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Preface

The research on nanomaterials and nano biomedicine has been advancing rapidly
in recent years, particularly in the development of unique nanostructures for specific
biomedical applications. The research addresses the critical issues in medical
applications including in vivo imaging, cell targeting, local drug delivery and
treatment, bioactivity, compatibility, and toxicity. In the biomedical applications,
traditional materials science and engineering have to deal with new challenges in
the areas of synthesis, structure development, and biological, chemical, and physical
behaviors, since medical needs place new demands in these respects.

The novel nanotechnologies included in this book are of great importance for
biomedical applications. Based on these new developments, it is possible to alter
the intrinsic properties of nanomaterials that cannot be achieved by conventional
methods and materials. A key aspect of being able to manipulate the properties of
the nanomaterials is the nanoscale architecture and engineering by various
processing techniques. Some of the novel approaches introduced in this book can
provide multi-functionality for a variety of substrates, be it biological, physical,
or chemical, which can then be engineered for particular biomedical applications.
For instance, novel surface functionalization methods have been developed for
bio assays and cell targeting. In these approaches, a thin coating of polymer can
be applied to the nano species and to provide various functional groups for
passive or covalent coupling to biological molecules, such as antigens, antibodies,
and DNA/RNA hybridization. However, the conventional synthesis of materials
has only resulted in a single functionality which is generally not suitable for
the complex procedures required for medical applications. The novel concept
introduced in this book can be used to develop multiple functionalities, particularly
suitable for medical diagnosis and treatment. The enhancement of properties is
based on the study of the new nano structures and interfacial mechanisms.

This book summarizes the most recent research and development in nano
biomedicine and addresses the critical issues in nanomaterials synthesis, structure,
and properties. In particular, the major topics in nano biomedicine are covered in



this book. The book devotes three parts of 25 chapters to various aspects of
nanomaterials and their medical applications. Detailed experimental procedures
are presented at a level suitable for readers with no previous training in these
areas.

The first part of the book concentrates on the research works of design,
synthesis, properties, and applications of nano scale biomaterials. Chapter 1 is on
the topics of stem cells and related nanotechnology. In Chapter 2, an overview is
documented on the recent progress of polymer nanofibers, mostly electrospun in
biomedical applications, along with a brief description of history, principle, and
operating parameters of electrospinning process. Chapter 3 introduces new concepts
in assembly of biomaterials. In view of the emerging importance of bio-inspired
materials in medical applications, this chapter is focused on describing the
fundamentals of intermolecular interactions and their applications in biomaterials
science. The particular focus will be on processes and structures that mimic the
natural ECM. Chapter 4 is on the fabrication and assembly of nanomaterials for
biological detections. In Chapter 5, the authors first introduce the peptide design
strategies for the construction of nanostructured materials. It then gives a brief
tutorial of amino acid structure and function. It further describes higher-order
assemblies of peptides and peptidomimetics. Chapter 6 introduces an important
category of nanomaterials: quantum dots. Chapter 7 focuses on the phosphate
ceramics for applications in bio-related fields. In this chapter, the authors briefly
review the progress made in the last decade on the microwave-assisted synthesis
and processing of biomaterials both in nanometer- and micrometer-size range.
Chapter 8 introduces the characterization of biointerfaces and biosurfaces in
biomaterials design. In Chapter 9, the authors bring the focus of the discussion to
one of the important nanomaterials: carbon nanotubes and their applications in
biosensing. Chpater 10 discusses the issues on heparin-conjugated nanointerfaces
for biomedical applications.

The second part of the book is on the new nanotechnologies in biomedicine. In
Chapter 11, the authors introduce some of the novel technologies in drug delivery.
Chapter 12 reports unique experimental results on nano metal particles for
biomedical applications. Chapter 13 is on the micro- and nanoscale technologies
in high-throughput biomedical experimentation. Chapter 14 introduces delivery
system of bioactive molecules for regenerative medicine. Chapter 15 gives an
overview on modification of nano-sized materials for drug delivery. Chapter 16
is another chapter on drug delivery, however via a different approach. Chapter 17
is about most recent developments in DNA nanotechnology. A major objective in
this chapter deals with the creation of ordered nanostructures for executing
complex operations. Chapter 18 provides an overview on the nanoscale bioactive
surfaces and endosseous implantology. Chapter 19 gives an overview of potential
applications of carbon nanotube smart materials in biology and medicine.

The last part of the book concentrates on some of the most recent experimental
results on the nanomaterials synthesis and structure developments. These include



the synthesis, properties, and application of intrinsically electroconducting nano-
particles of polypyrrole and pyrrole/sulfonic diphenylamine (20/80) Copolymers.
Some studies focuse on the fracture processes in advanced nanocrystalline and
nanocomposite materials. Unique nano properties such as field emission of
carbon nanotubes are also introduced. Finally, the book concludes by introducing
some theoretical aspects of the nanomaterials. In this chapter, the authors develop
microscopic modeling of phonon modes in semiconductor nanocrystals.

Chapter 20 is on the physical origins of phonon behaviors in nanocrystals.
Chaepter 21 gives an overview on computer simulations and theoretical modeling
of fracture processes in nanocrystalline metals and ceramic nanocomposites.
Chapter 22 describes a detailed experimental study on the fabrication, structures,
unique properties, and wide application potential of novel conducting polypyrrole
(PPY) nanoparticles and nanocomposites. Chapter 23 introduces some of the most
recent developments in the fascinating carbon nanotubes. Chapter 24 reviews the
progress in the flexible dye-sensitized nanostructured thin film solar cells (DSSCs).
Chapter 25 presents recent results on the synthesis of magnetic nanoparticles
(MNP) and various types of magnetic nanofluids (MNF) or ferrofluids, their
structural properties and behaviors in an external magnetic field.

We hope that these chapters will provide timely and useful information for the
progress of nanomaterials and their applications in biomedicine.
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Abstract Stem cells and nanomaterials are currently two of the most
promising technologies for tissue regeneration and the treatment of
degenerative disease. Because of their ability to self-renew and differentiate
into any cell type, stem cells offer the potential to regrow all types of damaged
or degenerated tissues that are unrepairable by currently available treatment
methods. Nanomaterials may prove to be ideal growth substrates for tissue
regeneration as well as an ideal delivery vehicle for the diagnostic markers,
growth factors, and drugs that are required to promote tissue regeneration and
treat degenerative disease. Despite their great potential, stem cell behaviors
such as proliferation and differentiation must be tightly regulated in order for
this technology to be practical in a clinical setting. Experimental evidence
has shown that the interactions of nanomaterials with stem cells can have a
significant effect on many types of stem cell behaviors. In addition,
nanomaterials can be used to provide targeted delivery of various agents in a
controlled manner that allows for regulation of the chemical environment.
Regulation of the chemical environment is critical for controlled guidance of
stem cell behavior and for the treatment of degenerative disease. A precise
understanding of the interactions between stem cells and nanomaterials is an
important step toward unlocking the great potential of these two technologies.

Keywords nano, stem cell

1.1 Introduction

Stem cells and nanotechnology, two exciting and rapidly growing fields, have
received extensive attention during the last decades. Stem cells and precursors
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bring new hope to regenerate functional tissue with native histological structures
and properties, as opposed to simple replacement with artificial structures alone.
The two main advantages of stem cells are the ability to self-renew, which means
they can reproduce themselves, and the ability to potentially differentiate into all
the possible cell types (Pedersen, 1999; Solter and Gearhart, 1999). Stem cells
may be harvested from two different sources. Embryonic stem (ES) cells may be
harvested from embryos and can be derived from germ cells as well. If problems
such as immune rejection and the high possibility of tumorgenicity can be solved,
ES cells may serve as a good source of cells for tissue regeneration. Their
potential for the study of human developmental biology is always promising
(Good, 1998). Stem cells can also be harvested from adult tissue, such as from
muscle, cartilage, bone, nervous system, liver, pancreas, tooth, adipose tissue, etc.
(Good, 1998). Like stem cells, precursor cells can differentiate into more than
one cell type, but these cells have undergone some degree of differentiation
(Weissman, 2000). For example, glial-restricted precursors (GRP) can differentiate
into type 1 and type II astrocytes and oligodendrocytes, but not neurons (Foster
and Stringer, 1999). Precursor cells can be harvested from adult tissue as well
(Rizzoli and Carlo-Stella, 1997). Knowledge of stem cells can also bring
profound insight to cancer research due to the fact that many cancer cells possess
the characteristics of stem/progenitor cells and many cancer cells originated from
stem cells. It is known that two key chemical signals, Hedgehog and Wnt, are
active in the stem cells that repair damaged tissue. These signals also have been
found in certain hard to treat cancers, supporting an old idea that some cancers
may start from normal stem cells that have somehow gone bad. Therefore, a
section about cancer treatment using nanostructured biomaterials is included in
this chapter as well.

Nanostructured materials refer to certain materials with delicate structures of
‘small’ sizes, falling in the 1— 100 nm range, and specific properties and
functions related to the ‘size effect’ (Niemeyer, 2001; Safarik and Safarikova,
2002; Whitesides, 2003). Dramatic development of nanotechnology in material
science and engineering has taken place in the last decade (Gao et al., 2004;
Niemeyer, 2001; Whitesides, 2003). This does not come as a surprise considering
that nanostructured materials have the capability to be adapted and integrated
into biomedical devices, since most biological systems, including viruses and
membrane and protein complex, are natural nanostructures (Laval et al., 1999).
Currently, medicine and biomedical engineering are among the most promising
and challenging fields involved in the application of nanostructured materials
(Desai, 2000; Ziener et al., 2005). Rapid advancements of nanostructured materials
have been made in a wide variety of biomedical applications, including novel
tissue engineered scaffolds and devices, site-specific drug delivery systems, non-
viral gene carriers, biosensor and screening systems, and clinical bio-analytical
diagnostics and therapeutics (Mazzola, 2003; Ziener et al., 2005). For example,
nanocomposites have been used to stabilize and regenerate bone matrices (Bradt
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et al., 1999; Du et al., 1998; Kikuchi et al., 2004; Kikuchi et al., 2004); biosensing
with nanotubes and nanowires has demonstrated unprecedented sensitivity for
biomolecule detection (Alivisatos, 2004; Drummond et al., 2003; Penn et al.,
2003); and nanoscale assemblies and particles have been used to deliver high
concentrations of therapeutic drugs and/or biomolecules, possessing high bioaffinity
to specific host sites for precise drug administration (Moghimi and Szebeni, 2003;
Muller et al., 2001; Takeuchi et al., 2001).

The combinational use of stem cells and nanostructured materials may help us
to understand many scientific questions and also may bring many practical
applications that promote the use of either or both components in biomedical
research and clinical applications. In this chapter, the interactions between stem
cells and nanostructured materials are discussed. In order to better present the
contents, nanostructured materials are classified into two categories, one is
nanotopographic substrate, which includes nanofibers and surface nano-textures,
and the other is nanoparticles.

1.2 Interaction of Stem Cells with Nanotopographic
Substrates

Cells in their natural in vivo surroundings are exposed to a complex chemical
and structural environment. The natural extracellular matrix (ECM) is made up of
structural components that are of nanoscale dimensions. Major fibrous extracellular
molecules are in the nano-scale range, fibers such as collagen fibers, elastin fibers,
keratin fibers, etc. are nanofibers. Mimicking the natural environment when
culturing cells in vitro is highly important because cell behavior is determined by
both genetic make up and the surrounding environmental cues. Cellular behaviors
such as proliferation, differentiation, morphology, and migration are commonly
controlled in culture by modulation of the chemical environment, cells also
respond to different morphological cues that can be determined by the growth
substrate in vitro and in vivo. Four components may be involved in the growth,
differentiation, and morphology of cells on biomaterial surfaces: (1) adsorption
of serum components, (2) extracellular matrix components secreted by the cell,
(3) cell adhesion molecules, and (4) cytoskeleton mechanics (Matsuzaka et al.,
1999). It has been shown that the structural substrate property of surface
roughness can cause selective protein absorption, and that higher surface
roughness increases total protein absorption (Deligianni et al., 2001). Increased
protein adsorption could be attributed to an increase in surface area for rough
surfaces and thus could be important in relation to nanotopographical materials
because these exhibit extremely high surface areas. In relation to nanostructure
and stem cell interactions, the cytoskeleton mechanics component is of
importance because cells cultured on substrates with nanoscale features can take
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on different shapes in response to the specific features that are encountered. It is
very apparent that nanotopography effects cellular behavior through the regulation
of morphology, but it is likely that there are unknown effects associated with
nanotopographies as well. Cells can react to objects as small as 5 nm (Curtis,
2001) and it is possible that nanostructures, especially those of similar dimensions
to the natural ECM, can influence cell behavior through mechanisms other than
determination of cell morphology, cytoskeletal mechanics, and protein absorption.
It has been shown that stem cell behavior can be highly dependent on the
substrate that they are cultured on and the understanding of stem cell interactions
with nanosurfaces could provide valuable information about stem cells that could
be utilized for desirable in vivo applications.

1.2.1 Cell Shape and the Cytoskeleton

While much is known about how various growth factors can regulate differentiation,
the significance of cell density on cell differentiation is not well understood. It
has been hypothesized that the differences in cell density cause differences in cell
shape that in turn may act as differentiation cues (McBeath et al., 2004). The
effect of cell shape on the differentiation of stem cells has been investigated.
Spegelman and Ginty (1983) found that differentiation of an adipogenic cell line
could be inhibited when it was allowed to attach and spread on fibronectin coated
surfaces. The inhibitory effect on cell differentiation was reversed by keeping the
cells rounded and by disrupting the actin cytoskeleton. On the contrary, cell
spreading has been shown to cause an increase in osteoblast differentiation by
osteoblastic progenitor cells as measured by increased osteocalcin expression
(Thomas et al., 2002). It has been shown that regulation of cell shape can
influence the differentiation of multipotent human mesenchymal stem cells
(hMSCs) into adiogenic or osteoblastic fate (McBeath et al., 2004). hMSCs
allowed to flatten and spread expressed osteoblastic markers, such as alkaline
phosphatase, while constrained cells that remained unspread and rounded
expressed adiogenic lipid production. In addition, more alkaline phosphatase
activity was found at low hMSC plating density and more lipid staining was
observed at high cell plating density. One proposed mechanism for the
transduction of cell shape information into gene expression is by the transmission
of mechanic forces directly from the myosin actin cytoskeleton to the nucleus
(Maniotis et al., 1997). While cytoskeletal organization is related to cell shape,
the cytoskeleton can influence gene expression independently of cell shape. In
the study above, the inhibition of myosin-generated cytoskeletal tension in
hMSCs caused decreased alkaline phosphatase activity and increased lipid
production without changing cell shape (McBeath et al., 2004).

Stem cells have been cultured on a variety of nanotopographies including
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nanofibers, nanoparticle films, and etched nanosurfaces. Stem cells are highly
responsive to nanotopagraphies for morphology, attachment, proliferation, and
differentiation. Stem cells cultured on nanofibrous scaffolds can introduce two
mechanical cues to cultured cells when compared to traditional culture methods.
Nanofiber scaffolds present cells with a nanoscaled fibular microstructure and in
many cases a three-dimensional 3-D growth environment. It is important to take
both of these variables into consideration when analyzing the results from these
studies. Because of differences in dimensionality, nanosurface interactions and
nanofiber interactions will be described in separate sections.

1.2.2 Morphology, Attachment and Proliferation

1.2.2.1 Nanosurfaces

Several investigations have observed the effects that surface nanotopography can
have on the attachment, spreading, and orientation of cultured stem cells.
Nanoparticle films made by layer-by-layer assembly can be used to create
nanotopographies of increasing surface roughness. Mouse mesenchymal stem
cells (mMSCs) seeded on TiO, films of increasing particle desposition and
surface roughness attached and spread better on the rough surfaces (Kommireddy
et al., 20006).

Photolithographic techniques have been used to create nanotopographies of
pits, bumps and grooves on polymer surfaces. Rat bone marrow mesenchymal
stem cells (rBMCs) cultured on grooved surfaces with an applied groove depth of
0.5, 1.0 or 1.5 um and a groove width of 1, 2, 5 or 10 um induced alignment of
the cells, matrix, actin filaments, and focal adhesion points to the surface grooves
(Matsuzaka et al., 2000, et al., 1999). h(MSCs were also cultured on wide grooves
of 50 um width and 327 nm depth and narrow grooves of 5 um width and
510 nm depth (Dalby et al., 2006). In this case, cells cultured on narrow grooves
developed stress fibers that were highly aligned in the direction of the grooves,
while cells cultured on wider grooves only approximately aligned to the axis of
the grooves. This would be expected, as grooves of 50 um width are larger than
the diameter of a cell. Bone marrow stem cell derived osteoblast-like cells cultured
on 150 nm wide 60 nm deep grooves also directed cell orientation and actin fiber
alignment with features of a much smaller scale(Zhu et al., 2005). hMSCs have
also been cultured on pits of 30 um and 40 pm widths and 310 nm and 362 nm
depths respectfully and on bumps 10 —45 nm in height(Dalby et al., 2006a,
2006b). For all sizes of pits and bumps significant increases in cell area and
defined cytoskeletal fibers were observed.

Conlflicting results on nanosurface effect on proliferation have been observed.
Proliferation was enhanced for TiO, nanoparticle surface and 150 nm wide 60 nm
deep grooved surfaces versus smooth surfaces (Kommireddy et al., 2006; Zhu et
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al., 2005). In contrast, in another study using 1 — 10 pm wide, 0.5 - 1.5 um deep
grooves, the differences in cell proliferation were not significant (Matsuzaka et
al., 2000).

1.2.2.2 Nanofibers

Nanofiber meshes seeded with different types of stem cells have demonstrated
the ability to promote cell adhesion, directional guidance and morphological
changes. Osteoprogenitor cells cultured on electrospun polymer fiber meshes with
diameters ranging from 140 nm to 2100 nm responded to fibrous nanotopography
and osteogenic growth factors (Badami et al., 2006). Cells on fibers had a smaller
projected area than cells on smooth surfaces, but cells on 2100 nm fibers had a
higher aspect ratio. Proliferation was also effected by the fibrous nanotopography.
Cells cultured on fibers exhibited a lower cell density than those on smooth
surfaces in the absence of osteogenic factors, but when osteogenic factors were
added the cell density of fiber surfaces was equal to or greater than that on
smooth surfaces. In both cases cell density increased with fiber diameter. In
contrast, osteoblast cells grown on carbon nanotubes of various diameters
proliferated at much higher rates on smaller fibers with three times as many cells
on 60 nm fibers than 125 nm fibers after 7 days in culture (Elias et al., 2002).
Mouse (ES) cells cultured in a nanofibrullar network also greatly enhanced
proliferation in comparison with the growth of tissue on culture surfaces without
nanofibers (Nur et al., 2006). Another investigation observed hematopoietic stem
cell proliferation to increase at a similar rate for both polymer films and nanofiber
polymer meshes (Chua et al., 2006). Cell adhesion properties of nanofibers were
also tested on hematopoietic stem cells grown on polymer nanofiber meshes and
polymer films. After ten days of expansion culture, cells were gently washed
three times and approximately 40% of total cells on nanofiber meshes were
adherent as opposed to 25% of total cells on film substrates.

Similar to linear oriented etched surfaces, aligned nanofibers are able to promote
directional guidance in stem cell culture. Neuronal stem cells seeded on random
and aligned 300 nm and 1.5 pum nanofibers attached well and changed their shape
from rounded to elongated and spindle-like for all fiber scaffolds. In addition,
cells turned through large angles in order to grow parallel to the fiber alignment
independent of fiber diameter (Yang et al., 2005).

1.2.3 Differentiation

1.2.3.1 Nanosurfaces

Nanotopography has been shown to have an effect on differentiation as measured
by increased osteogenic gene expression in bone marrow cells. Rat bone marrow
cells cultured on grooved polymer surfaces 500 — 1500 nm deep had greater
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alkaline phosphatase activity than cells cultured on smooth surfaces (Matsuzaka
et al., 1999). The osteoblastic markers osteocalcin and osteopontin were expressed
by human bone marrow stem cells (hBMCs) that were cultured on bumps
10 — 45 nm in height, while the same cells cultured on smooth surfaces displayed
negligible positive staining (Dalby et al., 2006a). Increases in osteocalcin and
osteopontin versus negligible staining in controls were also observed for h(BMCs
cultured on nanoscale pits 40 um in width and 310 nm in depth (Dalby et al.,
2006Db).

1.2.3.2 Nanofibers

Different types of stem cells have been observed to differentiate in a variety of
nanofiber scaffolds. hMSCs were induced to differentiate into adipogenic,
chondrogenic, and osteogenic lineages in electrospun nanofibrous polymer scaffolds
when cultured in specific differentiation media (Li et al., 2005). Neuronal stem
cells were able to differentiate into neurons with sprouting neurites in a
nanofibrous polymer scaffold made by liquid-liquid phase separation (Yang et al.,
2004). Mouse embryonic fibroblasts cultured in 3-D peptide scaffolds were
observed to undergo strong osteogenic differentiation after osteogenic induction
while cells cultured in 2-D conditions did not differentiate (Garreta et al., 2006).
Furthermore, mouse embryonic fibroblasts cultured in 3-D systems without
osteogenic induction still maintained an adult stem cell-like phenotype and
expressed the early stage markers of osteoblast differentiation.

Beyond having the capability to support stem cell differentiation, nanofibrous
topography has been shown to selectively influence differentiation based on fiber
diameter. Differentiation of neural stem cells cultured on aligned and random
nanofiber meshes with fiber diameters of 300 nm and 1500 nm were observed to
be highly dependent on fiber diameter (Yang et al., 2005). When the neural
differentiation was evaluated on the basis of shape change it was found that the
quantitative differentiation rates were ~80% and ~40% for 300 nm and 1500 nm,
respectively. Fiber size dependent differentiation results were consistent for both
randomly oriented and aligned nanofibers.

The ability of nanofibrous scaffolds in preventing differentiation has also been
explored. Hematopoietic stem cells cultured in polymer nanofiber meshes for 10
days showed a slightly higher percentage of CD34" CD45" cells when compared
to polymer film (Chua et al., 2006). Nanofiber meshes also mediated a lower
monoblastic phenotype and greater number on primitive progenitor cells
compared to films. Mouse ES cells also proliferated in 3-D polymer nanofiber
meshes while maintaining their pluri-potency (Nur et al., 2006). While
proliferation with self-renewal was allowed to continue in nanofiber topography,
cells were observed to maintain their ability to differentiate when exposed to
differentiation factors. In a separate study, a small fraction of mouse ES cells
isolated during embryoid body development or after osteogenic induction
appeared to develop into small ES cell-like colonies (Garreta et al., 2006). It was
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also found that the frequency of these colonies was remarkably higher in 3-D
peptide nanofiber cultures than in 2-D culture, suggesting that 3-D
microenvironment promoted the generation of a stem cell-like niche that allows
undifferentiated stem cell maintenance.

1.2.4 Self-Assembling Peptide Nanofibers

The self-assembling peptide method used to create nanofibrous scaffolds for in
vitro culture can be utilized for in vivo tissue engineering as well. When these
peptides are injected into the body, the interaction with the physiological
environment induces peptide nanofiber assembly. Peptide solution injected into
the myocardium was able to assemble a 3-D nanofiber mesh and did not induce a
major inflammatory response (Davis et al., 2005). This 3-D microenvironment
recruited endothelial progenitor cells, smooth muscle cells, and myocyte progentitor
cells and promoted vascularization. Implantation of matrigel as control resulted
in few numbers of endothelial cells and no myocyte progenitors. In addition, the
injection of neonatal myocytes with the peptide solution into the microenvironment
increased the density of endogenous cardiac progenitors recruited and injected
ES cells were able to differentiate into cardiac myocytes in the nanofiber
microenvironment. Self-assembling nanofiber peptide networks have also been
used as drug delivery vehicles. Improved differentiation of neural progenitor
cells was observed when they were cultured in peptide nanofibers incorporated
with isolucine-lysine-valine-alanine-valine (IKVAV) epitope found in laminin
(Silva et al., 2004). Nanofiber scaffolds incorporating the IKVAV epitope
promoted rapid and selective differentiation of NSCs into neurons, with about
35% of cells differentiating after only 1 day. Neural stem cells cultured on 2-D
laminin coated surfaces differentiated at a much lower percentage that did not
exceed 15% even after 7 days. It was shown that the increase in differentiation
was not due to 3-dimensionality when NSCs cultured in non-bioactive nanofiber
meshes with soluble IKVAV did not promote differentiation, and was further
shown when a 2-D substrate coated with IKVAV incorporated fibers promoted
differentiation at the same level as 3-D IKVAV nanofiber meshes. The hypothesis
for the success of this approach was that IKVAV nanofiber meshes could amplify
the density of epitope presentation to the cells by a factor of 10° when compared
to a laminin monolayer.

1.2.5 Summary

The results of nanofiber cell culture in relation to oriented cell guidance and
improved attachment agree well with results from nanosurface culture; however,
cell area was increased versus control for nanosurfaces and decreased on
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nanofibers. This could result from differences in the structure or dimensions, but
it could also be a result of the three dimensionality of the nanofiber structure.
Results for cell proliferation vary between similar studies for nanofiber scaffolds
and for nanosurfaces. This discrepancy could be due to the differences in cell
types and structures used in the individual studies, but it is certainly an indication
that there may not be a direct relationship between topography and proliferation
or that this relationship can be outweighed by other factors.

Nanofibrous topography has been shown to have a very strong effect on the
differentiation of stem cells. Stem cells have been able to readily differentiate in
nanofiber meshes and in some case the nanofiber mesh itself has been a
requirement for differentiation. The influence of nanofibrous structures on stem
cells differentiation lies in both its structural properties, such as fiber diameter,
and its three dimensionality. It is important to note that there is evidence that
dimensionality plays a role in maintaining stemness in proliferating ES cells and
that nanofibrous structures could be the bioengineering tool used to exploit this
role. It has been demonstrated that cells cultured on nanofiberous 3-D meshes
experienced a loss of actin containing stress fibers and the absence of classic
focal adhesions (Schindler et al., 2005). Stem cells cultured on nanosurfaces
experience increased adhesion and formation of stress fibers that usually coincide
with increased differentiation; therefore, it could be hypothesized that the loss of
actin and focal adhesions could in fact be the reason for the ability of 3-D
nanofiber networks to maintain stemness. The ability of nanostructures to affect
stem cell behaviors such as attachment, proliferation, and differentiation shows
the value of understanding and utilizing these special structures in advancing the
applications of stem cells.

1.3 Stem Cell Interactions with Nanoparticles

Nanoparticles can be used for a variety of applications with stem cells and cancer
cells. Magnetic or fluorescent nanoparticles are attached to the surface of stem
cells in order to separate them from larger groups of cells by flow cytometry.
Nanoparticles can also be internalized in stem cells and cancer cells after which
the internalized nanoparticles can be exploited for a variety of functional
purposes, such as gene delivery or transfection. For example, nanoparticles are
used to deliver substances that need to be protected from the outside environment
such as DNA to stem cells or drugs to cancer cells. Nanoparticles can also be
used in vivo as markers to track transplanted stem cells or to locate tumor cells
with selectively properties in vivo. In relation to stem cell applications,
nanoparticles can be used as contrast agents or vehicles. Contrast agents such as
magnetic nanoparticles are the target substance for delivery to the cell and are
usually encapsulated by another substance before applied to the cell. These
nanoparticles can be used as vehicles for delivery of target substance to the cell.
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1.3.1 Nanoparticles as Contrast Agents

1.3.1.1 Super Paramagnetic Nanoparticles

Paramagnetic materials are materials that do not normally have magnetic
properties, but become magnetic when exposed to an external magnetic field.
Superparmagnetic nanoparticles are small particles that can act as imaging probes
in magnetic resonance (MR) images. The most commonly used superparmagnetic
nanoparticle is iron oxide (FeO,), which is biocompatible and inert. Gadolinium
(Gd) is another paramagnetic nanoparticle that can be visualized by MR imaging.
Gd is strongly toxic as a free ion so it is nessecary that it be combined with
ligands to form very stable chelates when used for biological purposes. Iron
oxide nanoparticles usually consist of a FeO, core and an outer polymer shell and
acts primaraly as a negative T, constrast agent producing dark spots in MR
images. Gd acts to enhance T; MR images.

1.3.1.2 Quantum Dots

Quantum dots are inorganic semi-conductor nanoparticles that have been explored
as fluorescent labeling agents for cells for biological imaging. Quantum dots are
typically less than 10 nm in size. Quantum dots are advantageous over conventional
organic probes because they can be excited by a wider range of wavelengths and
they exhibit narrower emission bandwidths (Dubertret et al., 2002). Quantum
dots (QDs) are coated with ligand shells for incorporation into cells. (Dubertret et
al., 2002) CdSe/ZnS-core/shell quantum dots are of special interest because of
their uniquely strong luminance and high photostability (Hoshino et al., 2004).

1.3.1.3 Nanoshells

Nanoshells are composed of a dielectric core and surrounded by a thin metal shell.
Nanoshells cores and shells are typically silica and gold respectfully. Nanoshells
can be designed with specific optical emission absorption properties. Nanoshells
tunable optical resonance has also been exploited to generate heat (Cuenca et al.,
2006).

1.3.2 Nanoparticles as Vehicles

1.3.2.1 Silica Nanoparticles

Organically modified silica nanoparticles surface functionalized with amino groups
have been shown to bind and protect plasmid DNA from enzymatic digestion
during the tranfection process. Silica nanoparticles are used as an immobilization
matrix rather than in tracking. Silica nanopartilces have been used to deliver
DNA to stem cells in vivo (Bharali et al., 2005). Mesoporous silica nanoparticles
could be internalized by cells without modification (Huang et al., 2005).
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1.3.2.2 Polymer Nanoparticles

Polymer nanoparticles can encapsulate substances to provide protection from the
outside environment and add specificity for targeted cell delivery. Through
controlled biodegradation, polymers can assure a controlled rate for sustained
drug release. An important use of polymer nanoparticles is as a carrier for gene
therapy. Catatonic polymers bind and condense plasmid DNA to protect it during
intracellular transport. Polymer surfaces are also easy to modify which raises the
prospect of targeting specific cellular receptors to avoid side effects resulting
from expression of the genes in sites other than those intended (Corsi et al., 2003).
Some polymers used as gene carriers are poly-L-lysine (PLL), polyethyleimine
(PEI), chitosan, and poly (lactide-co-glycolide) (PLGA). Polymer nanoparticles
show evidence of varying levels of cytotoxicity and transfection efficiency and
can be modified to optimize these characteristics (Corsi et al., 2003).

1.3.3 Effect of Internalized Nanoparticles

1.3.3.1 Toxicity

The toxicity of commonly used nanoparticles is manner of debate. There is
significant evidence for the toxicity of commonly used non-nanoparticle cationic
liposome transfection agents (van den Bos et al., 2003). The limitation of cationic
liposome is one of the reasons that the use nanoparticles as carriers for genes, and
tracking agents is of such interest. Quantum dot tracking agents exhibit
concentration dependent toxicity, but have not appeared to cause cytotoxicity at
lower, but still functional levels and encapsulation can alleviate this effect
(Dubertret et al., 2002; Hoshino et al., 2004). Polymer nanoparticles have also
contributed to increased cytotoxicity at varying levels depending on conditions
such as the type of polymer or the molecular weight (Corsi et al., 2003). FeO,
particles can be toxic to cells at high concentration as well, but can be internalized
at applicable concentration without apparent toxicity. The toxicity of nanoparticles
is a however a subject of debate and there are conflicting reports on the toxicity
of nanoparticles, but the overwhelming majority of published experiments
reported negligible or minimal effects on cell viability for the specific type and
concentration of nanoparticles that were transfected (Aime et al., 2004; Bulte et
al., 2001; Corsi et al., 2003; Huang et al., 2005; Jendelova et al., 2004; Lewin et
al., 2000; Miyoshi et al., 2005; Vuu et al., 2005; Zhao et al., 2002). Unfortunately,
most viability tests conducted on nanoparticles are done over relatively short
periods of time and with little detail. It has been stated that there is a serious lack
of information concerning the impact of nanostructured materials on human
health and the environment (Braydich-Stolle et al., 2005). An important issue in
the assessment of the safety of nanoparticles may be the in vivo effects at the
level of the organism and the long-term effects. Because of its sensitivity to
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environmental changes, a mouse spermatogonial stem cell line was used as a
model to test the effect of different nanoparticles in vitro (Braydich-Stolle et al.,
2005). Silver, aluminum, and molybdenum nanoparticles added into the
spermatogonial cell line culture all demonstrated a concentration-dependent
toxicity whereas the corresponding soluble salts had no effect. The effect of
nanoparticle internalization was dependent of the material, as silver nanoparticles
were very toxic and molybdenum did not affect metabolic activity at low
concentrations.

