cell morphology, migration pathways for cell
recruitment, and routes for oxygen and nutrient supply. Hot embossing of biode-
gradable polymers with microfabricated embossing tools delivers precisely con-
structed microstructures for cell compartments, interconnected pathways for cell
migration, and pipelines for nutrient and oxygen diffusion or convection. Conven-
tional hot embossing is conducted at relatively high temperatures. Alternatively,
since most biodegradable polymers have relatively low glass transition temperatures,
it is possible to process biodegradable polymers without denaturing either the bio-
degradable polymer itself, or thermally sensitive embedded substances such as drugs
or growth factors. Additionally, while precise microfabrication relies on very expen-
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sive photolithographic steps for each construct, hot embossing requires only a single
silicon-based fabrication of the original embossing tool. In spite of the attractive
advantages of precise spatial organization of microstructures, low processing tem-
peratures, minimal use of solvents, and low-cost processing, layer-based three-
dimensional fabrication introduces the technological hurdle of joining each layer to
the next. Though thermal fusion or ultrasonic bonding have been tested, they often
lead to destruction of the microstructures in each layer. Use of bio-adhesive or other
secondary polymer as an adhesive can be adopted; however, this adds complexity
to the chemical composition of the tissue-engineered construct. Bio-adhesives such
as cyano-arcrylate esters and fibrin sealants have been used to a limited degree;
however, they have been reported to have some side effects in clinical trials.>® General
adhesive material is not desirable either, since it may confer toxicity to the implant.
Current investigations into solvent melting on microstructured surfaces shows that
the deformation of microstructures can be mitigated while still adequately bonding
the stacked layers. (Figure 5.3).

Many techniques have been investigated in recent years to construct three-
dimensional structures for biological applications such as tissue engineering or drug
delivery. As delineated above, each of the methods still has limitations that hinder
immediate adoption of their use in the medical field due to too large scale structuring,
lack of three-dimensional structures, solvent residue from processing, thermal deg-
radation, and high production costs.

5.6 SYNTHESIZING CELL-PATTERNED DEGRADABLE
POLYMER STRUCTURES

In an example of a process aimed at accurately recreating three-dimensional envi-
ronments, complex structures have been microfabricated from a number of biode-
gradable polymers to impart complexity to the extracellular matrix. Cell patterning
methods have been incorporated as well to create cellular organization within these
scaffolds. Cell patterning of hepatocytes is not a new investigation,®®¢! but surpris-
ingly, the use of patterned cocultures in bioartificial devices has been fairly
underused. The work here is an attempt to leverage the newly discovered advantages
of organized cocultures in a bioartificial device. Microfabrication methods are par-
ticularly relevant to these biological structures because they are able to resolve
cellular and subcellular feature sizes and create massively redundant architectures.
The fabrication process involves the creation of master molds from silicon fabrication
technologies. Then polymeric cell support layers are created by compression emboss-
ing. Cell patterning is applied to the individual layers through both fluidic and
shadow masking methods. Finally, these cell layers can be combined into complex
three-dimensional structures with internal voids and cell support structures as well
as patterned cellular components. A number of manifestations of these technologies
have been fabricated, including thin-film silicon membranes with patterned cells,
thin-film polymeric membranes with patterned cell structures, interconnected silicon
structures with patterned cells, and ultimately a patterned thin-film layered bioreac-
tor. These structures have vast importance in the creation of bioartificial devices and
perhaps tissue engineered implantable devices.
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FIGURE 5.3 Cross section SEM images of bonded 50/50 poly(D,L-lactide-co-glycolic acid)
layers. (A) Solvent spray bonded nonembossed (top) and embossed (bottom) layers. Solid bonding
between two layers without damage in microstructures is shown. Scale bar is 50 pm. (B) Thermal
fusion bonded structure of both embossed layers. Aspect ratio (height over width of structure) after
bonding is shown to be less than half compared to initial aspect ratio of 2 before bonding. Scale
bar is 10 pm. (C) Ultrasonically bonded structure. Microstructures in bonded area were completely
destroyed. Scale bar is 500 pm.
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FIGURE 5.3 (continued)

5.6.1 STRUCTURED POLYMERIC THIN FitMs wiTH CELLS

The silicon fabrication processes in this work are based on combinations of both
wet- and dry-etch techniques. Micro mold tools can be fabricated by applying a
variety of techniques. However, the challenge in the fabrication of these tools is the
achievement of high-aspect-ratio structures and low surface roughnesses to aid in
demolding. While the Bosch DRIE process allows for etching structures with high
aspect ratios, it usually produces poor surface qualities. The scalloping effect dis-
cussed earlier causes rough sidewall surfaces. As a result, this etch process is
problematic for use in the fabrication of micro molds. Therefore, in this work, a
combination of RIE etch processes were used to achieve a surface topography
without undercut structures while maintaining smooth surfaces. Because of the poor
etch selectivity of the standard RIE processes for photoresists, a thick silicon oxide
layer is deposited on the silicon as a mask material. The features are transferred
photolithographically into the silicon oxide. The structures are shaped using a com-
bination of isotropic dry-etch processes based on SF, chemistry and anisotropic etch
processes based on Br chemistry (Figure 5.4). The etch depth is limited by the
consumption of the silicon oxide mask during the etch process. As an example, a
silicon oxide layer of 2 um results in a 50 um structure depth. Either the hard silicon
mold itself can be used for embossing, or a soft polymer mold, silicone rubber, or
epoxies, can be cast from the silicon master and used as an embossing tool (Figure
5.5). This microforming tool can now be applied to the polymeric biomaterials to
create complex shapes by low-temperature forming.
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FIGURE 5.4 Fabrication of silicon molding tools. Fabrication scheme: (1) silicon wafer with
thick silicon oxide layer, (2-3) pattern transfer of tool pattern in silicon oxide, (4) etching deep
in silicon wafer with combined dry-etch processes, (5) cleaning of oxide residues with HF.

The fabrication process for the biodegradable scaffolds is a combination of hot
embossing and compression molding. Individual layers are shaped via pattern trans-
fer from the master mold to the polymeric biodegradable materials. The silicon
tooling is surface treated with low-surface-energy materials, such as silicone rubber
or Teflon, to ensure mold release. After the individual embossed layers are formed,
stacking of the patterned layers can be employed to create truly three-dimensional
structures with complex inner volumes. The initial forming requires stock materials
in sheet or powder form. To obtain powder, biodegradable polymers are ground to
micron-sized particles at cryogenic temperatures. These micron-sized particles are
compressed in a hydraulic press at temperatures above their glass transition temper-
ature, and the patterns on the forming tool are transferred to the thin biodegradable
polymer films. The transferred patterns have various geometries and three-dimen-
sional shapes. Well-type cavities with through-layer structures and differing feature
densities as well as varying angles of cavity walls have been made with these
processes (Figure 5.6).

The cellular patterning was undertaken in a manner that avoids direct lithography
using purely mechanical techniques similar to previous work with cellular mask-
ing.%2 The delicate nature of these structures eliminates the possibility of any
printing-based cell patterning technique, while the topographical features and nature
of the materials make photo resist—based lithographic techniques untenable as well.
For that reason, cells are screen-printed onto the biomaterial film surfaces through
the use of through-structured PDMS sheets or thin silicon films, depending on the
resolution required. Thin silicone elastomer films are formed from spin casting
PDMS prepolymer onto SU-8 structured silicon. The polymerized silicone thin films
are removed from the silicon wafers and washed in toluene to remove any unreacted
polymer groups. The PDMS films are floated onto the surface of collagen-adsorbed
degradable polymer membranes under asceptic conditions. After drying, these com-
posite structures are placed in machined polycarbonate pump housing with hepato-
cyte growth medium, DMEM/F12 (Gibco BRL) containing 5 ng/ml transferrin, 20

Copyright © 2005 by Taylor & Francis



AcCV  Spot Magn
300kV 30 1000x

FIGURE 5.5 SEM image of microfabricated (A) hard silicon embossing mold. Scale bar is
20 pm. (B) Soft silicone rubber embossing mold. Feature sizes are 15 pm x 15 pm by 30
um high.
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FIGURE 5.6 SEM images of embossed 50/50 poly(D,L-lactide-co-glycolic acid) thin film.
(A) Top view of well type cavities with tapered angle. (B) Vertically interconnected openings
through a single layer. Scale bar is 50 pm.
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ng/ml epidermal growth factor, 60 pg/ml L-proline, 7.5 pg/ml hydrocortisone, 0.5
U/ml insulin, 25 pg/ml ascorbic acid, 40 ng/ml dexamethasone, and 50 pg/ml
gentamycin and primary rat hepatocytes at a concentration of 1 x 10° cells/ml. The
films are perfused at a rate of 5 sccm, and after 10 minutes the films are removed
and placed in culture at 37°C and 5% CO,. After a 24-hour incubation period, the
PDMS masking layers are aseptically removed and the substrates are washed to
remove nonadherent hepatocytes. The biodegradable substrate features are fabricated
such that there is an apical and basal polarity, so that the apical side of the sheet
has a larger opening than the basal side. The size of the structured wells is such that
a single cell was captured in each 20 pm well. In the future such structures could
be used to recreate the architecture of bile canaliculi-sinusoid polarities (Figure 5.7).

5.6.2 STRUCTURED SiLicON THIN FitmMs witH CELLS

This process starts with structuring one side of a double-side polished wafer with
the desired cellular pattern, in this case an array of 20-um features. The pattern is
etched using DRIE, and the etch depth determines the thickness of the membrane.
Next, a silicon nitride layer resistant to KOH etch is deposited using low-pressure
chemical vapor processes on both sides. A second lithography step opens a window
on the backside of the wafer that is registered to the feature set on the front side.
The size of this etch window ultimately determines the size of the silicon membrane.

FIGURE 5.7 Fluorescent image of primary rat hepatocytes residing in 20-um cell structures
in a polymer membrane.
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Then the wafer is wet etched using a KOH process until the etched pattern of the
front side is reached. The silicon structure of the front side, meanwhile, is protected
by the silicon nitride layer. Removal of the silicon nitride with hot phosphoric acid
is the last step of the fabrication process (Figure 5.8). The silicon substrates are then
surface modified in a manner similar to Golander and Eriksson to make them
amenable to cell adhesion.® Briefly, the silicon substrates are cleaned of residual
organic materials such as photoresists in a piranha solution. The silicon films are
then exposed to an oxygen plasma to hydroxylate the silicon dioxide surface. This
silicon dioxide is subsequently derivatized by placing it in a basic carbonate buffer
with polyethyleneimine. The polyethyleneimine chemisorbs to the hydroxylated
silicon surface creating an amine rich surface layer to better support cell adhesion.
We as well as others have observed that these aminated surfaces show significantly
better cellular adhesion than serum-incubated bare silicon surfaces (Figure 5.9). For
hepatocyte patterning, these aminated surfaces were then incubated in a 1-mg/ml
Type I collagen solution. The collagen adsorbed on the silica surfaces is allowed to
air dry and kept desiccated until use. PDMS masking layers are floated onto the
silicon membranes in a manner similar to the polymer membrane fabrication. Cells
are pumped through these structures at 5 sccm. Then the structures are removed
from the flow device, and the cells are allowed to adhere. The PDMS mask layers
are aseptically removed, and the substrates are washed to remove nonadherent cells.
Figure 5.10 shows the cellular fidelity to the elastomeric masks at this stage of
fabrication. The hepatocyte-patterned silicon masks are then plated with NIH 3T3
fibroblasts (American Type Culture Collection, Manassas, VA), and these cells
adhere in the spaces between the hepatocyte islands.