1.3.3.2 Differentiation

The effect of internalized nanoparticles on differentiation is also a phenomena
that is not well understood. Stem cells have been reported to differentiate
normally with internalized iron oxide, quantum dots, and silica nanoparticles, but
there are relatively few cases in which were this effect has been investigated
(Bulte et al., 2001; Huang et al., 2005; Jing et al., 2004). In addition, many of the
conclusions made about the normal differentiation of cells with internalized
nanoparticles have been made based on morphological observations and gross
analysis on the growth properties of cells without detailed characterization of
molecular activities such as gene expression (Hsieh et al., 20006). Investigation of
the differentiation properties of bone marrow stem cells (BMSCs) cultured with
internalized CdSe/ZnS quantum dots showed that cells with quantum dots
exhibited impaired linage specific gene expression for chondrogenesis and
osteogenesis (Hsieh et al., 2006; Hsieh et al., 2006). The presence of quantum
dots did not affect the proliferation of BMSCs or the size of chondrospheres after
chondrogenesis induction, but mRNA, protein of type II collagen and aggrecan
was significantly inhibited. In a separate experiment, BMSCs induced to
differentiate to an osteogenic lineage displayed lower alkaline phosphatase activity
and significant inhibition of osteopontin and osteocalcin expression when
compared to control cells. These results raise concerns about the effect of using
quantum dots to label stem cells as well the possibility that internalization of other
types of nanoparticles could have similar effects on stem cell differentiation.

1.3.3.3 Cell Internalization of Nanoparticles and Cell Tracking

In order to utilize nanoparticles to track stem cells or deliver agents to them, the
nanoparticles must first be internalized in vitro or in vivo. Methods of labeling
cells by surface attachment that are commonly used in cell sorting are not
suitable for in vivo conditions because of the rapid reticuloendothelial recognition
and clearance of cells thus labeled (Lewin et al., 2000). The most common
modes of internalization are pinocytosis, which deals with the ingestion of fluid
by means of small vesicles and endocytosis, which is a process where substances
bound to the cell membrane and molecules present in the extracellular fluid are
entrapped in endosomic vesicles. The high incubation concentration for absorption
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of straight iron oxide nanoparticles is toxic to cells so the particles must be
modified in order to efficiently label stem cells. The use of DNA transfection
agents such as cationic lipofectamins allow the internalization of enough iron
oxide particles for visualization of in vivo tracking, but the use of these agents
may cause toxic effects (Dokka et al., 2000; Lewin et al., 2000). A viral vector
was able to transfer iron oxide nanoparticles into neural progenitor cells at 12 times
the level of lipofectamine; however, viral vectors are accompanied by limitations
such as their rapid clearance from the circulation and associated risks of toxicity
and immunogenicity (Corsi et al., 2003; Miyoshi et al., 2005). An efficient method
of internalization of FeO, particles by stem cells was developed that involved
coating iron oxide particles with a dextran core and attaching tat peptides to the
nano-FeO, surface (Lewin et al., 2000). The efficiency of cellular uptake of iron
oxide nanoparticle conjugated with tat peptide has been measured for 1— 15 tat
peptide chains attached to the nanoparticle surface (Lewin et al., 2000). An
exponential peptide number versus cellular uptake relationship was discovered and
it was found that uptake efficiency was 100 times greater when tat peptide
number per particle was above 10 as compared to 1.2 peptides per particle. Another
method of cell internalization investigated is the encapsulation of nanoparticles
by polymer dendrimers that can be internalized by stem cells through a nonspecific
membrane absorption process facilitated by their high affinity for cellular membranes
(Bulte et al., 2001).

1. Ex Vivo Stem Cell Tracking

While ex vivo tracking techniques have no clinical practicality, they are certainly
useful for gaining an understanding of the behavior of transplanted stem cell in
vivo in animal models. Labeled stem cells can be located by a number of
different methods ex vivo. When fluorescently labeled cells are released in vivo
they can be located ex vivo on histological sections using fluorescent microscopy.
Histological sections can also be stained to label nanoparticles. Paramagnetic
iron oxide particles can be visualized by Prussian blue staining. By tagging
internalized nanoparticles with radioactive ligands it is possible to do gross analysis
of stem cell distribution throughout the body on an organ-by-organ basis.

2. In Vivo Stem Cell Tracking

Fluorescent quantum dots can be visualized in vivo by whole body laser-based
macroillumination systems (Bonde et al., 2004). Quantum dot accumulations in a
prostate tumor site in a live mice were visualized as fluorescence signals and
confirmed by subsequent histological analysis (Gao et al., 2004). This type of
imaging is however limited by the penetration depth of visible light and it was
noted that quantum dots in deep organs such as the liver and spleen were not
detectable. One of the most exciting applications of combining nanotechnology
and stem cell research is the possibility of in vivo magnetic resonance tracking of
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stem cells transplanted in the body for therapeutic purposes. It is theorized that
the introduction of stem cells into damaged tissues could help to repair the
damaged or diseased tissues through trophic support, proliferation, differentiation,
and remodeling. Stem cell therapy is of particular interest in tissues that do not
naturally regenerate, such as the central nervous system, heart, etc. Magnetic
resonance imaging (MRI) can visualize superparamagnetic nanoparticles in vivo
and therefore when magnetic nanoparticles are internalized by stem cells then
they in turn can be visualized. Commonly, used superparamagnetic iron oxide
(SPIO) nanoparticles act primarily as negative contrast agents producing dark
spots in magnetic vesonance (MR) images and they are therefore particularly
effective when dealing with anatomical regions of intense MR signaling intensity
such as the brain (Aime et al., 2004). In the presence of an external magnetic
field, internalized magnetic nanoparticles induce a local inhomogeneous
magnetic field within and around the cells (Ziener et al., 2005). The induced
local magnetic field caused by magnetic nanoparticles leads to the shorting of
relaxation times by an order of magnitude greater than standard paramagnetic
contrast agents (Jendelova et al., 2004). Analytical predictions can be made for
the transverse relaxation rate as a function of the number and distribution of
nanoparticles, the magnetic difference, and the diffusion coefficient of the tissue
(Ziener et al., 2005). Reversing analysis can provide information about imaged
tissue containing nanoparticles using the MR measured relaxation time (Ziener et
al., 2005). The intensity of the MR signal disturbance is greater for greater
numbers of nanoparticles and therefore a greater uptake of particles per cell
allows for lower detection thresholds in vivo (Zhao et al., 2002). It has been
reported that the MR visualization threshold for internalized Gd (III) chelates is
of the order of 10" — 10%cell (Aime et al., 2004). Single cells with internalized
nanoparticles have been readily detected by MR imaging even when the spatial
resolution per voxel is larger than that of individual cells (Lewin et al., 2000).
This is possible because magnetic nanoparticles exert a magnetic susceptibility
extending far beyond the cell margin.

Tracking of stem cells with internalized superparmagnetic nanoparticles by
MR imaging has investigated extensively. Hemopoetic Stem cells containing
SPIO particles were visualized in vitro in agar gels and ex vivo on tissue samples
of bone marrow at the single cell level. It was also possible to separate single
labeled stem cells from bone marrow tissue samples ex vivo using flow cytometry
(Lewin et al., 2000). In vivo detection of stem cells labeled with paramagnetic
nanoparticles has been confirmed by ex vivo staining. Prussian blue staining
confirmed MR detection of nanoparticle labeled bone marrow and ES cells in the
lesioned brain and spinal cord and in the intact and lesioned myocardium with
good agreement (Jendelova et al., 2004; Kustermann et al., 2005). In another study
an excellent correlation was noted between MR contrast images and sections stained
for B-galactosidase for magnetically labeled oligodendroglial progenitors (Bulte
etal., 2001).
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3. Removal and Digestion of Nanoparticle in In Vivo Tracking

In MR stem cell tracking it is very important to consider the removal and digestion
of nanoparticles from cells due to normal cell processes and cell division. It has
been hypothesized that reduction of contrast agent over time can be attributed to
dilution and or removal during cell division, exocytosis through the ATP binding
cassette transportor, and lysosomal digestion (Miyoshi et al., 2005). When stem
cells with internalized nanoparticles SPIO have been tracked by MR imaging the
signal intensity gradually decreases until it is no longer detectable at around 6 or
7 weeks (Bulte et al., 2001; Jendelova et al., 2004; Jing et al., 2004). Theoretically,
analysis of initial signal strength and signal strength decline as labeled cells
divide could indicate whether the cells were merely residing in the tissue or
actively dividing and integrating with host tissue (Bonde et al., 2004). After
neural progenitor cells labeled with SPIO particles internalized by retrovirus or
lipofectimine were cultured in high and low serum media the amounts of remaining
nanoparticles versus initial concentration led to two hypothesis (Miyoshi et al.,
2005). Because nanoparticles were cleared from retrovirus assisted internalized
cells at a faster rate than lipofectamine mediated internalized cells, it was
hypothesized that clearance rate could be internalization method dependent.
Because nanoparticles were cleared at a faster rate in high serum media as
compared to low serum media, it was hypothesized that labeling loss was related
to cell division. It is also possible that a greater initial concentration of nanoparticles
in retrovirus transfected cells caused an increased clearance rate in these cells
because clearance rate is concentration dependent.

4. Possible Problems facing In Vivo MR Tracking

Despite the promise of MR imaging to track stem cell there are many potential
problems that can be encountered when making conclusions about transplanted
stem cell population based on data collected from MR images. One major
obstacle is the complexity involved in nanoparticle clearance described in the
previous section. Another is the assumptions made in analytical predictions of
relaxation data such as the assumption that all cells contain the same number of
internalized nanoparticles and the assumption the all internalized particles
aggregate in an impermeable sphere (Ziener et al., 2005). In addition, uncleared
nanoparticles released because of cell death could result in overestimation of
calculated cell number (Freyman et al., 2006). Another potential problem was
observed when nanoparticles internalized by neural progenitor cells were found
to reside in growing axons and dendrites (Miyoshi et al., 2005). The spreading of
these nanoparticles could be mistaken for cell proliferation. Yet another potential
problem is interference with the MR signal of the nanoparticles. It was observed
that ischemic myocardium tissue was characterized by signal attenuation similar
to that of internalized paramagnetic particles, which could lead to false conclusions
about stem cell number in vivo.
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1.3.3.4 Gene Therepy

Advances in our ability to identify specific genes whose defect or absence is
responsible for a particular pathological condition allow for the potential to treat
these conditions by delivery of specific genes to the pathological cells. For gene
therapy to be effective the genetic payload must enter the targeted cells and be
transported to the nucleus where it either inhibits undesirable gene expression or
synthesizes therapeutic proteins. An optimum gene delivery system should have
good loading properties for DNA into the particles and for the particles into the
target cells. Viral vectors have shown high tranfection efficiency, but accompanied
significant drawbacks create the need for efficient non-viral vectors such as
nanoparticles (Corsi et al., 2003). Biodegradable nanoparticles are of particular
interest because of their ability to assure a controlled sustained gene release. It
has been shown the gene delivery to stem cells using nanoparticles is feasible
both in vitro and in vivo. DNA containing chitosan nanoparticles were synthesized
from the complexation of the cationic polymer with a DNA plasmid (Corsi et al.,
2003). These nanoparticles were successfully internalized into human stem cells.
Ultrafine silica nanoparticles, functionalized with amino groups were
successfully complexed with plasmid DNA and injected into the mouse brain
where the in vivo transfection of fibroblast growth factor receptor type 1 resulted
in significant inhibition of the in vivo incorporation of Bromodeoxyuridine (BrdU)
into the DNA of the cells (Bharali et al., 2005). These results demonstrated that
nanoparticle mediated gene therapy could be used to manipulate the biology of
stem/progenitor cells in vivo.

1.3.3.5 Cancer Therepy

Nanoparticle technologies also have great promise in the diagnosis and treatment
of cancer. Various types of nanoparticles have been utilized as a tool to locate
cancer cells and to destroy them by means of chemical, thermal, and irradiation
therapies (Cuenca et al., 2006). Nanoparticles can be used as vehicles to deliver
drugs to cancer cells or the particles themselves can be utilized to locate or
assault cancer cells. Nanoparticles can selectively target cancer cells passively,
by taking advantage of the unique vasculature of tumor tissue or actively, by
conjugation with tumor specific ligands or magnetic guidance. Tumor blood
vessels are distinct from regular vessels by the existence wide fenestrations in the
endothelial cell layer ranging from 200 nm to 1.2 um. These large pores allow
the preferential passage of nanoparticles into tumor containing extracellular spaces
(Maeda et al., 2003). In addition, nanoparticles entering the tumor containing
extracellular spaces tend to accumulate due to the lack of an effective lymphatic
drainage system (Gao et al., 2004). Exploitation of these tumor specific features
allowed unlabeled quantum dots to be successfully localized and visualized at a
tumor site in a murine prostate cancer model (Gao et al., 2004). Active targeting
of breast cancer with paramagnetic nanoparticles conjugated to the breast cancer
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expressing receptors, HER-2/neu and LHRH, have selectively internalized by
breast cancer cells in vivo as confirmed by MRI and transmission electon
microscopy (Artemov et al., 2003; Zhou et al., 2006). Cancerous neovasculature
has also been targeted in vivo using receptor conjugated paramagnetic nanoparticles
and imaged with MRI (Winter et al., 2003). A non-receptor method of actively
targeting tumor cells is to direct a systemically injected magnetic nanoparticle-drug
complex to a known region of cancer using external magnetic fields. Application
of this method has resulted in tumor remission at 50% of the normally
administered, systemic, chemotherapeutic dose (Alexiou et al., 2000). In addition
to drug delivery and imaging, tumors that selectively uptake nanoparticles can be
treated with external irradiation or thermal excitation. Systemically administered
gold nanoparticles accumulated in a subcutaneous tumor model and greatly
enhanced local radiation therapy compared to mice receiving radiation therapy
without nanoparticles (Hainfeld et al., 2004). Cells containing nanoshells can be
excited by moderately low exposures of near infared light to induce irreversible
thermal tissue damage (Hirsch et al., 2003). Nanoshells have a tunable optical
resonance that can be matched to external excitation to specifically induce
thermal damage on nanoshell containing cells. In both in vitro and in vivo
experiments cells containing nanoshells could be killed without damaging the
non-nanoshell containing surrounding tissue (Hirsch et al., 2003).

1.3.4 Summary

Nanoparticles have a vast potential to revolutionize the field of biotechnology.
The ability of nanoparticles to track stem cells could be a key factor in
understanding the interaction of stem cells in the body and facilitate the future
therapeutic use of stem cells in the repair of unregenerate damaged tissues such
as the CNS tissue and heart. Nanoparticles also have the potential to allow fast
and noninvasive diagnosis and treatment for cancer. Successful clinical progress
in this complex field will require understanding and technological advances in all
facets of nanoparticle technology. This will include the development of new and
better nanoparticles and transfection methods, advances in the manipulation of
internalized nanoparticles by in vivo non invasive imaging and excitation, and a
greater understanding of the mechanics of nanoparticles in the cell and in
response to external excitation.

1.4 Conclusions

Stem cells and nanostructures are two technologies that share both enormous
potential and lack of understanding. Nanoparticles, nanofibers, and nanosufaces
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can currently be fabricated, and a vast amount of research is being conducted to
continually find new ways to improve these nanostructures and expand their
applications. Stem cells have demonstrated the potential to replace damaged
tissues and provide new methods to treat currently untreatable diseases. As our
understanding and ability to manipulate stem cells grows, nanostructures could
be used as the tool to provide the required substrates for growth and the delivery
of the appropriate cues required for controlled manipulation of stem cell biology.
The integration of stem cells and nanotechnology may offer some of the most
promising methods for the treatment of societies most difficult medical maladies,
such as heart disease, nervous system degeneration, cancer, and organ failure.
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Abstract Nanofibers have been of great interest in the recent years, because
of its huge potential to diverse fields, especially in biomedical applications.
The most favorable feature is the dimension of nanofibers that resembles
that of the natural collagen fibrils in nano scale. They thus provide
extremely large surface area to volume ratio as compared to microfibers.
Electrospinning is the most preferred method in producing nanofibers from
polymers. In this chapter, an overview of polymer nanofibers is stated,
specifically focusing on the electrospun nanofibers used in biomedical
applications. Along with a brief description of history, principle, and operating
parameters of electrospinning process, examples of specific functionalities
are introduced through bulk and surface modifications of nanofibers. In
addition, a broad range of biomedical application includes tissue-engineered
scaffolds, wound dressings, medical device and implants, controlled drug
release, and other applications in biosensor, biocatalyst, and bioenzyme.
With the rapidly growing demand nanofibers should find its enormous
potential for the future development of nanoscience and biomedicine.

Keywords electrospinning, nanofiber, surface/bulk modification, medical
polymer, nanobioscience

2.1 Introduction

Polymer nanofibers have attracted much attention in the last decade, because of
their unique nano-sized features. Nanofiber is generally referred to as a fiber
which has a diameter less than 100 nm. However, one also calls it nanofiber with
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diameters less than 1000 nm (submicron) produced by ultra-thin fiber manufacturing
techniques (Grafe and Graham, 2003). The size of nanofiber is clearly contrasted
with a human hair in scanning electron microscopy (SEM) images (Fig. 2.1).
Methods for the production of polymeric nanofibers include drawing (Ondarcuchu
and Joachim, 1998), template synthesis (Feng et al., 2002; Martin, 1996), phase
separation (Ma and Zhang, 1999), self-assembly (Liu et al., 1999; Whitesides and
Grzybowski), and electrospinning (Reneker and Chun, 1996). Electrospinning is
the most popular and preferred technique, which is simple, cost-effective and
able to produce continuous nanofibers from polymers to ceramics. It is an
efficient fabrication process that can be utilized to assemble nanofibrous polymer
mats (Dietzel et al., 2001; Huang et al., 2004). A variety of polymers have been
successfully electrospun into nanofibers, mostly in polymer solution and some in
polymer melt. While the conventional fiber spinning techniques, such as wet
spinning, dry spinning, and melt spinning, produce polymer fibers with diameters
in micrometer scale, electrospinning can generate polymer fibers in nanometer
range. When the diameters of polymer fibers are reduced from micrometer to
submicron or nanometer scale, some fundamental changes in physical and
mechanical characteristics occur: extremely large surface area to volume ratio,
flexibility in surface functionality, and improvement of mechanical property (e.g.
stiffness and tensile strength), as compared to other traditional forms of materials.
These advanced properties make polymer nanofibers an optimal candidate for
many biomedical and industrial applications (Huang et al., 2003).

Figure 2.1 SEM images of the size of nanofiber and human hair

The use of polymer nanofibers for biomedical applications has some intrinsic
benefits (Zhang et al., 2005). The most notable one is that they share a
morphological proximity with natural extracellular matrix (ECM) components,
for instance, collagen, which is composed of nanometer-scale (50— 500 nm)
multi-fibrils. The use of synthetic nanofibrillar matrix is thus expected to mimic
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the natural 3-D environment of ECM, in which tissue cells would attach,
proliferate, and differentiate. It is believed that cells would organize a structural
unit for normal cellular activity around fibers with diameter smaller than that of
cells (Laurencin et al., 1999). Many studies have shown that apart from surface
chemistry, nano-scale surface features have a significant impact on regulating
cell behaviors in terms of cell adhesion, activation, proliferation, differentiation,
alignment, and orientation (Flemming et al., 1999; Desai, 2000; Curtis, 2001;
Craighead et al., 2001).

In this chapter, an overview is documented on the recent progress of polymer
nanofibers, mostly electrospun in biomedical applications, along with a brief
description of history, principle, and operating parameters of electrospinning
process. Introduction of specific functionalities to nanofibers is mentioned through
bulk and surface modifications. A broad range of biomedical applications of
nanofibers deals with tissue-engineered scaffolds, wound dressings, medical
device and implants, controlled drug release, and other applications for biosensor,
biocatalyst, and bioenzyme (Fig. 2.2).

Life science
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* Haemostatic devices
« Anti-adhesion membrane
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Sk'm tcl ca‘nsllng._tl ]ca(;'.lj“. + Dental application
in therapy with medicine « Medical implant
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nanofibers

Tissue engineered scaffold
* Skin & cardiac patch
* Blood vessel and nerve regeneration
+ Bone & cartilage regeneration
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Figure 2.2 Biomedical applications of polymer nanofibers

2.2 Electrospinning Technology-History, Principle,
Parameter

The history of electrospinning is dated back to the early 1930s. In 1934, Formhals
(1934) patented electrospinning method, associated with the process and the
apparatus for producing artificial filaments using electric charges. In fact, Lord
Rayleigh already established theoretical and experimental background of
electrospinning in the late 1800s. He determined the maximum charge that a
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liquid drop can withstand before electrostatic force overcomes surface tension
of the drop and ejects a jet. In the early 1910s, Zeleny (1917) reported an
electrospraying phenomenon. In the 1960s, Taylor (1964) investigated the
deformation and disintegration of water drops in an electrical field and analyzed
the conditions at the moment. During the past decade, Reneker and others (Doshi
and Reneker, 1995; Reneker et al., 2000; Yarin et al., 2001; Spivak et al., 2000;
Hohman et al., 2001; Tsai et al., 2002; Shin et al., 2001) studied the electrospinning
process and contributed to intensifying in-depth knowledge and extending its
applications.

The formation of nanofibers is based on the uniaxial stretching of a viscoelastic
solution during electrospinning. Unlike the conventional fiber spinning methods,
i.e. dry spinning and melt spinning, electrospinning takes advantage of electrostatic
forces to stretch the solution as it solidifies. It involves using a high voltage
electrostatic field to charge the surface of a polymer solution droplet and thus to
induce the ejection of a liquid jet through a spinneret. In a typical process, an
electrical potential is applied between a droplet of polymer solution, or melt, held
at the end of capillary tube and ground target (collector). When the applied
electric field overcomes the surface tension of droplet, a charged polymer jet is
ejected. The jet experiences a bending instability caused by repulsive forces
between the charges carried with the jet. The jet extends through spiraling loops,
called as whipping. The jet grows longer and thinner until it is solidified or
collected on the target (Frenot et al., 2003; Li and Xia, 2004; Deitzel et al., 2001).
Schematic illustration of electrospinning is shown in Fig. 2.3.
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Figure 2.3 Schematic illustration of electrospinning process

There are some parameters and processing variables that affect electrospinning
processes. Material parameters include molecular weight of polymer, molecular
weight distribution, chemical composition, and polymer solution variables:
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viscosity, surface tension, dielectric constant, conductivity, and charge density of
spinning jet. Processing parameters encompass electric potential, flow rate,
distance between capillary and collector, motion of the collector, and ambient
parameters: humidity, temperature, and air flow in the chamber. Polymer solution
needs to be concentrated high enough to cause polymer entanglements yet not so
high that the viscosity interferes with polymer motion induced by an electric field.
The solution should also have a surface tension low enough, a charge density
high enough, and a viscosity high enough to prevent polymer jet from collapsing
into droplets before the solvent evaporation. Increasing the distance between
syringe needle and collector or decreasing the electric field can be a cause of
reduced bead density, regardless of the concentration of polymer solution. In
addition to producing round nanofibers, polymer solution can be electrospun into
thin fibers with a variety of cross-sectional shapes, such as branched fibers, flat
ribbons, and ribbons with other shapes (Koombhonge et al., 2001; Xinhua et al.,
2002).

2.3 Functionalization of Nanofibers

2.3.1 Bulk Modification

Modification of electrospun nanofibers is primarily intended to introduce a new
function on the pre-existing characteristics of base materials. Although two types
of modifications exist: surface and bulk modifications, majority of functionalization
of nanofibers occur through a bulk modification, due to relatively easy processing
and diverse applicable options. Combination of different kinds of polymers, either
synthetic or natural ones, is a common practice in achieving a bulk modification
of electrospun nanofibers. To alter the hydrophobic nature of poly(L-lactide)
(PLLA) itself, two synthetic polymers, PLLA and poly(ethylene glycol) (PEG)
were blended and electrospun to produce a hydrophilic nanofibrous PLLA
non-woven mat (Bhattarai et al., 2006). The PLLA/PEG (80/20, wt/wt) nanofibers
could improve the hydrophilicity with a slow hydrolytic degradation. The effect
was obvious with fibroblast attachment and proliferation better than the PLLA
control. To take advantage of the benefits of natural polymers, some ECM
components have been co-electrospun with synthetic polymers. Collagen-blended
PLLA-co-poly(e-caprolactone) (PLLA:PCL) (70:30, wt:wt) were electrospun
into nanofiber (He et al., 2005). Its surface was smooth and distribution of fiber
diameter was rather uniform, ranging from 100 to 200 nm. In vitro examination
with human coronary artery endothelial cells (HCAECs) revealed that blended
nanofibers could have a positive influence on the viability, attachment, and
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spreading of HCAECs. Gelatin, a natural protein was mixed with polyaniline
(PAN1), a conductive polymer, and electrospun into nanofibers (Li et al., 2006).
When cardiac myoblast cells were cultured on the PANi-gelatin nanofibrous matrix,
the cell attachment and proliferation were as similar as the control tissue culture
plate. In addition, two different ECMs were blended to mimic a natural tissue
composition for tissue engineering applications. Zhong et al. (2005) developed
collagen-glycosaminoglycan (GAG) nanofibrous scaffold by electrospinning
collagen and chondroitin sulfate in a mixed solvent of trifluoroethanol and water.
Once crosslinked with glutaraldehyde vapor, the collagen-GAG scaffold was stable
and resistant to collagenase degradation. In another study, nanofibrous collagen-
elastin blend (1/1, wt/wt) was also successfully prepared by electrospinning in
the addition of poly(ethylene oxide) (PEO) and NaCl, which was essential to spin
continuous and homogeneous fibers (Buttafoco et al., 2006). Collagen/elastin
nanofibrous mesh was then stabilized using N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS).

Recent efforts made possible that conventional sol-gel precursor solution
could be employed for electrospun bioceramic nanofibers. It is necessary to form
a solution with viscoelastic behavior similar to that of a conventional polymer
solution. A number of bioceramics including SiO,, TiO,, Al,Os, and ZnO were
successfully fabricated into fibrous structures via sol-gel methods (Guan et al.,
2003; Choi et al., 2003; Son et al., 2006). Several water-soluble polymers, i.e.,
poly(vinyl alcohol) (PVA), poly(vinyl pyrrolidine) (PVP), and PEO, are used as
the polymer matrices to host inorganic precursors. Polymer nanofibers can also
be functionalized blending functional molecules, for instance, growth factors,
bioactive drugs, DNA, and enzymes with polymer solution. If these additives
were insoluble in the solutions, they could be introduced in the form of
emulsions. These components incorporated into nanofibrous matrix were rather
stable in their activities and released in a controlled manner. Details are described
in the section of ‘Biomedical Applications’. Besides the blending technologies,
various bulk modifications have been tested. As a new architecture for tissue-
engineered bone, micro- and nanofibers were combined in a single structure
(Tuzlakoglu et al., 2005). Starch/PCL nanofibers were randomly electrospun and
distributed uniformly crossing and interconnecting the base microfibers. A leaching
method was used to make a porous gelatin/PCL nanofiber by selectively removing
the water-soluble component of gelatin (Zhang et al., 2006). The treatment led to
a unique surface morphology of nanofibers containing elliptical pores, grooves,
and ridges (Fig. 2.4). New electrospinning technology enabled a multilayering of
fibers to build a structure, which has different polymers and fibers. Kidoaki et al.
(2005) fabricated a bilayered tubular construct using collagen and segmented
polyurethane (SPU). A thick SPU microfiber and thin type I collagen nanofiber
mesh consisted of an outer and inner layer, respectively.
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(a) (b)
Figure 2.4 High-resolution Field Emisson Scaning Electron Microscope (FESEM)
images of the porous nanofibres at x40,000(a) and x 80,000(b). Permission for
reproduction from the publisher

2.3.2 Surface Modification

Surface modification of nanofibers has its significance in that cell-biomaterial
interactions occur at the surface. Those interactions are very sensitive and easily
affected by substrate chemistry, surface charges, and surface topography. Therefore,
the goal of surface modification lies in the specific control of cellular reactions,
i.e. cell attachment, migration, proliferation, and differentiation. Through surface
modifications of nanofibers, their chemical, thermal, mechanical properties,
wettability, protein adsorption, and biocompatibility can be significantly altered,
yet barely changing the original fiber morphology and mechanical properties.
Compared to the biodegradable microfiber scaffolds, selection of proper surface
modification method requires a special attention to take advantage of nanofibrous
3-D architecture. Because of higher surface area and fiber thickness in nanoscale,
the degradation of nanofibers would be uncontrollable after rather a harsh surface
treatment.

Addition of functional groups on the surface is a simple modification technique.
Polyethersulfone (PES) in dimethylsulfoxide was electrospun into nanofibers and
surface-modified using acrylic acid (AA) in aqueous solution and following UV
irradiation (Chua et al., 2006). The altered surfaces were further conjugated with
ethylene diamine or ethanolamine to be animinated or hydroxylated, respectively.
Interactions with hematopoietic stem/progenitor cells (HSPCs) showed that the
aminated nanofiber mesh was more efficient in the selective expansion of
CD34"/CD45", as compared to the culture on tissue culture polystyrene. Chua et al.
(2005) reported a galactosylated nanofiber poly(CL-co-ethyl ethylene phosphate)
(PCLEEP) scaffold. Once the electrospun PCLEEP was surface- modified to
have AA grafts, galactose ligands were covalently conjugated to the nanofiber
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surface. Cultured hepatocytes on the galactosylaed PCLEEP nanofiber could
form smaller aggregates of spheroids. Park et al. (2006, 2007) have performed
plasma treatment to modify biodegradable poly(glycolide) (PGA), poly
(lactide-co-glycolide) (PLGA), and PLLA nanofibrous meshes. These meshes
were treated with nitrogen gas plasma and then subjected to in situ direct AA
grafting in the plasma chamber. As compared to the unmodified control,
fibroblasts adhesion and proliferation were significantly upregulated on the
AA-grafted hydrophilic nanofibrous scaffolds (Fig. 2.5). Sanders et al. (2005)
also introduced negatively or positively charged group on electrospun PU
nanofiber surfaces through plasma-induced modification. The use of chemicals is
also an effective method for surface modification. Electrospun PLLA nanofibrous
scaffold was treated using NaOH aqueous solution (Chen et al., 2006). The
hydrolysis of PLLA generated carboxylic acid group on the surface without
compromising the structural integrity. In a simulated body fluid, the nanofibrous
PLLA surface was mineralized with HA crystals, due to the calcium ions binding
to the carboxylate groups.

SkV X1.OOK  30um 000000 15KV XLOOK  30um

PGA PLGA PLLA
AA-grafted

Figure 2.5 SEM micrographs: Fibroblast adhesion after 24 h in vitro culture on
either unmodified or AA-grafted PGA, PLGA, and PLLA nanofibrous scaffolds
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Some peptides that would elicit specific cellular behaviors can be incorporated
in the nanofiber. Nanofibers were formed by self-assembly of isolucine-lysine-
valine-alanine-valine (IKVAV) containing peptide amphiphile (Silva et al., 2004).
It was found that when neural progenitor cells were encapsulated, relative to
laminin or soluble peptide, the IKVAV-loaded nanofiber scaffold induced rapid
differentiation of cells into neurons. This phenomenon may be linked to the
bioactive epitope presentation to cells by nanofibers. In addition, ECM proteins,
for instance, laminin, collagen, and fibronectin were coated on silk fibroin
nanofiber surface to promote cell adhesion (Min et al., 2004). On the other hand,
surface functionalization of polymer nanofibers can also find other applications
in biosensors, biocatalyst, and enzyme immobilization. As a highly sensitive
optical biosensor, cellulose acetate nanofibers were electrospun and a fluorescent
probe was then assembled by electrostatic layer-by-layer adsorption (Wang et al.,
2004). The fluorescent sensitivity was greatly enhanced, due to higher surface
area of the nanofibers and efficient interaction between fluorescent conjugated
polymer and analytes.

2.4 Biomedical Applications

2.4.1 Tissue-Engineered Scaffolds

2.4.1.1 Skin

Development of skin graft presents a significant implication for patients suffering
from chronic nonhealing wounds, i.e., diabetic ulcer and venous ulcer. To utilize
nanofibrous matrix for skin tissue regeneration, various electrospun polymers
have been studied. Rho et al. (2006) fabricated biomimetic collagen nanofibers
and chemically cross-linked them using a glutaraldehyde vapor. Once their
efficacies were tested with normal human keratinocytes in vitro and wound
healing effects in rats, they found that while cell adhesion rate was relatively lower
in uncoated collagen nanofibers, the nanofibers treated with type I collagen
or laminin were functionally active in response to human keratinocytes. These
nanofibrous matrices were also very effective in early stage wound healing on rat
model (Fig. 2.6). Two different types of polymers, mostly a combination of
synthetic and natural ones, are widely used in the fabrication of electrospun
polymer blends. Min et al. (2004) produced a nanostructured composite matrix
from PLGA/chitin at the ratio of 80/20 (wt/wt). PLGA nanofibers in the average
diameter of 310 nm was obtained by electrospinning 15 wt% PLGA solution in
polar 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). Chitin was simultaneously
electrospun in the form of nanosized particles, because chitin itself was unable to
produce continuous fibers even at high concentration. When human keratinocytes

29



NanoScience in Biomedicine

were seeded on the nanofibrous matrix, the results suggested that the composite
might be better than PLGA matrix in associated with cell adhesion and spreading.
Pan et al. (2006) also combined dextran with PLGA for electrospun composite
nanofibers. The cell-scaffold interactions were evaluated in attachment, proliferation,
migration, ECM deposition, and gene expression. The overall results demonstrated
that the nanofibrous composite was favorable to dermal fibroblasts and that cells
could migrate into the highly porous matrix, building a multi-layered dermal-like
structure.

2.4.1.2 Cartilage

Articular cartilage is critical for proper knee joint function. As a load-bearing
tissue, it provides the articulating surface with a low friction and lubrication for
repetitive gliding motions during daily activities. Unfortunately, cartilage has
little capability of self-repair once damaged by traumatic injuries or osteoarthritic
diseases. Since the concept of tissue engineering emerged in the late 1980s, many
researchers have sought a way of making a hyaline-like articular cartilage tissue
using both appropriate scaffolds and in vitro cultured chondrocytes or adult stem

Figure 2.6 Representative photographs of wound healing of rat skin: control
group at 1 week (a) and at 4 weeks (b), collagen nanofiber group at 1 week (c), and
at 4 weeks (d) (H&E, x100). Insets: x 400 magnification
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cells (Langer and Vacanti, 1993; Gao et al., 2001; Solchaga et al., 2001). The
primary function of scaffold is to deliver target cells into cartilage defect sites
and to give a mechanical support from the physiological load. Once implanted,
the ideal scaffold should encourage production of the ECM by the transplanted
cells. Upon the recent applications of electrospinning technology, nanofibrous
polymer scaffolds have been given much attention in tissue engineering. Various
electrospun nanofibrous polymeric scaffolds have been fabricated and applied for
tissue-engineered cartilage formation. Li et al. (2003) prepared an electrospun
PCL nanofiber scaffold and then evaluated the biological activity of fetal bovine
chondrocytes in vitro passaged between 2 — 6. Gene expression analysis for up to
3 weeks showed that the cells in the nanofibrous scaffold continuously maintained
their chondrocytic phenotype by expressing cartilage-specific ECM genes, such
as collagen type II and type IX, aggrecan, and cartilage oligomeric matrix protein
(COMP). Phenotypic morphology of chondrocytes maintained well in the
nanofibrous matrx (Fig.2.7). In a series of study using human mesenchymal
stem cells (MSCs), they used the same PCL nanofibrous scaffold, composed of
randomly oriented nanofibers with a diameter of 700 nm, to examine its potential
to encourage in vitro chondrogenesis of MSCs (Li et al., 2005). MSCs cultivated
for 21 days in the addition of TGF-B1 could differentiate into a chondrocytic
phenotype, as supported by chondrocyte-specific gene expression and cartilage-
associated ECM proteins. The extent of chondrogenic differentiation in the
nanofibrous environment was comparable to that of MSC pellets, a widely
accepted model of chondrogenesis of MSCs. In a study of Bhattarai et al. (2005),
chitosan-based nanofibers were fabricated by electrospinning the solutions of
chitosan, PEO, and Triton X-100. The fibrous matrix with the ratio (wt%) of
chitosan/PEO at 90:10 retained an excellent structural integrity in water and
promoted the attachment of chondrocytes with characteristic cell morphology as
confirmed by SEM analysis. PLGA nanofibrous scaffold was also evaluated for
the purpose of cartilage reconstruction (Shin et al., 2006). When porcine articular

Figure 2.7 Organization of actin cytoskeleton and cell morphology of FBCs: (a)
cells cultured on TCPs in ECM; (b) cells seeded onto PCL nanofibrous scaffolds
and maintained in ECM; and (c) cells seeded onto PCL nanofibrous scaffolds and
maintained in SEM. Bar, 20 um. Permission for reproduction from the publisher
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chondrocytes were seeded onto the nanofiber PLGA scaffolds, cell proliferation
and ECM secretion was found to be superior to those in sponge-type PLGA
scaffold. Intermittent hydrostatic pressure was helpful to chondrocyte-seeded
nanofibrous scaffold in terms of cell proliferation and ECM production.

2.4.1.3 Bone

Over the past decades, autografts or allografts have been used for the treatment
of bone defects, caused by bone diseases or trauma. Due to the limited sources of
bone grafts, bioactive materials, such as HA, tricalcium phosphate (TCP), and
glasses/glass ceramics have widely utilized in dentistry and orthopedics as a bone
substitute. Some specific requirements include bioactivity (osteoconductivity and
osteoinductivity), tissue compatibility, and mechanical strength. The biocompatibility
of bioactive glasses is believed to be closely associated with the induction of a
bone-like mineral phase on the surface, which can be directly integrated with the
surrounding host tissues. In addition to the conventional macro/micro scaffolds,
various nanofiber scaffolds are being developed for bone tissue engineering. Kim
et al. (2006) recently introduced a bioactive glass nanofiber (BGNF) using an
electrospinning method, with the diameter in 10s to 100s of nanometers. They
reported that the glass nanofiber sustained excellent bioactivity in vitro and that
showed favorable cellular responses. The bioactivity of BGNF was identified with
the rapid deposition of bone-like minerals on the surface in a simulated body
fluid (SBF). Bone marrow-derived stromal cells were attached and proliferated
actively in the BGNF mesh and could differentiate into osteoblastic cells with
great osteogenic potential. They also developed a nanocomposite, while combining
inorganic BGNF with organic collagen as a novel bone regeneration matrix (Kim
et al.,, 2006). Both electrospun BGNF and self-assembled collagen sol were
hybridized in the aqueous solution and then crosslinked to make a
BGNF-collagen nanocomposite. The composite matrix was excellent in forming
bone-like apatite minerals. The osteoblastic cell growth was also great on the matrix
and in particular, the alkaline phosphatase activity of the cells was significantly
better than that on the collagen. Another bone scaffold was fabricated by
electrospinning PCL solution containing nanoparticles of calcium carbonate
(CaCOs;) or HA (Wutticharoenmongkol et al., 2006). The diameter of as-spun fibers
increased with the increasing amount of nanoparticles. As the concentration of
PCL solution rose from 8% to 12%, the mechanical strength and fiber diameter
increased as well. Indirect cytotoxicity evaluation of PCL/CaCO5; and PCL/HA
composite fibers with human osteoblasts revealed their safety to the cells,
suggesting their feasibility as a bone scaffold matrix. In another study, bone
marrow-derived MSCs (BM-MSCs) were seeded on the PCL matrix and cultured
in an osteogenic medium under a dynamic condition for up to 4 weeks (Yoshimoto
et al., 2003). Penetration of cells and abundant ECM were noticed after 1 week
and additionally, mineralization and type I collagen were identified at 4 weeks.
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The data supported that electrospun PCL scaffold might be a potential candidate
for bone tissue engineering. Proliferation and osteogenic differentiation of MSC
was investigated in a nanofiber formed by self-assembly of peptide-amphiphile
(PA) (Hosseinkhani et al., 2006). A 3-D network was built by mixing cell suspension
with dilute aqueous PA solution (1 wt%) at 1:1 volume ratio. The results showed
that self-assembled arginine-glycine-aspartic acid (RGD) containing PA nanofibers
had a great potential, showing much higher alkaline phosphatase (ALP) activity and
osteocalcin content than the PA nanofibers without RGD during 3-week culture.

2.4.1.4 Blood Vessel

In the last two decades, many attempts have been made to develop small-diameter
vascular grafts. Compared to large-diameter blood vessel like aorta, small-diameter
blood vessels are much likely to be occluded and the sources of arterial substitutes
are very limited. Design of vascular graft should satisfy some specific requirements,
because of its unique role in the body, i.e., mechanical resilience and durability
from repeated expansion and contraction. Electrospinning may offer great potential
in mimicking composition, structure, and mechanical aspects of blood vessel. In
an attempt to produce scaffold architecture similar to blood vessel in morphological
and mechanical characteristics, Vaz et al. (2005) introduced a sequential multi-
layering electrospinning method. It features a bi-layered tubular scaffold, which
is composed of stiff, oriented PLLA outer layer and a pliable, randomly oriented
PCL inner layer (Fig. 2.8). The flexibility of fiber orientation in the different layers
was possible through control of the rotation speed of mandrel-type collector. The
electrospun PLLA/PCL scaffolds retained acceptable level of mechanical properties:
ultimate tensile stress of 4.3 MPa= 0.2 MPa, failure strain of 47.0% + 6.3%, and
Young’s modulus of 30.9 MPa+ 6.6 MPa. When 3T3 fibroblasts were cultured
for 4 weeks on the scaffolds, cell-polymer constructs were proved to be capable
of promoting cell growth and proliferation. The bi-layered PLLA/PCL tube
scaffold thus presents suitable characteristics as a candidate for tissue-engineered
blood vessel. Meanwhile, Stitzel et al. (2006) fabricated a vascular graft scaffold
using electrospun polymer blends of type I collagen (45%), elastin (15%), and
PLGA (40%, 50:50 wt/wt, MW: 110,000) by weight. Three components were
mixed in HFIP at a final concentration of 15% (wt/vol). They showed that the
nanofibrous scaffolds were cell-compatible with an average of 83% and 72%
viability of smooth muscle cells and endothelial cells, respectively during 1
week-culture. In another study, Kwon and Matsuda (2005) designed elastomeric
nanofibers made from the combination of equimolar poly (L-lactide-co-
caprolactone) (PLCL) with type I collagen or heparin. Diameter of co-electrospun
nanofibers was ranged from 120 to 520 nm. Both diameter and mechanical
strength decreased with increasing collagen content in the solution. Transmission
electron microscopy (TEM) uncovered that the added type [ collagen or heparin
remained in a dispersed phase, which was localized within a continuous matrix
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Figure 2.8 SEM micrographs of the bilayered tubular construct: (a) bilayered tube
(entire view); (b) bilayered tube wall; (c), (d) details of the interface (mixing zone)
between inner and outer layers; (e), (f) details of the outer layer (PLLA); and (g), (h)
details of the inner layer (PCL). Permission for reproduction from the publisher
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phase of PLCL fibers. Human umbilical vein endothelial cells (HUVECsS) on the
PLCL scaffold with 5 wt% or 10 wt% collagen exhibited higher elongation and
better spreading. In addition, tubular PLCL electrospun nanofabrics, which have
inner diameter of 2.3 —2.5 mm with different wall thickness of 50— 340 pm,
were examined for their mechanical compliances as a small-diameter vascular
graft (Inoguchi et al., 2006). Under static condition, based on the compliance-
related parameters, i.e., stiffness and diameter compliance, it was found that the
narrower the wall thickness, the more compliant the tubular scaffold. In a
dynamic pulsatile condition (1 Hz, 90 mmHg/45 mmHg), relative inflation in
diameter per pulse increased with the reduction of wall thickness. The results
suggested that the preparation of a mechano-sensitive scaffold, responding to
pulsatile flow could be possible using PLCL as a base material (Table 2.1).

Table 2.1 Applications of electrospun nanofibers in tissue-engineered scaffolds

Application Nanofiber Cell Reference

Skin Collagen Human keratinocytes (Rho et al., 2006)
PLGA/chitin Human keratinocytes (Min et al., 2004)
PLGA/dextran Dermal fibroblasts (Pan et al., 2006)

Cartilage PCL Chondrocytes (Li et al., 2003)
PCL Human mesenchymal stem cells (Li et al., 2005)
Chitosan/PEO Chondrocytes (Bhattarai et al., 2005)
PLGA Chondrocytes (Shin et al., 2006)

Bone Bioactive glass Mesenchymal stem cells (Kim et al., 2006)

Blood vessel

Bioactive glass-collagen

PCL/CaCO; and
PCL/HA

PCL
Peptide-amphiphile (PA)

PLLA/PCL

Osteoblasts
Human osteoblasts

Mesenchymal stem cells
Mesenchymal stem cells

Fibroblasts

Type 1 collagen/elastin/ Smooth muscle/

PLGA
PLCL

endothelial cells

Human umbilical vein

(Kim et al., 2006)

(Wutticharoenmongkol
et al., 2006)

(Yoshimoto et al., 2003)

(Hosseinkhani
2006)

(Vaz et al., 2005)
(Stitzel et al., 2006)

et al.,

(Kwon and Matsuda,

endothelial cells (HUVECs) 2005)

2.4.2 Wound Dressing

The goal of wound dressing is to provide an ideal environment for wound healing,
such as protection from infection, removal of exudates, and high gas permeation.
In this sense, electrospun nanofibrous membrane is considered a good candidate
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of wound dressing. For wound healing test of nanofibrous PU, a wound
(1 cmx 1 cm) was created on the back of guinea pig and then covered with an
equal size of electrospun PU nanofibers (Khil et al, 2003). The dressing was
changed every 3 days and healing of the wounds was monitored at 3, 6, and 15
days, postoperatively. They reported that from histological examination, the
epithelialization rate increased and dermis was well organized in the use of
electrospun PU membrane. On the other hand, PCL and PCL-collagen nanofibrous
membranes were tested with human dermal fibroblast (HDF) adhesion and
proliferation in vitro (Venugopal et al., 2006). The results indicated that cell
proliferation significantly increased with PCL-blended collagen nanofibrous
membrane up to 25% after 6 days, which was much better than PCL membrane
itself. To take advantage of antimicrobial activity of silver, Hong et al. (2006)
developed PVA nanofibers containing Ag nanoparticles for wound dressing
application by electrospinning PVA/silver nitrate (AgNO3) solution. After a brief
heat treatment at 155°C, the PVA/Ag nanofibers became insoluble, while Ag"
ions were reduced with the production of a large amount of Ag nanoparticles
deposited on the surface. It was confirmed that the antibacterial activity of
PVA/Ag nanofibers was effective in significantly reducing the number of
bacteria colonies after 18 h incubation. In addition, silk fibroin nanofibers were
also electrospun and further processed to examine the cell adhesion of human
keratinocytes and fibroblasts (Wang et al., 2004). After a couple of pretreatment
of raw silk fibers, the degummed silk (SF) sponge was dissolved in 98% formic
acid and the concentrations of SF solution were ranged from 3% to 15%. Cell
adhesion was assayed using methanol-treated SF nanofibers, in which they were
coated with ECM proteins, i.e., type I collagen, fibronectin, and laminin in
phosphate-buffered saline (PBS) solution by overnight adsorption at room
temperature. Type [ collagen-coated SF nanofibers were found to promote
better adhesion and spreading of both keratinocyte and fibroblast than those in
other groups.

2.4.3 Biomedical Devices and Implants

Recently, nanofibrous polymers have been utilized in medical devices or prostheses.
Electrospun protein fibers were deposited onto a neural prosthetic device as a
thin film coating. This coated film was supposed to play as an interface between
neural tissue and prosthesis. This system is designed to minimize the stiffness
difference between them at the interphase and thus improve the chance of successful
performance of prosthetic device after implantation. Meanwhile, as abdominal
surgery is routinely practiced, adhesion is a common cause of complications,
including chronic debilitating pain, bowel obstruction, and female infertility. To
prevent this, nanofiberous membrane has been utilized for the prevention of

36



2 Biomedical Polymer Nanofibers for Emerging Technology

postoperation-induced abdominal adhesion. Zong et al. (2004) investigated the
effect of electrospun PLGA impregnated with antibiotics as an anti-adhesion
membrane. Rat model was used to evaluate the extent of abdominal adhesion
after 4 weeks. They concluded that PLGA nanofibrous membrane was effective
in reducing adhesion at the site of injury, in which the membrane acted as a
physical barrier with delivery of the incorporated drug.

Nanofibers also find its application as reinforcement filler in the area of
biomedical composites. Kim et al. (1999) produced electrospun polybenzimidazole
nanofibers, mixed with epoxy matrix. The result showed that fracture toughness
significantly increased as a function of the fiber content. Fracture toughness is an
important factor in developing polymer composite dental device, i.e., orthodontic
bracket. As a dental restorative composite, Fong et al. (2003) incorporated
electrospun Nylon 6 nanfibers into 2,2’-bis-[4-(2’-hydroxy-3’-methacryloxypropoxy)
phenyl]propane (Bis-GMA) and triethylene glycol dimethacrylate (TEGDMA)
resins. A variety of mechanical tests revealed that the composite resin containing
the nanofibers possessed considerably improved elastic modulus, flexural strength,
and fracture toughness. Another study with electrospun Nylon-4,6 fibers also
demonstrated that the mechanical properties of nanofiber/epoxy composite film
were significantly advanced as compared to the epoxy resin alone (Bergshoef and
Vancso, 1999).

2.4.4 Drug Delivery System

Drug delivery system (DDS) has been sought to boost therapeutic efficacy and
minimize the side effects of overdoses. To do this, DDS, which can guarantee a
controlled release profile of drug at the needed sites is definitely warranted.
Recently, electrospun nanofibrous matrices have been documented as a novel
DDS. The main function of biodegradable polymeric nanofiber-based DDS
appears that it can act as not only a physical barrier in the target site but an
efficient drug delivery vehicle, due mainly to their high surface area. Kim et al.
(2004) demonstrated that a hydrophilic antibiotic drug could be successfully
incorporated into electrospun PLGA-based nanofibrous scaffolds. Both morphology
and density of the scaffold were highly dependent on the drug concentration.
Sustained drug release and its antimicrobial effects were identified, inhibiting
bacterial growth more than 90%. In another study, tetracycline hydrochloride-
loaded electrospun poly(ethylene-co-vinylacetate) (PEVA), PLLA, and a 50:50
(wt/wt) blend nanofibers were fabricated, respectively (Kenawy et al., 2002). The
drug (5%) was solubilized in methanol and mixed with polymer solution (14%
wt/vol) in chloroform. Release of the drug was monitored by placing the samples
in Tris buffer and by measuring the absorbance at 360 nm for up to 5 days.
Assessment of the release profile indicated that PEVA and blend nanofibers

37



NanoScience in Biomedicine

could be better candidate than PLLA ones in the viewpoint of sustained release
of the drug over time. When the release pattern was compared between film and
electrospun mat, the benefit of nanofiber as a DDS was clear over film, which
barely showed sustained release of the drug after initial burst. Verreck et al. (2003)
also used the electrospinning technology to prepare drug-loaded nonbiodegradable
PU nanofiber for topical drug administration and wound healing. Poorly
water-soluble, amorphous drugs, itraconazole and ketanserin, were chosen and
the drug/polymer solution in dimethylformamide (DMF) or dimethylacetamide,
respectively were electrospun. Release rates and profiles of the incorporated
drugs were monitored for up to 60 days and found highly dependent on the
nanofiber morphology and drug concentration (10% or 40%). While the diameter
of 10% drug-loaded fibers was about 2 um, that of 40% loaded fibers was ranged
from 300— 700 nm. It was interesting that at lower drug content, itraconazole
was released as a linear function of the square root of time, whereas a biphasic
release pattern was observed for ketanserin in which two sequential linear
components were noticed. Besides the vehicle of drug delivery, electrospun scaffold
is utilized in the delivery of DNA for therapeutic applications. Luu et al. (2003)
developed a nanofibrous DNA delivery scaffold via electrospinning of PLGA,
PLLA-PEG block copolymers, and pCMV plasmid (5 mg/mL in Tris- EDTA
buffer) together. Release of plasmid DNA from the scaffold was monitored for
over 20 days, with the maximum release at ~2h. Upon the successful
incorporation of plasmid DNA, the results presented that DNA released from the
nanofibrous scaffold was intact and thus it could hold capability of cellular
transfections and encoding of protein -galactosidase.

2.4.5 Other Applications

Immobilization of enzyme on inert, insoluble substrates represents a significant
impact in order to lift the functionality and performance of enzymes for
bioprocessing applications. In many cases, the major barriers are low catalytic
efficiency and stability of enzymes. Reduction of the size of carrier materials
would effectively improve the efficiency of immobilized enzyme. In addition,
porous structure can reduce diffusional resistance. With high specific surface area
and porous structure, electrospun membrane is considered a good candidate for
immobilization of enzymes. Wu et al. (2005) immobilized cellulase in nanofibrous
PVA membrane. Both PVA and cellulase were dissolved together in an acetic
buffer solution (pH=4.6) and then electrospun in the diameter of 200 nm. Once
crosslinked, the catalytic activity of cellulase in PVA nanofibers was more than
65% the activity of free enzyme. In another study, PS nanofibers were prepared
by electrospinning, followed by the chemical attachment of o.-chymotrypsin (Jia
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et al., 2002). The hydrolytic activity of the enzyme-carrying PS nanofibers in
aqueous carboxymethyl cellulose (CMC) solution (2%, wt/vol) was over 65%
that of the native enzyme, suggesting a high catalytic efficiency as compared to
other immobilized ones. Since the covalent binding appeared to have improved the
enzyme’s functional stability against structural denaturation, the half-life of the
nanofibrous enzyme in methanol was 18-fold longer than that of the native one.
On the other hand, electrospun nanofibers are also applied in the area of high
sensitive sensors. The sensitivity of sensor that detects analytes by interacting with
molecules on the surface would increase in parallel with surface area per unit
mass. Wang et al. (2002) synthesized poly (AA)-poly (pyrene methanol) (PAA-PM),
a fluorescent polymer and mix it with cross-linkable polyurethane latex in DMF.
They were electrospun into nanofibrous membrane and tested as a highly
responsive fluorescence quenching-based optical sensor for metal ions (Fe’" and
Hg2+) and 2, 4-dinitrotoluene (DNT). The resultant sensors exhibited high
sensitivity due to the high surface area-to-volume ratio of nanofibrous membrane.

2.5 Concluding Remark

For the past decade, electrospun nanofibers have found the great potential in the
area of biomedical applications. They encompass tissue-engineered scaffolds for
diverse target tissues, wound dressing, biomedical devices/implants, drug delivery
system, and other applications, i.e., biosensor, bioenzyme, and biocatalyst. The
most notable benefit of 3-D nanofibrous structure is that its unique architecture
can be suitable in providing a biomimetic environment, similar to natural fibrillar
network. Technical progress is rapidly underway, including core/shell nanofibers,
hollow nanofibers, porous nanofibers, and peptide nanofibers. Along with the
promise, some challenges are still pending. Infilteration of seeded cells into
nanofibrous structure and even distribution of them are essential for successful
performance as a tissue-engineered scaffold. Construction of nanofibrous scaffold
with a critical thickness is also necessary for application toward engineering of
sizable tissue. For a wide variety of applications of polymer nanofibers, specific
functionalization of nanofiber surface and development of novel functional
nanofibers are truly justified. Bioengineering of nanofibers is certainly promising
technology in the future...
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Abstract Non-covalent interactions are a ubiquitous mechanism directing
assembly of natural materials. Similarly, these types of interactions have
become an important component of emerging approaches in biomaterials
science. In view of the emerging importance of bio-inspired materials in
medical applications, this chapter will be focused on describing the
fundamentals of intermolecular interactions and their applications in
biomaterials science. The particular focus will be on processes and structures
that mimic the natural ECM.

Keywords tissue engineering, bioinspired, biomimetic, self-assembly, and
scaffold.

3.1 Introduction

Biomaterials have been broadly defined as synthetic or naturally derived materials
used in therapeutic or diagnostic systems (Langer and Tirrell, 2004). They are

typically chosen based on their favorable interaction with natural tissues, and are

commonly used as implants, prostheses, or surgical instruments. Many biomaterials,

such as polyurethane, hydroxyapatite and metal alloys, have been developed and

successfully applied in clinical practice, such as artificial hips, vascular stents,
artificial pacemakers, and catheters. However, these traditional biomaterials are
typically assembled at the macroscopic scale by processing inorganic crystals or

organic macromolecules, and this limits one’s ability to control molecular level
interactions. In contrast, the structure and function of natural biological materials
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are often tailored via molecular self-assembly. It is becoming evident that novel
biomaterials that can interact with cells and tissues or carry out biologically
specific functions at a molecular level with a high degree of specificity could
expand the capabilities of biomaterials in a variety of medical applications.

One way of designing materials at the molecular level is to mimic natural
materials, since nature has been evolving such materials for billions of years. A
particularly relevant example is the structurally well-defined and functionally
interactive scaffold in which cells reside—the extracellular matrix (ECM)
(Alberts et al., 2004). The ECM is an intricate network composed of mainly
proteins and polysaccharides, and it provides a physical support for cells to
survive and perform their biological functions such as proliferation during tissue
growth and motility during muscle contraction. The ECM interactively influences
cell behavior by providing biological signals, including binding sites to facilitate
cell attachment, enzyme-labile sequences to enable cell-mediated remodeling,
and sequestered signaling molecules (e.g. growth factors) to regulate cell function.
The ECM also provides physicochemical signals, including porosity, mechanical
stability, elasticity, and mass transport conduits. A fundamental premise guiding
recent biomaterials design is that by understanding how the ECM interacts with
cells on the molecular level, one can develop novel biologically-derived or
‘bio-inspired’ materials that interact with cells and respond to their biological
environment. The general premise guiding recent research in this area is that direct
mimicry of biological systems or processes with well-designed modifications
may yield novel biomaterials with enhanced properties.

If one is to create bio-inspired materials, then a first logical question is ‘how
are natural materials assembled’? Mother Nature generates biomaterials largely
through directed molecular self-assembly, which is a spontaneous process that
results in stable, structurally well-defined supramolecular architectures (Whitesides
et al., 1991). Indeed, self-assembly is a key mechanism that underlies formation
of macroscopic biological entities (e.g. cells, ECMs) from biological precursor
molecules like proteins. For example, in the natural ECM, biopolymers such as
proteins and polysaccharides self-assemble into nanometer-scale fibrous three-
dimensional structures, then intertwine to form macroscopic, porous, and stable
network architectures. Recent research in fields ranging from materials chemistry
to tissue engineering has attempted to determine how biological materials are
formed and, in turn, how their assembly mechanisms might be exploited.

In view of the emerging importance of bio-inspired materials in medical
applications, this chapter will be focused on describing the fundamentals of
intermolecular interactions and their applications in biomaterials science. The
particular focus will be on the processes and structures that mimic the natural
ECM. The next section will introduce the fundamental physics of intermolecular
interactions and their relevance in the ECM. We will use protein folding
throughout this section as a specific example to highlight the importance of each
type of interaction. The third section of the chapter will describe self-assembly
approaches that have been used to generate biomimetic materials. The fourth section
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will briefly review some recently developed biomaterials that are constructed
based on molecular-level self-assembly or possess the ability to interact with
biologically active macromolecules through non-covalent interactions. Particular
emphasis will be placed on the potential application of these biomaterials in
medical applications (e.g. drug delivery, tissue engineering).

3.2 Non-Covalent Intermolecular Interaction

Molecular self-assembly directs supramolecular assemblies mainly through non-
covalent interactions. Non-covalent interactions are different from covalent bonding,
in that they are reversible, relatively weak, and in many cases specific. As a
result of these properties, non-covalent interactions are a ubiquitous mechanism
in nature and the basis for directing assembly of many supramolecular biological
systems. For example, although covalent bonds form the backbone of a polypeptide
chain, it is the 3-D structure that largely dictates a protein’s functionality and
bioactivity, and this complex, properly folded 3-D structure is almost exclusively
manipulated through various non-covalent interactions. Many cell signaling
pathways also use reversible non-covalent interactions as a mechanism to efficiently
transduce signals. Therefore, understanding the principles of these interactions is
essential to understand natural systems and may be beneficial in modern
biomaterials design and synthesis.

A non-covalent interaction is defined as (Kollman, 1977) an interaction
between molecules in which there is no change in either chemical bondings or
electron pairings. In contrast to the strong (typically >100 kJ/mol), stoichiometric
(i.e. one-to-one interaction between atoms) and directional nature of covalent
bonds, non-covalent interactions are generally weaker, non-stoichiometric, less
directional, and more sensitive to the environment. Several specific contrasts can
be drawn between these types of interactions. While covalent bonds are generally
shorter than 2 A, non-covalent interactions usually function within a range of
several angstroms. The formation of a covalent bond requires overlap of partially
occupied electron orbitals of interacting atoms, which share a pair of electrons,
whereas no orbital overlapping or electron sharing takes place in non-covalent
interactions. Furthermore, although the entropy change during formation of an
irreversible covalent bond contributes to the overall free energy change less than
enthalpy change, it often plays a more important role in non-covalent self-assembly
processes, especially when the enthalpies of the interactions holding the molecules
together are relatively weak. For example, non-covalent complexation between
oppositely charged polyelectrolytes was theoretically predicted (Michaels, 1965)
and recently experimentally observed to be an entropy-driven, athermal process
(Bucur et al., 2000).

Although in general weaker than covalent bonds, non-covalent interactions are
the primary mechanism dictating the conformations of biomacromolecules (e.g.
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proteins, DNA). They are also the prominent mechanism directing assembly of
hierarchical structures in supramolecular biological assemblies, such as the
coiled coil structure of some protein fibrils. It is cooperativity that allows these
weak non-covalent interactions to build into strong, stable molecular interactions
and hierarchical structures. If the simultaneous presence of multiple interactions
in a single molecule or a supramolecular assembly produces positive cooperativity,
then the overall interaction can be much stronger than might be expected from
the sum of their individual strengths. For example, individual ions such as
sodium and chloride ions are dissociated and solvated in aqueous solution due to
(1) the entropy increase upon ion dissociation and (2) the strong interactions of
ions with water molecules. In contrast, oppositely charged polyelectrolytes bind
strongly to one another in aqueous solution to form insoluble complexes. These
systems behave quite differently despite the fact that each is driven by electrostatic
interactions between oppositely charged ions. Chemical complementarity and
structural compatibility is essential in creating the kind of positive cooperative
interaction observed in polyelectrolyte complexes.

Compared to strong and irreversible covalent bonds, the non-covalent interactions
seem to be a poor choice of interaction to hold macromolecules and supramolecular
assemblies together. However, since biological processes are dynamic and need
constant remodeling and reorganizing, relatively weak and reversible non-covalent
interactions are indeed advantageous energetically. For example, in order to
produce large quantity of hierarchically structured proteins and keep the structural
fidelity, it is more efficient to synthesize simple linear polypeptides first, and
then allow them to self-assemble into ‘correct’ structures based on the built-in
structural information in their sequences.

In the following sections the fundamental physics of non-covalent interactions
will be briefly reviewed (readers are referred to (Israelachvili, 1991) for a
comprehensive description of intermolecular interactions). Throughout this
section we will highlight the importance of each type of non-covalent interaction
during protein folding (Fig. 3.1), as this process is: (1) ubiquitous in biological
systems; (2) driven almost exclusively by non-covalent interactions; (3) a key
mechanism for the assembly of natural and synthetic ECMs.

3.2.1 Electrostatic Interaction

All intermolecular interactions are thought to be essentially electrostatic in origin
[p11 in (Israelachvili, 1991)]. Electrostatic interactions are originated between ions,
permanent dipoles and induced dipoles. They can be either attractive or repulsive
and are non-directional. Specific types of electrostatic interactions will be introduced
in the following subsections. The intention of this subsection is to classify the types
of electrostatic interactions and briefly introduce the physics governing each
interaction. Examples of the importance of the interactions in protein folding or
assembly will be given in some cases to highlight the importance of the interactions.

46



3 Nanoscale Mechanisms for Assembly of Biomaterials

Denatured Molten Globule Native

Figure 3.1 Schematic representation of the interactions that direct protein
(plastocyanin) assembly during initial folding (Color Fig. 1). The structure is color-
coded by the types of noncovalent interactions. Hydrogen bonding is represented
by red (a-helix) or yellow (-sheet), salt bridges are shown between lysine (blue)
and glutamate (orange) residues, and n-m interaction is shown in purple (included
in the blue box) between the side chains of histidine and phenylalanine residues.
The protein crystal structure is from the Protein Data Bank (PDB ID: 1KDI)

3.2.1.1 Ion-Ion Interaction

The interaction between two ions is also known as the Coulomb force. The energy
of such an interaction is given by

Eo %2 (3.1)
dng,sr
where g represents the charge the ions carry; &, is the vacuum permittivity; &, is
the relative permittivity or dielectric constant of the medium; and r is the
distance between the two ions. The dependence on 1/r makes this a relatively
strong and long-range force when compared to other types of non-covalent
interactions (see below).

In the context of protein structure and folding, interactions between proximal,
oppositely charged moieties are known as ‘salt bridges’. These charged entities
include cationic residues (Lys, Arg, His, and the N-terminus) and anionic residues
(Glu, Asp, and the C-terminus) in the protein. During protein folding the ion-ion
interaction plays a critical role in allowing a protein to fold into its native state
(Fig. 3.1). Ionic interactions are an important component of several biomimetic
assembly processes, in which cooperative binding takes place (see Section 3.3.1
below).

3.2.1.2 Ion-Dipole Interaction

An ion-dipole interaction is the force between a charged group and a polar group.
The energy of this type of interaction is given by

qu
Eox——— 3.2
dne,er’ G2
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where u refers to the dipole moment of the polar group, and other variables are as
defined above for ion-ion interactions. Interactions between charged amino acid
residues (listed above) and polar residues (e.g. Ser, Thr, Tyr, Asn, and Gln) in a
protein fall under this category. A common ion-dipole interaction in a protein
structure is the interaction between the negative charge on a carboxylate group
and the dipole of a hydroxyl or amine group. This kind of interactions is commonly
considered hydrogen bonding, and will be introduced in Section 3.2.2.