5.6.3 INTERCONNECTED SILICON STRUCTURES WITH PATTERNED CELLS

For some applications, such as those that involve layered fabrication, scaffolds must
provide recessed cavities to protect cells during layer bonding. It is also important
to provide interconnections between those cells extending in three dimensions that
allow for cell motility or the supply of nutrients. Such a complex morphology in
silicon has been created by applying a combined wet- and dry-etch process. In the
first step, a pattern is transferred into a silicon nitride layer using RIE. Then by
applying DRIE this pattern is etched deep into the double polished silicon wafer.
By repeating this process on the opposing side, the structure can be created such
that it connects both sides of the wafer. Choosing certain ratios of distance between
features, wafer thickness, and etching depth, allows for control of the feature con-
nectivity by using a wet KOH etch step. The release of the silicon nitride layer is
the last step in the fabrication process of the three-dimensional interconnected
container structure (Figure 5.11). In this case, a two-stage mask process composed
of both silicon and elastomeric masking was used to pattern two levels of cellular
resolution into the structure simultaneously. A thin silicon membrane was used for
high-resolution patterning of cells into the interconnected features. Many of these
cell-loading processes and layered object manufacturing processes require that the
features within the each layer be aligned with accuracy on the order of 10% of the
feature size. Maintaining alignment during the cell-loading procedure during the
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FIGURE 5.8 Fabrication of membrane masks. (A) Fabrication scheme: (1-2) photo lithog-
raphy of mask pattern on one side of a double-side polished wafer, (3) DRIE of pattern in
silicon wafer (etch depth determines the membrane thickness), (4) deposition of silicon nitride
and opening of an etch window on the nonpatterned wafer side, (5-6) KOH etching and
removal of silicon nitride. (B) Finished membrane mask.

Copyright © 2005 by Taylor & Francis



i L
llllll"‘:

FIGURE 5.9 Silicon membrane that has been (A) incubated with 10% FBS serum only, or
(B) first aminated then incubated with serum. The cells are stained with FITC-Phalloidin and

DAPI. The rat dermal fibroblasts clearly adhere more readily to the aminated silicon surface.
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FIGURE 5.10 A silicon membrane with patterned ~100-pum primary rat hepatocyte islands.

silicon-based shadow mask technique is a necessity. By using mechanical alignment
structures, such as alignment holes or etched V-grooves in combination with optical
fibers, an accuracy of 10 um is feasible.®> Very precise alignment accuracy on the
order of submicron and micrometer dimensions can be achieved using optical align-
ment techniques. In this case, an optical alignment approach in combination with a
specially designed clamping mechanism to hold the mask and the container substrate
in place is applied. In this way, the required alignment accuracy greater than 5
microns was guaranteed during the cell patterning process and the additional transfer
steps. A silicone elastomeric mask was used to pattern the lower-resolution large
features of hepatocytes (Figure 5.12). Stacking of these patterned wafers results in
a three-dimensional microfluidic network with interconnected cell compartments.

5.6.4 PATTERNED MULTIPLE LAYERS: A CARTRIDGE-BASED PARALLEL
PLATE BIOARTIFICIAL LIVER

The final application for these cell-patterned thin films is to combine them into a
three-dimensional perfused device. In this experiment thin silicon membrane struc-
tures are loaded into a specially designed cartridge system that supports layered
stacking of the silicon layers. The cartridge is perfused in the bioreactor at a rate of
2 sccm with a peristaltic pump. Parallel plate bioreactors have the advantage of a
high surface area exposed to the flowing media for nutrient and cell metabolite
exchange. However, they often suffer from very high fluid-induced shear forces that
can alter or suppress cellular function. This parallel plate bioreactor was patterned
so that the cells resided on the inner surface of the silicon membranes, out of the
direct influence of flow. Once patterned, individual layers of silicon or thin-film
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FIGURE 5.11 Fabrication of stackable silicon cell container structures. (A) Fabrication
scheme: (1) Double-side polished silicon wafer with silicon nitride layers; (2) pattern transfer
of container structure in silicon nitride; (3) deep etching of the container cavities in the wafer;
(4) KOH wet-etch step creates three-dimensional interconnections; (5) release of silicon
nitride with hot phosphoric acid. (B) Finished container structure.

polymer can be assembled to create complex structures through a rapid prototyping
technique known as layered object manufacturing (LOM). The microfabricated
structures in these substrates act as microconduits to allow for nutrient flow and cell
metabolic product equilibration. The individual layers of the bioartficial device are
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FIGURE 5.12 (A) Two-part process for patterning cells with a hard silicon mask for high-
resolution, single-cell features and a low-resolution soft elastomeric mask. (B) Low-resolution
mouse hepatocyte islands (light) patterned at the single-cell level into interconnected silicon
microcavities surrounded by mouse dermal fibroblasts.

20 to 50 pum thick, on the order of cellular dimensions, to allow for significant
cell—cell interactions. The flow system has a medium reservoir to allow for gas
exchange with the incubator environment and for medium collection for analysis.
The medium was collected at regular intervals and assessed for albumin content. In
this manifestation of a layered cell bioreactor, albumin production by the contained
hepatocytes was maintained for the duration of the experiment of one week. This
bioreactor shows the successful culmination of a number of techniques for patterning
cells on topologically complex substrates and subsequently bringing those substrates
together to form a functional three-dimensional device.
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5.7 CONCLUSIONS

It is conceivable that the ordered three-dimensonal biocompatible and biodegradable
cell scaffolds fabricated here would have a variety of applications in tissue engi-
neering, biomedical research, and regenerative medicine. This procedure is one of
the first times that topographically complex substrates have been patterned with
cells. The application of photoresist in traditional lithography to previously struc-
tured surfaces results in discontinuities and poor resolutions, making lithographic
protein and cell patterning on structured surfaces difficult. Also, the solvents and
optical techniques relevant to traditional semiconductor-based lithography are not
well characterized for thin biodegradable polymer films. The masking technologies
of using hard silicon masks and soft elastomeric masks for various length scales to
pattern high-resolution features with hard masks and lower-resolution features with
soft masking devices allow for substrate chemistry-independent patterning technol-
ogies. The polymeric thin films lack mechanical strength and do not readily with-
stand printing technologies without destruction of the layers or the features within
the materials. These patterned thin membrane layers with cells can be stacked
together to create three-dimensional devices such as a liver bioreactor that in this
case maintained albumin production.

Ordered cellular structures will play significant roles in developing biomedical
engineering pursuits. Currently researchers can extend the longevity and increase
the productivity of cells by engineering their microenvironments. Researchers will
be able to achieve even greater control over cell function by engineering complex
cell-to-cell organizations as well. To some extent, research is limited now to primary
cell sources; in the future, advances in stem cell technologies will certainly improve
our access to totipotent and multipotent cellular sources. These stem cells will
hopefully be able to fill in the gaps of cell function that are often lost in engineered
devices through dedifferentiation and other factors affecting the attenuation of pri-
mary cell function. However, there will always be some need for engineered scaffolds
to deliver these cells in appropriate manners. This is where significant contributions
in cell patterning, material processing, and material science can be made to enhance
cell delivery and provide support for cell function through organization.
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6.1 INTRODUCTION

For many cells, the ability to respond to mechanical perturbation in their environment
is critical to their function. Therefore, an understanding of cellular mechanosensi-
tivity is critical to the success of biomedical devices designed on a nanoscale.

Mechanotransduction is the process by which cells convert mechanical stimuli
into a chemical response. It can occur both in cells specialized for sensing mechanical
cues such as mechanoreceptors, and in cells whose primary function is not mecha-
nosensory. Here we review cell mechanotransduction in multiple tissues, highlight-
ing the increasing understanding of this process in bone cells.

The mechanical environment of the cell includes a wide variety of physical
signals that potentially regulate cell metabolism. Examples include tissue deforma-
tion—induced direct strain, tissue deformation—induced fluid flow, streaming poten-
tials (ion movement along the cell membrane), the piezoelectric field effect, and
pressure changes. Hair cells and touch receptors experience direct deformation from
the extracellular matrix (ECM). Endothelial cells are exposed to shear stress and
can have adaptive response to stress in the range of 1 to 2 Pa.! The mechanical
environment around bone cells includes direct strain (0.04—0.3%),> pressure, fluid
flow—induced shear stress (0.8—3 Pa),’ and the concomitant streaming potentials.
Chondrocytes are predominantly exposed to 3—10 MPa of pressure* and 10—15% of
compression.’~’ Fibroblasts are mostly exposed to stretch 1-5%,3 while muscle cells
can be stretched up to 100%.° Furthermore, different cell types can have different
responses to the same mechanical stimuli. For example, in response to cyclic pressure
(10-40 kPa, 1 Hz), osteoblasts increased their proliferation transcription and trans-
lation of alkaline phosphatase (ALP), whereas endothelial cells have no response.!?
And to the intermittent hydrostatic pressure and pulsatile fluid flow (PFF), osteocytes
are much more responsive, compared to osteoblasts, in terms of release of prosta-
glandin E, (PGE,)."!

The mechanism for detection of mechanical cues is highly complex. Cells detect
mechanical cues mainly by two mechanisms: mechanosensitive channels/receptors
on the membrane, where mechanical stimuli are directly translated into chemical
signals such as Ca?* influx and kinase activation, and cytoskeleton-integrin connec-
tion, where mechanical forces are transduced into cells, which then induce further
mechanical/chemical changes (e.g., cytoskeleton reorganization, focal adhesion
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complex formation, and activation of a kinase cascade) inside the cells. Another
possible pathway is that mechanical forces may be detected in an inside-out manner.
For example, the mechanical disturbance could be transferred to the cytoskeleton
directly, which will then deform the membrane so that the mechanosensitive ion
channel/receptors on the membrane are activated. Furthermore, the process may
involve cross talk between elements in multiple signaling pathways, so that distin-
guishing between different pathways is very challenging.

Once an external mechanical signal is detected, a cell can respond in a rapid
(milliseconds), intermediate (minutes), or longer (hours—days) time frame. The
response might include reorganization of the cytoskeleton, activation of second
messengers such as Ca?* and cyclic adenosine monophosphate (cAMP), activa-
tion/inhibition of certain genes, and release of autocrine/paracrine factors (e.g.,
PGE,) into extracellular space. Different mechanical stimuli may cause different
cellular responses. Multiple pathways may be involved in the cellular response to a
single mechanical cue. Despite extensive efforts, the cellular mechanism of mech-
anotransduction is largely unknown. In this chapter, we explore the response of cells
to various mechanical stimuli in a diverse range of tissues, with the main focus on
bone tissue. We then review the regulation mechanism and the roles of several well-
studied intracellular messengers (e.g., Ca?*, cAMP, NO, and PGE,) and the regulation
of gene transcription in response to mechanical cues.

In this chapter, we first explore mechanical stimuli in cells. Following that, we
will focus on the detection mechanism. Finally we will present information about
cellular response to mechanical load. Although other cells and tissues will be
described, our primary focus will be bone cell mechanosensitivity.