A cation-7 interaction is a special kind of non-covalent ion-dipole interaction
between the electron-rich n orbitals of an aromatic ring and an adjacent cation.
These interactions are relatively strong (5 — 80 kJ/mol), approximately equivalent
in energy to a hydrogen bond (Ma and Dougherty, 1997). Cation-n interactions
are remarkably common in protein structures, as over 25% of all tryptophan
residues are involved in energetically favorable cation-m interactions (Dougherty,
1996; Gallivan and Dougherty, 1999).

3.2.1.3 Ion-Induced Dipole Interaction

An ion-induced dipole interaction is the force between a charged group and a
nonpolar group. The energy of this type of interaction is given by

q’a

(4ne,e )’ rt 33

where « refers to the polarizability of the nonpolar group and other variables are
as defined above for ion-ion interactions. When nonpolar molecules or groups
interact with adjacent charged or polar molecules, transient dipole moments can
be induced through polarization. Interactions between charged amino acid residues
and nonpolar residues such as Leu and Ile in a protein fall under this category.

3.2.1.4 Dipole-Dipole Interaction

A dipole-dipole interaction is defined as an interaction between molecules or
groups having a permanent electric dipole moment (IUPAC Compendium of
Chemical Terminology). When the dipole moments are in fixed orientation (e.g.
when they are close to each other), energy is given by

Ui,

E o (3.4)

3
4ne,s,r

When the two dipole moments are free to rotate, generally at large separations
or in a high & media, the net strength of the dipole-dipole interaction is angle-
averaged. The energy of such an interaction, also termed Keesom force, is given by

2.2
ul u2

(4ne,e)'r’ (3-5)
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where u#, and u, are the dipole moments of the interacting species. Interactions
between polar residues (e.g. Ser, Tyr, and Thr) in a protein fall under this
category.

A special kind of dipole-dipole interaction between aromatic rings is called
a m-1 interaction (2 — 10 kJ/mol). The w electrons present in aromatic rings are
localized above and below the face of the ring. This excess of electrons gives the
face of the ring a partial negative charge whereas the hydrogen atoms on its edge
have a corresponding net positive charge. The electrostatic interactions between
these partial charges result in the so-called m-m interaction. It dominates the
interactions between aromatic side chains during protein folding, thus play an
important role in the tertiary and even quaternary structure of proteins that
contain Phe, Tyr or Trp residues (Fig. 3.1) (McGaughey et al., 1998). According
to Burley and Petsko’s analysis of 4 biphenyl peptides and 34 proteins (Burley et
al., 1985), on average 60% of aromatic side chains are involved in 7-m
interactions, and 80% form networks of three or more interacting aromatic side
chains. 80% of these energetically favorable interactions stabilized tertiary
structure, and 20% stabilized quaternary structure.

3.2.1.5 Dipole-Induced Dipole Interaction

A dipole-induced dipole interaction takes place between one polar molecule and
one nonpolar molecule. It is often termed an induction force or Debye force. The
energy of this type of interaction is given by

2
uao

(4ne,e)'r’ (36

This interaction is usually categorized as one subset of the van der Waals
forces (see the next subsection for the definition of the van der Waals force).

3.2.1.6 Induced Dipole-Induced Dipole Interaction

An induced dipole-induced dipole interaction is also known as a dispersion force
or a London force (p83 in (Israelachvili, 1991)). It acts between all atoms and
molecules. The energy of this type of interaction is given by the same equation
described above for dipole-induced dipole interactions.

Keesom, Debye (induction) and London (dispersion) forces together make up
what are generally called van der Waals forces (<5 kJ/mol). These ubiquitous
interactions are relatively weak and short-range (1//° distance dependence). They
essentially contribute to all types of self-assembly in biology and biomaterials
science. Van der Waals forces may act as an important stabilizing factor in the
closely packed interiors of a native protein, because these forces act over only
short distances and hence are lost when the protein is unfolded. Although weak
individually, careful design of chemical complementarity and structural compatibility
can result in positive cooperativity, which enables van der Waals interactions to
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serve as an essential component of the structural integrity of certain biological
materials. For example, neighboring B-sheets in silk fibroin are held together
through van der Waals forces, resulting in the mechanically stable yet flexible
property of silk (Voet et al., 2001).

Although non-covalent intermolecular interactions are considered primarily
electrostatic in this chapter, a couple of special interactions, hydrogen bonding
and hydrophobic interactions, are worth describing more specifically and in more
detail due to their prevalence in biological systems. These interactions are often a
combination of different types of electrostatic interactions.

3.2.2 Hydrogen Bonding

A hydrogen bond, D—H-*-A, is formed between a hydrogen atom, which is
formally bonded to an electronegative donor atom (D), and a neighboring
acceptor atom (A). The main component of the hydrogen bond is an electrostatic
interaction between the dipole of the donor-hydrogen bond, in which the
hydrogen atom has a partial positive charge, and a partial negative charge on the
acceptor atom. The hydrogen atom is special in being able to interact strongly
with one electronegative atom while being covalently attached to another. The
length of hydrogen bonds depends on bond strength, temperature, and pressure
and the bond strength itself is dependent on temperature, pressure, bond angle,
and the environment, usually characterized by local dielectric constant. The
typical length of a hydrogen bond in water is 1.97 A and the strength of most
hydrogen bonds lies between 10—40 kJ/mol. The strength of O—H-**N, O—
H:+O, N—H-*N, and N—H"*-*O interactions is approximately 29 kJ/mol,
21 kJ/mol, 13 kJ/mol, and 8 kJ/mol, respectively (Jeffrey, 1997; Scheiner, 1997).

Hydrogen bonding plays an important role in determining a protein’s secondary
structures. For example, a-helix and B-sheet secondary structures are formed
through numerous hydrogen bonds on the polypeptide backbone. In an a-helix,
the hydrogen bonds are between the backbone C=0 groups and N—H groups
that are four residues farther along the same polypeptide chain, whereas in a 3
sheet, hydrogen bonding occurs between neighboring polypeptide chains (Fig. 3.1).

3.2.3 Hydrophobic Interactions

Ion-ion interactions and hydrogen bonding between two polar or charged molecules
in an aqueous environment are not particularly favorable energetically because
there are competing interactions between the molecules and the water surrounding
them. However, the interactions between nonpolar molecules and water molecules
are less favorable because these molecules lack the ability to form hydrogen
bonds. This relative absence of interactions among the nonpolar molecules and
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water molecules results in interactions among the nonpolar groups themselves,
and this preference is known as hydrophobic interaction.

Hydrophobic interactions, which cause nonpolar substances to minimize their
contacts with water, are an important determinant of native protein structure
(Kellis et al., 1988; Spolar et al., 1989). Most folded proteins have a hydrophobic
core in which side chain packing stabilizes the folded state, and charged or polar
side chains are largely partitioned to the solvent-exposed surface where they
interact with surrounding water molecules. An illustrative example is the coiled
coil structure of the extracellular matrix (ECM) protein o-keratin, in which two
a-helical polypeptide chains are twisted to form a left-handed coil, and this
structure is formed through a hydrophobic interaction between the two hydrophobic
strips on each a-helical chain (Voet et al., 2001).

3.2.4 Non-Covalent Interactions in Biological Systems

Each of the interactions described in this section plays a role not only in the
aforementioned protein folding and stabilization processes, but also intermolecular
interactions between proteins and various ligands. The ligands may be small
molecules (e.g. metabolites, peptides, oligonucleotides) or macromolecules (e.g.
DNA, RNA, other proteins), and the binding between a protein and a ligand is
often very strong and specific. These binding events, often termed ‘molecular
recognition’ (Fig. 3.2(¢c)), are a key element of virtually all biological processes,
from enzyme-mediated metabolism to tissue and organ development. Molecular
recognition plays a prominent role in cell-ECM interactions, as cell adhesion and
migration are regulated by integrin binding to adhesion ligands in the ECM, and
cell proliferation and differentiation are regulated by binding of cell surface
receptors to specific signaling cues (e.g. protein growth factors) in the ECM.
Instead of taking advantage of any individual non-covalent force, molecular
recognition interactions are usually dictated by a collection of non-covalent
interactions working cooperatively, and ‘affinity’—meaning the strength of the
binding—is largely determined by the efficiency of this cooperativity. We will
often refer to these types of interactions as ‘affinity-based’ interactions in this
chapter, to distinguish these interactions from those in which one dominant type
of non-covalent force is operative.

The equilibrium dissociation constant (K,) is commonly used to quantitatively

represent the binding affinity. When a ligand (L) and a protein (P) are associated
to form a complex (PL) in a solution, the corresponding equilibrium dissociation
constant is defined as:

K, =t (3.7)
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where [P], [L] and [PL] represent the concentrations of the protein, ligand and
bound complex, respectively. The dissociation constant has units of molarity (M),
and corresponds to the concentration of ligand [L] at which the binding site on
the protein is half occupied, i.e. when the concentration of protein with ligand
bound [PL] equals the concentration of protein with no ligand bound [P]. The
smaller the dissociation constant, the more tightly bound the ligand is; for example,
a ligand with a nanomolar (nM) dissociation constant binds more tightly than a
ligand with a micromolar (uM) dissociation constant. Molecular recognition events
in natural systems often have dissociation constants lower than nM, and therefore
show significant binding even at very low protein and ligand concentrations. When
these interactions are used for self-assembly, they can have a wide range of
affinities, and the affinity of the interaction impacts the stability and dynamics of
a molecular assembly (see (Whitesides et al., 1991; Whitesides, and Grzy bowski,
2002) for a more comprehensive review of molecular self-assembly interactions).

3.2.5 Summary

The interactions between biological molecules are often complex, but can ultimately
be understood as a composite of the several types of non-covalent interactions
described in this section. Thus, non-covalent interactions represent the driving
force behind natural processes ranging from protein dimerization to organogenesis.
The same fundamental interactions may also be used as driving forces to assemble
novel synthetic biomaterials, which will be discussed in the following section.
Non-covalent interactions are also the driving force behind molecular recognition
events in biological systems, and these interactions can be mimicked to create
materials that act as synthetic mimics of the extracellular matrix. We will discuss
this concept in Section 3.4.

3.3 Approaches for Bioinspired Nanoscale Assembly of
Biomaterials

Recent research has begun to unveil nature’s delicate design of hierarchical
structures, and yet most biological assembly processes remain incompletely
understood and unpredictable. Furthermore, it has proven difficult to duplicate
the sophisticated structure and function of biological assemblies with synthetic
molecules. In order to establish supramolecular structure through self-assembly
one must build sufficient information into the molecular building blocks so that
the desired structure forms spontaneously, and this is a daunting task. Moreover,
nature is capable of designing interactive assemblies that change their properties
in response to specific biochemical or physical stimuli, such as pH, temperature,
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ligand binding, ionic strength, or electric field, and it is uniquely challenging to
mimic these functions.

However, the emergence of molecular biology and genetic engineering
coupled with recent advances in peptide and nucleic acid synthesis has enabled
many functional and biologically active supramolecular structures to be built.
Micelles, vesicles, lamella, bicontinuous structures, and fibrils are some common
types of structures assembled via the non-covalent interactions introduced in the
previous section. Many biologically derived molecules, such as peptides,
nucleotides and lipids, have been successfully used as the building blocks of
these biomimetic assemblies. Some specific examples will be given below, and
they are categorized based on their dominant assembly mechanism (Fig. 3.2).
Although we do not explicitly focus on biomedical applications in this section,
each of the assemblies described may ultimately have relevance to the
biomaterials-related applications described in Section 3.4, including tissue
engineering and drug delivery.

(a)

e —
e — 0

(c)
Figure 3.2 Schematic representations of molecules self-assembling into hierarchical
structures; (a) cooperative assembly of polyelectrolytes into a complex based via
ion-ion interactions; (b) assembly of micellar structure via hydrophobic interactions;

(c) Binding of complementary molecules via molecular recognition or ‘affinity-based
interactions’

3.3.1 Supramolecular Assembly Based Primarily on Ion-Ion
Interactions

Thanks in part to the emergence of solid-phase peptide synthesis (Fields and
Noble, 1990), which established a routine synthetic protocol to create short
peptides (typically <100 amino acids), bio-molecules are becoming important
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building blocks for supramolecular assembly. They provide versatility of
monomeric units (e.g. natural and unnatural amino acids, modified or unmodified
nucleotides) and control over molecular architecture. Furthermore, peptides
allow one to borrow well-defined structural motifs from nature, and these motifs
have been evolved over millions of years (Tu and Tirrell, 2004). Therefore,
investigators have developed many peptide-based self-assembling systems with a
variety of supramolecular structures and biologically active functions.

Ion-ion interactions between peptides have been used to build a variety of
nanometer-scale structures. For example, Zhang and coworkers have developed a
class of ionic self-complementary peptides (Zhang, 2003; Zhao and Zhang, 2006),
and used these molecules to form nanofiber-like structure spontaneously. These
peptides fold into B-sheet structures in aqueous solution with one hydrophilic and
one hydrophobic surface. The unique structural feature of these peptides is that
they have regular spacing between ionic groups on the hydrophilic surface, and
thus form complementary ionic bonds between molecules. Upon the addition of
monovalent alkaline cations or the introduction of the peptide solutions into
physiological media, these oligopeptides spontaneously assemble to form matrices.
The matrices are made of interwoven nanofibers, which typically have 10— 20 nm
in diameter and a few hundred nanometers to a few microns in length (Yokoi, 2005).

In an alternative approach, Pandya et al. used ion-ion interactions to assembly
two 28-residue peptides into an extended coiled-coil fiber (Pandya, 2000). Inspired
from nature’s leucine zipper-like motif and a-helical coiled-coil structure, the
peptides were designed to form staggered heterodimers. These heterodimers had
‘sticky-ends’ to promote the formation of fibers of at least several hundred
micrometers long and 20 times thicker than expected for the dimeric coiled-coil
design. The ‘sticky-ends’ were generated by staggering the ends of the peptides
so that residue 1— 14 of the first peptide preferentially interacts with residue
15—-28 of the second via ion-ion interactions. The thickness of these fibers
implied lateral association of the designed structures. Pandya et al. proposed that
complementary features present in repeating structures promoted lateral assembly,
and that a similar mechanism may underlie fibrillogenesis in certain natural
systems. This example illustrates another theme in biomimetic self-assembly—
the use of synthetic systems to gain insight into natural assembly processes. It is
noteworthy that these extended fibers can be supplemented with special ‘fiber
shaping’ peptides, which are subunits of the original peptides designed to introduce
morphological variations and produce kinked, waved and branched fibers (Ryadnov
and woolfson, 2003).

In another approach, Zhang and coworkers have extended peptide-based
self-assembly to include structurally dynamic peptides based in part on ion-ion
interactions. For example, one 16-residue peptide has a [B-sheet structure at
ambient temperature with 5 nm in length but undergoes an abrupt structural
transition at high temperatures to form a stable a-helical structure with 2.5 nm in
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length (Zhang and Rich, 1997; Altman et al., 2000). These peptides have a cluster
of negatively charged aspartate or glutamate residues close to the N-terminus and a
cluster of positively charged lysine or arginine residues near the C-terminus.
Because of the unique sequence, the side chain charges favor helical structure
formation, while the alternating hydrophilic and hydrophobic residues as well as
the ionic self-complementarity favor stable beta-sheet formation. Thus these peptides
are able to transform their secondary structures under the appropriate conditions.

3.3.2 Assembly of Amphiphilic Biomaterials

Amphiphilic molecules have hydrophobic regions, which usually comprise
hydrocarbon chains, and hydrophilic regions, which usually contain either ionic
or uncharged polar functional groups. The hydrophobic regions of these molecules
aggregate due to the aforementioned hydrophobic interactions, resulting in
assembly of various structures such as micelles (Fig. 3.2(b)). Many biological
macromolecules are amphiphilic, including phospholipids, cholesterol, glycolipids
and fatty acids, and these molecules have been shown to form supramolecular
structures, such as vesicles, micelles and tubules, in vivo and in vitro. A
comprehensive discussion of amphiphilic assembly is beyond the scope of this
chapter. We will instead focus on illustrative demonstrations of amphiphilic
assembly in the synthesis of peptide-based biomaterials.

The sequence of an amphiphilic peptide typically contains a hydrophilic region
composed of one or more charged or polar amino acid residues on one terminus
and a hydrophobic region composed of nonpolar amino acid residues or a
hydrocarbon chain on the other terminus. For example, Stupp and coworkers
(Stupp and Braun, 1997a; Stupp et al., 1997b) have developed a class of molecules
termed ‘peptide amphiphiles’ by attaching a long hydrophobic alkyl tail to a
hydrophilic oligopeptide head (Fig. 3.3). These peptide amphiphiles self-assemble
into cylindrical micelles in an aqueous environment, with the alkyl tails packed
in the center of the micelle and the peptide headgroups exposed to the aqueous
environment.

Applications of these ‘peptide amphiphiles’ have been exploited in tissue
engineering. In one particular example, Hartgerink et al. (Hartgerink et al., 2001)
described an attempt to mimic the biomineralization process by using self-
assembled amphiphilic peptide nanofibers to guide the nucleation and growth of
bone-like mineral crystals. On the surface of the fibrils, a flexible trio of glycine
residues efficiently presents both a phosphoserine residue, which induces mineral
nucleation and growth, and a peptide sequence, which promotes cell adhesion.
The resultant mineralized matrix bears some similarity to the mature bone matrix,
as the mineral is aligned with the direction of the self-assembled fibrils. In another
example, Silva et al., (Silva et al., 2004) incorporated the Ile-Lys-Val-Ala-Val
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Figure 3.3 Schematic representation of the self-assembly of amphiphilic peptide
molecules into a cylindrical micelle (reproduced from (Hartgerink, 2001) with
permission)

(IKVAV) pentapeptide into a peptide amphiphile. IKVAV is an amino acid
sequence found in laminin, an extracellular matrix protein that promotes neurite
adhesion, sprouting, and growth. These IKVAV-containing peptide amphiphiles
self-assemble in aqueous media to form nanofibers 5— 8 nm in diameters and
hundreds of nanometers to a few micrometers in length. These intermeshed fibers
form 3-D hydrogels, which contain a remarkably high concentration of IKVAV
sequences throughout the network. Due in part to the high desity of IKVAV these
self-assembled hydrogels are able to promote specific differentiation of
encapsulated neural progenitor cells into neurons while discouraging the production
of astrocytes. This study represents an example of the importance of biomaterial
properties in directing cell activity during formation of a new tissue, and it
particularly emphasizes the potential of molecular self-assembly as a mechanism
for biomaterials design.

In an alternative approach, Zhang and coworkers synthesized a series of
peptide-based amphiphiles, which have tails composed of six repeated hydrophobic
residues (Val, Ala or Leu) and head groups consisting of one or two hydrophilic
amino acids (Asp) (Santoso et al.,2002; Vauthey et al., 2002). Although
individually they have different compositions and sequences, these surfactant-like
peptides each have a hydrophilic head and a hydrophobic tail that allow for
self-assembly into a network of open-ended, helical nanotubes with an average
diameter of 30— 50 nm. Nanovesicles can ‘fuse’ with these nanotubes or ‘bud’
out of them to increase or decrease the length of the tubes, and this phenomenon
makes these structures dynamic.

56



3 Nanoscale Mechanisms for Assembly of Biomaterials

3.3.3 Biomimetic Supramolecular Assembly Based on Hydrogen
Bonding

Amino acid side chains in polypeptides and heterocyclic bases in polynucleotides
each have a well-defined tendency to form intramolecular and intermolecular
hydrogen bonds. Investigators have developed a variety of peptide- or nucleotide-
based biomaterials by exploiting the capacity of these molecules to interact and
undergo supramolecular assembly. For example, Ghadiri and coworkers (Ghadiri
et al., 1993; Ghadiri et al., 1994; Hartgerink et al., 1996; Fernandez-Lopez et
al., 2001) designed a series of cyclic peptides (Fig. 3.4), which exhibit an
anti-parallel B-sheet structure and self-assemble into nanochannel-like structures.
These nanostructures are held together by intermolecular hydrogen bonds, and
they remain stable during solvent, temperature or pH variation. The diameter of
the cyclic peptides, and therefore the cylindrical diameter of the assembled
nanochannels, can be defined by varying the number of amino acids in the peptides.
The exterior functionality of the cylinder can also be controlled by varying the
amino acid side chains (Bong et al., 2001), which makes this a particularly flexible
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Figure 3.4 Schematic representation of a f3-sheet-like, hydrogen-bonded tubular
architecture created via self-assembly of eight-residue cyclic peptides. Also shown
is a schematic of membrane permeation by peptide nanotubes (reproduced from
(Fernandez-Lopez, 2001) with permission)
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design methodology. Ghadiri and coworkers have demonstrated that these
biomimetic assemblies can function as transmembrane channels to selectively
transport hydrophilic molecules (e.g. glucose) across a lipid bilayer (Ghadiri et
al., 1994) or as antibiotic agents that destabilize bacterial cell membranes in vitro
and in vivo. (Fernandez-Carneado et al., 2004).

Other investigators have instead used complementary DNA molecules as
building blocks for assembly. These molecules are capable of assembling into a
double helical structure, in which two polynucleotide backbones are held
together by hydrogen bonds between complementary nucleotide bases. Due to
advances in modern molecular biology and solid phase oligonucleotide synthesis,
it is possible to create sequences that are programmed at the level of their
sequence to assemble into functional 3-D structures with predefined topologies
(Yan, 2004; Tirrell, 2005). Pioneering studies by Seeman and coworkers originally
showed that branched DNA building blocks could be used to construct ordered
arrays (Seeman, 1982; Seeman, 2003), and more recently Mirkin (Mirkin, 2000)
and Alivisatos (Alivisatos et al., 1996) have assembled nanoparticle arrays via
cDNA interactions. DNA was also used to make nano-scale materials with
moving parts (e.g. nanotweezers (Yurke et al., 2000)), and used as linker to direct
assembly of metal nanoparticles (Mucic et al., 1998; Loweth et al., 1999; Maeda
etal., 2001), metal nanowires (Braun et al., 1998; Martin et al., 1999),
semiconductor particle arrays (Coffer et al., 1996; Torimoto et al., 1999), carbon
nanotubes (Shim et al., 2002) and field effect transistors (Keren et al., 2003).
Taken together, these studies demonstrate that hydrogen bonds between
complementary DNA strands are a robust and adaptable mechanism for assembly
of a variety of nanostructured materials.

3.3.4 Biomimetic Assembly Based on Affinity-Based Interactions

The molecular assemblies described in the last few sections can be generally
characterized by: (1) one dominating type of non-covalent force directing
assembly; (2) the use of relatively small synthetic molecules as building blocks.
This is largely in contrast to natural systems, in which relatively large molecules
interact via a composite of many different non-covalent interactions. The large
number of distinct interactions leads to molecular recognition (Fig. 3.2(c))
(described in Section 3.2.4), which enhances specificity and, in some cases,
increases the affinity of an interaction. These affinity-based interactions are
prevalent in all biological systems, and investigators have also used these
interactions to develop biomimetic self-assembly approaches ex vivo. For example,
hydrogel networks have been assembled via specific recognition events such as
reversible antibody-antigen interactions (Miyata et al., 1999), streptavidin-biotin
interactions (Stayton et al., 1995; Kim et al., 2005; Kulkarni et al., 2006) and
coiled-coil interactions (Petka et al. 1998; Wang et al., 1999). In one illustrative
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example, Miyata et al. assembled a hydrogel network by immobilizing both an
antigen and the corresponding antibody in an interpenetrating polymer network
(Miyata et al., 1999). These hydrogels changed their volume upon exposure to
antigen-containing or antigen-free solutions, and this change was a result of
changes in antibody-antigen binding within the network. In another example
(Kim and Lyon, 2005), Kim and coworkers fabricated a class of bioresponsive
hydrogel microlenses using biotinylated polymers and developed a new protein
detection technology based on the well-studied avidin-biotin interaction. Using
poly (N-isopropylacrylamide-co-acrylic acid) as the basic building block,
biotinylated hydrogels were synthesized and then assembled onto a silane-
modified glass substrate via ion-ion interactions. The binding of avidin was
visualized by monitoring optical properties and modulation of gel swelling using
a brightfield optical microscopy technique. These examples demonstrate the
utility of affinity-based interactions in design of materials, and there are a wide
variety of other materials design approaches in this general category. Readers are
referred to Yeates et al. for a more comprehensive description of self-assembled,
protein-based materials (Yeates et al., 2002).

3.3.5 Summary

Due to the pragmatic issues associated with biomaterials development, including
biocompatibility, toxicity, production cost, and FDA approval, many of the specific
self-assembled biomaterials described in this section have not yet been optimized
for widespread clinical use. Therefore, molecular self-assembly largely represents a
‘next generation’ approach to assembling biomaterials, and there is not a well-
established history of using most types of assembled materials in vivo. However,
investigators have begun to apply some of the more general assembly mechanisms
and schemes described thus far in this chapter to biomedical applications, most
notably drug delivery and tissue engineering. In many cases the utility of
self-assembly mechanisms stems from their ability to mimic the manner in which
cells and proteins interact with the natural matrix that surrounds them in vivo.

3.4 Development of Biomaterials That Mimic The Natural
ECM

3.4.1 Introduction

Animal tissues are made up of not only cells, but also an extracellular space,
which is typically filled with an extensive and intricate network of macromolecules.
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This network, called the extracellular matrix (ECM), serves as: (1) a structural
support for cells; (2) an adhesive substrate for anchorage and migration of cells;
(3) a storage depot for soluble signaling molecules; and (4) a conduit for mass
transport. The ECM is capable of assembling and dissembling in response to cell
activities and environmental conditions, which makes it a particularly dynamic,
stimulus-responsive material. This wide variety of functional ECM properties
makes it an inherently difficult structure to mimic. Furthermore, the diversity of
ECM properties adds an extra layer of complexity, as ECM properties are dependent
on the anatomical location, the tissue type, the health status, age, and genetic
make-up of an organism, among other variables. Despite this daunting complexity,
investigators have made substantial progress in recreating specific properties of
the ECM to create biomaterials for medical applications ranging from biosensors
to tissue engineering scaffolds. This section will describe some basic non-covalent
interactions present in the natural ECM and discuss methods that have been used
to mimic these interactions in biomaterials design. We specifically focus on ECM
functions related to non-covalent assembly, as a more comprehensive description
of all ECM-mimetic materials is beyond the scope of this chapter.

3.4.2 Non-Covalent Interactions in Natural Extracellular Matrices

The ECM of most tissue types is mainly composed of polysaccharides, proteins
and their conjugates (Alberts et al., 2004). The polysaccharides are highly negatively
charged, and hence attract osmotically active sodium ions via ionic interactions.
This specific property of polysaccharides enables the ECM to draw in large
amount of water molecules and behave as a natural hydrogel. Structural ECM
proteins such as collagen and elastin are interwoven in the ECM largely via
non-covalent interactions (Fig. 3.5) and assembled into fiber ropes and mesh
10—300 nm in diameter. These enmeshed fibers provide tensile strength and
elasticity and form the structural backbone many ECMs.

A particularly important ECM property is the ability to interact non-covalently
with resident cells. The ECM facilitates cell attachment and migration via specific
non-covalent interactions between ECM proteins (e.g. laminin, fibronectin) and a
class of specific receptors on the cell surface called integrins (Fig. 3.5). The
ECM also acts as a local depot for a wide range of soluble proteins called growth
factors (Fig. 3.5), which regulate myriad cell activities by interacting specifically
with receptors on the cell surface. These soluble proteins are often sequestered
via non-covalent interactions with molecules linked to the ECM (e.g. heparin).

The intriguing dynamic properties of many ECMs can also be tied to non-
covalent interactions. There is a dynamic, reciprocal relationship between cells
and the matrix in which they reside. The ECM actively regulates cell behavior by
providing structural support, promoting cell attachment and regulating signaling
molecules. Meanwhile, cells detect and respond to numerous features of the ECM,
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Figure 3.5 Schematic representation of a cell interacting with a natural ECM via
non-covalent interactions. Specific interactions shown include: (a) integrin receptor
binding to an adhesion ligand (FILLED SQUARE). (b) soluble protein (FILLED
OVAL) binding to an ECM-linked ligand; and (c) interactions between protein fibers
in the ECM

such as the composition and availability of adhesive ligands, soluble factors,
mechanical stiffness, and spatial and topological organization of the matrix.
Therefore, on one hand the structure of the ECM affects cell activity, and on the
other hand cell activity often leads to structural remodeling of the ECM via
synthesis of new ECM proteins and realignment of ECM fibrils.

It is clear that several unique functions of the ECM are a result of designed
non-covalent interactions, and the importance of natural ECM functions in medical
applications (e.g. tissue engineering) has led several investigators to mimic these
interactions directly or indirectly. The following sections will describe a number
of examples in which interactions in the ECM are mimicked to build functional
biomaterials.

3.4.3 Biomaterials That Mimic ECM Structures and Properties

ECM-mimetic biomaterials can be designed based on the same structural features
and cell-interactive mechanisms the natural ECM possesses. There are several
natural ECM characteristics that are desirable for these synthetic biomaterials
(Pratt et al., 2004). Structurally, these materials should be porous and highly
hydrated. They should present specific adhesion sites to actively accommodate
cell attachment and facilitate cell migration. They should be susceptible to enzymatic
matrix remodeling, which allows for cell invasion and ECM re-organization. In
many cases it may also be desirable to incorporate binding sites for cell signaling
molecules (e.g. growth factors) to allow more active control of cell behavior,(e.g.
proliferation, differentiation). Although natural ECMs typically possess all of the
above merits, it remains a great challenge to design synthetic biomaterials that
simultaneously perform the broad range of ECM functions. Instead, many of the
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biomimetic matrices explored to date focus on achieving one or two features of
the natural ECM. The following sections will describe some of these approaches,
highlighting key non-covalent assembly mechanisms.

3.4.3.1 Non-Covalent Assembly of Structural 3-D Hydrogel Matrices for
Cell Culture

As described above, natural ECMs are highly hydrated, porous matrices. In
designing biomimetic materials for tissue engineering and cell development,
synthetic hydrogels have drawn great attention because their structural properties
resemble many fundamental structural features of natural ECMs (Graham 1998).
For example, hydrogels are networks of water-interactive or water-soluble
molecules, which have water-absorbing capacity and thus high porosity, similar
to natural ECMs. Hydrogels are viscoelastic, which also mimics the mechanical
properties of some natural ECMs. These structural properties make synthetic
hydrogels a suitable base material for design of novel biomaterials for tissue
engineering (Hutmacher, 2001; Langer and Tirrell, 2004; Almany and Selikar,
2005; Dankers et al. 2005; Hollister, 2005; Lutolf and Hubbell, 2005; Salvay and
Shea, 2006; Zhao and Zhang, 20006), as they offer 3-D matrices to support cell
growth and have some degree of structural flexibility and biochemical adaptability,
similar to natural tissue. Investigators have developed a number of approaches
for generating biocompatible hydrogels based on molecular self-assembly through
several intermolecular pathways as described in section 3.3 (Stupp et al., 1997b;
Schneider et al., 2002; Pochan et al., 2003; Mabhler et al., 2006).

Many synthetic hydrogel networks require gelation conditions that may
compromise cell viability, such as ultraviolet radiation or reactive chemical cross-
linkers. Hydrogels that assemble via non-covalent interactions can circumvent
this issue by assembling in environments that are cell-friendly and similar to
physiological conditions. In addition, self-assembly may potentially provide a
minimally invasive surgical technique if matrices can be formed in vivo. In view
of these potential advantages, investigators have begun to use the assembly
methods described in Section 3.3 to generate hydrogels in physiological
environments. Zhang and colleagues (Holmes et al., 2000) have developed a
class of peptide nanofibril-based hydrogel networks that undergo gelation at
physiological pH and temperature. These scaffolds have 5—200 nm pores and
greater than 99.5% water content, which closely mimics the porosity and structure
of the native ECM. These peptide-based matrices have demonstrated the ability
to support 3-D culture of cells (e.g. neurons, endothelial cells) and maintain their
functional behavior, including migration, proliferation and differentiation.
Remarkably, these matrices promote proper cell function in the absence of any
specific biologically functional ligands, which suggests that cells or cell-secreted
proteins may have a mechanism for directly interacting with the materials. For
example, Holmes et al. constructed self-assembling peptides and applied them as

62



3 Nanoscale Mechanisms for Assembly of Biomaterials

matrices for culture of neurons. The matrices supported neuronal cell attachment
and differentiation as well as extensive neurite outgrowth and synapse formation
between the attached neurons (Holmes et al., 2000). Peptide-based scaffolds also
provide an angiogenic environment (Narmoneva et al., 2005) by inhibiting
endothelial cell apoptosis in the absence of added pro-angiogenic factors. As a
result, the scaffolds promote long-term cell survival and capillary-like network
formation in 3-D cultures of human microvascular endothelial cells. Other peptide-
and nucleotide-based hydrogels formed via non-covalent assembly (described in
Section 3.3) may be similarly useful as structural matrices for 3-D cell culture.

3.4.3.2 Substrates and Scaffolds That Interact Specifically and
Non-Covalently with Cells

Cells in connective tissues don’t float around freely. Instead, they are immobilized
by attaching to ECM proteins. These proteins, such as fibronectin, contain adhesion
domains that facilitate specific binding to cell surface receptors. This binding is
mediated by affinity-based, non-covalent interactions, as described in Section
3.2.4. In addition, the density and spatial distribution of such regions regulate cell
behavior. In view of these important natural interactions, investigators have
designed synthetic biomaterials that interact with cell surface receptors in a
similar manner. Synthetic biomaterials can mimic the cell-adhesive property of
the natural ECM through incorporation of adhesion-promoting ligands, such as
ECM proteins or short peptides bearing cell-adhesion motifs. Incorporation of
these biomimetic adhesion sites provides a means to promote cell adhesion and
migration on materials, enabling scientists and engineers to study cell-substrate
interactions in a well-controlled manner. Moreover, controlling receptor-mediated
interactions between cells and their substrates is one of the central themes in
many tissue engineering approaches (Hubbell, 1995; Sakiyama-Elbert et al., 2001).

Perhaps the most commonly used cell adhesion ligand in biomaterials-related
applications is the Arg-Gly-Asp (RGD) sequence from the native ECM protein
fibronectin. In 1984, Ruoslahti and coworkers discovered this motif (Pierschbacher
et al., 1984), and their discovery has resulted in the development of numerous
materials containing RGD attachment sites (Hersel et al., 2003). Similarly, many
other adhesion-promoting peptides with short primary sequences have been
developed based on the receptor-binding domains of adhesion proteins, such as
the Arg-Glu-Asp-Val (REDV) and Leu-Asp-Val (LDV) (Mould et al., 1991)
sequences from fibronectin, the Tyr-Ile-Gly-Ser-Arg (YIGSR) and Ile-Lys-Val-
Ala-Val (IKVAV) sequences from laminin (Vukicevic et al., 1990) and the
Asp-Gly-Glu-Ala (DGEA) sequence from type [ collagen (Dalton et al., 1995).
Short peptides are often advantageous in design of synthetic biomaterials when
compared with full-length ECM proteins, as they are stable, relatively easy to
synthesize and purify, and can be covalently linked to a wide range of hydrogel
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matrices. In contrast, full-length adhesion proteins are large, expensive, and often
difficult to modify without influencing biological activity. Myriad studies have
demonstrated that these adhesion-promoting biomaterials are able to promote
integrin-mediated molecular interactions (Massia et al., 1991; Ruoslahti 1996),
stimulate cell spreading, and enable differentiation (Schlaepfer et al., 1994;
Humphries 1996; Palecek et al., 1997). It is noteworthy that the interaction
between cell adhesion ligands and their receptors are governed by complex, and
often poorly understood, non-covalent interactions. Therefore, these interactions
can be described quantitatively by equilibrium dissociation constants (see Section
3.2.4), which provide information about the strength of the interaction. For
example, binding between the surface of NRK cells and oligopeptides containing
the RGD motif have equilibrium dissociation constants of 300 — 600 uM
(Pierschbacher et al., 1984).

As in the native ECM, the density and spatial distribution of adhesion-
promoting ligands actively affect cell adhesion and migration on biomaterials.
For example, Massia et al. reported approximately 10° copies of RGD per cell
were required to induce cell adhesion, spreading, focal contact formation, and
cytoskeletal organization on 2-D cell culture substrates (Massia et al., 1991).
Palecek et al. demonstrated that cell migration speed was dependent on substrate
ligand density, integrin expression level, and integrin-ligand binding affinity
(Palecek et al., 1997). Maheshwari et al. showed that as the degree of ligand
clustering was increased, the average ligand density required to support cell
migration decreased, suggesting that the spatial distribution of ligand is important
for cell motility (Maheshwari et al., 2000). Taken together, these studies indicate
that the affinity and number of non-covalent interactions have important
consequences for cell function on synthetic substrates that mimic the natural
ECM.

Mimicry of cell-ECM adhesion can also be used as a mechanism to enhance
biocompatibility of traditional biomaterials. In vivo, cell recognition of traditional
biomaterials, such as polytetrafluoroethylene, silicone rubber, or polyethylene,
occurs indirectly. Proteins from body fluids adsorb nonspecifically onto the
surfaces of these materials, and some of the adsorbed proteins, such as fibronectin,
vitronectin, and fibrinogen, promote cell adhesion. This nonspecific, uncontrolled
cell adhesion often times can cause negative effects, including poorly controlled
inflammatory reactions that can lead to a poor implant-tissue interface.
Incorporation of cell type-specific adhesion ligands into traditional biomaterials
may allow one to define the interactions between synthetic implants and natural
tissues, leading to more predictable biological responses. For example, Hubbell
et al. (Hubbell et al., 1991) found that the integrin receptor a,f, is present on
human endothelial cells but not on platelets. When immobilized on otherwise
bio-inert substrates, the REDV peptide sequence selectively promoted the

64



3 Nanoscale Mechanisms for Assembly of Biomaterials

adhesion and spread of endothelial cells by interacting specifically with
the ¢, f, integrin, while fibroblasts, vascular smooth muscle cells, and platelets
did not attach. Furthermore, the endothelial cell monolayers on REDV were
non-thrombogenic. One can imagine this ligand could be useful for biomaterials
designed to support the adhesion and migration of endothelial cells but prevent
the adhesion of blood platelets (e.g. vascular grafts).

3.4.3.3 Dynamic Matrices That Dissemble in Response to Cell Activity

The ECM is anything but a static pool simply holding cells together. As described
above, the ECM is dynamic and interactive with the cells it hosts. It is responsive
to many stimuli, both physical (e.g. temperature, mechanical stress) and chemical
(e.g. pH, ionic strength), and undergoes constant remodeling and reorganization
via local proteolytic enzyme activity. Although numerous scaffolding systems
have been developed that are biodegradable, degradation often occurs via a cell
independent mechanism, such as hydrolysis in aqueous solution. In many cases it
would be preferable to allow cells to degrade their surrounding matrix via
proteolysis, as this would mimic the cell-mediated remodeling that occurs in the
natural ECM. Furthermore, when cells are encapsulated in non-biodegradable
synthetic matrices, they are often not able to synthesize and assemble their own
matrix. Cell-mediated degradation in dynamic matrices would allow the cells to
assemble a more natural matrix, and this not only mimics natural ECM
reorganization, but could also be advantageous in tissue engineering.

To that end, recent work has used clever chemistries to enable cell-mediated
remodeling in synthetic matrices (Hubbell, 1999; Hubbell, 2003; Lutolf and
Hubbell, 2005). Hubbell and coworkers developed a matrix synthesis strategy, in
which poly(ethylene glycol) (PEG) is copolymerized with short peptides bearing
a sequence that can be recognized by specific proteases (West and Hubbell,
1999). One matrix contained the Ala-Pro-Gly-Leu (APGL) sequence derived
from the ECM protein collagen, and this matrix was specifically degraded by
collagenase. Another matrix contained the Val-Arg-Asn (VRN) sequence derived
from fibrinogen and this matrix was specifically degraded by plasmin. Both
matrices remained stable in the presence of the other protease, indicating that
protease-mediated degradation was specific. In another study (Lutolf et al., 2003a;
Lutolf et al., 2003b), when matrix metalloproteases (MMPs) cleavable peptides
were incorporated into a PEG hydrogel network, exposure to MMPs resulted in
hydrogel swelling as a result of peptide cleavage, ultimately leading to complete
erosion of the network. When these networks were exposed to human fibroblasts,
cell-secreted MMPs were found to locally degrade the incorporated peptides, and
allow for cell migration through the hydrogel matrix.

It is worth mentioning that the hydrogel systems described in the subsection
are covalently cross-linked materials, in contrast to the self-assembled matrices
that are more common in natural ECMs. However, enzyme-mediated remodeling
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to the matrix enables the encapsulated cells to assemble a natural matrix around
them in place of the synthetic matrix that has been degraded, and such processes
involve many molecular recognition events via a number of non-covalent
interactions.

3.4.3.4 Matrices That Interact with Growth Factors via Non-Covalent
Interactions

Besides providing structural support and acting as a dynamic substrate for cell
adhesion and remodeling, the native ECM also plays a significant role in regulation
of cell development and tissue development by influencing growth factor
signaling pathways. One way in which the ECM influences cell activity is by
sequestering growth factors, thereby regulating their availability to cells. Natural
ECMs can ‘store’ these growth factors through non-covalent interactions, and
due to the reversibility of the interactions, the sequestered growth factors can be
released and allowed to interact with cell surface receptors. In some cases, growth
factors can also be released actively through enzyme-mediated degradation of the
matrix. Therefore, developing matrices able to interact with growth factors and
maintain their bioactivity is desirable for tissue engineering applications, where
cell-secreted growth factors could be sequestered, concentrated and regulated in
the matrix. These types of matrices could also be important in localized drug
delivery applications, as the matrix could potentially release growth factors on
site in a spatially and temporally controlled manner. Previously developed
polymer-based matrices that immobilize growth factors using physical entrapment
(Richardson et al., 2001) or covalent immobilization (Zisch et al., 2003) can
delivery growth factors in a sustained manner. However, strong and reversible
interactions between a matrix and a growth factor may offer unique capabilities
in tissue engineering approaches, including spatial and temporal control over
growth factor signaling during new tissue growth. Furthermore, it is possible that
matrices designed to interact with growth factors with controlled affinity can
either sequester these signals from cells or present them to cells, thereby actively
agonizing or inhibiting specific cell signaling pathways. Some recent progress
from our group in this area will be introduced in the last part of this chapter.

1. Heparin-based sequestering

Several growth factors contain heparin-binding motifs, and therefore bind to the
highly sulfated glycosaminoglycan heparin. For example, basic fibroblast growth
factor (bFGF) is bound to heparin in the ECM (K, ~10nM (Nugent and
Edelman, 1992)) and can be released in an active form when the ECM-heparin
linkage is degraded by heparanase (Vlodavsky et al., 1991). Thus, incorporation
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of heparin into hydrogel networks may provide affinity sites to sequester
heparin-binding growth factors, thus allowing the release of these growth factors
in a controlled manner.

One successful strategy of heparin incorporation is to covalently immobilize it
in a matrix. For example, Edelman and coworkers (Edelman et al., 1991)
encapsulated heparin-conjugated Sepharose beads in alginate hydrogel matrices
to sequester bFGF, therefore protecting bFGF from degradation and enabling
sustained release. Wissink and coworkers (Wissink et al., 2000a; Wissink et
al., 2000b) covalently immobilized heparin in collagen matrices by cross-linking
collagen with EDC/NHS and then immobilizing heparin with a similar scheme.
These matrices were then used to sequester bFGF, which enhanced endothelial
cell proliferation. Tanihara and coworkers (Tanihara et al., 2001) cross-linked
alginate and heparin with diamine using carbodiimide chemistry to construct a
hydrogel, which released loaded bFGF in a sustained manner. Heparin-linked
matrices have also been used to bind and release vascular endothelial growth
factor (VEGF). For example, Tae and coworkers (Tae et al., 2006) crosslinked
hydrazide-functionalized heparin with the N-hydroxysuccinimidyl ester of
poly(ethylene glycol)-bis-butanoic acid to form a heparin-containing gel, and
VEGF was directly injected into the hydrogel. The loaded VEGF displayed a
sustained release over 3 weeks with little initial burst phase. The biological
activity of the released VEGF was confirmed with a proliferation assay utilizing
human umbilical vein endothelial cells. This VEGF-loaded gel was then implanted
subcutaneously in the dorsal region of mice, resulting in an increased density of
the endothelial cell marker platelet endothelial adhesion molecule in the tissues
surrounding the implanted gel. These data suggest that heparin-based controlled
release systems could be an important component of emerging pro-angiogenic
therapies.

An alternative strategy involves restraining heparin non-covalently with the
help of heparin-binding peptides (HBPs). For example, Seal and Panitch (Seal
and Panitch, 2003) covalently attached HBPs to multi-arm poly(ethylene glycol)s
(PEGs), which were then incubated with heparin to form a self-assembled matrix.
The K, of the HBP-heparin interaction ranges from 30— 600 nM. These gels

were able to sequester heparin-binding peptides and release these peptides over
several days at rates dependent on heparin-HBP affinity. Sakiyama and Hubbell
(Sakiyama-Elbert and Hubbell, 2000) developed a fibrin-based heparin-containing
delivery system, in which heparin is sequestered via non-covalent interactions
(mainly ion-ion interactions) through a covalently linked heparin-binding peptide
derived from the heparin-binding domain of antithrombin III. As a model system,
neurite extension from dorsal root ganglia was tested to determine the ability of
the delivery system to release bioactive growth factor in response to cell-
mediated processes. The results demonstrated that the immobilized bFGFs within
fibrin enhanced neurite extension by up to about 100% relative to unmodified

67



NanoScience in Biomedicine

fibrin. The results suggest that these matrices could serve as therapeutic materials
to enhance peripheral nerve regeneration through nerve guide tubes and may
have more general usefulness in tissue engineering. Recently, a nerve growth
factor neurotrophin-3 was also successfully sequestered in these heparin-based
fibrin scaffolds and the effect of the controlled delivery on tissue regeneration
following spinal cord injury was assessed (Taylor et al., 2004; Taylor et al.,
2006a; Taylor and Sakiyama-Elbert, 2006b).

Recently, Kiick’s group developed another route of fabricating heparin-
contained hydrogel systems, which possesses the characteristics of both strategies
described above. These hydrogels were assembled non-covalently on the basis of
the interaction between a heparin-modified PEG star copolymer and an HBP-
bearing PEG star copolymer, whose sequence was derived from the heparin-binding
regions of antithrombin III (Yamaguchi et al., 2005a; Yamaguchi and Kiick, 2005b).
In a later study, a heparin-binding, coiled-coil peptide, PF4p, was employed to
mediate the assembly of heparinized matrix (Zhang et al., 2006). The PF4;p
sequence is based on a GCN4 coiled-coil and mimics the heparin-binding domain
of human platelet factor 4. PF4,p demonstrates a higher heparin-binding affinity
and heparin association rate when compared to the heparin-binding domains of
antithrombin III. Viscoelastic hydrogels were formed upon the association of
PF4zp-functionalized PEG star copolymer with the heparin-modified PEG star
copolymer. Both systems demonstrated the feature of sustained release of basic
fibroblast growth factor (bFGF) as a function of matrix erosion.

2. Gelatin-based sequestering

Gelatin is a denatured, biodegradable material obtained by acidic or basic
processing of collagen, and it has been extensively utilized for pharmaceutical
and medical applications. The processing yields gelatin with different acidity.
When mixed with acidic (positively charged) or basic (negatively charged) gelatin,
an oppositely charged protein will interact to form a polyelectrolyte complex via
ion-ion interactions (Tabata 2003). Tabata and coworkers developed gelatin-based
hydrogels by chemical crosslinking of acidic or basic gelatin. Based on this non-
covalent interaction, these hydrogels demonstrated controlled release of various
protein growth factors, including bFGF (Tabata and Ikada, 1999), transforming
growth factor- B1 (TGF-B1) (Holland et al., 2003), TGF-2 (Kojima et al., 2004),
platelet-derived growth factor (PDGF) (Hokugo et al., 2005), hepatocyte growth
factor (HGF) (Ozeki and Tabata, 2006b; Ozeki and Tabata, 2006a) and bone
morphogentic protein 2 (BMP-2) (Okamoto et al., 2004) while maintaining their
biological activities.

3. Specific sequestering interactions for growth factor delivery
Both heparin and gelatin based hydrogels are capable of binding to many
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different growth factors non-specifically, which is beneficial when one desires to
sequester or deliver multiple growth factors. However, if one wishes to sequester
a specific growth factor or a specific combination of growth factors, the specificity
of the interaction becomes important. Furthermore, control over the affinity
between growth factors and the matrix is an important factor determining one’s
ability to regulate the release profile of immobilized growth factors.

An approach that has begun to emerge in the area of growth factor-material
interactions involves using molecules, typically peptides or oligonucleotides,
which bind strongly and selectively to a molecule of interest. In this approach, a
sequestering molecule is linked covalently to a synthetic matrix, and a particular
growth factor then interacts non-covalently with the matrix. A class of molecules
termed ‘aptamers’ (from the latin apfus, meaning ‘to fit’) may be particularly
useful in this general approach. Aptamers are oligonucleotide or peptide molecules
that bind to target molecules (e.g. proteins, small molecules) specifically and
with variable affinity, and these molecules have been commonly used as protein
antagonists. The interactions between aptamers and their target proteins are based
on affinity, as described in Section 3.2.4, and the specific mechanisms of
interaction are often poorly understood. Due to their ability to interact non-
covalently with specified target molecules it is possible that aptamer-linked
biomaterials may be used to both agonize and antagonize growth factor activity,
which may be useful in tissue engineering applications. To that end, aptamers
have recently been used to localize growth factors in materials and to modulate
growth factor release from biomaterial matrices.

Based on their unique properties, we (Hudalla and Murphy, 2007) and others
(Willerth et al., 2007) have begun to use aptamers as building blocks for assembly
of smart biomaterials. Our laboratory has recently used aptamers as building blocks
to develop PEG-based hydrogel systems for growth factor sequestering (Hudalla
and Murphy, 2007). Briefly, our approach covalently immobilizes two peptide
aptamers (CVEPNCDIHVMWEWECFERL and CEELWCFDGPRAWVCGY VK),
which bind specifically to vascular endothelial growth factor (VEGF) with
differing affinities (~200 nM, and ~10,000 nmol/L, respectively) into a PEG
hydrogel. When the hydrogels are exposed to a solution containing VEGEF,
fluorescent microscopy showed these gels are able to sequester VEGF, and the
amount of protein non-covalently bound is dependent on the aptamer-VEGF
affinity (Fig. 3.6). The sequestered VEGF undergoes sustained release over days to
months, dependent on the amount of aptamer included into the hydrogel matrix.
These aptamer-based sequestering interactions may become an enabling tool for
growth factor delivery and tissue engineering applications. These non-covalent
sequestering approaches exemplify a theme of emerging biomaterials design
approaches, which involves using synthetic materials to actively regulate of cell
activity.
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Figure 3.6 Schematic representation of sequestering Rhodamine-labeled VEGF
(@) in PEG hydrogels containing (a) a low affinity peptide ligand (K, ~10,000 nM);
and (b) a high affinity ligand (K, ~200 nM) (A). Also shown are the fluorescence
images of hydrogels containing low affinity (c) and high affinity (d) peptide
ligands after incubation in 10 nM VEGF and rinsing with PBS. Results suggest that
the amount of VEGF sequestered in a hydrogel is dependent on the affinity of the
ligand-VEGF interaction (color Fig.2)

3.5 Concluding remarks

Non-covalent interactions have been a ubiquitous mechanism for assembly in
various biological systems, from exquisitely folded proteins to structurally
sophisticated and functionally adaptable ECMs. Recent progress in understanding
the mechanistic underpinnings of biological assembly has led scientists and
engineers to mimic natural systems, with the goal of designing next-generation
biomaterials. Yet the complexity of natural processes creates inherent challenges
in biomimetic assembly. However, the emergence of modern tools, from
nanotechnology to molecular biology, presents new opportunities for biomimetic
self-assembly.

The concepts and previous studies reviewed in this chapter demonstrate the
tremendous promise and formidable challenges associated with biomimetic self-
assembly. A variety of novel biomaterials have been developed using non-covalent
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assembly mechanisms, and these materials are now being applied to medical
applications such as tissue engineering and drug delivery. The variety of non-
covalent assembly mechanisms in existence (Section 3.2 herein) coupled with the
advantages of non-covalent interactions in biomaterials design (Section 3.3
herein) and bio-medical applications (Section 3.4 herein) suggests that molecular
self-assembly will continue to be an important theme in biomaterials science.
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Abstract Due to the rapid development of nanotechnologies, the concept
and design of biological and chemical sensors are changing correspondingly.
In this chapter, the recent advances in the application of nanostructures for
biological sensors are briefly reviewed. 0-D, 1-D, and 2-D nanomaterials
and nanostructures for biological detection are discussed in three sections
respectively. In every section, in order, principles of detection, biodiagnostic
application, fabrication, and assemblies of nanomaterials and nanostructures
are discussed.

Keywords biological detection, nano particles, nano dots, nanotube,
nanowire, cantilever

4.1 Introduction

A biosensor can be defined as a device that can detect biological signals through
a sensing element connected to a transducer. A biological sensing element is a
selective element, which can attach itself to a specific target chemical or biological
agent but not to others. The four main groups of biological sensing elements are
enzymes, antibodies, nucleic acids, and receptors (Eggins, 1996). A transducer
converts the variation of the biological sensing element into a measurable signal,
such as an electronic or photonic signal. Based on the different ways of delivering
signals, transducers can be categorized as electrochemical, field-effect-transistor
(FET), optical, mechanical, piezoelectric, surface acoustic wave, and thermal types
(Eggins, 1996; Jain, 2006). Due to the rapid development of nanotechnologies,
the concept and design of biological and chemical sensors, mainly at transducer
parts, are changing correspondingly, and significant progress has been achieved
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for biological detection based on novel nanomaterials and nanostructures. Because
the sizes of nanostructures are comparable to the sizes of biological and chemical
species such as proteins, DNA and viruses, biological and chemical sensors
based on novel nanostructures have significant advantages (e.g. high sensitivity,
rapid response, and low toxicity) over their traditional counterparts.

In this chapter, the recent advances in the application of nanostructures for
biological sensors are briefly reviewed. Specifically, we will discuss 0-D
(semiconductor quantum dots (QDs) and metal nanoparticles), 1-D (semiconductor
nanowires and carbon nanotubes (CNT)), and 2-D (micro-cantilevers) nanomaterials
and nanostructures for biological detection. The approaches of detection based on
the above 0-D, 1-D, and 2-D nanomaterials and nanostructures are mainly optical,
microelectronic and mechanical measurements, respectively. For multiplex
detection, a rational, addressable array of such sensors on one chip is necessary.
Therefore, the architecture of arrays of nanostructures is an important issue in the
fabrication of biological sensors. The following three successive sections are
focused, respectively, on 0-D, 1-D, and 2-D nanomaterials and nanostructures for
biological detections, and every section describes, in order, principles of detection,
biodiagnostic application, fabrications, and assemblies of nanomaterials and
nanostructures.

4.2 Semiconductor Quantum Dots and Metal Nanoparticles

Semiconductor quantum dots (QDs) and metal nanoparticles have been extensively
explored for application for biological detection mainly because of their unique
optical properties and small sizes (Alivisatos, 2004; Hutter and Fendler, 2004,
Rosi and Mirkin, 2005). The wavelength of the photoluminescence or scattering
from these nanostructures is tunable by controlling their sizes, shapes and
compositions. The sizes of these nanostructures can be as small as a typical
protein; therefore they can be used in such biodiagnostics applications as cell
labeling, cell tracking, in vivo imaging, and DNA detection. Semiconductor QDs
and metal nanoparticles possess great advantages as compared with conventional
organic fluorophores, which have shortcomings such as photobleaching, sensitivity
to environmental conditions, and inability to excite multiple fluorophores using a
single wavelength (Stroscio and Dutta, 2004).

4.2.1 Principles of Semiconductor QDs and Metal Nanoparticle
Biosensors

Although both the semiconductor QDs and metal nanoparticles are in nanometer
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scales and can be used for biosensor applications—typically through optical
detection, the detection principles are different as a result of different natures of
interaction between light and nanostructures. Semiconductor QDs emit light using
the same mechanisms as their bulk counterparts, except that the bandgap of the
semiconductor QDs can be tuned through variations in size. If the energy of a
single incident photon is equal to or larger than the band-gap of a semiconductor,
the energy of the incident photon can be absorbed by the semiconductor, and then
a photon with energy equal to the band-gap is emitted. Because the band-gap
varies with the size of QDs at the nanometer level, the color of light emitted by
QDs can be tuned. Detection through metal nanoparticles is realized by localized
surface plasmons (LSPs), which are charge density oscillations confined in metallic
nanoparticles and nanostructures (Hutter and Fendler, 2004). LSPs strongly interact
with incident light. In solution, metal nanoparticles can lead to brilliant colors,
which can be attributed to both their absorption and scattering properties (Hutter
and Fendler, 2004). Since the absorption and scattering are sensitive to sizes, shapes,
and structures (e.g. hollow or solid) of metal nanoparticles, as shown in Fig. 4.1,
they are ideal for multiplexed biological detection (Rosi and Mirkin, 2005).

Ag Nanoprisms  Au Spheres Au Spheres  Ag Spheres  Ag Spheres  Ag Spheres
=100 nm =100 nm —=50 nm =100 nm —80 nm —40 nm

mmm 200 nm (same for all the images)

Figure 4.1 The sizes, shapes, and compositions of metal nanoparticles can be
systematically varied to produce materials with distinct light-scattering properties
(Rosi and Mirkin, 2005; Color Fig. 3)

Colloidal semiconductor QDs were first used for biological labeling by
Alivisatos and Nie (see Bruches et al., 1998; Chan and Nie, 1998) who reported
the advantages of their photochemical stability and tunable wavelength. Chan and
Nie (1998) further demonstrated that by covalent coupling of ZnS-capped CdSe
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QDs with biomolecules, the luminescence of the QDs can be used for ultrasensitive
biological detection. In the case of coupling of ZnS-capped CdSe with transferrin,
receptor-mediated endocytosis occurred, and the luminescent QDs were transported
into the cell. In the absence of transferrin, no QDs were observed inside the cell,
and only a weak cellular autofluorescence was obtained, as shown in Fig. 4.2(a).
Moreover, such QDs, labeled with immunomolecules, can recognize specific
antibodies or antigens (Chan and Nie, 1998). Recently, with the development of
functionalization of QDs, more applications of semiconductor QDs were achieved,
including in vivo molecular and cellular imaging (Dubertret et al., 2002; Gao et
al., 2004; Gao et al., 2005), DNA detection (Taylor et al., 2000; Xu et al., 2003)
and cell tracking (Parak et al., 2002).

(a) (b)
Figure 4.2 Luminescence images of cultured HeLa cells incubated with (a) QDs
without coupling with transferrin and (b) QD-transferrin conjugates (Chan and Nie,
1998)

The scattering and adsorption in the near field region around metal
nanoparticles are greatly enhanced as the size of metal particles approaches the
nanometer scale (Kreibig and Vollmer, 1995). Depending on the size of the
nanoparticles and the space between them, the color of metal nanoparticle
colloids varies. Mirkin and colleagues used gold nanoparticles for colorimetric
polynucleotide detection (Mirkin et al., 1996). When two sets of 13-nm-diameter
gold particles, conjugated with non-complementary strands of DNA (a and b in
Fig. 4.3(a)), were mixed in the presence of a linking strand with ends
complementary to both sets of particles, the color of the solution changed from
red (dispersed particles) to blue (particle aggregates). The change of color is a
consequence of interacting particle surface plasmons and aggregated scattering
properties (Fig. 4.3(b)) (Mirkin et al., 1996). Metal nanoparticles also can be used
to detect proteins and biologically relevant small molecules (Nam et al., 2003;
Hirsch et al., 2003).

79



NanoScience in Biomedicine

i A
8 ¥
Without With
DNA DNA
(a) (b)
Figure 4.3 Scheme for (a) DNA-directed nanoparticle assembly (Elghanian et al.,
1997) and (b) colorimetric detection. When target DNA (a'd") is added to a solution
of gold nanoparticles modified with DNA ‘a” and DNA ‘b, the particles aggregate

results in a change of color from red to blue that can be monitored visually (Rosi
and Mirkin, 2005; Color Fig. 4)
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4.2.2 Fabrication of semiconductor QDs and metal nanoparticles
for biosensors

The methods for synthesizing semiconductor QDs and metal nanoparticles
include sol process, micelles, sol-gel process, chemical precipitation, hydrothermal
synthesis, pyrolysis, and vapor deposition (Burda et al., 2005). Except pyrolysis
and vapor deposition, other methods need to employ solutions. The sol process is
a common method for preparing semiconductor QDs and metal nanoparticles.
Nucleation and growth should be controlled for preparing monodispersed
nanostructures. A single, temporally short nucleation event followed by slower
growth on the existing nuclei, which is helpful for monodispersed nanostructures,
can be achieved through controlling temperature and speed of addition of reagents.
The sol process is a low-cost method and can be used to synthesize nanostructures
in many different material systems including II — IV, Il -— V ,IV - VI
semiconductor, core/shell structures, metal, metal alloy and metal oxide (Murray
et al.,, 1993; Hines and Guyot-Sionnest, 1998; Sun et al., 2000; Murray 1999;
Murray et al., 2001; Peng and Peng, 2003; Steckel et al., 2003; Shevchenko et
al., 2003; Wiley et al., 2005). Micelles and the sol-gel process can be used to
synthesize metal oxides. Vapor deposition is generally used for depositing
nanostructures on substrates directly.

The shape of the nanostructures can be sphere, rod, cube, triangle, and even
branched structures. Peng (2003) systematically studied CdSe nanostructures and
found that monomer concentration in the growth solution is a key factor for
nanoparticle shape-controlling and shape-evolution. The classic model, the
Gibbs-Curie-Wulff theorem based on pure thermodynamic argument, cannot
explain the shape-evolution of an elongated structure, which occurs far away
from the thermodynamic equilibrium. The formation of an elongated CdSe
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nanostructure was found to be a highly kinetics-driven reaction. In the nucleation
stage, the magic-sized nanoclusters formed in a tetrahedral closed-shell configuration
with a zinc blende core. If the remaining monomer concentration is extremely
high, the tetrapoles form through the growth of four arms from the four (111)
facets of the nanoclusters. A moderately-high monomer concentration can lead to
rod-shaped nanostructures. A median monomer concentration generates rice-shaped
structures. For a relatively-low monomer concentration, the growth of any of the
elongated nanostructures cannot occur, and only nanodots form instead.

The structure of the nanoparticles can be solid or empty. Sun and Xia (2002)
synthesized monodispersed Ag nanocubes by reducing AgNO; with ethylene
glycol in the presence of poly(vinylpyrrolidone). These nanocubes had a mean
edge length of 175 nm, with a standard deviation of 13 nm. Using these Ag
nanocubes as sacrificial templates, Sun and Xia (2002) also synthesized gold
nanoboxes with a well-defined shape and hollow structure, and the reaction can
be described as 3Ag(s) + HAuCly(aq) — Au(s) + 3AgCl(aq) + HCl(aq). Based on
this stoichiometric relationship, the silver nanocubes can be converted into soluble
species and leave behind a pure, solid product in the form of gold nanoboxes.
Pinholes existed in the surfaces of boxes and allowed the transport of chemical
species into and out of the gold boxes. From TEM study, an epitaxial relationship
might exist between the surfaces of the Ag cubes and these of the gold boxes.

4.2.3 Assembly of QD and Metal Nanoparticle Arrays for
Biosensor Applications

The QD and nanoparticle arrays on substrates are necessary for a chip-based
biodiagnostic detection format, which allows for massive parallel screening of
various analytes in a small area. Such arrays also have the benefits, such as
repeated usage and controllable space between the nanoparticles. The fabrication
of surface patterns in a controllable and repeatable manner has been extensively
studied, and the controlled patterning of nanostructures has been achieved in
predefined templates fabricated by top-down approaches. A variety of alternative
methods have been developed for patterning nanostructures, such as advanced
photolithographic techniques utilizing extreme ultraviolet or hard X-ray radiation
as the light source (Ito and Okazaki, 2000), soft lithography (Yang et al., 2000) and
replica molding (Xia et al., 1996), micro-contact (Xia et al., 1999) and
nanoimprinting (Chou et al., 1996; Chou et al., 1997; Chou et al., 2002),
direct-writing methods by e-beam (Huang et al., 2003) and ion beam (Albrecht et
al., 2002) and dip-pen nanolithography (Piner et al., 1999; Demers et al., 2002;
Zhang and Mirkin, 2004). In contrast to top-down methods, bottom-up methods
assemble the atomic or molecular constituents into organized surface structures,
and it is highly desirable to develop alternative approaches for the bottom-up
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fabrication of functional nanostructures and patterns by self-assembly processes at
well-defined surfaces that have been created using top-down methods. Lian et al.
(2006) have developed a simple method that allows one to pattern metallic surface
nanostructures with precisely controlled size, spacing, and location using
ion-beam-induced dewetting and Rayleigh instability, although at present most of
such arrays are only metal nanoparticles. Predefined patterns created by focused
ion beam direct-writing were used as the templates for the self-organization of
ordered nanostructures. This approach represents a maskless process that
combines the top-down and bottom-up patterning methods, and no chemical
etching or pattern transfer steps are involved. Arrays of nanodots fabricated by
dip-pen lithography and focused ion-beam lithography are shown in Fig. 4.4.