6.2 MECHANICAL STIMULI ON CELLS

Both in vivo and in vitro approaches have been exploited to study the cell’s response
to mechanical loading. However, it is difficult to isolate a specific mechanical factor
to which cells respond in in vivo study. For example, when bone is mechanically
loaded, multiple cell-level physical stimuli can be induced on bone cells, including
direct strain, shear stress, pressure changes, streaming potentials, and the piezoelec-
trical effect. Hence, in vivo it is hard to study the mechanism of response to a specific
physical stimulus. In vitro studies, however, provide an ideal approach in which a
specific physical stimulus can be applied to cells, and mechanism of response can
be studied. Therefore, to gain understanding of the effect of a specific mechanical
stimulation, we employ in vitro studies to explore the mechanotransduction mech-
anism.

6.2.1 PRESSURE

Pressure is one of the main mechanical stimuli that chondrocytes are subjected to.
It has been recognized that hydrostatic pressure can induce changes in chondrocyte
metabolism, and the response is magnitude and frequency dependent.!>~'¢ For exam-
ple, 20 h of cyclic pressure at 5 MPa and 0.25 to 0.5 Hz increased sulfate incorpo-
ration, whereas lower frequencies or shorter durations inhibited incorporation.'?
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Intermittent hydrostatic pressure has been shown to have significant effects on
aggrecan and type II collagen expression and glycosaminoglycan synthesis.'®!> It
seems that intermittent hydrostatic pressure was more beneficial than constant pres-
sure. !

Pressure has also been investigated in bone. There are three porosities of bone
associated with bone fluid: the vascular porosity, the lacunar-canalicular porosity
(the space around the cell bodies and cell body protrusions in bone matrix), and the
collagen-apatite porosity. Only the pressure in the vascular porosity has been mea-
sured and is in the range of 10 to 100 mm Hg due to the blood circulation. Mechanical
loading has been shown to enhance the intramedulary pressure greatly.!” It is esti-
mated that pressure in vascular porosity for daily activities of humans falls in the
range of 10 to 40 kPa.'® The peak pore pressure in lacunar-canalicular system is
predicted to be at least one order of magnitude larger than in vascular porosity due
to the different resistance arising from the different geometry dimensions of the two
porosities. '

In vitro studies have shown that bone cells can respond to hydraulic pressure.
Ozawa et al. showed that constant pressure at 300 kPa caused osteoblasts to produce
and secret PGE,;?° intermittent hydrostatic pressure (13 kPa, 0.3 Hz) promoted the
osteoblastic phenotype in osteoblasts including upregulated ALP activity, collagen
expression, and actin expression, but decreased collagen expression in osteoprogen-
itor cells.?! Cyclic pressure (10-40 kPa at 1 Hz) on osteoblasts enhances osteoblast
functions associated with new bone formation by stimulating both synthesis and
deposition of collagen.?? Pressure of 13 kPa at 0.3 Hz has been shown to stimulate
prostaglandin production in osteocytes and osteoblasts.!! Cyclic pressure affected
various genes in osteoblasts differently. For example, exposure of osteoblasts to
cyclic pressure (10—40 kPa, at 1.0 Hz) resulted in enhanced transcription and trans-
lation of ALP after 5 days but did not affect osteopontin (OP) mRNA expression
during the same time period.!® Taken together, hydrostatic pressure can induce
multiple responses in bone cells. However, for most studies the pressures employed
are relatively low compared to the estimated physiological level of pressure in the
lacunar-canalicular system. Therefore, it is not clear whether pressure plays an
important role in mechanotransduction in bone cells.

Relatively few studies have been conducted on the effect of pressures on stem
cells. Exposure of bone marrow cells, which include stem cells and progenitors of
multiple musculoskeletal cells such as osteoblasts, osteoclasts, and chondrocytes to
cyclic pressure (10—40 kPa at 1 Hz) resulted in decreased formation of osteoclastic
cells from progenitors and decreased bone resorptive activity by osteoclasts.!® Repet-
itive pressure of 3—10 MPa on stem cells has been shown to enhance chondrogenic
differentiation.??

Pressure has also been shown to regulate the metabolism of nonskeletal tissues.
For example, endothelial cells were not responsive to cyclic pressure, 10-40 kPa, 1
Hz, whereas fibroblast proliferation increased under similar test conditions.!® How-
ever, Shin et al. showed that endothelial cells can sense and respond to physiologic
levels of cyclic pressure (20-140 mmHg, 1 Hz) by altering cell proliferation and
apoptosis.?* It seems that, at the same level of pressure, different cell types will
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exhibit different responses. Moreover, for the same type of cell, different levels of
pressure can induce different responses.

6.2.2 STRAIN
6.2.2.1 Hair Cell

The stereocilia of inner hair cells have been extensively studied because they respond
to acoustic waves and sense the directionality of linear and angular momentum
needed for balance.? The stereocilia also have a highly specialized structure in which
they are arranged in rows of ascending height, much like steps, in which their tips
and upper lateral margins are cross-linked by thin filaments, which link adjacent
stereocilia across rows in the direction of the steps®® (see Figure 6.1). Hudspeth?
also showed that deflections of the stereocilia across the rows in the direction of
increasing height led to ion channel opening and a depolarization of the cells,

Mechanical Tip
load ""*‘ lr density
Tip link /
Anchor — 4
filaments
Elastic Lateral
filaments } link
Actin
filaments

Stereocilium

Tapered
ankle

Culticular
matrix

Intracellular

FIGURE 6.1 Schematic cross section of stereocilia on one hair cell. Stereocilia are arranged
in rows of ascending height, resulting in a staircase-like pattern. They are connected to each
other by tip and lateral links. When a mechanical load is applied stereocilia pivot as a coupled
unit about tapered ankles at their base (From Weinbaum et al., Biorheology, 38, 119-142,
2001. With permission.)
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whereas a bending in the opposite direction led to a hyperpolarization. In contrast,
bending along a row causes no electrical response. In the case of the hair cell this
depolarization leads to neurotransmitter release at synapses where the afferent nerves
carry electrical signals to the brain.

The stereocilia on hair cells are 5-10 um in length and significantly taper at
their base from a diameter that is typically 0.125 um to roughly one fourth this
diameter. This allows the stereocilia to torsionally pivot at their base when they are
subjected to transverse flow. The initial mechanical models for their bending treated
the stereocilia as rigid levers with torsional springs at their base and elastic gating
springs at their tips.?”?® The gating spring, which is associated with the tip link
filament, is critical to the mechanoelectrical transduction. Hudspeth has shown that
they transmit a force that leads to the opening and closing of membrane ion channels
that are in close proximity to the attachment site at the stereocilia tip.?° Kachar et
al.’® suggested that the tip links are rigid filaments and that the elastic component
arises from the tent-like membrane deformation of the microvillus tip at the point
of tip attachment above a densely stained region called the tip density.*

6.2.2.2 Chondrocyte

It has been shown that chondrocytes can respond to mechanical strain in a magnitude-
dependent manner. At low magnitude, both tension and compression have been shown
to have anti-inflammatory effect on chondrocytes; 3—8% of cyclic tension (equibiaxial
strain) acts as a potent antagonist of IL-13 and TNF-a and results in the inhibition of
nitric oxide (NO) and PGE, production as well as matrix degradation.’!'-** Similarly,
physiological levels of cyclic compression (15%) inhibit IL-1B-induced PGE, and NO
production.®>-*¢ However, at higher magnitudes, tensile or compressive strain acts
differently. Instead of being anti-inflammatory, both types of strain will induce the
synthesis of proinflammatory mediators, such as NO and PGE,, and may thus aggravate
the effects of IL-1p and TNF-o.?’-3® Taken together, it seems that the response of
chondrocytes to mechanical strain is magnitude dependent.?

6.2.2.3 Fibroblast

Extensive studies have shown that fibroblasts can sense force-induced deformation
in the ECM and convert the mechanical signal into multiple intracellular responses
and finally induce changes in ECM composition. Almekinders et al. (1993) showed
that human fibroblasts subjected to repetitive strain (0.25%, 0.17 Hz and 1 Hz) will
release PGE,.* Banes et al. (1995) showed that in avian tendon fibroblasts, cyclic
strain (5%, 1 Hz, 8 h) stimulated phosphorylation of tyrosine residues in multiple
proteins, including pp60src, a protein kinase that phosphorylates receptor protein
tyrosine kinases.*’ Rat cardiac fibroblasts subjected to cyclic strain (10%, 1 Hz, 24
h) release several-fold increased levels of active TGF-f into the medium, which
induces procollagen al(I) gene transcription.*'#?> The mRNA level of CTGF, a
transcription factor known to stimulate expression of ECM proteins, was elevated
more than fourfold in human lung fibroblasts when subjected to tensile stress.*?
When chick fibroblasts (15%, 0.3 Hz) were stretched, within 3-6 h mRNA for
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another matrix protein (tenascin-C) was induced two- to fourfold compared to cells
at rest; elevated secretion of the protein could be observed after 6 h.* Collectively,
these findings demonstrate that fibroblasts have the ability to respond to physiolog-
ical levels of tensile strain with multiple responses and ultimately modify their
extracellular environment by secreting ECM proteins.

6.2.2.4 Bone Cells

It has been well documented that bone cells can respond to mechanical strain.
Substrate deformation has been shown to influence DNA synthesis, second messen-
ger production (cyclic AMP), release of paracrine factors (PGE,), redistribution of
integrins, the activity of enzymes important to mineralization (alkaline phosphatase),
and both collagenous and noncollagenous matrix protein synthesis.*>* However,
the flexible membranes utilized as substrates in these studies exposed the cells to
deformations of between 5-fold and 125-fold greater than that observed to occur in
bone during routine physical activity (0.04—0.3%).? To apply smaller deformations,
some investigators have utilized systems based on bending of rigid substrates such
as glass slides.*->* Unfortunately this approach exposes the cells to significant fluid
shear stress due to the lateral motion of the slide through the bathing media. By
deforming flexible-bottomed plates (Flexercell Strain Unit, Flexercell Corp., Mc-
Keesport, PA), several studies have shown that bone cells can respond to rather small
deformations, 0.2-0.4%, which fall in the range of physiological level of strain.>>-5’
However, it 1s not clear what level of fluid shear stress was induced while the strain
was created in these studies. Computational studies have shown that the reactive
fluid shear stress could be induced due to coupled motion of the overlying culture
medium.*®>° In a recent study by You et al. (2000),° a novel stretch device was
used, by which a 1% strain created only 0.0001 Pa shear stress, so that the effect
of stretch alone on osteoblastic cells could be determined. Using this system, intra-
cellular calcium concentration was not affected at strains of 5% strain or less (Figure
6.2). Furthermore, OP mRNA levels were not affected up to 0.5% strain, suggesting
that osteoblastic cells in culture do not respond to physiological levels of strain.®®
Similar conclusion was drawn by two other studies,’>¢! where comparison was made
on effect of physical level shear stress and the physical level strain induced by either
stretching of substrate®! or four-point bending of plastic plates where the thickness
of the plate was used to change the strain magnitude with the fluid shear stress being
kept the constant.’? Taken together, it seems that physiological levels of strain do
not play an important role in bone cell mechanotransduction.

6.2.3 FLuiD FLOW-INDUCED SHEAR STRESS

6.2.3.1 Endothelial Cell

Endothelial cells are constantly exposed to fluid flow—induced shear stress. It is not
surprising that these cells can respond and adapt to the fluid shear stress they are
exposed to. Extensive studies have been done in this field. The very early cellular
response to shear stress involves elevation of the intracellular Ca?* concentration
([Ca?*],)6>-%* and ion fluxes across the cell membrane.®3636¢ Elevation of [Ca%'], is
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FIGURE 6.2 Fraction of bone cells responding with an increase in [Ca?']; at different
substrate strains. (From You et al., J. Biomed. Eng., 122, 387-393, 2000. With permission
from ASME.)

believed to play a key role in signal transduction events elicited by fluid shear stress.
For instance, it is found that increased [Ca?*]. stimulates the Ca**-dependent synthesis
of vasodilators such as NO% and prostacyclin.%%% Other responses to fluid shear
stress include NO release,®”’? increased expression of endothelial NO synthase,”!-72
and actin cytoskeleton rearrangement.”® Taken together, it has been amply demon-
strated that fluid shear stress is a potent physical signal in regulating endothelial
function.

6.2.3.2 Chondrocyte

Fluid flow has been used in a number of studies as a physiologically relevant stimulus
for chondrocytes.”*’® Fluid-induced shear stress applied to both human and bovine
articular chondrocytes for 24—72 h induced morphological and metabolic changes
including elongation, reorientation, and changes in proteoglycan synthesis and
size.”*” In Smith et al. (1995)7* human articular chondrocytes were placed in culture,
and fluid shear was applied using a cone viscometer. The synthesis of glycosami-
noglycans (GAGs) increased by 100%; however, this increase was concomitant with
a 10- to 20-fold increase in PGE,, a known inflammatory mediator. This suggests
that fluid flow—induced shear may have both positive and negative effects. Bovine
articular chondrocytes respond rapidly to steady flow and oscillatory fluid flow
(OFF) by a mechanism that involves intracellular Ca** mobilization.”*"® It seems
that chondrocytes can respond to physiological relevant fluid shear. It is not clear,
however, whether the fluid shear stress plays a more important role compared to
hydrostatic pressure in chondrocytes.

6.2.3.3 Bone Cells

The realization that external physical loading of a bone organ leads to cellular-level
fluid flow results from a consideration of the microanatomy that was made over 25
year ago.” Osteocytes, the most numerous cell type in bone, are found in the
mineralized matrix in defined spaces known as lacunae. These spaces are intercon-

Copyright © 2005 by Taylor & Francis



I, : osteocyte ; lacuna  canaliculus

osteocytes §

osteocytic process

FIGURE 6.3 Sketch of bone cells embedded in bone matrix. (Reprinted from J. Biomech.,
34, You et al., pp. 1375-1386, ©2001, with permission from Elsevier.)

nected via long tunnels, known as canaliculae, inhabited by extensions of the osteo-
cytes (Figure 6.3). It has been shown that the lacunar-canalicular network contains
a mobile extracellular fluid which communicates with the vascular space.?*8! In the
original work by Piekarske and Munro (1977),” it was hypothesized that when bone
tissue is loaded, fluid was forced out of the lacunar-canalicular space and into the
vascular space, and as in a periodic activity such as ambulation, when the tissue is
unloaded the fluid would return from the vascular space.

Due to the technical difficulty, directly quantifying loading-induced lacunar-
canalicular fluid flow rates has not been feasible. Detailed theoretical models of this
phenomenon have been constructed,*#? and they have been verified in two important
ways. Qualitatively, injected tracers have been found in the lacunar-canalicular space,
and the rate of transfer is enhanced by mechanical loading at the whole-organ
level .38 Second, flow-induced streaming potentials predicted by the models have
been observed to be accurate.’>** Weinbaum et al. (1994) predicted a 0.8-3 Pa cell
membrane shear stress in the lacunar-canalicular system due to typical mechanical
loading.? Bone cells exposed to fluid flow in this range of shear stress in flow
chambers of various designs have been shown to respond with a wide range of
biologic outcomes.

* Steady flow. Since the early 1990s, many studies have shown that bone
cells can respond to steady flow. It has been reported that applying steady
flow to bone cells can induce intracellular Ca** mobilization,?>%¢ cAMP
production,?’ rapidly release of NO,*:88 PGE,,!:8%% increased expression
of transforming growth factor beta 1 (TGFp-1),”! expression of cycloox-
ygenase-2 (COX-2) and c-Fos,”? enhanced cell-cell communications,”
and activation of ERK and o, 3; integrin recruitment.”

* Pulsatile fluid flow. Although dynamic in nature, PFF is still unidirec-
tional. Studies on the effect of PFF on bone cells showed that it down-
regulates the ALP mRNA expression,®’ increases PGE,, PGIL,,**® and NO
production,” and upregulates intercellular cell-cell communication.!® It
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seems that PFF has largely similar affects in regulating bone cell behavior
as steady flow.

e Oscillatory fluid flow. As bone tissue is loaded in vivo, fluid in the
lacunar-canalicular network experiences a heterogeneous pressurization
in response to the deformation of the mineralized matrix. This leads to
fluid flow along pressure gradients. When loading is removed, pressure
gradients and flows are reversed. These fluid motions are dynamic and
oscillatory (flow direction reverses) in nature. Jacobs et al. (1998) com-
pared the differential effect of steady versus oscillating flow on bone cells
and found that OFF stimulates bone cells via a different mechanism than
steady flow.!! A later study by You et al. (2000) compared the effect of
different levels of substrate deformation with the effect of OFF on bone
cells, finding that, at physiological relevant levels, OFF is more stimula-
tory to bone cells than substrate deformation.®

Bone cells have been found to be able to respond to OFF with intracellular Ca**
mobilization.®191-108 The response was found to be age, frequency, and shear stress
dependent.'?? Intercellular communication seems have no effect on Ca** response.'®
Donahue et al. (2003) reported that bone cells exhibit a refractory period in intra-
cellular calcium signaling. It was found that the cells were dramatically less respon-
sive immediately after the first flow exposure, but that responsiveness was gradually
regained (~900 s) until they were as responsive as during the initial flow exposure.!
Building on these observation, Batra et al. (2004) found that periodic insertion of a
rest period appears to enhance intracellular calcium signaling.'® A dramatically
higher percentage of cells responded with a higher magnitude transient increase
when a 10-s or 15-s rest period was inserted (Figure 6.4). Taken together, intracellular
Ca?* increase has been shown to be one of the early signals induced by OFF, and
the responsiveness depends on multiple parameters of flow regime that bone cells
are exposed to.

100

% Cells Responding to Flow
== N W H O O N 0 ©
O O O O O o o o o o
| 1 1 1 1 1 1 1 1 1

control 5s rest 10s rest 15s rest

FIGURE 6.4 Insertion of 10-s and 15-s rest periods into the flow profile led to significantly
higher percent of cells responding compared to control (p < 0.05). Shear stress = 1 Pa.
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Bone cells have also been shown to be able to response to OFF with changes
in other intracellular and extracellular molecules. Ogata (1997) reported that dish
shaking induced OFF enhanced Ergl (an early response gene to mechanical stimuli)
mRNA expression.!!? Osteopontin (the most abundant noncollagenous matrix protein
in bone) mRNA expression is activated by OFF®-!% and is dependent on Ca?*
signaling and p38 and ERKs pathways.!* TNF-a-induced NF-kB has been shown
to be inhibited by OFF via an IkB kinase pathway.!!! Several studies have shown
that OFF induces PGE, release, and this release is dependent on gap junction
communication.!?197 OFF has also been shown to upregulate gap junction expression
by an ERK1/2 MAPK dependent mechanism.!%3:107.112

6.2.3.4 Bone Marrow Stromal Cells

Loading-induced OFF may also regulate the formation of new bone cells. Our lab
employed a commercially available (BioWhittaker, Walkersville, MD) cell culture
model of human bone marrow stromal cells, which is capable of forming the tissues
of mesenchymal origin.!'® These cells were obtained from the bone marrow from
healthy volunteers and subjected to isolation by density centrifugation and selective
culturing conditions.''*'"7 We found that exposure of these cells to loading-induced
OFF at 2 Pa, 1 Hz is able to trigger calcium signaling (Figure 6.5). When the cells
were exposed to OFF for 2 h at 1 Pa, 1 Hz, the proliferation rate was increased by
almost 60% (Figure 6.6). Also, OP and osteocalcin expression levels were increased
by roughly 50%, whereas the Cbfal and Col I expression was not shown to be
affected (Figure 6.7). Taken together, these studies suggest that marrow stromal cells
are mechanosensitive to OFF, and OFF can increases osteogenic differentiation as
well as cell proliferation.'!?
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FIGURE 6.5 Percent of cells exhibiting an [Ca?*]; increase in response to OFF. + indicates
a significant difference from control.

Copyright © 2005 by Taylor & Francis



40

al

+
No Flow OFF

w
o
1

BrdU incorporation (%)
P N
o o

FIGURE 6.6 OFF increases BrdU incorporation for bone marrow stromal cells. BrdU incor-
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FIGURE 6.7 Effects of OFF on relative mRNA levels for bone marrow stromal cells: mRNA
isolation 24 h after OFF. OP: osteopontin. OSTC: osteocalcin. Col I: collagen I.

6.2.4 STREAMING POTENTIALS

In addition to the shear stress resulting from the loading-induced fluid flow in bone,
there is another cellular physical signal that could be induced due to flow. As the
bone matrix proteins are negatively charged, the very thin layer of fluid near the
surface of these proteins is positively charged. When fluid flow is induced, the
movement of this charged layer of fluid will then lead to an electric field in bone
tissue. This phenomenon is referred to as strain-generated streaming potentials.
Studies have shown that loading on bone can induce streaming potentials.!'!8-!12!
Studies have also shown that cells can respond to electric stimuli.'?>-'4! Therefore,
it has been proposed that loading-induced streaming potentials could be one of the
physical signals that cells use to detect the fluid flow. However, loading-induced
streaming potentials are relatively small. Several studies have shown that when these
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relatively small physiologic electric fields are applied to bone cells in culture, little
or no change in cellular behavior is found.!!87.142.143