*l unt

(b)
Figure 4.4 Arrays of metal nanoparticles: Au (a) by dip-pen lithography (Demers
et al., 2002) and Co (b) by focused ion beam lithography (Lian et al., 2006)

4.3 Field Effect Sensors Based on Nanowires and
Nanotubes

4.3.1 Detection Principles of 1-D Nanowire and Nanotube-Based
Biosensors

1-D nanomaterials, such as semiconductor nanowires (NWs) and carbon nanotubes
(CNTs) have been explored as signal transducers based on electrical field effects
for biodiagnostics. Field effect sensors for chemicals and biological agents have
been studied for more than 30 years (Bergveld, 1970; Bergveld, 1972). The
principle of field effect sensors is based on the Field-effect-transistor (FET),
which is used ubiquitously in electronic integrated circuits. Fig. 4.5 shows the
principle of a p-Si planar FET device (Patolsky and Lieber, 2005), in which S, D,
and G denote the source, drain, and gate electrodes, respectively. Electrical bias
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conductance increase

G —— y5>0 :i'—'-"-*y
S pSi D depletion of carriers > ; —
conductance decrease Iz
buffer H ¥ /buffer é
G — V<0 . g
L1 G _ N YT - i
S pSi D accumulation of carriers : - ) /] ST

Time
(a) (b)

Figure 4.5 Principle of the FET NWs sensor (Color Fig. 5). (a) schematic of a

regular planar FET. (b) schematic of an NWs FET sensor (Patolsky and Lieber, 2005)

is applied on S and D to drive current flowing through the p-Si channel. The
voltage of the gate above the p-Si channel can adjust the carrier density in the
conductive channel and thus the conductance of the Si channel of the FET (Sze,
1999). For a field effect sensor for biological agents, the gate in a FET is
replaced by a biological sensing element. When a target biological agent binds
with the biological sensing element, an electrical field is applied on the conductive
channel because of the binding of charged biological agents. By monitoring the
change in the conductance of the channel, the biological agent can be detected.

The poor sensitivity of field effect sensors based on planar FETs limits their
application. However, in recent years, the progress in synthesis and assembly of
semiconductor NWs has significantly enhanced the performance of field effect
sensors, and the detection of a single virus was achieved (Patolsky et al., 2004;
Patolsky and Lieber, 2005). The higher sensitivity of field effect sensors based on
NWs can be attributed to the fact that the binding charges of biological agents
only affect the conductivity of the semiconductor channel near the surface. In
contrast to a bulk material, the entire volume of an NW is near its surface;
therefore, the conductance of whole NWs is affected by the target biological
agents. Fig. 4.5(b) shows the schematic of a biological sensor based on a Si
NW-based FET (Patolsky and Lieber 2005) with antibody receptors (green)
which can bind positive-charged proteins (red), leading to a decrease in
conductance. At present, Si NWs and CNTs are used to build field effect sensors
for chemical and biological detection (Zheng et al., 2005; Kojima et al., 2005;
Byon and Choi 2006; Patolsky et al., 2006).

4.3.2 Fabrication of 1-D Nanowires and Nanotubes

Semiconductor NWs and CNTs can be synthesized through vapor-liquid-solid
(VLS) growth mode by physical vapor deposition (PVD), chemical vapor deposition
(CVD) and laser ablation (Morales and Lieber 1998; Kong et al., 1998; Gole et al.,
2000; Hochbaum et al., 2005; Meister et al., 2006). Micelles are also used for the
synthesis of NWs (Qi et al., 1997). The VLS growth mechanism is an important
mode for the growth of 1-D nanomaterials by PVD and CVD. The VLS growth
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mechanism was first proposed in 1964 by Wagner and Ellis, who studied the
growth of silicon whiskers (Wagner and Ellis, 1964). The thermodynamic and
kinetic aspects were justified by Givargizov (1975) and its in situ TEM
observation was done by Law et al. (2004). A typical VLS process for 1-D
nanomaterials is described in Fig. 4.6 (Hu et al., 1999). A metal catalyst in
nano-size is used as a template for the growth of 1-D nanomaterials, and it is
liquid at growth temperature. The species of 1-D nanomaterials in the vapor
phases are transported to the vapor-liquid interface. The species are dissolved
into and diffused in liquid catalysts. With more dissolution of the species, the
catalyst is supersaturated with the species, leading to the nucleation of solid 1-D
nanomaterial. By continuing supplement of the species, the 1-D nanomaterials
grow longer. The diameter of 1-D material is defined by the size of the catalyst,
and in general, the size of the catalyst does not change during the VLS process.
An appropriate catalyst is selected by analyzing the equilibrium phase diagrams.
As a major requirement, a good solvent capable of forming a liquid alloy with
the target material should exist, and ideally eutectic compounds should form.

Reactant Reactant
: { ) { | | )
Catalyst Nanowire Nanowire
nanocluster nucleation growth

Figure 4.6 Schematic diagram illustrating the catalytic synthesis of nanowires.
Reactant material, which is preferentially absorbed on the catalyst cluster, is added
to the growing nanowire at the catalyst-nanowire interface (Hu et al., 1999)

Because 1-D nanomaterials with binary and more complex stoichiometries can
be synthesized by the VLS mechanism, it is possible for one of these elements to
serve as the VLS catalyst, which is termed self-catalytic VLS. Stach and coworkers
used in situ TEM to observe directly self-catalytic growth of GaN nanowires by
heating a GaN thin film in a vacuum of 107 torr (Stach et al., 2003). The major
advantage of a self-catalytic process is that it avoids undesired contamination
from foreign metal atoms typically used as VLS catalysts.

At present, the VLS process is extensively used to grow 1-D nanomaterials from
a wide variety of pure and doped inorganic materials, including IVsemiconductors
(Si, Ge) (Westwater et al., 1997; Wu and Yang 2000; Zhang et al., 2001a), [II- V
semiconductors (GaN, GaAs, GaP, InP, InAs) (Gudiksen and Lieber 2000; Wu et
al., 2002), II — VI semiconductors (ZnS, ZnSe, CdS, CdSe) (Wang et al., 2002),
oxides (indium-tin oxide, ZnO, MgO, SiO,, CdO) (Yang and Lieber 1996; Peng
et al., 2002; Ma and Bando 2002), carbides (SiC, B4,C) (Kim et al., 2003a), and
nitrides (Si3N4) (Kim et al., 2003b). The 1-D nanomaterials grown by VLS are
typically single crystals and are dislocation free.
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4.3.3 Assembly of Ordered Nanowire and Nanotube Arrays

For practical and complex detection of biological agents, an addressable array of
NWs or CNTs is necessary. Although vertically-aligned NW and CNT arrays are
relatively easy to grow, horizontally-aligned 1-D nanomaterials are more useful
for sensors employing field effects. In general, there are two approaches to
achieving this goal: post-growth assembly and in sifu horizontal alignment during
the growth process.

Mainly, two methods are employed as post-growth assembly processes—
fluidic flow-directed assembly and dip-pen nanolithography. Fluidic flow-directed
assembly (Huang et al., 2001), explored by Lieber’s group, is based on the
Langmuir-Blodgett (LB) technique, in which the alignment of NWs was achieved
through the flow of liquid in a channel. The LB technique is an effective method
to assemble arrays of NWs or nanorods on a large scale (Kim et al., 2001; Kwan
et al., 2001; Whang et al., 2003a, 2003b). As a common process, a drop of NW
suspension in nonpolar solvent is spread on the surface of aqueous solutions, then
a layer of NWs float on the air-liquid interface. During the compression, NWs
become aligned along their long axes with the average spacing (center-to-center
distance) controlled by the compression process, as shown in Fig. 4.7.

(a) (b)

Figure 4.7 (a) NWs (blue lines) in a monolayer of surfactant at the air-liquid
interface are compressed on a LB trough to a specified pitch. (b) The aligned NWs
are transferred to the surface of a substrate to make a uniform parallel array
(Whang et al., 2003a)

%
Z

~

|

1y

S

!

z
T

\\
|

rdl
:'__\
A
(A
\:/,{;
/\f\/r\
M=
15
/,
/

AY
-
2
N
I
\
P

Il |||| ;l||||1||||[|ll
|'1|||| |II:FI |||||||1

I||I ||| il
iyt

Dip-pen nanolithography (DPN) has been used to assemble CNT arrays (Rao
et al., 2003; Wang et al., 2006). This method is based on the phenomenon that
functionalized CNTs can have strong attraction with polar chemical groups, such
as COOH-terminated self-assembled monolayer (SAM), while no attraction exists
between functionalized CNTs with the non-polar chemical groups, such as
CH;-terminated SAM. Fig. 4.8 shows the self-assembled CNT arrays based on
DPN method (Rao et al., 2003). Wang et al., (2006) further enhanced this method
such that a complex shape can be patterned.
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Figure 4.8 AFM images showing large-scale self-assembly of SWNTSs. Topography
(30 um x 30 pm) of an array of individual SWNTSs covering about 1 cm? of gold
surface. The friction-force image (inset) shows an individual SWNT, and the regions
containing 2-mercaptoimidazole (bright area) and 1-octadecanethiol (dark area)

4.3.4 Horizontally-Aligned Growth of Single-Walled Nanotubes
(SWNTSs) on Substrates

In situ horizontal alignment during the growth process is mainly used for aligning
SWNTs. Horizontally-aligned growth can be achieved using outside forces to
align the SWNTs in a certain direction. For example, electrical fields, magnetic
fields and gas flows are used as external forces to drive SWNT growth in a given
direction by CVD (Zhang et al., 2001b; Joselevich and Lieber, 2002; Ural et al.,
2002; Huang et al., 2003). It was also discovered that SWNTs can grow in certain
crystallographic directions on a single crystal wafer (Ago et al., 2005; Han et al.,
2005) or in directions relative to atomic steps (Ismach et al., 2004; Ismach et al.,
2005; Kocaba et al., 2005), which can be described as atomic- arrangement-
programmed (AAP) mechanism. Gas-flow- and electrical-field-directed assembly
are intuitive methods to align the CNTs, but currently, AAP growth shows more
advantages, such as large area, high density and clean substrates. These methods
for aligned growth are further discussed in detail below. The following discussion
is limited to the growth by CVD because it is the only approach available to get
aligned growth of SWNTSs at present.

SWNTs can grow along the direction of a gas flow by CVD (Ural et al., 2002).
However, in many cases growth is not aligned by gas flow; instead, the SWNTs
grow in random directions on the substrate and form a network. An important
factor for this aligned growth is that SWNTs must grow to a sufficient length.
Because of the surface velocity profile, the velocity of the gas flow is much
slower near the surface than its velocity far from the surface. Only long SWNTs
can couple with the gas flow to obtain a force strong enough for the alignment.
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Electrical fields have also been explored as an effective way to align SWNTs
during the CVD growth. In general, the electrical field is locally created by a pair
of micro-fabricated electrodes on the substrate, as schematically represented in
Fig. 4.9(a). The dipole moment, P was induced by an applied field of E
(Fig.4.9(b)) and can be described as: P=aqFE, for an SWNT with length of L.
The static polarizability tensor, «, of a long SWNT is highly anisotropic. The
polarizability along the tube axis, ¢, is much higher than that perpendicular to
the tube axis, «,. The coupling strength can be calculated by the electrical field and
the dipole moment. According to Zhang’s calculation and experiments (Zhang et
al., 2001b), when E is larger than 1 V/um, the coupling force is large enough to
align the SWNTs.

7

Sy Y77

(a
Figure 4.9 The scheme of SWNTs growth aligned by electrical field. (a) The
electrical field is applied by a pair of micro-fabricated metal stripes (in grey). The
dots between the metal stripes are catalysts (Joselevich and Lieber 2002). (b) An
SWNT in an electrical field. £: intensity of electrical field. P: Dipole moment. &: the
angle between E and P (Zhang et al., 2001b)

(b)

Horizontally-aligned growth of SWNTs without outside forces was obtained
by several groups recently (Ismach et al., 2004; Ismach et al., 2005; Han et al.,
2005; Yu et al., 2006a). The growth directions of the SWNTs are related to
certain lattice indexes on some crystalline planes or to the atomic steps due to the
miscut of the wafer plane. The directional growth of SWNTSs in certain lattice
indexes can be described by AAP mode. For example, SWNTs can grow along
the [1101 ] and [2201] direction on R-plane and A-plane sapphire substrates,
respectively, as shown in Fig. 4.10 However, on C-plane sapphire substrates,
SWNTs grew in random directions. It is indicated that the SWNTs are strongly
influenced by Al atoms on sapphire substrates. There are two possible interactions
between SWNTs and Al atoms: (i) electrostatic charges transfer from Al to C
atoms and (i) the formation of a covalent bond between them. A similar
phenomenon also occurred on quartz substrates [92]. However, [1101 ] in
R-plane is not the impact arrangement direction of Al atoms, which conflicts
with the assumption of the strongest interaction between Al and C atoms in this
direction. Recently, Yu et al. (2006a) suggested the surface of sapphire is
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depleted of O atoms in the growth environment due to the high temperature and
hydrogen. The depletion of O atoms can make [1101 ] the impact arrangement
direction of Al atoms. Yu et al. (2006a) also synthesized horizontally-aligned
SWNTs with two alignment modes on the same R-plane sapphire wafer by CVD
with cationized ferritins as catalysts. In the middle part of the wafer, SWNTs were
aligned on the R-plane sapphire in the direction [1101 ]. At the edge of the wafer,
SWNTs were aligned in the tangential direction to the wafer edge. The comparison
of these two groups of SWNTs suggests the competition between the two
alignment modes and indicates that high-density atomic steps may strongly
influence the SWNTSs’ alignment relative to the crystal structure on the sapphire
substrate.

R-face A-face

[1100] _

\/j,.l [0 ._.url.n |

{1120]

C-face

(d) (e) ()
Figure 4.10 AFM images of SWNTs grown over Fe nanoparticles on three different
crystalline surfaces of sapphire substrates: (a), (b) R-face (1102), (c), (d) A-face
(1120), and (e), (f) C-face (0001). Scale bars are 1 um. Crystalline directions were
determined by an EBSD analysis (Ago et al., 2005)

Horizontally-aligned growth is very important for semiconductive NWs.
However, the very limited research reported in this area reflects the difficulty of
this goal. Horizontally-aligned ZnO nanowires on sapphire substrates were reported
in 2004 without much discussion of the mechanisms involved (Nikoobakht et al.,
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2004). The systematic investigation of the horizontal growth of semiconductor
nanowires is required before such nanowires could be used for device applications.

4.4 Micro-cantilever sensors

4.4.1 Detection Principle of Micro-Cantilever Sensors

The principle of chemical and biological sensors based on micro-cantilevers is
similar to that of the atomic force microscope (AFM), as shown in Fig. 4.11. An
AFM consists of a micro-cantilever with a sharp tip (probe) at its end which is
used to scan the specimen surface. When the tip is brought into proximity with a
sample surface, forces between the tip and the sample lead to a deflection of the
cantilever and a change of its resonance frequency, which can be monitored
through a laser beam reflection from the cantilever’s backside. A chemical and
biological sensor based on micro-cantilevers requires neither a sharp tip nor a
sample surface. A micro-cantilever sensor is an array of cantilever beams
functionalized by deposition of a sensitive layer of biological detection elements.
The micro-cantilevers are tens to hundreds of micrometers long, tens of
micrometers wide and tens to hundreds of nanometers thick. The sensitive layer
can be either highly-specific for molecular recognition or only partially-specific
to produce response patterns for various analytes, provided that each cantilever is
coated with a different partially-specific sensor layer. The binding of target
agents with biological detection elements can change some characteristics of the
cantilever, such as mass, stress and temperature, which lead to the deflection or
change of the cantilever’s resonance frequency. The changes can be monitored by
laser-photodiode or piezoelectric system. The sensitivity of sensors based on

C D Atomic force microscopy Cantilever array sensors
A Linear position
sensitive detector
Laser sources
B (one per cantilever)
time-multiplexing

PSD , Cantilever
ol A-B
Sample C-D- ~} topography o
; N =~~~ 1 Cantilever
?2 @ orsion Cantilever array (each t deflection
. ¥ Piezo cantilever coated differently)
(a) (b)

Figure 4.11 Schematic of the AFM technique (a) and the cantilever-array sensor
readout (b). Different sensing layers are shown in different colors (Lang et al.,
2005; Color Fig. 6)
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micro-cantilevers is as high as a picogram. The miniaturization of cantilevers can
improve their sensitivity to sub-picogram measurement (Viani et al., 1999; Yu et
al., 2006b). However, the improvement of sensitivity by miniaturization is
limited when the thickness of the cantilever is comparable with the thickness of
coated receptors and the caught target species on the cantilever (Gupta et al.,
2006). Specifically, when the mass of the attached biological agent is large and
comparable with that of the cantilever, the change of the net stiffness constant of
the cantilever is not negligible and may lead to the increase in the cantilever’s
resonant frequency.

Two-dimensional micro-cantilever arrays on one chip have been developed to
simultaneously perform multiple biomolecular analyses and thereby rapidly provide
a large database to study the underlying science (Yue et al., 2004).

The micro-cantilever is a sensitive tool for detecting biological agents and can
be operated in static, dynamic and heat modes. In static mode, a sensitive layer is
deposited onto one surface of the cantilever for molecule recognition and the surface
stress induced by the adsorption process bends the cantilever. Surface stresses of
several 10” N/m can result in deflections of about 10 nm for the cantilever sensors
used (McKendry et al., 2002). In dynamic mode, the resonance frequency of the
cantilever shifts to a lower value because of the adsorbed mass. A mass change of
1 pg can lead to a change of 1 Hz in resonance frequency for the cantilever sensors
(Battiston et al., 2001). Using cantilevers with bilayer materials, a heat mode can
detect temperature variations due to biological adsorption. Temperature changes
of 10” K produce cantilever deflections of several nanometers, which can be
measured easily (Gimzewski et al., 1994).

Microporous silica and mesoporous alumina film were used to selectively detect
dimethyl methylphosphonate, a simulant of the nerve agent, sarin (Zhao et al.,
2006). Some polymer films can be used to detect organic vapors, such as n-octane,
1-butanol, toluene and a mixture of them (Then et al., 2006). The conformation-
specific peptides f/o I and /oIl were used to detect oestrogen receptor with or
without oestradiol (Mukhopadhyay et al., 2005). An oligonucleotide sequence
was selectively detected by the Au-coated upper surfaces of cantilevers in an
array functionalized by complementary-sequences (Lang et al., 2005).

4.4.2 Fabrication of the array of micro-cantilever sensors

The traditional micro-fabrication used in electronics or MEMS is still a main
method to produce the arrays of micro-cantilever sensors. The uniformity in the
sizes of cantilevers in an array is critical for comparing the responses of different
cantilevers. A silicon-on-insulator technique is used to obtain uniform thickness
of the cantilever arrays. It is still a challenge to functionalize the cantilevers
individually. Traditional photolithography fails to functionalize cantilevers because
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photoresist is difficult to apply to cantilevers and is not compatible with many
solvents during the functionalization process (Bietsch et al., 2004). Bietsch et al.
(2004) used ink jet and microcapillaries to functionalize micro-cantilevers with
high efficiency, as shown in Fig.4. 12.

Figure 4.12 Cantilever array functionalization using (a) a four-nozzle ink-jet
device (the inset shows spotted liquid droplets at the upper surface of the cantilever)
and (b) an array of eight microcapillaries (the inset shows how the individual
cantilevers of the array are inserted into the array of microcapillaries; the colored
liquids are for visualization purposes only) (Lang et al., 2005; Color Fig.7)

4.5 Summary

The significant development of nanotechnology brings new approaches for
biological detection. Semiconductor QDs, metal nanoparticles, semiconductor
NWs, CNTs and micro-cantilevers have been broadly explored for biological
detection by the surveillance of changes in optical, electrical and mechanical
properties. Despite the significant advances in using novel nanostructures for
biological detection, great challenges still exist before nano-biosensors can be
fully utilized for practical clinical use. For example, the assembly of ordered
semiconductor QDs and metal nanoparticle arrays on chips and the horizontal
growth of desired nanowires and nanotubes on substrates should be realized. The
fabrication of micro-cantilever arrays with well-controlled size uniformity and
functionality is a critical issue for the application of micro-cantilever-based
biosensors, and the effects of variations in the mass and stiffness constants and
thus the resonance frequency of the cantilever arrays upon the attachment of the
biological agents should be compensated in order to improve sensitivity. With the
advantages over their conventional counterparts—such as rapid response, high
sensitivity and multiplex detection on one chip—and with the rapid development
of nanotechnology, we believe that biological sensors based on novel nanomaterials
and nanostructures will move from the research arena to mainstream clinical use.
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Abstract This chapter describes peptide design strategies for the construction
of nanostructured materials. It begins with a brief tutorial of amino acid
structure and function and then describes higher-order assemblies of peptides
and peptidomimetics. Primarily B-sheet fibril-forming peptides and o-helical
coiled coil systems are discussed, as these systems have received particular
attention in recent years for building nanostructured materials. Useful
properties that arise from peptide construction are addressed, including
stimulus-responsiveness, modularity, and multifunctionality, and a number
of technological applications are described, including Tissue Engineering,
antimicrobials, drug delivery, and nanoscale electronics. The chapter is
meant to be an introduction for researchers or students in nanotechnology
who may wish to extend their approaches into the biomolecular realm, and
it also provides a compendium of recent advances for experts in the field of
nanoscale peptide materials.

5.1 Introduction

Proteins and peptides are nanostructured biological materials. In their native roles
in biology, they exhibit a staggering diversity, taking part in such wide-ranging
functions as chemical catalysis, force generation, signaling, transport, optical
responsiveness, and load bearing. Owing to these diverse and technologically
relevant natural roles, proteins and peptides represent one of the most compelling
inspirations for creating synthetic or semi-synthetic materials that can perform
similarly wide-ranging functions in engineered systems.
This chapter aims to provide a synopsis of strategies that utilize peptides,

(1) Corresponding e-mail: collier@uchicago.edu
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peptide derivatives, and peptidomimetics for building synthetic or semi-synthetic
nanostructured materials. In the most successful recent examples of such strategies,
these materials approach the functionality of native protein structures but also
retain the engineerability inherent in synthetic materials. The chapter also aims to
provide a general background in protein and peptide design necessary for a working
understanding of these strategies in nanoscience. Although engineered peptide
materials are useful in a variety of medical and non-medical applications, this chapter
will emphasize strategies that are impacting or likely to impact biomedical
science, with special emphasis on biomaterials. Current target applications in
this regard include utilizing these materials as matrices for tissue engineering/
regenerative medicine and as controlled drug release materials.

The chapter is intended to be useful to those potentially interested in expanding
their nanoscience approaches into the biological realm but who may not have had
significant experience in protein and peptide design. It also provides a compendium
of recent approaches for producing nanostructured peptide biomaterials that
should be useful to readers of all levels. The chapter begins with a tutorial in the
general underpinnings of protein and peptide science: amino acid structure,
secondary structures, and the design rules necessary for producing nanostructured
materials from these peptides and proteins. In particular, B-sheet fibrillar materials
and a-helical filamentous materials will be discussed. Useful materials properties
that arise from these engineered structures will be outlined, including stimulus-
responsiveness, complex bioactivity, multi-functionality, and modularity, and
recent advances in these regards will be discussed. The chapter will conclude
with a discussion of several technological hurdles facing the advancement of
such materials, particularly with respect to their use in biomedicine.

5.2 Amino Acids and Their Derivatives: Building Blocks
for Nanostructured Materials

5.2.1 Canonical Amino Acids

The common structure of the 20 genetically encoded amino acids consists of a C,
atom to which an amino group, a carboxylic acid group, a hydrogen atom, and a
side chain are attached (Fig. 5.1). Amino acids in naturally occurring proteins are
almost always L-amino acids, with D-isomers occurring only infrequently, for
example in bacterial cell walls. In biology, peptides and proteins are produced
through the action of ribosomes, which catalyze the condensation polymerization
of amino acids to produce polypeptides. To produce peptides synthetically, amino
acids are polymerized using amino acids whose primary amines and side chains
are chemically protected. Using sequential deprotection, activation, and condensation
reactions, peptides are polymerized step-wise on solid phase resins using the
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procedures originally outlined by Nobel laureate Bruce Merrifield (Merrifield,
1963). For a given application in nanotechnology, the choice between chemical
synthesis or biosynthesis of a target peptide or protein is frequently made based
on the molecule’s size, as peptides approaching 50 amino acids tend to be
challenging to produce synthetically, though this limit is continually being extended.

Amino acids can be divided into a number of categories. Among the more
useful subdivisions are: hydrophobic (non-polar), hydrophilic (polar), and charged
(Fig. 5.1). The hydrophobic/hydrophilic character of the 20 naturally occurring

L-a-amino acid
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Figure 5.1 The twenty genetically encoded amino acids
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amino acids varies widely, with phenylalanine, leucine, and isoleucine being the
most hydrophobic. In proteins, these residues tend to be buried in solvent-hidden
sites. Consideration of the positioning of these hydrophobic residues represents
one of the most significant factors in designing nanostructured protein and peptide
materials, as will be discussed later in the chapter. Polar residues tend to occupy
solvent-exposed positions in proteins. Within this category, acidic and basic amino
acids exhibit pH-dependent ionization of their side chains that enables electrostatic
interactions between and within polypeptides. Two amino acids, proline and
cysteine merit particular mention due to their uniqueness. Proline can act to
constrain the positioning of the peptide backbone due to the rigidity of its cyclic
side chain. It is thus infrequently found in the secondary structures discussed in
this chapter, but it is often found at the ends of helices, at the edges of sheets, and
in turns. Cysteine can act to stabilize protein folding through the generation of
disulfide bonds, formed between the thiol side chains of two closely approximated
cysteine residues.

5.2.2 Non-canonical Amino Acids

Although the 20 genetically coded amino acids represent a diverse collection of
chemical functionality, non-natural or post-translationally modified amino acids
can be utilized to confer additional features such as unique chemical reactivity or
enhanced thermal or chemical stability (Fig. 5.2). Here we will illustrate a few
notable examples; for more complete reviews of non-canonical amino acids in
protein engineering, see (Dougherty, 2000; Hohsaka and Sisido, 2002; Link et
al., 2003). One useful group of non-canonical amino acids are those with very
hydrophobic fluorinated side chains such as trifluoroisoleucine, hexafluoroleucine,
or trifluorovaline, which may be utilized for enhancing the thermal or chemical
stability of engineered proteins without significantly altering their folding
(Montclare and Tirrell, 2006; Son et al.,2006). To provide for covalent
stabilization of nanostructures or other chemoselective conjugation chemistry,
amino acids with unsaturated side chains such as allylglycine, homoallylglycine,
or homopropargylglycine (Fig.5.2) may be incorporated either synthetically
(Clark and Ghadiri, 1995) or biosynthetically (Tang and Tirrell, 2002; van Hest et al.,
2000). Incorporation of azide-containing amino acids such as azidohomoalanine
(Kiick et al., 2002) further enables copper ( I )-catalyzed triazole chemistry or
Staudinger ligation for the ‘covalent capture’ of nanostructures. Beyond those
residues useful for stabilization or functionalization, another interesting example
of a useful non-canonical amino acid is 3,4-dihydroxyphenylalanine (DOPA), an
amino acid produced biologically by the posttranslational hydroxylation of
tyrosine (Waite and Tanzer, 1981). It is one of the key components of the adhesive
plaques of marine animals, including mussels, so it has recently garnered attention
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for producing nanoscale adhesives and coatings (Lee et al., 2007a; Lee et al., 2007b).
In one example, conjugates of DOPA-containing peptides and polyethylene glycol
(PEG) have been designed such that the DOPA anchors the PEG chains to a variety
of surfaces to produce non-fouling coatings (Dalsin et al., 2003; Lee et al., 2006).

0
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CFs CF3
=
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Figure 5.2 A selection of non-canonical amino acids and peptldomlmetlcs useful
for the construction of nanoscale peptide materials. The peptide amphiphile shown
is described in Hartgerink et al., Science, 294: 5547, 1684 — 1688 (2001)

5.2.3 Peptidomimetics and Peptide Derivatives

As an alternative to L-o-amino acid-based peptides and proteins, significant
advances are continually being made in the engineering of peptidomimetics,
protein-like oligomers designed to mimic the structure of peptides. This large
class of molecules often provides advantageous properties over peptides for a
variety of biomedical applications, including greater resistance to proteolysis,
improved bioavailability, greater target specificity, enhanced stability of folding,
or potentially reduced immunogenicity. In this section, we provide a few examples
of peptidomimetic systems and peptide derivatives that have found application in
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nanostructured biomaterials. For a more complete recent review, see (Gentilucci
et al., 2006).

Oligomers of N-substituted glycines, also known as peptoids, feature side
chains attached to the amide nitrogen instead of the a-carbon (Fig.5.2). A
significant advantage of peptoids is their resistance to proteolytic cleavage, making
them generally attractive drug candidates; however, peptoids do not have an amide
proton or a chiral a-carbon, so their ability to fold into predictable structures or
take part in self-assembly processes can be diminished in comparison to peptides.
Approaches to overcome this diminished folding and assembly have included the
introduction of chiral centers not in the peptoid backbone but in the side chains.
Such an approach has been utilized to bias peptoid folding towards polyproline
helix configurations (Wu et al., 2001a, 2001b, 2003a). This folding in peptoids
mimics in some respects the helical conformation found in natural surfactant
proteins, providing new routes for synthetic and proteolytically stable replacements
for lung surfactant (Seurynck et al., 2005; Wu et al., 2003b).

Oligo (B-amino acids) or P-peptides also exhibit enhanced resistance to
enzymatic degradation and additionally have more conformational freedom than
a-peptides due to an additional methylene group in each monomer (Fig. 5.2). For
example in contrast to o-peptide helices existing primarily in o-helical
conformations, P-peptides can adopt several different helical conformations
depending on the substitution of the a- and B-carbons. In this regard, 12-helix
folding (Porter et al., 2000) and 14-helix folding (Arvidsson et al. 2001; Hamuro
et al., 1999) have been successfully demonstrated for antibacterial B-peptide
mimics. For a more complete review of B-peptides, see (Cheng et al., 2001).

Peptide amphiphiles contain a peptide domain and one or more alkyl tails.
These peptide derivatives can self-assemble in aqueous environments to form
nanostsructures such as cylindrical nanofibers (Hartgerink et al., 2001, 2002) or
may also assemble in two dimensions to form Langmuir-Blodgett films
(Mardilovich et al., 2006; Mardilovich and Kokkoli, 2004). Fibrillar self-assembly
is in part due to the overall conical shape of the amphiphiles (Israclachvili, 1992),
but it is becoming increasingly clear that secondary structure in the peptide domain
is also an important contributor (Guler et al., 2006; Paramonov et al., 2006). One
of the most significant advantages of peptide amphiphiles is that in two
dimensions or three, the alkyl tails are packed on the interior of the fibers or
films, presenting high densities of peptide on the surfaces of these structures.
With specific regard to the design of cell-interactive biomaterials, this dense
packing greatly enhances the interaction of receptors involved in cell adhesion,
migration, and phenotypic expression (Silva et al., 2004; Stevens and George,
2005). Peptide amphiphiles will be discussed in greater detail later in the chapter
in the section on applications of nanoscale biomaterials.

Rigid backbone frameworks are also useful for producing peptidomimetics
useful as nanoscale biomaterials. For example, the dibenzofuran templates
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introduced by Kelly and coworkers (LaBrenz and Kelly, 1995; Lashuel et al.,
2000) pre-organize two covalently attached peptides for the formation of
supramolecular B-sheet fibrils. Depending on the pH, buffer concentration, and
ionic strength, the nanostructures of these fibrillar physical gels could be controlled
and in some cases specified.

5.3 Secondary, Tertiary, and Quaternary Structures in
Nanomaterials

Building from the primary structures of amino acids, we now address the
engineering of a peptide’s sequence so as to predictably produce higher-order
organization that leads to the formation of a nanostructured material. Predicting
the folding of a polypeptide from its sequence is one of the most challenging
scientific questions of our time, so it is not surprising that the secondary, tertiary,
and quaternary structures that have found utility in nanomaterials to date are
among the simpler and more clearly understood protein folds. Of particular
interest in this chapter are those protein folds that form fibrils or networks, as
these lead to the formation of 3-D materials. In this regard, B-sheet fibrils and
o-helical coiled coils are particularly useful. While these are not remotely the
only protein folds capable of forming nanostructured three-dimensional materials,
they have seen particularly active investigation in recent years and so warrant
special attention in this chapter.

5.3.1 pB-Sheet Fibrils

[B-sheets, the conformations of which were first accurately described by Linus
Pauling and Robert Corey in the 1950 s (Pauling and Corey, 1950, 1951), are
fundamental secondary structure elements in proteins and peptides. They are
composed of two or more B-strands arranged in either a parallel or antiparallel
configuration (Fig.5.3). The amide N—H and C=O groups are hydrogen-
bonded to the C=0 and N—H groups (respectively) of adjacent peptide chains,
generating a ‘pleated’ conformation, and the side chain residues project alternately
above and below the plane of the sheet. Although the backbone hydrogen
bonding patterns of P-sheets are their defining characteristics, the [-sheet
structure is also significantly supported by hydrophobic effects, van der Waals
forces, and electrostatic interactions between their side chains and the backbone.
B-sheets also commonly possess a twist of 0—30° between each consecutive
strand. For a review of [-sheet structure, see (Nesloney and Kelly, 1996) and
(Nelson and Eisenberg, 2006).
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Figure 5.3 Parallel (a) and anti-parallel (b) B-sheet folding. B-sheet fibrils often
possess ‘cross- 3° structure, in which the backbone of the peptide is perpendicular
to the fibrillar axis (c) schematic of the self-assembly of a designed B-hairpin
peptide, reprinted from Biomaterials, 26, Kretsinger, et al., ‘Cytocompatibility of
self-assembled B-hairpin peptide hydrogel surfaces,” 5177 — 5186, © 2005, with
permission from Elsevier
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Although it is generally difficult to predict whether a given amino acid
sequence will form B-sheets, it is known that certain patterns of hydrophobic and
hydrophilic amino acids have a high propensity for forming -sheet structures in
water. Since 1975 it has been recognized that peptides exhibiting a strictly
alternating hydrophobic-hydrophilic primary structure tend to form [-sheets
(Brack and Orgel, 1975b). Many such peptides have been utilized to engineer
nanostructured materials since these early findings, as described later in this
chapter. In alternating hydrophobic-hydrophilic-hydrophobic-hydrophilic sequences,
each subsequent residue is positioned above, then below the plane of the sheet,
placing all hydrophobic residues on one side of the sheet and all hydrophilic
residues on the other. This amphiphilicity then drives further assembly of the
[-sheets into tertiary structures such as 3-sandwiches or fibrils.