6.2.5 CHEMOTRANSPORT

In addition to its direct effects on cells, loading-induced fluid flow may be a
mechanism for increasing nutrient exchange in bone.”®!44145 Experimentally, phys-
iologic levels of mechanical loading applied to bones in situ have been shown to
increase the levels of fluorescent tracers accumulated in bone tissue,?’ indicating
that chemotransport is mechanically regulated in vivo. Thus, if fluid flow—induced
chemotransport can be shown to influence cell metabolism, it may have a significant
role in mechanotransduction distinct from flow-induced shear stress. However,
experiments aimed at determining the role of chemotransport are contradictory.
Jacobs et al. (1998) found that a greater response was observed at all frequencies
in cells exposed to a net fluid transport (steady and pulsing) relative to cells exposed
to no net fluid transport (oscillating), despite the fact that the peak shear stress was
the same for all flow rates. Furthermore, in the case of dynamic flow, a trend of
decreasing numbers of responding cells with increasing frequency was observed.
Thus they conclude that chemotransport of a serum factor may play an important
role in the response of bone cells to fluid flow.'! Allen et al. (2000) have demon-
strated that shear flow in serum-supplemented medium produces enhanced intrac-
ellular calcium responses in individual cells compared to serum-free flow stimula-
tion.!'# You et al. (2002) reported that OFF in the absence of serum failed to increase
[Ca*]. in MC3T3-El cells, but by adding ATP or UTP to serum-free media, the
ability of fluid flow to increase [Ca**]. was restored, suggesting that ATP or UTP
in the extracellular medium may mediate the effect of fluid flow on [Ca**]..!% A
recent study by Donahue et al. (2003) investigated the role of chemotransport in the
OFF-induced response in bone cells.!”® They showed that both the percentage of
cells responding with a Ca?*, oscillation and the production of PGE, increased with
increasing flow rate. In addition, depriving the cells of nutrients during fluid flow
resulted in an inhibition of both Ca?* mobilization and PGE, production. However,
in contrast to the above studies, by employing fluid media of various viscosities
modified with the addition of neutral dextran, several groups found that bone cell
responsiveness, in terms of CAMP, NO, and PGE, production, depended on shear
stress level, but not on fluid flow rate when cells were exposed to steady flow or
pulsating fluid flow.87.143.147

Taken together, it seems that chemotransport plays different roles in different
cell signaling pathways. If one looks at intracellular Ca?* mobilization, chemotrans-
port seems an essential mediator. However, for cell response in terms of cAMP, NO,
and PGE,, the role of chemotransport is not clear. It is worth noting that, due to the
different experimental parameters (cell line, medium, flow regimes, shear stress
magnitude, flow rate, shear stress frequency, flow exposure time, method of analyz-
ing the response), one has to be cautious in interpreting and comparing the results
from different studies. For example, both using PGE, as the measure of the cell
response, two groups reached very different conclusions. Donahue et al. (2003)
found that, given the same shear stress, increased flow rate results in increased PGE,
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production.!® In contrast, Bakker et al. (2001) reported no difference in PGE,
production with increasing flow rate.'*” However, the two groups employed very
different flow regimes and methods of measuring PGE,. Donahue et al. (2003)
exposed the MC3T3-E1 cells to a 1 Hz, 2 Pa OFF at 43, 28, and 18 ml/min flow
rate for an hour, and assayed the PGE, production at 1 h post flow, whereas Bakker
etal. (2001) employed 1.2 Pa, 3/9 Hz PFF at 0.63 and 0.20 cm?¥/s flow rate to primary
cells isolated from mouse long bone, and the PGE, release was measured at 5, 10,
and 15 min post flow. Therefore, it is hard to compare the results from these two
studies, although the same parameter, PGE, release, was used in both studies.

6.3 CELL DETECTION OF MECHANICAL STIMULI

Cells can detect a mechanical disturbance by diverse means, including mechanosen-
sitive channels (e.g., stretch-activated ion channels), integrin linkages from the ECM
to the cytoskeleton, and through cadherins in cell-cell connections.

6.3.1 MECHANOSENSITIVE CHANNEL/ MECHANO-GATED CHANNEL

It has been shown that ion channels activity can be altered when the cell membrane
is subjected to mechanical stimuli. These channels are called mechanosentive or
mechano-gated channels. Such channels have been observed in both sensory and
nonsensory cells in almost all living species. The influx of ions from the extracellular
environment to the intracellular compartment can serve as an important intracellular
signal. Thus, the mechanical cue can be translated into a chemical signal through
this mechanism. It is well accepted that mechanosensitive/mechano-gated channels
play an important role in mechanotransduction.

6.3.1.1 Endothelial Cells

Stretch-activated cation channels have been suggested to be responsible for Ca?*
influx in response to the mechanical stimuli in some cells. Such stretch-activated
channels have been identified in vascular endothelial cells and therefore might act
as microsensors for mechanical forces.!*¥-15 Brakemeier et al. (2002) proposed that
increased levels of fluid shear stress can also lead to the activation of stretch-activated
channels."! For example, it was reported in Groschner et al. (2002) that a specific
nonselective cation channel is able to transduce shear stress into local intracellular
Ca?* signals.!?

6.3.1.2 Bone Cells

One of the possible mechanisms for bone cells to detect mechanical stimuli is that
the mechanical stress directly activates the mechanically sensitive calcium channel
and causes membrane depolarization. This depolarization activates the voltage-
sensitive calcium channel to increase intracellular calcium, resulting in the activation
of calcium-dependent kinases. Using gadolinium chloride, which blocks the stretch-
activated membrane channel, the calcium response to steady flow was inhibited.3¢153
However, when bone cells are exposed to OFF, blocking of the stretch-activated

Copyright © 2005 by Taylor & Francis



channels did not have an effect,'%* suggesting that steady flow stimulates the stretch-
activated channels whereas OFF does not. It was also found that the L-type VOCC
membrane channel was involved in the calcium response to OFF,!%* whereas in steady
flow experiments, these membrane channels were not found to be important.’-!33
Taken together, it seems that the biochemical mechanism of Ca?*; mobilization

1

involves great differences in nonreversing steady flow, PFF, and OFF.

6.3.2 MECHANOSENSITIVE RECEPTORS

There are many transmembrane proteins that serve as receptors for the chemical
signals from the extracellular environment. The conformational changes of these
receptors after ligand-binding play a critical role in the signal transduction. For
example, for a G protein—linked receptor, binding of extracellular signal molecules
will change the relative orientation of several transmembrane o helices, so that the
position of the cytoplasmic loops relative to each other is shifted and the G protein
is activated. It has been speculated that mechanical force can directly or indirectly
change the conformation of the receptors. Therefore, a possible mechanism for cells
to detect mechanical stimuli is that the mechanical force may cause the conforma-
tional change in mechanosensitive receptors or their associated proteins, which will
then induce subsequent cell responses including changes in kinase activity, release
of paracrine/autocrine factors, and so on.

For example, it is well documented that ATP and UTP induce a broad spectrum
of cell responses including Ca?*, mobilization. Many animal cells release ATP and/or
UTP into the extracellular environment, and often this release is mechanically medi-
ated.'>+12 It has been demonstrated that this release requires activation of a signal-
transduction pathway involving G proteins.'¢*!1%4 It has been shown that G proteins can
be directly activated by fluid shear stress through G protein—linked receptors.!6 There-
fore, it is possible that mechanical force can be transduced by G protein-linked
receptors, directly activate the G protein, which leads to the ATP and or UTP release,
and initiate further cell response through the autocrine signaling mechanism.

6.3.3 EXTRACELLULAR MATRIX, INTEGRIN, CYTOSKELETON COMPLEX

ECM is physically connected to the intracellular compartment through transmem-
brane proteins. The primary proteins responsible for this physical link are the
integrins, which are essential for transducing mechanical forces from the outside to
the inside of the cell. The role of integrins in cell signaling is well established.
Immediate consequences of ECM-derived forces transmitted to integrins could be
a Rho-dependent assembly and growth of focal adhesion complex at these sites, !
an increase in cytoskeletal tractional force,'®” and a triggering of MAP kinase!63:16
and/or NF-kB'7® pathways within the cells. It has also been speculated that extra-
cellular forces might be directly transmitted to nucleus through the ECM-integrin-
cytoskeleton complex and directly initiate gene transcription.!’!!7? Since many sig-
naling molecules reside on the cytoskeleton,!%%:173:174 jt is also possible that force-
induced reorganization of the cytoskeleton may directly mediate the protein activity
by physically changing the relative position of related proteins.!”!17>
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6.3.3.1 Pericellular Matrix as a Transducer of Shear Stress to
Intracellular Cytoskeleton

Many cells, including endothelial cells and bone cells, have densely packed pericel-
lular matrix on or near their surfaces.!’-!¥! The components of the pericellular matrix
are mostly proteoglycans, with the glycosaminoglycans attached to the core proteins
that are attached to the cell surface (Figure 6.8). Weinbaum et al. (2003) proposed
that this structure can serve as a site of mechanotransduction by coupling the
mechanical load-induced dynamic response of the surface layer to the stresses and
deformations induced in the underlying cytoskeleton.!®? In endothelial cells exposed
to shear stress of 1 Pa, it is predicted that the bush-like core protein structure in
Figure 6.8 experiences a drag force of 1.9 x 1072 pN, a force that would result in a
6-nm lateral displacement of the actin boundary. Furthermore, the bending moment
on the entire bush, 6.2 pN/nm, can be induced by the 1 Pa fluid flow. The long lever
arm provided by the core proteins leads to a mechanical advantage that substantially
amplifies the drag forces on the core protein tips when they are transmitted to the
cytoskeleton, and this could be the initial activating step in intracellular signaling.!%?
Since bone cells also experience fluid flow—induced shear stress, it is possible that
a similar mechanism could be exploited by bone cells. This hypothesis is indirectly
supported by a recent study by Reilly et al. (2003), which reported that removing
glycocalyx on the surface of bone cells reduced the fluid flow—induced PGE,
release.!”¢

6.3.3.2 Strain Amplification Model in Bone Cell
Mechanotransduction

Similar to above model, it was proposed by You et al. (2001) that the pericellular
matrix can serve as a mechanotransducer for osteocytes.!'®3 However, in this model,
the mechanocoupling is realized in a different manner. Figure 6.9 shows the structure
of the PM surrounding the osteocyte process and the connection between the peri-

Glycocalyx bush 100 nm |
structure 20 nm

Cortical
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Junctional Actin stress /Extracellular
complex fibers matrx

FIGURE 6.8 Sketch of pericellular matrix showing core protein arrangement and their rela-
tionship to actin cortical cytoskeleton. (From Weinbaum et al., Proc. Natl. Acad. Sci. U.S.A.,
100, 7988-7995, ©2003, National Academy of Sciences, U.S.A., with permission.)
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FIGURE 6.9 Schematic model showing the structure of the pericellular matrix, the actin
cytoskeleton inside the process and the connection between the pericellular matrix and the
cytoskeleton. Upper left, transverse cross section of canaliculus. Upper right, longitudinal
cross section before and after the transverse elements are deformed by the flow. Lower left,
schematic of the cell process cytoskeletal structure in longitudinal axial section. Lower right,
force balance on a transverse element. (Reprinted from J. Biomech., 34, You et al., pp.
1375-1386, ©2001, with permission from Elsevier.)

cellular matrix and the intracellular cytoskeleton. As shown in Figure 6.9, the
pericellular matrix surrounding the osteocyte matrix is attached not only to the cell
surface, but also to the canalicular wall. Therefore, the drag force induced by the
fluid flow on the pericellular matrix will induce a stretch in the cell process mem-
brane in the hoop direction. In this model, it is predicted that mechanical loading-
induced fluid flow in lacuno-canalicular system under routine physical activity can
produce very large deformations on osteocyte processes that are at least one order
of magnitude larger than bone tissue deformations. These deformations may then
be detected by the bone cells either through stretch-activated channel or direct cyto-
skeleton deformation-induced response.'8?

6.3.3.3 Tensegrity Mechanism

Ingber et al.!”!:184+-187 proposed a model in which cells are predicted to be hard-wired
to respond immediately to mechanical stresses. In this model, forces are transmitted
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over cell surface receptors, which physically couple the cytoskeleton to the ECM
or to other cells.!”! This concept emerged from studies with cell models built from
sticks and string using tensegrity architecture.!$*135188 Therefore, this model is
termed the tensegrity model. It also offers a mechanism to explain how the cyto-
skeleton remodels in response to stress, and how signaling molecules that are immo-
bilized on this insoluble scaffold might change their distribution and function when
force is applied to the cell surface. By this mechanism, the mechanical force-induced
changes in cytoskeletal network geometry may alter cell metabolism or signal
transduction by changing the relative position of different regulatory molecules,
hence altering their ability to chemically interact. Transduction also may be accom-
plished through direct mechanical distortion of molecules that alters thermodynamic
or kinetic parameters.!”!

6.3.3.4 Mechanosomes

A recent study by Pavalko et al.'® proposed a novel model, which they named the
“mechanosomes model.” In this model, extracellular loading will induce conforma-
tional changes in membrane proteins. Some of these proteins are linked to a solid-
state signaling scaffold. The conformational change will cause the release of protein
complexes, which are capable of carrying mechanical information into the nucleus.
Such protein complexes are termed mechanosomes by these authors. They suggested
that, after the mechanosomes enter the nucleus, they can then produce changes in
the geometry of a target gene. The key aspect of this model involves the load-induced
formation of mechanosomes, multiprotein complexes comprised of focal adhesion-
associated or adherens junction-associated proteins. The mechanosomes contain a
nucleo-cytoplasmic shuttling DNA-binding protein that typically moves between the
adhesion complexes and the nucleus and one or more adaptor proteins acquired from
the focal adhesions or adherens junctions. Mechanosomes then translocate to the
nucleus and there initiate changes in gene transcription.

In addition to ECM-integrin-cytoskeleton complex, mechanotransduction may
also occur through cell—cell contact.!7!.134-187.190.191 By this mechanism, the mechan-
ical disturbance can be transduced through the adhesion junctions (the anchoring
junctions connecting adjacent cells formed by cadherins, which are transmembrane
adhesion proteins), the intracellular anchor proteins, and the intracellular actin fila-
ments network. For example, B-catenin is an adhesion-related protein. Most of a
cell’s B-catenin is located close to cell-cell adherens junctions, where it is associated
with cadherins. The B-catenin in these junctions helps link the cadherins to the actin
cytoskeleton. The mechanosome model predicts that, once the mechanical distur-
bance is focused on the adhesion junctions, the B-catenin is released, associates with
the LEF-1/TCF transcription factor, translocates, and enters the nucleus so that gene
transcription can be initiated. '8’

6.4 CELLULAR RESPONSE TO MECHANICAL STIMULI

Once the mechanical signal is detected, multiple intracellular events are initiated,
including [Ca?*]; elevation, cAMP increase, cytoskeleton reorganization, protein
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phosphorylation, protein—protein associations (e.g., integrin-cytoskeleton-FAK),
activation of enzymes, production of extracellular signal molecules (e.g., NO,
PGE,), and activation of gene transcription. Although extensive studies have been
done on cellular response to mechanical stimuli, due to the complex nature of this
process, much remains unclear. For example, as described in Section 6.2, different
cells may have different responses to the same mechanical stimuli. And different
patterns of the signal, such as frequency and duration, may also induce different
responses. In addition, one mechanical stimulus may trigger multiple pathways
and/or cross talk between the pathways. In this section, we focus on several key
components in the cellular response. We first look at second messengers, which
are activated immediately after the signal is detected. We then describe cytoskeletal
reorganization and activation of intracellular signaling proteins and other down-
stream events.

6.4.1 ACTIVATION OF SECOND MESSENGERS

6.4.1.1 Ca*

Intracellular Ca?* is an important second messenger. It is derived from two sources:
extracellular Ca?* entering the cell through membrane channels, and Ca?* released
from internal Ca?* stores, endoplasmic or sarcoplasmic reticulum. With respect to
cell membrane channels for Ca?*, there are three types: voltage-operated Ca** chan-
nels (VOCC), stretch-activated Ca?* channels, and receptor-operated Ca?* channels.
With regard to stretch-activated channels, in addition to mediating direct Ca** influx,
they may also indirectly activate voltage-gated Ca** channels by causing depolar-
ization. The Ca?* entry through stretch-activated channels and/or VOCC may then
activate phospholipase C activity and IP;-sensitive Ca’* release, thereby further
amplifying the increase in [Ca?*],. Changes in [Ca 2], regulate a wide variety of
cellular processes, including cell growth and differentiation, cell motility and con-
traction, intercellular coupling, synaptic transmission, fertilization, apoptosis, and
necrosis. It is therefore significant that mechanical stimulation triggers elevation in
[Ca **], in many cells.

Extensive studies in bone cells have shown that the [Ca**]; can be dramatically
increased in response to fluid flow—induced shear stress.®0:83.86.101.104-106,108,142.146 Ry o
ure 6.10 shows an example of such response, in which the intracellular Ca** level
in cells before (left) and after (right) flow exposure are compared, demonstrating
that flow exposure dramatically increased the intracellular Ca®* concentration (see
color insert following page 204). Several studies have also shown that this response
may be modulated by chemotransport.®%-101:105.108.146 Dyifferent flow patterns may
induce a Ca?* response through different pathways.3¢-104153 For example, the stretch-
activated channel is involved in steady-flow but not OFF-induced Ca?* response.
Conversely, the L-VOCC is known to play an role in OFF but not in the steady
flow—induced Ca?* response.’¢194133 Intracellular Ca** mobilization plays an impor-
tant role in mediating a variety of subsequent responses such as OP,%1% COX-2,!53
c-fos,!5? and Egr-1''"? expression; PGE,,**® NO,!** and TGFf-1°! release; and cytosk-
eleton reorganization.'>?
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FIGURE 6.10 Image of the intracellular Ca?* level in cells before (left) and after (right) flow
exposure. The color reflects the [Ca?*];, with the red indicating a high level and the green for
a low level. (See color insert following page 204.)

6.4.1.2 cAMP

cAMP is an important second messenger in many cells. It is synthesized from ATP
by a plasma membrane—bound enzyme, adenylyl cyclase. In most animal cells,
cAMP exerts its effects mainly by activating cAMP-dependent protein kinase, which
then either induces a metabolic response or stimulates gene transcription. Many
extracellular signal molecules work by increasing cAMP, and they do so by increas-
ing the activity of adenylyl cyclase. Adenylyl cyclase has at least eight isoforms in
mammals, most of which are regulated by both G proteins and Ca**. All receptors
that act via cAMP are coupled to a stimulatory G protein (G,), which activates
adenylyl cyclase and thereby increases cAMP concentration.

cAMP has been implicated in bone remodeling and turnover.'*? Increased levels
of cAMP have been found to increase the proliferation of osteoblasts in vitro.!%31%
However, cAMP has also been linked to increased bone resorption.*¢ Therefore, it
is not yet clear what the role of cAMP in bone adaptation and mechanotransduction
might be.

Mechanical stress has been shown to stimulate cAMP in bone cells in vitro.
Binderman et al. (1984) observed a two- to three-fold increase in cAMP in osteo-
blasts due to stretch, and this response was mediated by PGE, synthesis.!®> Using
newborn rat calvarial osteoblasts, Reich and associates found that steady fluid shear
stress upregulates cAMP levels up to 12-fold, and this response is completely
abolished by the inhibition of cyclooxygenase, indicating the cAMP response is
mediated by prostaglandins.®” Thus, it appears that mechanical stimuli can upregulate
cAMP in bone cells, and this process is mediated by prostaglandins.

6.4.2 CYTOSKELETON REORGANIZATION

The cytoskeleton is physically connected to the ECM through transmembrane pro-
teins, such as integrins, and to neighboring cells through adhesion molecules. It is
also connected, directly or indirectly, to intracellular structures (e.g., phospholipases,
protein kinases). Thus, the cytoskeleton provides an important route of transduction
of mechanical stimuli. As a component of cytoskeleton, actin filaments have been
found to play an important role in the fluid flow—induced intracellular response in
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bone cells.?>!153 It has been observed that bone cells can respond to steady flow with
cytoskeletal reorganization (stress fiber formation).°>!33 Disruption of actin filaments
completely abolished the steady flow—induced COX-2 and c-fos gene expression in
osteoblastic cells °>!3 and PFF-induced PGE, and PGI, release in osteocytes,’
suggesting that expression of these genes is dependent on the formation of poly-
merized actin stress fibers. Similarly, exposing cells to oscillatory flow also led to
increases in COX-2'% and PGE,.!93.107.108.19 However, in a recent study by our group,
we found that application of OFF to osteoblastic cells did not induce the development
of F-Actin stress fibers as was observed under chronic unidirectional steady flow.!*’
This suggests that oscillatory flow—induced upregulation of COX-2 and PGE, in
osteoblasts is not dependent on F-Actin cytoskeletal reorganization, and that multiple
pathways may regulate the flow-induced prostaglandin release observed in these
cells.

6.4.3 INTRACELLULAR SIGNALING PROTEINS

The activities of many intracellular proteins can be affected by mechanical stimuli.
These in turn regulate the activity of other proteins in a signaling cascade that can
ultimately lead to a change in gene expression. Most of the proteins are activated
by one of two mechanisms: protein phosphorylation, catalyzed by a protein kinase,
and protein dephosphorylation, catalyzed by a protein phosphatase. Some proteins
themselves are kinases, and after being activated they will then activate other proteins
by phosphorylation, so that a cascade of signal transduction is initiated until the
target protein or gene transcription factor is reached.

Protein phosphorylation is critical in many responses to mechanical stimuli.
For example, protein phosphorylation is required in mechanical stimuli—-induced
NO formation,'?® altered gene expression, and rearrangement of the cytoskele-
ton.2498.104.110.112,199  Ce]l mechanotransduction involves a cascade of regulatory
phosphorylations. Many early responses, such as elevation of [Ca?*], trigger phos-
phorylation. Several types of protein kinases, such as PKA (cAMP-dependent
protein kinase), PKC (Ca?*-dependent protein kinase), and MAPK (mitogen-acti-
vated protein kinase), have been extensively studied in mechanotransduction of
cells in vitro. Next, we review studies on MAPK as an example.

 MAPK. Activity of MAPKSs is important for regulating cell differentiation
and apoptosis by transmitting extracellular signals to the nucleus.2%:20!
MAPK family members, including extracellular signal-regulated kinase
(ERK), c-Jun N-terminal kinase (JNK), and p38 MAP kinase, have been
shown to be important signaling components linking mechanical stimuli
to cellular responses, including cell growth, differentiation, and metabolic
regulation, in endothelial cells, smooth muscle cells, myocytes, and bone
cells.94104.112.202-206 Steady flow has been shown to be able to induce intra-
cellular response in bone cells through the ERK pathway.** Similarly,
ERK and p38 activation, but not JNK, were found to be involved in
inducing OP gene expression when bone cells are subjected to OFF.
Furthermore, a recent study by Alford and associates showed that OFF
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modulated gap-junction communication through ERK pathways.!!'? These
studies indicate that MAPKs play an important role in regulating mech-
anotransduction in bone.