[-sheet fibrils are remarkably consistent in their geometries, even when they
are composed of peptides or proteins with widely differing primary structures or
lengths. The fibrils are typically about 10 nm in diameter, relatively unbranched,
and tend to be laterally associated into bundles and tangles (Fig. 5.4). In these
fibrillar structures, the B-sheets are believed to run across the width of the fibrils
and perpendicular to the fibrillar axis in a conformation known as ‘cross- 3’
(schematic shown for a B-hairpin peptide in Fig. 5.3(c)). It is curious that while
there is a tendency for alternating peptides to form B-sheet fibrils, many proteins
and peptides of significantly divergent sequences, lengths, and patterning of
hydrophobicity/hydrophilicity are also able to form -sheet fibrils. For example,
transthyretin, the SH3 domain, and lysozyme are three distinctly different proteins,
yet they are able to form similar B-sheet fibrillar structures, and none of them
possess strictly alternating primary structures (Chamberlain et al., 2000). Also,
proteins that generally do not form B-sheet fibrils in vivo may be coerced to do
so in certain conditions in vitro, as has been shown for proteins like myoglobin
(Fandrich et al., 2001) B-lactoglobulin (Gosal et al., 2002), and others. Also
consider the fibrils shown in Fig. 5.4. Similar fibrils are produced from a
20-amino acid peptide (Fig.5.4(a)), a peptide-amphiphile (Fig. 5.4(b)), and a
B-hairpin peptidomimetic (Fig. 5.4(c)). This suggests that -sheet fibril formation
is an intrinsic property potentially possessed by most peptides and proteins, as
the structure is stabilized by hydrogen bonding between the amide chain backbone,
not by the interactions of specific side chain residues (Dobson, 2002; MacPhee
and Dobson, 2000). In terms of the utility of P-sheet fibrils for producing
nanostructured materials, this provides a great deal of latitude for creating fibers
on the 10 nm scale from a diversity of different proteins.

B-sheet fibril growth is believed to start in many instances with a ‘seed’ of
aggregated protein or peptide. This seed then nucleates the further denaturation
of nearby peptides or proteins, which then add to the growing fibril to form a
2 — 4 nm wide protofibril. This protofibril then laterally associates with up to four
other protofibrils to produce a mature amyloid fibril with a width of about 10 nm
(Sipe and Cohen, 2000). Often a helical twist is observed in these more mature
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(b)

Figure 5.4 Negative-stained transmission electron micrographs of nanostructures
created by B-sheet folding. (a) fibrils formed from the peptide GGRGDSGGGQQ-
KFQFQFEQQ. (b) fibers formed by a peptide amphiphile terminated by a cyclic
RGD sequence reported by Stupp and coworkers, reprinted with permission from
Guler et al., Biomacromolecules 7 (6), 1855 — 1863 (2006). (c) fibrils formed by a
B-hairpin peptide reported by Schneider, Pochan, and coworkers, reprinted with
permission from Ozbas et al., Macromolecules 37 (19), 7331 — 7337 (2004). Note
the similarity of the fibrils even when they are formed from relatively dissimilar
peptides and peptide derivatives
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fibrils. Aggregates then form from extended and insoluble tangles of fibrils to
produce mature self-assemblies. This entire process of nucleation and fibrillization
is affected by the local solution conditions (pH, salt content, temperature, the
presence of other small molecules or proteins, and tissue-specific events). This
idea of local condition specificity is supported by the observation that most
amyloidoses are localized to a specific tissue or organ, e.g. Alzheimer’s plaques
in the brain (Kisilevsky, 2000).

In terms of building materials from B-sheet fibrils, the dependence of their
assembly on solution conditions is an attractive aspect. In particular, the addition
of salts can be utilized to trigger rapid fibrillization. This salt-sensitivity of
self-assembly has been investigated in solutions of salts with varying valences by
Caplan et al., who found that for a given peptide (FKFE);, the critical salt
concentration for causing fibrillization was dependent on the valency of the salt,
with higher valences requiring less salt to cause peptide self-assembly (Caplan et
al., 2000). This is in general agreement with the Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory and the Schultz-Hardy rule. DLVO theory states that
when electrostatic repulsive forces are decreased by charge-shielding and reduction
of the Debye length in solutions, attractive van der Waals forces can become
dominant and cause aggregation/self-assembly. The Schultz-Hardy rule is an
empirical observation that the critical salt concentration for coagulation typically
varies with the inverse sixth power of the valency of the electrolyte. Caplan and
coworkers also found that increasing the hydrophobicity of the hydrophobic
amino acids decreases the critical salt concentration for self-assembly, which
further supports that DLVO theory is an appropriate method for understanding the
self-assembly behavior of B-sheet peptides (Caplan, et al., 2000).

Salt-sensitivity is one of the more advantageous properties of B-sheet fibrillizing
peptides with regards to their use as nanomaterials. It enables the in situ formation
of materials at specific desirable moments, for example upon injection into the body
for a tissue-engineered scaffold. Other technologically advantageous properties
of B-sheet fibrillar peptides include their typically short length, which facilitates
their synthesis, and the fact that B-sheet structure can accommodate a wide
variety of primary structures. Peptides, proteins, peptidomimetics, and peptide-
amphiphiles may all form pB-sheet fibrillar structures. Also, in contrast to globular
proteins, PB-sheet fibrils are exceedingly stable, allowing them to perform in
denaturing environments, in the presence of proteases, and in greater temperature
ranges than materials built from globular proteins. This extreme stability has
facilitated the use of B-sheet fibrils in applications ranging from nanoelectronics
(Scheibel et al., 2003) to tissue engineering (Davis et al., 2005). However, as is
the case with nearly all materials, with these useful properties come attendant
challenges. For example, [3-sheet fibrillar structures can be complex, heterogeneous,
and difficult to control at the molecular level. Alternating hydrophobic and
hydrophilic structures do not always give well-defined fibrous scaffolds (Schneider
et al., 2002), and lateral aggregation can be difficult to control. A number of
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strategies have been applied to control lateral aggregation, including conjugation
of hydrophilic polymers to the peptide so as to produce a hydrophilic exterior to
the fibril (Burkoth et al., 1998; Collier and Messersmith, 2004). Other challenges
in engineering -sheet fibrillar materials include the fact that the final nanostructure
can be very sensitive to processing history. For example, seemingly insignificant
processing details can have major impacts on fibrillar structure, including how
the peptide is freeze-dried or whether it was able to undergo any pre-aggregation
in the work-up stage after synthesis. In this way, B-sheet fibrillar systems are
useful engineering structures for nanomaterials, but care must be exercised in their
handling so as to produce consistent structures. Lastly, one potentially significant
issue with the use of B-sheet fibrillar materials in biomedical applications revolves
around the fact that the B-sheet fibril is not representative of a well-folded and
properly functioning protein. In this way, -sheet fibrils are rather non-functional
biologically. They must be decorated, modified, or conjugated to other bioactive
components to render them biospecific or bioactive. Furthermore, B-sheet fibrils
are prominent components of diseases including Alzheimers’ disease, Parkinson’s
disease, and prion diseases. Whether engineered -sheet fibrillar materials likewise
could participate in these or similar protein aggregation disorders remains to be
seen, but at the very least their similarity to natural amyloids warrants thorough
and careful evaluation prior to their use within the body.

5.3.2 oa-Helices and Coiled Coils

The a-helix is a rigid helical arrangement of the polypeptide chain. It is a common
secondary structural element of both fibrous and globular proteins, and it
represents one of the most highly investigated structures for producing nanoscale
materials. This section will outline the major structural features of a-helices and
one of their most useful structural motifs, the coiled coil. Alpha- helices are
right-handed spirals. With each amino acid, the helix rotates 100° and translates
0.15 nm along its axis. In this way the helix makes one complete revolution
every 3.6 residues, and the helical pitch is 0.54 nm. This structure is stabilized by
hydrogen bonding between the backbone N—H group of an amino acid with the
C=0 group of the amino acid preceding it by four residues, and it is this
hydrogen bonding pattern that defines the structure. Further, the core of the a-helix
is tightly packed, maximizing van der Waals interactions, which further stabilize
the structure. Other helical structures exist, including the 3¢ helix, where hydrogen
bonding occurs between an N-H group and the C=0 group from the residue
preceding it by three residues; and the n-helix, where hydrogen bonding occurs
between an N—H group and the C=0 group from the residue preceding it by
five residues. Among these helical structures, however, the a-helix is by far the
most prevalent.
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Being one of the fundamental secondary structures in nature, a-helices
represent attractive engineering templates for nanomaterials; however, a-helices
are generally unstable as monomers in solution. This is due to the fact that water
can readily interact with the backbone N—H and C=O groups, making the
entropic costs for helix formation relatively high. This may be overcome by
designing peptides where a-helix formation is stabilized by multiple non-covalent
intermolecular interactions between more than one helix. The coiled coil has
been the most pursued motif in this regard. Other strategies for stabilizing helical
folding in water include the use of co-solvents such as trifluoroethanol, but these
approaches are less relevant to the work described in this chapter because many
nanomaterials are based on supramolecular network formation, and solvent-based
strategies that render soluble monomeric helices are less useful toward this end.

The coiled coil is a common structural motif that packs two or more a-helices
into a stable bundle. Coiled coils are found in a diversity of proteins (Lupas,
1996), including fibrous proteins (Cohen and Parry, 1986), DNA-binding proteins
(Ellenberger, 1994), load-bearing proteins (Kammerer, 1997), and membrane-
spanning, fusogenic proteins (Harbury, 1998; Skehel and Wiley, 1998). Their
utility as construction elements for forming engineered nanostructured networks
is suggested by their natural roles within network-forming proteins both inside
the cell (e.g. intermediate filaments, tropomyosin) and in the extracellular matrix
(e.g. laminin, fibrinogen). Coiled coils are formed by two or more right-handed
o-helices that wrap around each other to form a left-handed superhelix (Fig. 5.5).
When the N- and C-termini of individual helices are all oriented in the same
direction, we designate them as parallel coiled coils. Opposing orientations are
designated anti-parallel.

Figure 5.5 Ribbon diagram of a short parallel triple helical coiled coil from the
central region of bovine fibrinogen. The N-termini of each chain is to the right.
Side chains are displayed (Color Fig. 8)

The most distinguishing feature of the primary structure of coiled coils is the
well-known heptad repeat (Fig. 5.1), denoted (abcdefg),. In general, the a and d
positions are occupied by hydrophobic amino acids, and the 3.6 residue pitch of
the helix results in the placement of these residues along a hydrophobic stripe.
Burial of this hydrophobic stripe in the core of the coiled coils drives their
formation (Fig. 5.6), and packing of the a and d residues within the core
significantly impacts the coiled coil’s stability and multimerization state. In 1953
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Crick originally proposed a knobs-into-holes model for two-stranded a-helical
homodimeric parallel coiled coils (Crick, 1953), in which a-helices mesh together
when their axes are inclined at about 18° to one another. At the hydrophobic
interface, there is a hole located between positions a,,d,,d, ,,and g, , on the

n—12
first helix, into which the side chain at the position a from the neighboring helix
fits (Fig. 5.6). In the same way, a side chain at the d’ position on the

neighboring helix acts as a knob to insert into the hole formed by the residues at
positions a,,d ,a,,,, and e, (Note: n refers to n™ heptad on the helix). Although

n+l2

hydrophobic interactions between a and d residues are present in both parallel
and anti-parallel coiled coils, the two geometries are distinguished from each
other by the way in which a and d residues are paired between different helices.
For example, in parallel coiled coils, residues at positions a and @' (and d'and
d) are most closely paired. Conversely, in anti-parallel coiled coils, residues at
positions a and d' (and d and a') are paired (Note: The prime symbol means a
residue at an analogous position on the opposite helix).

Parallel
()

Figure 5.6 Intermolecular and intramolecular interactions in parallel and
anti-parallel coiled coils. (a-b) helical wheel projections. (c) 3-D representation.
Coiled coil folding is primarily driven by hydrophobic interactions (pink arrows)
between a and d residues (pink residues). Hydrophobic interactions are stabilized
by additional electrostatic interactions between e and g residues (yellow arrows
and residues) and by tertiary interactions between g-c and e-b pairs (blue arrows
and residues). (Color Fig. 9)
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In addition to hydrophobic interactions between a and d residues, residues in
the e and g positions are often charged, and those in the b, ¢, and fpositions tend
to be either polar or charged and solvent-exposed. Close approximation of e and
g residues (Fig. 5.6) permits either stabilization or destabilization of the coiled
coil through attractive or repulsive charge pairs, respectively. In parallel coiled
coils, these electrostatic interactions can exist between e— g’ and g — e’ pairs,
whereas in anti-parallel coiled coils, these interactions exist between e —e' and
g — g’ pairs.

The simplicity and regularity of the coiled coil structural motif has made it an
attractive system for exploring fundamental questions concerning protein folding
and protein-protein interactions. Owing to its extensive use as a model system,
much is known regarding the major factors relevant to coiled coils’ stability,
specificity, and parallel versus antiparallel orientation. These insights directly
facilitate the engineering of coiled coil-based nanomaterials and are briefly
outlined here. To engineer the global stability of coiled coils, it is not surprising
that hydrophobic residues in the a and d positions play the most dominant role.
In particular, the packing of these residues is a major determinant of both
stability and oligomerization state. In the a and d positions, aliphatic residues are
generally preferred to aromatic residues owing to the steric constraints presented
by the latter (Lupas et al., 1991). Although tryptophan and phenylalanine have
been utilized as hydrophobic core residues to produce ‘“Trp-zipper’ and ‘Phe-zipper’
structures, (Liu et al., 2004; 2006), these residues are relatively uncommon in
naturally occurring coiled coil cores. For residues in the d position, leucine has
been shown to be the most stabilizing residue for coiled coil dimer formation,
and other amino acids have been ranked in the order Leu>Met>Ile>Val>Cys>
Ala>Ser from most stabilizing to least stabilizing (Moitra et al., 1997) in bZIP
leucine zipper models. Similar results were also obtained by evaluating the 20
natural amino acids in the d positions of a model peptide system in which coiled
coil peptides were conjugated at their N-termini by a disulfide bridge (Tripet et
al., 2000). In contrast to the d position, the a position appears to prefer B-branched
amino acids to maximize the stability of coiled coil dimers (Zhu et al., 1993). By
comparing leucine zipper mutants with any amino acid in the a position,
Wagschal and coworkers concluded that Ile and Val produced the most stable
coiled coil dimers (Wagschal et al., 1999). This is primarily owing to the fact that
branched residues in the dimeric core (i.e. Leu in d positions and B-branched
residues in a positions) fill the packing space between the two helices, pack well
with adjacent residues between the helices, and make close contacts with
adjacent layers. As discussed below, manipulation of this hydrophobic packing is
also a primary means for engineering the oligomerization state of coiled coils.
Chain length is another factor that significantly impacts coiled coil stability, as
the number of stabilizing contacts increases with more heptads. It is generally
challenging to produce stable coiled coil bundles with fewer than three heptads
(Su et al., 1994), though shorter de novo peptides have been shown to produce
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stable coiled coils, including those designed recently by Hartgerink and coworkers
(Dong and Hartgerink, 2006) and Lustig and coworkers (Burkhard et al., 2002),
which contain only 14 and 15 amino acids, respectively. Also, although it is
generally true that increasing chain length leads to more stable coiled coils, in
certain contexts the added entropy of extending a coiled coil chain can negatively
impact its stability, particularly for heptads that are only moderately stable to
begin with (Kwok and Hodges, 2004). Stability of coiled coils can be enhanced
to a lesser degree by capitalizing on charge pairing between e and g residues. A
number of studies have indicated that e— g interactions contribute significantly
to coiled coil stability (Hu et al., 1993; Krylov et al., 1998; Zhou et al., 1994),
but other experiments have shown that these residues may only provide a small
contribution to the global stability of coiled coils (Lumb and Kim, 1995b; O’Shea
et al., 1993). Importance of e — g charge pairing is also significantly impacted by
ionic strength (Lazo and Downing, 2001; Yu et al., 1996). Other means to
improve coiled coil stability include using o-helix-favoring residues such as alanine
or glutamic acid (Spek et al., 1998), avoiding helix-disfavoring residues such as
proline and glycine, and adjusting helix dipoles such that negatively charged side
chains are positioned more toward the N-terminus and positively charged side
chains are positioned more toward the C-terminus (Kohn et al., 1998).

To engineer the oligomerization state of coiled coils, a number of strategies
have been outlined. Coiled coils can exist as dimers, trimers, tetramers, and larger
oligomeric assemblies of a-helices (Harbury et al. 1993; Kajava, 1996). Despite
this diversity, the canonical heptad repeat sequence is maintained. As described
above, packing of the a and d residues has major bearing on coiled coils’ stability;
it also directs their oligomerization. For example, in the GCN4 leucine-zipper, a
dimeric coiled coil is formed when B-branched residues occupy the a positions
and leucine occupies the d positions. If the a and d residues are all mutated to
isoleucine, trimeric coiled coils are favored; conversely leucine in the a positions
and isoleucine in the d positions favors tetramers (Harbury et al., 1994, 1993).
These preferences arise from the distinct packing of the core residues; geometrical
complementarity determines the oligomerization state. For crystal structures and
details of these geometries, see (Harbury, et al., 1994). Other means for engineering
the oligomerization state of coiled coils include incorporating polar or charged
residues in the hydrophobic core (Akey et al.,2001; Harbury, et al., 1993).
Alignments and oligomerization states that position two or more buried polar
residues together are favored, as this is less destabilizing than two independently
acting buried polar residues. This is one mechanism by which natural coiled coils
specify oligomerization state, as about 20% of residues at the a an d positions of
natural coiled coils are in fact polar or charged (Conway and Parry, 1990, 1991).
Even when buried polar residues are paired, however, some degree of
destabilization results, so a compromise between oligomerization state specification
and stability must often be made when using this strategy to design coiled coil
peptides de novo. As an example, Woolfson and coworkers have successfully
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utilized buried asparagine residues to specify the dimerization and registration of
coiled coils for constructing long coiled coil fibers (Ryadnov and Woolfson,
2003a, 2003b). Electrostatic pairing between e and g residues can also influence
the oligomerization state, especially when used in conjunction with appropriate
packing of the hydrophobic core (Schnarr and Kennan, 2003).

Heterospecificity and orientation of coiled coil bundles can be tailored through
a number of approaches, but most take advantage of the differential side chain
packing that exists between parallel and anti-parallel orientations. For example,
in parallel coiled coils, the hydrophobic core contains alternating layers of @ and
d side chains, and interhelical electrostatic interactions occur between e residues
on one chain and g residues on another (Fig. 5.5). In antiparallel orientations, a
residues contact d residues, and e— g interactions are mixed depending on the
oligomerzation state. In one strategy developed by Kennan and coworkers for
producing a parallel heterotrimeric bundle, matched core layers were designed
where one bulky cyclohexylalanine side chain was positioned against two smaller
alanine side chains. Assembly geometries which did not result in this sterically
matched core (for example those that positioned multiple cyclohexylalanines
together or three alanines together) were disfavored in relation to the matched
parallel trimer (Schnarr and Kennan, 2002). Switching of this bundle from a
parallel orientation to an anti-parallel one could be achieved simply by moving
the cyclohexylalanine residues from a positions to d positions (Schnarr and Kennan,
2004). In addition these models employed productive e—g electrostatic
interactions, which served as an additional level of control (Schnarr and
Kennan, 2003). Lastly, in addition to engineering the packing of the hydrophobic
core and making use of complementary e — g electrostatic interactions, buried
polar residues have also been successfully employed to form heterotypic coiled
coils (Akey, et al.,2001; Lumb and Kim, 1995a) or anti-parallel coiled coils
(Monera et al., 1996; Oakley and Kim, 1998).

To apply our understanding of coiled coil folding towards the construction of
materials, several strategies have been demonstrated for producing fibers, fibrils,
or networks (Fig. 5.7). These have included their use as controllable oligomerizing
structures for joining together multiple proteins, nanoparticles, or surfaces (Pack
and Pluckthun, 1992; Stevens et al., 2004; Willcox et al., 2005) (Fig.5.7(a)), for
physically cross-linking stimulus-sensitive polymer-peptide bioconjugate hydrogels
(Wang et al., 2001; 1999; Jing et al., 2008) (Fig. 5.7(b)), or for oligomerizing
designed proteins (Petka et al., 1998; Stevens et al., 2005; Xu et al., 2005) into
stimulus-responsive biomaterials. In other approaches, the peptide is the primary
component of the material, as with coiled-coils polymerized via ‘sticky-ended’
assembly (Pandya et al., 2000; Ryadnov and Woolfson 2003a, 2003b, 2005)
(Fig. 5.7(c)), or the assembly of a-helical peptide dendrimers into 3-D networks
(Zhou et al., 2004; Zhou and Ghosh, 2004) (Fig. 5.7(d)). Each of these approaches
affords complex, nanostructured, and bioactive matrices with significantly greater
structural and compositional control than is possible with conventional synthetic
polymers or biologically derived extracellular matrices and biopolymers.
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Figure 5.7 Applications of coiled-coils in Biomaterials. Coiled-coils are useful
folding motifs for tethering proteins, nanoparticles, or surfaces together (a) and for
nanostructured scaffold construction (b-d). For scaffolds, coiled-coils can be utilized
to cross-link biocompatible polymers into stimulus-responsive hydrogels (b), to
form fibrillar networks through sticky-ended assemby (c), or to form networks by the
oligomerization of multi-arm molecules (d). See text for corresponding references.
(Color Fig. 10)

As was the case for B-sheet fibrillar materials, there are a number of advantages
and disadvantages associated with using coiled coils as building blocks for
nanoscale materials. One significant advantage of coiled coils with particular
relevance to biomedical applications is that unlike B-sheet fibrils, coiled coils’
folding is highly predictable and representative of properly folded native proteins.
Whereas 3-sheet fibrillar materials are primarily found in association with disease
states such as Alzheimers’ disease, Parkinson’s disease, and prion diseases and
are somewhat non-functional biologically, coiled coils are major components of
an incredibly wide range of important proteins. In the field of biomaterials, the
prevalence of coiled coils in matrix-forming proteins such as fibrin, laminins,
and matrilins indicates that use of these structures in engineered systems is likely
to produce materials for which specific and controllable bioactivity is more
achievable. This specific functionality is exemplified by coiled coil-based
pharmaceuticals, for example viral fusion inhibitors such as enfuvirtide, a 36
amino acid peptide which acts by interfering with the coiled coil entry protein of
HIV. For review, see (Matthews et al., 2004). Additional advantageous features
of coiled coils include the precision of assembly that can be engineered using the
design rules described in this section. Stability, oligomerization state, strand
orientation, and specificity can be tailored by careful peptide design.
Disadvantages concerning the use of coiled coils in the field of biomaterials arise
from these properties, however. For example, coiled coils are much more dynamic
than B-sheet fibrils, and in some cases the dynamic nature of coiled coils may
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compromise the mechanical properties of materials constructed from them. Also,
coiled coil-forming peptides are generally longer than B-sheet forming peptides
and so require more time and reagents for their synthesis and purification.

5.4 Materials Properties Arising from Peptide Construction

Peptides provide an attractive profile of materials properties that make them
unique building blocks for nanoscale materials. Because aqueous self-assembly
processes are employed in many materials applications of peptides, these materials
tend to be sensitive to pH, ionic strength, temperature, and other factors from
which stimulus-responsive strategies can be built. Moreover, peptide materials
can be bioactive, particularly when their design mimics functional elements of
native proteins. Additionally, being accessible synthetically, peptide materials are
by nature easily tailored, and the materials from which they are built are likewise
highly engineerable. This aspect arises from these materials’ inherent modularity.

5.4.1 Stimulus-Responsiveness

Given that many peptide-based materials are constructed through peptide folding
and aqueous self-assembly, the factors that govern these processes are convenient
triggers for rapidly altering the properties of these materials. Self-assembly
mechanisms are covered in depth in this book in the chapter by Sui and Murphy
entitled ‘Nanoscale Mechanisms for Assembly of Biomaterials’. In particular,
self-assembly is sensitive to pH, ionic strength, temperature, and co-solvents.
Stimulus-responsiveness is a useful property that enables such applications as
triggered release of drug payloads, injectable gels for minimally invasive surgery,
or biosensing, where changes in the sensing environment trigger large scale
changes in the properties of the material. Here we will provide a few examples of
peptide-based materials that employ such strategies. For a more complete review
of stimulus-responsive peptide-based biomaterials, see (Mart et al., 2006).

In B-sheet fibrils, many strategies for producing stimulus-sensitive materials
have capitalized on the sensitivity of -sheet fibril assembly to the presence of
salts. As described in Sec. 5.3.1, B-sheet fibrillization is dramatically accelerated
when salts are present in solution. This primarily arises from the ionic shielding
of electrostatic repulsive forces, allowing hydrophobic forces, hydrogen bonding,
and van der Waals forces to dominate (Caplan, et al., 2000). Salt sensitivity in
peptides with alternating polar/non-polar residues was first observed by Brack
and Orgel (1975a) but more recently has been pioneered in materials applications
by Zhang and colleagues (Davis, et al., 2005; Holmes et al., 2000; Zhang et
al., 1993). In these studies, alternating peptides such as (RADA)4, (FEFEFKFK),,
or (AEAEAKAK), are initially soluble and only partially oligomerized in aqueous
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solutions. However, when these solutions are added to salt-containing buffers such
as phosphate buffered saline, transparent hydrogels form nearly instantaneously.
These materials have been reviewed (Zhang 2003; Zhang et al., 2002) and have
been explored in a variety of applications described in the following section.
Other efforts to trigger the gelation of alternating polar/non-polar peptides include
that of Collier and Messersmith, who sequestered calcium chloride within liposomes
whose bilayers could be switched from calcium-impermeable to calcium-permeable
when warmed from room temperature to body temperature or when exposed to
near-infrared light (Collier et al., 2001). Light-induced or heat-induced calcium
release from these liposomes caused alternating peptides in the extravesicular
space to rapidly fibrillize and form gels.

Beta hairpin peptides developed by Schneider, Pochan, and coworkers have
also proven to be usefully stimulus-sensitive, and they serve as useful examples
for this chapter. In this work, a family of peptides containing a central Val-"Pro-
Pro-Thr turn and alternating polar/non-polar N- and C-termini was engineered so
as to be sensitive to ionic strength (Ozbas et al., 2004), pH (Lamm et al., 2005;
Schneider, et al., 2002), temperature (Pochan et al., 2003), or exposure to light
(Haines et al., 2005). Ionic strength sensitivity and pH sensitivity arose from the
placement of positively charged residues (primarily Lys) in hydrophilic positions
of the alternating polar/non-polar portions of the peptides. Assembly was triggered
by ionic screening or by raising pH so as to neutralize the charge repulsion
between the multiple positively charged lysine residues. To achieve light-induced
assembly, a caged cysteine residue with a negatively charged o-carboxy-2-
nitrobenzyl photoactive group was placed in a hydrophobic amino acid position
in the hairpin. This negative charge prevented assembly because its burial in the
hydrophobic layer of the B-sheet was energetically unfavorable. However, exposure
to UV light removed the a-carboxy-2-nitrobenzyl group to leave a much more
hydrophobic cysteine residue, allowing the peptide to fold into the P-hairpin
configuration and undergo intermolecular assembly. Significantly, a major
difference between the B-hairpin approach and those utilizing linear peptides is
that with B-hairpins, the triggered response involves intramolecular folding from
an extended conformation to the hairpin conformation, and it is this folding event
that allows self-assembly into fibrillar gels. This aspect leads to reversible assembly
(Pochan, et al., 2003), which is a significant advantage given that most other
B-sheet fibrils are difficult to disassemble.

The convenient property of reversible stimulus-responsiveness has also been
demonstrated within systems of peptide amphiphiles (see Fig. 5.2 for example),
notably by Stupp and co-workers (Beniash et al., 2005; Bull et al., 2005; Guler,
et al., 2006; Hartgerink, et al., 2001; Niece et al., 2003). In the first of these
studies, pH was utilized to switch from soluble peptide-amphiphiles at neutral pH
to gels at pH=4 (Hartgerink, et al., 2001). This switch was reversible, as gels
could be disassembled by raising the pH (Hartgerink, et al., 2002). Peptide
amphiphiles were later designed which form gels at neutral pH in salt-containing
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cell culture medium. By placing a glutamic acid residue in the peptide amphiphile,
the peptide was negatively charged at neutral pH, but addition of cell culture
medium with its relatively high ionic strength shielded this negative charge and
allowed assembly and gelation (Silva, et al.,2004). These materials were
additionally employed as 3-D culture matrices for the differentiation of neural
progenitor cells into neurons, as described in the next section.

In a-helical coiled coil systems, stimulus-responsiveness has been achieved
through routes similar to those employed for B-sheet fibrils and peptide-amphiphiles.
In this regard, ionic strength adjustment and pH control have seen the most
widespread use. Most stimulus-responsive coiled coil systems take advantage of
the roles of the e and g residues in the (abcdefg), heptad repeat (Fig. 5.6). These
residues can participate in inter-helical electrostatic interactions that either stabilize
or de-stabilize the coiled coil. Placement of amino acids whose protonation states
are responsive to pH (e.g. Glu, Lys) in e and g positions affords systems for
which attractive electrostatic pairings only occur in specified pH regimes. Also,
in some cases repulsive e — g electrostatic contacts can be overcome by shielding
them through ionic strength increase, affording systems that are responsive to the
addition of salts. In one example, pH sensitivity was engineered into peptide-
nanoparticle conjugates through control of the acidic and basic amino acids in the
e and g positions of leucine zipper peptides (Stevens, et al., 2004). At high pH,
repulsive electrostatic interactions between these residues prevented coiled coil
formation and gold particle aggregation, but at low pH these interactions were
rendered favorable by protonation. This system represents a simple and compact
pH sensor. lonic strength and pH are also critical control points for the
self-replicating coiled coil systems outlined by Chmielewski and coworkers,
reviewed by (Li and Chmielewski, 2003). Another example is provided by the
work of Woolfson and coworkers, who placed stabilizing e—g contacts in their
‘sticky-ended’ fibril-forming coiled coil dimers (Pandya, et al., 2000). In these
systems, raising the ionic strength screened these stabilizing interactions, leading
to a stimulus-responsive unwinding of the helices. Collectively, these examples of
[-sheet fibrillar systems and a-helical coiled coil systems highlight how control
of solution conditions (particularly pH and ionic strength) and appropriate peptide
design can afford a variety of stimulus-responsive systems.