* Phosphatase. In contrast to kinase, phosphatase catalyzes protein dephos-
phorylation. Mechanical stimuli have also been shown to be able to affect
some phosphatase activity. One of the well-studied protein phosphatases
in bone is ALP. ALP activity is required for bone matrix mineralization
(the incorporation of the mineral to the newly formed bone matrix).2" It
i1s a biphasic marker of osteogenic differentiation in the sense that it
increases activity immediately after proliferation stops, but then decreases
immediately prior to mineralization.!!>-116.208-211 [y yjy0 studies have shown
that mechanical loading regulation of bone remodeling involves changing
ALP activity.?!>214 Hillsley and Frangos® found that PFF downregulated
ALP expression in osteoblast cells. They suggest that the decrease of ALP
activity could be because that flow affects the cell cycle of osteoblasts,
or it may indicate accelerated differentiation of osteoblasts toward a more
mature cell in response to fluid flow.”> A recent study by our group has
found that OFF decreased ALP by roughly 30% and demonstrated that
OFF can regulate ALP activity and this may result in higher levels of
osteogenesis.!!3

In addition to kinases and phosphatases, the activities of other enzymes have
also been found to be affected by mechanical stimuli. For example, COX-2 is a key
enzyme in the production of prostaglandins. It is associated with the synthesis and
release of PGE, and PGI, in bone cells in response to mechanical stimuli in
vitro 18792153 Tn rats subjected to tibial four-point binding, periosteal bone formation
is inhibited by NS-398, a specific COX-2 blocker.?!> These observations indicate
that COX-2 responds quickly in mechanically loaded bone and osteogenic cells, and
its expression may be essential to the mechanically induced response of bone.

6.4.4 GENE TRANSCRIPTION

Three different mechanisms underlie gene regulation by mechanical signals. In a
primary response, a cellular mechanotransduction pathway could activate an already
available transcription factor that binds to a “mechano-responsive” regulatory ele-
ment in the gene promoter. In a secondary response, a mechanical signal would first
induce the transcription and synthesis of a nuclear factor, which transactivates a
specific gene. As a third possibility, mechanical stress might induce the synthesis
and/or secretion of a growth factor or other messenger molecules that indirectly
regulates gene expression via an auto- or paracrine feedback loop.*

* Egr-1. Egr-1 is a transcription factor, which can be induced by growth
factors or serums. Studies have shown that it also plays a critical role in
mechanotransduction in the sense that its mRNA can be increased several-
fold within minutes (via a ras/Erk-1/2 pathway) after applying shear or
tensile stress to cultured cells.!!%21¢ After being activated, it can then
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activate other genes such as fibronectin?'” and TGF-1.2'% Egr-1 had been
shown to play a role in skeletal differentiation or proliferation. A study
by Ogata (1997) has shown that exposure of MC3T3-E1 osteoblastic cells
to dynamic flow for even only 1 min can induce Egr-1, and this process
involves tyrosine kinase, intracellular Ca?* mobilization, and serum,
whereas cAMP and prostaglandins are not involved.'!®

* c-fos. c-fos is an early response gene involved in the cellular effect of a
wide variety of stimuli including many mitogens and mechanical signals.
It is expressed by nearly all cell types, including osteoblasts. In bone, it
is a transcription factor required for osteoclast differentiation.?!® Trans-
genic studies on mice have shown that overexpression of c-fos causes
osteosarcomas and chondrosarcomas,?2922! whereas knock-out of c-fos
leads to osteopetrosis,??? indicating the critical role of c-fos in bone phys-
iology. In vivo studies show that c-fos is upregulated in response to
mechanical loading.??*?** [n vitro studies have shown that fluid flow can
induce c-fos expression in bone cells within minutes!!*>!53 and this
response depends on IP,-mediated intracellular Ca?* release.!>® These
observations demonstrate that expression of c-fos plays an important role
in the mechanically induced response of bone.

6.4.5 RELEASE OF AUTOCRINE/PARACRINE FACTORS

6.4.5.1 NO

NO is a highly diffusible extracellular signal molecule that can pass readily across
the target-cell membrane and directly bond to guanylyl cyclase, which then produces
the intracellular mediator cGMP. In mammals, NO is synthesized from L-arginine
in the presence of NO synthase. Studies have shown that NO can regulate bone
remodeling by inhibiting osteoclast resorptive activity and possibly by stimulating
osteoblast proliferation.??3-228

It has been shown that fluid flow—induced shear stress stimulates the production
of NO in endothelial cells and bone cells.6!:67:8899.143.147 When subjected to steady
flow, bone cells can rapidly (in seconds) and continuously (up to 70 h) release NO
into the extracellular environment,®'%® and this response is found to be G protein
and Ca?* independent.'** Conversely, when cells were subjected to transient flow,
release of NO has been found to be G protein and Ca?* dependent,'* indicating that
different flow patterns induce NO release through different pathways. NO can also
be produced when cells are exposed to PFE%!47 It has been found that NO release
is shear stress dependent,'*’ and the response can be modulated by parathyroid
hormone (PTH),” suggesting that mechanical loading and PTH interact at the level
of mechanotransduction.

6.4.5.2 PGE,

PGE, is a small extracellular signal molecule formed by the action of COX on
arachidonic acid (a membrane phospholipid). In bone, it is produced by osteoblasts
and osteocytes and is a mediator of bone remodeling. The release of PGE, can
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promote recruitment of osteoblast precursor cells, increased osteoblast proliferation,
ALP activity, and collagen synthesis.??*-23!

In vitro studies have shown that bone cells release PGE, in response to steady
flow,01:87:89.90.232 PRE 11.96-99.147 and QFF. 103107108 Tg ynderstand the cellular mechanism
of PGE, production, researchers have used selective blockers of prostaglandin pro-
duction in order to inhibit specific aspects of this pathway. For instance, steady
flow—induced PGE, release can be strongly inhibited by PKC inhibitor,”® G protein
inhibitors GDPBS (by 83%) and pertussis toxin (by 72%),¥ chelation of extracellular
calcium by EGTA (by 87%), and intracellular calcium by quin-2/AM (by 67%).%
Furthermore, the steady flow—induced upregulation of COX-2 mRNA expression is
found to be dependent on cytoskeletal reorganization.®> These findings suggest that
steady flow may induce PGE, release through one or a combination of two pathways:
one involving G protein-linked mechanosensors in the cell membrane, Ca**, and
PKC; and the other involving the actin cytoskeletal reorganization.

Similarly, PFF-induced PGE, production is markedly decreased by applying
specific inhibitors of Ca?*-activated phospholipase C, PKC, and phospholipase A2,
by blocking Ca?* channels and intracellular Ca?* release,”® and by disruption of the
actin cytoskeleton with cytochalasin B.%¢ These findings suggest that PFF-induced
PGE, release occurred through increased [Ca**], from ion channels and IP;-induced
Ca?* release from intracellular stores. Ca** and PKC could then stimulate phospho-
lipase A2 activity, arachidonic acid production, and finally PGE, release. In this
process, the actin cytoskeleton is also involved; however, the mechanism underlying
it is still not clear.

For OFF, Saunders and associates!'®*!?” found that PGE, release is mediated by
functional gap junction communication. However, in contrast to steady flow and
PFF studies,*%!3 they found OFF-induced PGE, is independent of cytosolic cal-
cium,'”” suggesting that bone cells may respond to OFF with PGE, release via a
different pathway (e.g., cAMP).

6.4.5.3 Extracellular Nucleotides

ATP (adenosine triphosphate) and UTP (uridine triphosphate) are locally released,
short-lived, yet potent extracellular signaling molecules. They can induce a broad
spectrum of cell responses including Ca?*; mobilization. These ligands exert their
effect through a large family of receptors — the P2 receptors (formerly termed
purinoceptors), which are subdivided into P2Y (G protein—linked receptors) and
P2X (cationic-gated channels) subtypes. P2X receptors are activated exclusively by
adenine nucleotides, whereas P2Y receptors are responsive to ATP and/or UTP.
Many animal cells release ATP and/or UTP into the extracellular environment, and
often this release can be greatly enhanced by mechanical stress.'>*192 It has been
demonstrated that this release requires activation of a signal transduction pathway
involving G protein.!63.164

Nucleotides are important local signaling molecules in bone.!%3233-235 Both osteo-
blasts and osteoclasts are targets for ATP/UTP.2%-242 These molecules can induce
multiple signal transduction events including IP;-mediated intracellular calcium
release!® and upregulation of c-fos.?** As a result, these molecules can modulate
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osteoblast proliferation,?** osteoblast-induced bone formation,?* osteoclastogenesis,
and bone resorption.?*%2# [n vitro studies have shown that release of ATP by osteo-
blasts is enhanced significantly by fluid shear stress?*> and hypotonic stress.!¢! Taken
together, these observations indicate that mechanical load on bone can regulate bone
remodeling by modulating ATP/UTP release by bone cells. Thus, ATP and UTP are
likely to be important autocrine/paracrine mediators in bone mechanosensitivity.

6.4.5.4 Growth Factors

Growth factors are a group of extracellular polypeptide signal molecules that can
stimulate a cell to grow or proliferate. Growth factor release has been observed as
one of the early proliferation responses of many cells to mechanical load-
ing.31.9375.91.246247 Bone contains a number of growth factors including TGF-1 and
TGF-B2, platelet-derived growth factors (PDGFs), basic and acidic fibroblast growth
factors (bFGF, aFGF), insulin-like growth factors I and II (IGF-I, IGF-II), and bone
morphogenetic proteins (BMPs). These growth factors stimulate the proliferation
and differentiation of the osteoblasts and promote bone formation.

Osteoblasts are capable of producing TGF-1, TGF-B2, IGF-1, and IGF-I1.248-24
Studies have shown that mechanical loading on bone cells can promote the release
of these growth factors.’>! Applying steady flow—induced fluid shear stress
(1.7-2.0 Pa) to human osteosarcoma cells increased TGF-B1 expression, and the
response was modulated by cation channel blockers.’! These observations suggest
that a physiological level of fluid shear stress induces the production of TGF-1,
which may promote bone formation. When rat long bone—derived osteoblast-like
cells were subjected to dynamic strain (0.34%, 1 Hz), IGF-1I production was
increased, whereas IGF-I level was unaffected.’! In contrast, newborn rat calvarial
cells, which are in the late osteoblast/early osteocyte stage of differentiation,
responded to mechanical stretch (0-3%) with an increase in IGF-I production.> The
discrepancy may be the result of the differing systems used to induce mechanical
strain, the differences in calvarial versus long bone responses to mechanical
strain,?%23! or the variable age-related responsiveness of cell cultures to mechanical
stimulation.*8-102

6.4.6 PRODUCTION OF MATRIX PROTEINS

One of the outcomes of a cell’s response to mechanical stimuli is that it can change
its local environment via release of certain matrix proteins into the extracellular
space. These proteins will further affect cell metabolism by either changing the
mechanical properties of the ECM or directly interact with the cell. Here, we review
studies of two important bone matrix proteins produced in response to mechanical
loading.

* Osteopontin. OP is a mineral-binding, noncollagenous bone matrix pro-
tein. In addition to being a structural component of bone matrix, is has
also been shown to be involved in regulating bone cell attachment, osteo-
clast function, and mineralization, suggesting an important role in regu-
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lation of bone remodeling.?'>?>-2% [n vivo studies indicate that it is an
important factor in triggering bone remodeling caused by mechanical
stress.?® There is strong evidence suggesting that OP is an important
factor in loading-induced changes in bone cell metabolism.*"-237238 [n vitro
studies have shown that OFF applied to bone cells can trigger OP expres-
sion,%1% and this response is regulated via intracellular calcium mobili-
zation and activation of ERK and p38 MAP kinase.! Studies on stem
cells have shown that OFF upregulates OP expression by roughly 50%,'"3
suggesting that OFF may regulate the formation of new osteoblasts from
stem cells.

* Osteocalcin. Osteocalcin is a noncollagenous protein and has only been
found in the bone ECM.>* It is thought to be upregulated at the onset of
mineralization.?” A recent study by our group has found that OFF can
upregulate osteocalcin by around 50% in stem cells, suggesting the load-
ing-induced dynamic flow in bone may play an important role in regulat-
ing stem cell differentiation toward an osteogenic pathway.!!?

6.4.7 GAP JUNCTION

Gap junctions are membrane-spanning channels facilitating intercellular communi-
cation by allowing the passage of small molecules (e.g., calcium, inositol phosphates,
cyclic nucleotides) from cell to cell. They play an important role in intercellular
communication. Furthermore, they may also provide a means by which cells can be
electrically coupled. Morphological evidence shows that gap junctions exist between
bone cells in vivo.?® Using the murine osteocytic cell line MLO-Y4 and osteoblastic
cells MC3T3-E1, Yellowley and associates showed that deformation-induced cal-
cium signals in MLO-Y4 were passed to neighboring MC3T3-El cells via gap
junctions, suggesting that bone cells are functionally coupled to one another via gap
junctions.?®! Steady flow and PFF has been shown to stimulate bone cells in terms
of the opening of gap junctions,’>'® and this response has been found to be mediated
by PGE,.”? Similarly, OFF also increased gap junction communication, which was
regulated by an ERK1/2 MAP kinase dependent mechanism.!''? Furthermore, in
response to OFF, gap junction communications has been found to modulate PGE,
release, but does not contribute to the Ca** response. 93107

6.5 SUMMARY

It has been long been recognized that mechanical cues play a critical role in cell
metabolism. However, how physical signals are translated into chemical signals and
finally affect cell behavior is unclear. Extensive studies have been done to help to
understand this process. In this chapter, we reviewed the current knowledge on
cellular mechanotransduction: the mechanical environment that cells are exposed to,
the mechanisms of cell detection of physical stimuli, and the cell’s responses to
these stimuli. It is clear that cells are capable of responding to a wide variety of
physical stimuli, such as direct deformation, fluid shear stress, pressure, and stream-
ing potentials. However, it is less clear which of these stimuli are induced at the
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cellular level in vivo in response to mechanical loading of the tissue. Different cells
may also respond differently to the same type of mechanical force. Furthermore, the
same type of mechanical force on the same type of cell can induce a different cellular
response as a function of magnitude, frequency, and duration. Alternative models
of detection of mechanical signals have been proposed, including membrane mech-
anosensitive ion channels, mechanosensitive receptors, the tensegrity mechanism,
and the mechanosome. Cell responses, including elevation of [Ca?**],, cAMP level,
release of NO, PGE,, and activation of gene transcription, have been identified in
many cell types in response to distinct mechanical stimuli. Different pathways have
also been identified in mechanotransduction. It has been found that multiple path-
ways could be involved in the response to a given mechanical stimuli and cross talk
between the pathways might also be involved in some cases. With all this knowledge,
however, understanding of the mechanotransduction mechanism is remarkably
incomplete, and often controversial. Further systematic studies are required to gain
a deeper understanding of this critical aspect of tissue metabolism. In this endeavor
advancements in nanoscale fabrication will be crucial for a better understanding of
the cell-level micromechanical environment and our ability to manipulate it in a
controlled experimental setting.
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7.1 INTRODUCTION AND BACKGROUND

As we approach the nanoscale, advances in molecular biology, genomics, electrical
engineering, computer science, SUSY* physics, and mathematics are experiencing

* SUSY — SUper-SYmmetry. A field of modern physics. Such symmetry principles are also

part of mathematics, and they are starting to be used in engineering for modeling hybrid
systems, complex flows, and advanced signal processing.
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a convergence of processes in all these fields that contain both synergy and chaos.
A quarter century ago we reached the microscale with microtechnology, when Mead
and Conway! envisioned a roadmap for very-large-scale integrated (VLSI) systems
design as a multidisciplinary endeavor. Now we need a roadmap for modeling,
design, and fabrication of nanosystems. This book describes many of the necessary
steps in such a roadmap, and in this chapter we discuss some of the nanoarchitecture
and related aspects that will play an increasing role in nanosystems.

Today’s applications and fabrication processes involve mostly the microscale.
However, as we did a quarter century back, we have relied on the previous scale to
provide the embedding technology. For instance, in electronic systems, printed-
circuit boards were used to embed or hold the next generation VLSI chips. Today
we embed a whole DNA lab-analysis function on a chip. This is the first step toward
the next level, where complex molecules such as DNA become the new nanoscale
embedding technology. Several current proposals contain such ideas, such as using
DNA as a quantum-computing substrate.

In this chapter we argue that DNA can be used not only as a passive mechanical
or memory nanosubstrate, but also as an active mechanical, electrical, photonic, and
information-flow network, based on classical or quantum distributed parallel nano-
computing. Similarly, microtubules have already been shown to provide electro-
mechanical molecule-transport services on webs of microtubules. The underlying
electron-transport dipole—dipole or multipole wave-propagation interactions also
implement electronic finite-state machines suitable for active switching and routing
networks. The microtubules coated with layers of polar water molecules have a
nanoarchitecture ideal for photonic (e.g., EH-mode) wave-guides, similar to carbon
nanotubes. Microtubules also make up nerve fibers that are now acknowledged to
implement point-to-point, broadcast, and packet-switched connections from the brain
to control extremities such as the fingers. This process was described to the second
author a quarter century ago by a medical researcher as inconsistent behavior, and
packet switching was rejected. Similar descriptions of the molecular transport by
microtubules are today still labeled as “random.” Such simplifying assumptions were
made to model Internet traffic, but some now prefer chaotic models as will be
discussed in the dynamical system models for biological processes.

Natural sciences, such as biology, are driven by large amounts of data that should
be processed even in simple experiments in molecular biology and genomics. This
data abundance demands new tools that have to be produced in cooperation with
other fields of science. Today, teams of people versed in several sciences drive large
programs developed for biomedical data-processing applications, such as DNA anal-
ysis. However, programmers who are versed in systems concepts that are not yet
part of classical biology often decide important lower-level data-interpretation and
functionality issues.

Most of the computer-science concepts, such as software, hardware, firmware,
emulation, and memory architecture, exist in the biomedical area. For example, the
brain works like a computer, but not the way one thinks. The implementations of
the loop concepts are very different. Engineers tend to carefully design loops. They
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either encapsulate them (as in a memory-cell) or avoid them (to avoid CMOS latch-
up, a destructive short circuit). In contrast, biological systems seem to be based on
many interacting loops, making an accurate analysis very difficult. Neighboring cells
exhibit cooperative phenomena, best described by adaptive control theory as nested
(nonlinear) loops. From an architectural standpoint, one should ask what the design
principles are that govern the encapsulation in a cell. The cooperative phenomena
act like adaptive communication protocols. An interesting example is the commu-
nication between local cells, foreign cells, and policing T cells. In this example,
lateral inhibitory mutual responses create loops of inverters (flip-flops) that synchro-
nize the behavior of cells. A T cell interacting with a neighboring foreign cell makes
a friend-or-foe decision and creates a “don’t recognize you, shut down your com-
puting process and recycle yourself ” signal that initiates an apoptosis response. The
AIDS virus interferes with this process by disabling the T cell’s policing function.

Our aim here is to show how nanotechnologies could influence and help the
research process in the biology field at many levels: concepts, architectures, systems,
information flow, processes, analysis, synthesis, and tools. Early interactions
between biology and the other fields have already occurred in the twentieth century.
The interdisciplinary field of neuroscience is one of the early examples of developing
models, such as the Hopfield model,? of neuron activity at the macrobiological level.
This activity helped generate new applications in the communication-networking
field, such as packet transmission, firing neurons* (burst transmission of messages),
long-duration transmission models (streaming audio/video), and concurrent learning
or system identification of a network. Today, no one could imagine a simple piece
of communication equipment, like the now-standard Asymmetric Digital Subscriber
Line (ADSL) modems, that would not incorporate a calibrating or training mecha-
nism that learns the phase or delay characteristics of a communication channel. Such
learning or adaptation opens a complicated, layered suite of protocols that establishes
the information-transmission processes. Training mechanisms are essential, even
vital, today and hence unavoidable, to ensure that such transmissions are fast, robust,
error-free, and globally efficient. Adaptive mechanisms have been studied intensively
in electronics research starting in the early 1970s and continuing to the 1980s.
Physics, and especially geophysics, inspired the use of scattering methods for source
and channel modeling. This proved to be a powerful set of tools that combined the
advantages of local linearity with nonlinearity at the system level; for example, tools
that used bilinear or continued-fraction modeling approaches, which have many
modeling applications in communications, biological systems, and other systems.3
Important early work on nonlinear least-squares methods, and later work on Ultra-
Wide-Band (UWB) communication by Swerling at Rand was largely ignored or
classified. The linear case was later rediscovered and made famous by Kalman (the
“Kalman Filter”) and others. The new technical or computing tools that the above

* In the early days of medical research on neural activities at Stanford, the “inconsistent
behavior of branching neurons” was described to us. Our explanation of packet switching
became accepted only much later.
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theoretical fields enabled have enhanced discoveries in medicine and biology via
imaging, modeling, and control. These tools generally addressed the biology field
at the macro level. Today, the main issue is to extend these insights, tools, and models
down to the micro- and nanotechnology levels.

We are on the verge of a new industrial revolution due to the new domain of
atomic interactions between molecular biology and genomics and the complex field
of disciplines mentioned above. In this chapter we ask, what are the key advances
in fundamental electronics that were enabled by advances in the other fields, and
how can these advances be used to induce new ways of thinking and modeling at
the nanoscale in molecular biology and genomics?

7.2 DNA AND RELATED STRUCTURES

The contributions to the understanding of the DNA and related structures that were
made by the field of mathematics have been outlined well,*> and further modeling
related to the chemical structure has been proposed.® For definitions of DNA- and
mathematics-related terms (a veritable Rosetta stone) see Carbone and Gromov.*
Extensions to computer architecture and engineering are still forthcoming and beyond
our present scope of outlining a roadmap. We endeavor here to point out major cross-
links, but more complete connections have to be deferred to future publications.™>
The DNA structure itself has been the main target of scientific activity. Two
main lines of investigation that are of interest here have been conducted: (1) the
Genome study and its functions, and (2) computing and studies of new ways of
computing using the DNA strings.!®!! A third line of investigation is possible, using
communication and computing concepts to describe the DNA structure (DNA archi-
tecture). This third approach creates a simultaneous bridge between the two former
lines of investigation. We start this third line on the DNA architecture from a
dynamic-system viewpoint, in which the concept of saddle points is fundamental in
the evolution of the dynami