5.4.2 Multifunctionality and Modularity

Interactions between biological systems and synthetic materials involve complex
combinations of chemical, biological, and mechanical signaling. In this context,
systematically engineering a synthetic biomaterial to predictably drive a specific
biological response requires the concerted and precise adjustment of many
distinct signaling pathways (Lutolf and Hubbell, 2005). Multifunctional materials
that can engage more than one biological signaling pathway are therefore attractive,
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and in order to facilitate the experimental optimization of such multifunctional
materials, it is highly advantageous that these materials be modular. In this way,
multiple discrete functional elements can be independently swapped, combined,
and adjusted (Dankers et al., 2005; Lutolf and Hubbell, 2005). Appreciation for
the utility of modular biomaterials has been increasing, as evidenced by a
number of recently described peptide strategies that feature modularity, including
those based on ureido-pyrimidinone-containing polymers able to non-covalently
incorporate various pendant peptides (Dankers, et al., 2005) and self-assembling
peptide systems (Genove et al., 2005; Mi et al., 2006). As an example of modular
biomaterials, Collier and coworkers have designed peptides which contain a
B-sheet fibrillizing domain and one of five different cell binding domains from
either fibronectin or laminin. The fibrillizing domain consists of the sequence
QQKFQFQFEQQ (Q11) (Collier and Messersmith, 2003) and is used to
incorporate a variety of short biofunctional sequences into multi-peptide gels
(Fig. 5.7). These gels are then easily tuned by mixing the peptides in any
specified formulation in solution and inducing gelation by overlaying the
peptide solution with phosphate-buffered saline. Other similar approaches for
multifunctional peptide-based materials include work by Semino and coworkers,
who also used B-sheet fibril-forming peptides to incorporate pendant cell-binding
sequences into fibrillar hydrogels (Genove, et al., 2005). In another example,
Nomizu and coworkers utilized a B-sheet fibril-forming sequence from laminin
with cell-binding activity of its own to incorporate amino acid sequences with
additional orthogonal cell-binding activity (Kasai et al., 2004). In a-helical
systems, structural modularity is exemplified by the family of coiled coil
peptides developed by Woolfson and co-workers which polymerize into long
helical fibers via ‘sticky-ended’ coiled coils (Fig. 5.8). These coiled coils feature
complementary e — g pairs and a buried Asn-Asn interaction which register the

e '\;‘__-:y' = Functionalized
— I, ™~ Modules
Self-
Assembling
Module

Asserﬁbly
Into
Fibrils

Lateral Assembly Into
Multi-functional Materials

Figure 5.8 Modularity in B-sheet peptide systems. Functionalized co-assembling
peptides form mixed fibrils, which laterally associate into gel materials. (Color Fig. 11)
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a Sticky-ended Coiled Coil Peptides
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Figure 5.9 Modularity in coiled coil fibrils described by Woolfson and coworkers.
Sticky ended coiled coil dimers (a) form straight fibers (b), the morophology and
interconnectedness of which can be varied through the addition of one or more
modifying peptide modules (c-e). See text for details. TEM images in (b-c)
reprinted by permission from Macmillan Publishers Ltd: Ryadnov et al., Nature
Materials 2, 329-332 (2003). TEM image in (d) reprinted by permission from
Wiley-VCH: Ryadnov et al., Angewandte Chemie, Int’l Ed. 42, 3021-3023 (2003).
TEM image in (e) reprinted with permission from Ryadnov et al., J. Am. Chem.
Soc. 127 (35), 12407-12415 (2005). Copyright 2005 American Chemical Society.
(Color Fig. 12)

coiled coil dimer such that self-complementary overhangs (sticky ends) are produced.
Oligomerization of these two peptides produces long unbranched peptide fibers
(Fig. 5.9(a)-(b)), (Pandya, et al., 2000). To modify the shape of these fibers in a
modular fashion, several additional structure-directing peptides have since been
designed. These include flexible peptides joined at their N-termini by a flexible
(B-Ala); linker (Ryadnov and Woolfson, 2003a), which produces bent fibers
(Fig. 5.9(c)); T-shaped peptides produced from a lysine branch point (Ryadnov
and Woolfson, 2003b), which produce branched fibers (Fig. 5.9(d)); and several
Y-shaped or bent peptides that are able to join two different fibrils together
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(Fig. 5.9(e)), (Ryadnov and Woolfson, 2005). These modular peptides can be
mixed in various combinations to tailor the fiber shape and connectivity in fine
degrees. As biomaterials science matures, it is likely that multifunctional and
modular approaches such as these will help provide finely tuned biomaterials.

5.5 Technological Applications of Nanoscale Peptide
Materials

In this section we provide a brief discussion of notable examples of nanostructured
peptide materials applied towards various technological ends. We emphasize
biomedical applications, including regenerative medicine, antimicrobial strategies,
and drug delivery, and we also include a brief section addressing nanoelectronics.

5.5.1 Tissue Engineering and Regenerative Medicine

Owing to peptide materials’ inherent bioactivity, stimulus responsiveness,
multifunctionality, and modularity, a number of peptide systems are currently
being explored as scaffolds for use in the repair or regeneration of diseased or
damaged tissues. The field of regenerative medicine has achieved notable but
finite success in recent years, primarily in simpler tissues such as skin and
cartilage. One challenge for the continued growth and development of the fields
of Tissue Engineering and Regenerative Medicine is that available materials for
use as synthetic extracellular matrices or scaffolds generally do not possess the
complex bioactivity necessary for supporting specific regenerative processes.
Those materials that do possess such complex bioactivity tend to be naturally
derived and are thus not easily defined or tailored. Nanostructured materials
constructed from peptides and proteins represent steps towards addressing these
issues. Here we provide a few examples of recent successes in this regard.

The alternating P-sheet fibril-forming peptides originally described by Zhang
and coworkers have shown some promise as a scaffold material (Zhang et al.,
1993). Like most B-sheet fibrillar materials, these assemblies are remarkably
stable with respect to temperature (up to 90°C), pH (between pH= 1.5 and 11),
proteases (trypsin, chymotrypsin, papain, protease K, pronase), and denaturation
agents (0.1% SDS, 7 mol/L guanidine HCI, 8 mol/L urea). Mechanically, these
peptide assemblies were found to be soft, with tensile strengths between 50 and
200 Pa, elastic moduli on the order of 1— 10 kPa, and maximum elongations
between 1% and 6%. These properties appear to be appropriate for supporting
cells in 3-D culture environments, and since their introduction many variations of
the originally identified peptide have been investigated. Under certain culture
conditions these matrices are able to maintain the functions of differentiated
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neural cells (Holmes et al., 2000), chondrocytes (Kisiday et al., 2002), and liver
cells (Semino et al., 2003). They also have been explored for creating myocardial
microenvironments conducive to regeneration (Davis et al., 2005). One of the
main advantages of these peptide materials appears to be their relative biological
neutrality. Although their primary structures do not contain any biological
recognition sequences, they are able to biomechanically organize cells in a 3-D
fashion. In vitro, this enables the creation of 3-D microenvironments in which
cells are suspended in a gel-like matrix that is mechanically somewhat similar to
the native extracellular matrix. Additional bioactivity has been recently added to
these materials in the work of Semino and coworkers, who created fusion peptides
with the self-assembling B-sheet sequence on the C-termini and a number of
different cell-binding sequences on the N-termini. These materials were capable
of modulating the attachment and behavior of endothelial cells depending on the
incorporation of the bioactive sequences (Genove et al., 2005). As a family of
materials for regenerative medicine, these alternating hydrophobic-hydrophilic
[B-sheet fibril-forming peptides appear to be very promising, though it will need
to be resolved whether the materials are appropriately tolerated in vivo and that they
do not induce any aggregation of endogenous proteins as some [3-sheet fibrils can.
Another approach for producing scaffolds for regenerative medicine that
shows promise and versatility is the peptide-amphiphile system developed by
Stupp and coworkers. These molecules consist of a C16 alkyl tail conjugated to
the N-terminus of a multifunctional peptide (Fig. 5.2, Fig. 5.4(b)). The alkyl tail
drives clustering and fibrillization of the molecule, which additionally possesses
significant B-sheet structure not unlike that of PB-sheet fibrils. In the first of a
series of reports, the peptide component contained multiple cysteines, a
phosphoserine residue, and an RGD cell-binding sequence (Hartgerink et
al., 2001). The cysteine residues enabled stabilization of the self-assembled fibers
through disulfide bond formation, and the phosphoserine and aspartic acid
residues facilitated mineralization to form aligned crystals of hydroxyapatite on
the fibrils. Subsequent to this initial contribution, variations on the original
peptide amphiphile design have been developed and applied towards various
biotechnological ends. These variations have included the adjustment of the pH
sensitivity of the original peptide amphiphiles so that they assemble at neutral pH
(Niece, et al., 2003), entrapment of cells in these matrices (Beniash, et al., 2005),
decoration of the fibers with high densities of cell-binding ligands to promote
neural cell differentiation (Silva, et al., 2004), formation of cadmium sulfide
nanoparticles on the original peptide amphiphile (Sone and Stupp, 2004),
production of MRI-active peptide amphiphiles through gadolinium chelation
(Bull et al., 2005), and production of branched and cyclic versions of the peptide
amphiphiles to tailor the presentation of cell-binding sequences (Guler et al.,
2006). These two technologies, peptide-amphiphiles and alternating hydrophobic-
hydrophilic peptides, are examples of peptide-based nanostructured materials that
are currently being applied towards tissue engineering and regenerative medicine.
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For a more complete review of peptide-based nanostructured materials in tissue
engineering, see Lutolf and Hubbell (Lutolf and Hubbell, 2005).

5.5.2 Antimicrobials

Many natural antimicrobials are derived from peptides, and so it is not surprising
that engineered peptide systems can also be designed to have antimicrobial
activity. For example, in an interesting example of 3-sheet peptide self-assembly,
Ghadiri and coworkers have engineered cyclic 8-amino acid peptides with
alternating D- and L-amino acids. These form ring structures that are able to
stack with a B-sheet hydrogen bonding pattern into 3-D nanotubules (Ghadiri et
al., 1993). These self-assembled tubes were then engineered to span lipid bilayers
and serve as artificial ion channels (Ghadiri et al., 1994) or bacteria-puncturing
antimicrobials (Fernandez-Lopez et al.,2001). Also, stacked rings bearing
homoallylglycine residues (Fig. 5.2) have been covalently crosslinked to each
other via olefin metathesis to produce unimolecular nanotube structures (Clark
and Ghadiri, 1995). This work by Ghadiri and coworkers shows the versatility in
utilizing B-sheet self-assembly for producing interesting and useful nanostructures.

5.5.3 Controlled Drug Release

Peptide scaffolds may provide useful depots for the controlled release of
pharmacological agents. In a simple example, several different dye molecules
were entrapped within gels formed by alternating hydrophobic/hydrophilic peptides
(Nagai et al., 2006). Depending on the size and charge of the dye, variable release
from the matrices was observed. Also, because many self-assembled B-sheet
fibrillar systems possess unresolved hydrophobicity, they have been explored as
a means to entrap and slowly release hydrophobic cargos (Keyes-Baig et al., 2004).
At the same time, because P-sheet fibrillar gels also have an extremely high
water content, they are able to sequester hydrophilic species in their aqueous
pores (Rarnachandran et al., 2005). Such approaches show promise for the
controlled release of protein therapeutics, as the protein could be protected from
proteolysis by the highly stable B-sheet fibrillar network until it is released.
Peptide-based matrices that are specifically sensitive to a particular protease have
also been produced, and these may prove to be the foundation for stimulus-
responsive drug delivery materials. For example, Hartgerink and coworkers have
developed a peptide-amphiphile which forms fibrils but is proteolytically
degradable by the matrix metalloproteinase MMP-2 (Jun and Hartgerink, 2005).
Materials such as this can be envisioned to release their drug cargoes only under
the influence of degradative enzymes that may be associated with a particular
disease state.
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5.5.4 Nanoscale Electronics

[B-sheet self-assemblies have recently been utilized as templates for the deposition
of inorganic materials for nanoscale device and wire fabrication. Two examples
include the use of dipeptides (Phe-Phe and Phe-Trp) (Reches and Gazit, 2003;
Yemini et al., 2005a, 2005b) or a fragment of a yeast prion determinant protein,
the N-terminal and middle region (NM) of Sup35p (Scheibel et al., 2003). Both
of these polypeptides were found to self-assemble into B-sheet structures that
could be subsequently metallized, yet they each have somewhat distinctive
properties. For example, the dipeptides form stiff, hollow tubules with widths of
about 100 — 150 nm, while NM fibrils have a solid core and form more
traditional amyloid fibrils of about 9— 11 nm in width. While FTIR spectra
showed a predominance of [-sheet structure for the self-assembled dipeptide
Phe-Phe, the large tubules are somewhat atypical of natural amyloid and may
self-assemble in a different mechanism than amyloid. Also, the different
structures of Phe-Phe tubules and NM fibrils provided different metallization
templates: whereas silver was deposited within the lumens of Phe-Phe tubules,
the NM fibrils were surface-functionalized with gold, resulting in a gold-coated
amyloid fibril. These materials show promise as components of compact biosensors
(Yemini, et al., 2005a). These two contrasting approaches give a good example of
the range of possible B-sheet nanostructures for constructing nanoscale devices
and wires, and they highlight the versatility of the B-sheet fibril in general.

5.6 Concluding Remarks

As our understanding of protein and peptide folding becomes deeper and more
nuanced, the complexity, specificity, and functionality of peptide-based
nanostructured materials will become more advanced. Clearly, the strategies
outlined in this chapter are encouraging first steps towards providing materials
where fine nanostructural control affords bioactive, complex, multifunctional,
and finely tuned materials. Although this chapter has focused predominantly on
[-sheet fibrils and a-helical coiled coil systems, increasingly complex assembly
strategies more akin to the folding of full-length proteins are sure to lead this
field into exciting new territories of material functionality. Additionally,
advancements in our ability to vary the spatial and temporal positioning of
bioactive features within these materials will also likely represent a fruitful area.
However, realization of many of the technologies described will require a much
deeper understanding of how these materials interact with biological systems.
For example, although a number of the peptide-based nanostructured materials
described have been preliminarily evaluated in vivo, it is not yet clear what
general rules may be applied for preventing or at least minimizing their
immunoreactivity. Although peptides in general are not highly immunoreactive
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owing to their small size, conformational flexibility, and consequent diminished
ability to form epitopes, oligomerization and assembly into nanostructured
protein-like materials may well present proteinaceous surfaces capable of
binding antibodies or B-cell receptors. Ultimately, this may prove to be both a
challenge to overcome for areas such as Tissue Engineering and an opportunity
for producing immunomodulating nanostructures. As the field of peptide
nanomaterials evolves and extends to more applications within biomedicine, such
issues are likely to be raised.
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Abstract Carbon nanoparticles and nanotubes upon surface passivation or
modification via chemical functionalization exhibit strong photoluminescence
in the visible and into the near-IR. In this Chapter, the general features and
related optical characteristics of the photoluminescence are highlighted,
mechanistic issues discussed, and their potential material and biomedical
applications explored. For single-walled carbon nanotubes, the similarities
and differences between the defect-derived emission and the band-gap
fluorescence (emission from individualized single-walled carbon nanotubes)
are also discussed.

6.1 Introduction

Carbon nanomaterials, especially fullerenes and carbon nanotubes, have attracted
much interest for their novel properties and potential technological and biological
applications (Baugh man et al., 2002). Much effort has been devoted to the study
and understanding of their photoexcited states and related optical characteristics.
As predicted theoretically, the electronic states in semiconducting single-walled
carbon nanotubes (SWNTs) are characterized by sharp spikes in the density of
states (DOS) (Dressel haus et al., 1996). Experimentally, electronic transitions in
these nanotubes are featured as broad absorption bands in the near-infrared
region, corresponding to the first (Sy;) and second (S,,) van Hove singularity pairs
(Kataura et al., 1999). The band-gap fluorescence mirroring the S;; absorption
band was reported and studied first by O’Connell, et al. and then by a number of
other research groups for SWNTs mostly produced from the high-pressure
carbon monoxide disproportionation (HiPco) process (O’Connell et al., 2002;
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Bachilo et al., 2002; Lebedkin et al., 2003a, 2003b; Jones et al., 2005; Graff et al.,
2005; Lefebvre et al., 2004). An accurate quantum yield value for the fluorescence
is still being determined or decided, with current numbers ranging from 0.001% to
0.1% presumably depending on the degree of nanotube bundling/aggregation,
surface doping, etc. (O’Connell et al., 2002; Bachilo et al., 2002; Lebedkin et
al., 2003a, 2003b; Jones et al., 2005; Graff et al., 2005). There is apparently a
required condition for the observation of band-gap fluorescence in SWNTSs, namely,
that the nanotubes must be dispersed very well to minimize inter-nanotube
quenching effects (O’Connell et al., 2002; Bachilo et al., 2002; Graff et al., 2005).
Recently, there were reports on the detection of band-gap fluorescence for
suspended SWNTs in ambient environment (Lefebvre et al., 2004) and also for
nanotubes produced by the laser ablation method (Lebedkin et al., 2003a, 2003b;
Hennrich et al., 2005; Arnold et al., 2004).

Even before the first report on band-gap fluorescence from semiconducting
SWNTs, carbon nanotubes including both single-walled and multiple-walled ones
(MWNTs) upon their surface modification or functionalization were found to be
strongly emissive in visible and near-infrared regions (Riggs et al., 2000). In that
report, Sun and coworkers referred the emission as luminescence because the
nature of the emissive excited state was not well-defined or understood. The
luminescence was bright, with quantum yields more than 10% under some
conditions (Riggs et al., 2000). While there were questions on the assignment of
the strong emission to carbon nanotube species (Zhao et al., 2001), several other
research groups confirmed the observation and assignment in subsequent
investigations (Guldi et al., 2002; Banerjee and Wong, 2002). For example, Guldi
and coworkers reported that the luminescence was associated with carbon nanotube
samples from different production methods, including laser ablation and arc
discharge, and with heavily oxidized nanotubes (Guldi et al., 2002). Similarly,
Wong and coworkers reported strong visible luminescence from carbon nanotubes
that are functionalized with Wilkinson’s catalyst (Banerjee and Wong, 2002).
Mechanistically, Sun and coworkers suggested that the broad visible luminescence
could be attributed to the presence of passivated surface defects on carbon nanotubes,
which serve as trapping sites for the excitation energy. The passivation as a result
of the surface modification and functionalization with oligomeric and polymeric
species stabilizes the emissive sites in their competition with other excited state
deactivation pathways (Riggs et al., 2000; Sun et al., 2002; Lin et al., 2005).

Recently, mechanistically similar photoluminescence was found and reported in
surface-passivated small carbon particles (Sun et al., 2006). These photoluminescent
carbon particles, which are being compared with fluorescent semiconductor
quantum dots (QDs) (Chan and Nie, 1998; Klimov et al., 2000; Bruchez et al.,
1998) are dubbed carbon dots (Sun et al., 2006). The carbon dots offer potentially
benign (non-toxic or less toxic) alternatives to currently best performing but
mostly heavy metal-based QDs (Esteves and Trindade, 2002; Green, 2002). On the
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other hand, the defect-derived luminescence of surface-modified or functionalized
carbon nanotubes represents an interesting optical property of the nanotubes
because surface defects should be considered as the norm rather than exception
in typical SWNTs and MWNTs. These carbon nanomaterials of vastly different
aspect ratios and other properties (such as optical polarization characteristics)
may find many applications complementarily, such as luminescence imaging with
visible and near-infrared colors, sensors based on luminescence quenching
properties, and other uses in biological systems in vitro and in vivo. In this article,
we will discuss the characteristics of the photoluminescence in carbon dots and
surface-modified or functionalized carbon nanotubes, and some mechanistic and
application relevant issues.

6.2 Photoluminescent Carbon Particles-Carbon
Quantum Dots

The finding and development of carbon dots are against the backdrop of rapid
advances in the synthesis, property control, and applications of traditional
semiconductor QDs (Klimov et al., 2000; Bruchez et al., 1998; Alivisatos, 1996;
Larson et al., 2003; Michalet et al., 2005; Parak et al., 2003; Medintz et al., 2005;
Kim et al.,2004), and the continued search for alternative QDs based on
non-toxic elements (Ding et al., 2002; Chen et al., 2006; Bharali et al., 2005;
Seydack, 2005; Wilson et al., 1993; Burns et al., 2006). Traditional QDs are often
composed of atoms from groups II — VI or III - V elements in the periodic
table, and are defined as particles with physical dimensions smaller than the
exciton Bohr radius (a few nanometers in general) (Chan and Nie, 1998). Several
characteristics resulted from the quantum confinement distinguish QDs from
traditional fluorophores, such as broad excitation spectra, size-tunable emission
properties, longer emission lifetimes, photostability, etc., which are expected to
offer substantial advantages in a wide variety of promising applications, especially
those in biology and medicine (Michalet et al., 2005). For both in vitro and in
vivo uses, however, the known toxicity and potential environmental hazard
associated with many of these materials may represent serious limitations (Michalet
et al., 2005; Derfus et al., 2004; Kirchner et al., 2005; Lovric et al., 2005).
Therefore, the search for benign nanomaterials of similar optical properties
continues (Bharali et al., 2005; Seydack, 2005; Wilson et al., 1993; Burns et al.,
2006). For quantum-sized silicon, the discovery of Brus and coworkers (Wilson
et al., 1993) on the strong luminescence in surface-oxidized nanocrystals has
attracted extensive investigations of silicon nanoparticles and nanowires (Holmes
et al., 2000; Belomoin et al., 2002; Hua et al., 2005; Li and Ruckenstein, 2004;
Huisken et al., 2002). For example, silicon nanoparticles capped with water-soluble
polymers, thus compatible with physiological media, have been studied for the
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luminescence labeling of cells (Li and Ruckenstein, 2004).

Sun and coworkers (Sun et al., 2006) found and reported carbon-based QDs or
carbon dots, which are nanoscale carbon particles with simple surface passivation
to exhibit strong photoluminescence in both solution and the solid-state. The
emission spectral features and properties of the available carbon dots are
comparable to those of surface-oxidized silicon nanocrystals. The starting pristine
carbon nanoparticles can be produced from the laser ablation of a graphite target
in inert atmosphere under reduced pressure (Lin et al., 2003). Raman spectra of
the as-produced samples (Fig. 6.1) are characterized by the typical tangential
mode peak (G-band) at 1590 cm™' and the disorder band (D-band) centered at
1320 cm™'. The former is related to the graphitic sp> carbons, while the latter is
usually associated with the disorder or defect sp’ carbons. The comparable
intensities of the two peaks (the D-band slightly higher) and their broadness
suggest that these carbon nanoparticles are largely amorphous. This is supported
by results from transmission electron microscopy (TEM) and X-ray diffraction
(XRD) analyses of the carbon particles.

Raman intensity

500 1000 1500 2000 2500 3000
Raman shift (cm™)

Figure 6.1 Raman spectrum of carbon nanoparticles (633 nm excitation) shows
contributions of both sp® (G-band at 1590 cm™) and sp® carbons (D-band at 1320 cm™)
(Reproduced from (Sun et al., 2006) with permission. Copyright ©2006 American
Chemical Society)

The carbon nanoparticles as produced or after treatments such as refluxing
with nitric acid are largely aggregated. They are non-emissive either in the solid
state or in suspensions. However, upon simple surface passivation by attaching
organic molecules, the particles become soluble in common organic solvents
and/or water depending upon the attached functionalities. For example, the use of
a diamine-terminated oligomeric polyethylene glycol (PEGsqon, Fig. 6.2) or an
aminopolymer poly(propionylethylenimine-co-ethylenimine) (PPEI-EI, Fig. 6.2)
for the surface passivation imparts solubility in both water and chloroform.
Microscopy results (Fig. 6.3) suggest that these soluble surface-modified carbon
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Figure 6.2 Defect-derived functionalization of carbon nanotubes
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Figure 6.3 Representative S-TEM images (Color Fig. 13) of carbon dots surface-passivated
with (a) PEG;soon and (b) PPEI-EI, and AFM images of carbon dots surface-passivated
with PPEI-EI (c) topography, (d) phase, and (e¢) amplitude. (Reproduced from (Sun et
al., 2006) with permission. Copyright ©2006 American Chemical Society)
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nanoparticles are well dispersed as individual particles with diameters of a few
nanometers.

The surface passivation makes carbon nanoparticles into carbon dots, which
exhibit bright and colorful photoluminescent in the visible to the near infrared
(Sun et al., 2006) (Fig. 6.4). Since the organic functional groups are colorless and
non-emissive in the wavelength ranges, the emission must be due to the passivated
carbon nanoparticles (carbon dots). Mechanistically, the photoluminescence may
be attributed to the presence of surface energy traps, likely related to the abundant
surface defect sites that become emissive upon passivation. It should be noted
that surface passivation is also required in the luminescent silicon nanocrystals,
though the emissions there were widely attributed to band-gap transitions
(radiative recombination of excitons).

(b)

Figure 6.4 Aqueous solutions of the PEGsyon-attached carbon dots (Color Fig. 14)
(a) excited at 400 nm and photographed through band-pass filters of different
wavelengths as indicated, and (b)excited at the indicated wavelengths and
photographed directly (Reproduced from (Sun et al,2006) with permission.
Copyright ©2006 American Chemical Society)
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Nevertheless, the surface emissive sites of the carbon dots are likely quantum
confined in the sense that a large surface-to-volume ratio is required for the strong
photoluminescence. In fact, larger carbon particles (30 — 50 nm in diameter) with
the same surface passivation are much less luminescent (Sun et al., 2006).

Photoluminescence spectra of carbon dots are generally broad and dependent
on excitation wavelengths, moving progressively to the red as the excitation
wavelength becoming longer (Fig. 6.5). As in silicon nanocrystals (Wilson et al.,
1993) and some other nanoscale optical materials (Riggs et al., 2000; Bruchez et
al., 1998), such emission characteristics are indicative of the inhomogeneity in
underlying emissive species. There are not only particles of different sizes in the
sample but also a distribution of different emissive sites on each carbon dot (Sun
et al., 2006).

Wavelength (nm)
400 500 o600 700 800

Normalized intensity

Normalized intensity

400 500 600 700 800
Wavelength (nm)

300

Figure 6.5 The absorption spectrum (ABS) and emission spectra (with progressively
longer excitation wavelengths from 400 nm on the left in 20 nm increment) of
PPEI-El-carbon dots in an aqueous solution. The emission spectral intensities are
normalized to quantum yield (normalized to spectral peaks in the inset) (Reproduced
from (Sun et al., 2006) with permission. Copyright ©2006 American Chemical Society)

The reported carbon dots have photoluminescence quantum yields from about
4% to more than 10% at 400 nm excitation, and the yields decrease progressively
with longer excitation wavelengths. The observed emission quantum yields are
obviously dependent on how well is the surface passivation in the carbon dots.
When the dots with relatively lower quantum yields are subject to a repeat of the
same surface passivation reaction, they become more emissive with higher
quantum yields.
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The luminescence decays of carbon dots can be measured by using the
time-correlated single photon counting (TCSPC) technique. The observed decays
are generally not mono-exponential. When fitted with multi-exponential functions,
the average lifetimes of the carbon dots are on the order of 4 — 5 ns.

The photoluminescence of carbon dots is stable against photobleaching in
irradiation with a 450-W xenon lamp for hours. There is also no blinking in the
photoluminescence (Fig. 6.6), in contrast to the commonly observed fluorescence
blinking in many other QDs (such as CdSe (Kuno et al., 2001; Shimizu et al., 2001),
InP (Kuno et al., 2001), Si (Sychugov et al., 2005) and Au (Geddes et al., 2003).
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Figure 6.6 The time-dependence of luminescence intensity of PEGson-carbon
dots measured in confocal microscopy (Leica TCS SP2, the frame rate 37 ms/
frame at 514 nm excitation). Shown in the inset is a comparison of the same data
(black) with that (grey) of a commercially available blinking gold nanoparticle
sample (Ted Pella, Inc, diameter ~50 nm). (Reproduced from (Sun et al., 2006)
with permission. Copyright ©2006 American Chemical Society)

In summary, carbon dots are potentially competitive alternatives to traditional
semiconductor QDs. Carbon as an element is obviously non-toxic and
environmentally benign. With further improvement in performance, carbon dots
will likely find many applications in biology and medicine, especially those that
require photoluminescent labels in vivo.

6.3 Photoluminescent Carbon Nanotubes

Carbon nanotubes typically contain surface defects that structurally resemble the
surface of a nanoscale carbon particle, and may thus be made brightly
photoluminescent just like carbon dots (Riggs et al., 2000; Guldi et al., 2003;
Banerjee and Wong, 2002; Sun et al., 2002; Lin et al., 2005; Sun et al., 2003;
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Zhou et al., 2006; Kose et al., 2006). In fact, it took almost a decade since the
discovery of carbon nanotubes to the realization that these nanotubes are in fact
strongly luminescent under well-defined conditions (Riggs et al., 2000). The
revealing of the luminescence was a direct result of the significant advance in the
chemical modification and functionalization of carbon nanotubes for their
solubilization and dispersion at the individual nanotube level (Lin et al., 2005;
Sun et al., 2002).

6.3.1 A Consequence of Functionalization

As-produced carbon nanotubes are generally insoluble in common organic solvents
and water (Bahr et al., 2001). The insolubility is due to the fact that these species
are relatively large in sizes and also significantly bundled (strong van der Waals
interactions between adjacent nanotube graphitic surfaces). The bundling of nano-
tubes has made it difficult to observe many of their intrinsic properties, including
the band-gap fluorescence and the defect-derived luminescence due to their
sensitivity to inter-nanotube quenching (O’Connell et al., 2002; Riggs et al., 2000).

The field of chemical functionalization of carbon nanotubes has become very
active and diversified, driven primarily by application needs in the processing of
nanotube-based materials. The functionalization leads to the homogeneous
dispersion (the exfoliation of nanotube bundles, especially for SWNTs) and
solubilization of the nanotubes. The chemical functionalization methods may be
classified roughly into two categories, i.e. noncovalent and covalent modifications
(Sun et al., 2002; Bahr and Tour, 2002; Hirsch, 2002; Tasis et al., 2003; Niyogi et
al., 2002). The noncovalent functionalization methods usually take advantage of
the hydrophobic or n-m interactions between functional molecules (such as
surfactants and some polymers) and the nanotube surface. The reagents in
covalent methods target either the nanotube graphitic sidewall (Bahr et al., 2002;
Hirsch, 2002; Tasis et al., 2003) or surface defect sites (carboxylic acid moieties
from oxidative acid treatment of the defect carbons on nanotubes, see below)
(Sun et al., 2002; Niyogi et al., 2002). Compared to noncovalent functionalization,
covalent methods have provided a higher degree of flexibility in functional
groups selection and generally higher efficiency in the resulting nanotube dispersion
and solubilization.

The nanotube sidewall chemistry is largely derived from the previously
well-developed graphite and fullerene chemistry, since the reactivity of nanotube
sp° carbons, as a result from m-orbital misalignment and curvature-induced
pyramidalization, is in fact intermediate between those two carbon allotropes
(Niyogi et al., 2002). A less attractive feature with the dispersion and solubilization
via the sidewall chemistry in some applications is that it disrupts the nanotube
graphitic surface and thus alters the nanotube electronic structures, again making
it difficult to observe and study many intrinsic properties of the underlying carbon
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nanotubes. The functionalization targeting nanotube surface defects (including
open ends) seems preserving the nanotube electronic structures much better
(Niyogi et al., 2002; Chen et al., 1998).

Experimentally, a typical estimate on the population of defects on the nanotube
surface suggests that the defects represent a few percent of the nanotube carbons
(Kuznetsova et al.,2000; Hu et al., 2001). After oxidative treatments, these
defect nanotube carbons are converted into oxygen-containing groups (especially
carboxylic acid moieties). These functional groups on the nanotube surface may
be derivatized with a variety of reagents in functionalization reactions. For example,
Sun and coworkers have explored many oligomeric and polymeric molecules
containing hydroxyl or amino groups for esterification or amidation reactions
with the nanotube-bound carboxylic acids (Fig. 6.2) (Sun et al., 2002).

The functionalization of carbon nanotubes with the selected oligomeric or
polymeric molecules typically improves dramatically their solubility in common
organic solvents and/or water, depending upon the properties of the molecules.
For example, solubilities of carbon nanotubes in both water and organic solvents
were afforded by the functionalization with PEGysoon (Huang et al., 2003) or
PPEI-EI polymer (Fig. 6.2) (Lin et al., 2002). The nanotube-equivalent solubilities
for the functionalized carbon nanotubes are usually on the order of a few mg/mL
to as high as about 100 mg/mL with the right functional groups and functionalization
reactions (Fernando et al., 2004). The soluble functionalized carbon nanotubes
are generally in individual nanotubes or thin bundles, which can be probed and
visualized by imaging with state-of-the-art electron microscopy techniques (Fig. 6.7)
(Lin et al., 2003).

The solubility has allowed the characterization and investigations in the solution
phase. For example, nanotube carbons in soluble functionalized sample of SWNTs
were recently detected in solution by *C NMR (Kitaygorodskiy et al., 2005). It
has also been shown that the solubilization by functionalization targeting defect
sites largely preserves the electronic structures and optical transitions in SWNTs,
especially the observation that the band-gap absorptions associated with the van
Hove singularity pairs are little changed when measured in both solution-phase
and the solid state (Fig. 6.8) (Lin et al., 2005; Zhou et al., 2003).

6.3.2 Photoluminescence Features and Properties

The solubilization of carbon nanotubes via chemical functionalization has provided
great opportunities for studying optical properties of nanotubes in solution phase
under the condition of homogeneous dispersion. The most relevant was the
discovery by Sun and coworkers that polymer-functionalized carbon nanotubes
are luminescent or strongly luminescent in homogeneous organic or aqueous
solution, exhibiting broad luminescence emission bands in the visible and well
extending into the near-IR region (Fig. 6.9) (Riggs et al., 2000). The luminescence
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Figure 6.7 TEM images of (a), (b) a PPEI-El-functionalized SWNT sample and
(c) ,(d) a PI-NH,-f unctionalized MWNT sample
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Figure 6.8 Absorption spectra of PEG50on-SWNT in the solid-state (solid line)
and PI-NH,-SWNT in DMF solution (dashed line, the dotted line region subject to
overwhelming solvent background) and the solid-state (solid line) (Reproduced from
(Lin et al., 2005) with permission. Copyright ©2005 American Chemical Society)
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Figure 6.9 Absorption (ABS), luminescence (EM), and luminescence excitation
(EX) spectra of the PPEI-EI-MWNT in room-temperature chloroform. Inset: A
comparison of absorption and luminescence (440 nm excitation) spectra of PPEI-
EI-MWNT (solid line) and PPEI-EI-SWNT (dashed line) in homogeneous chloroform
solutions at room temperature (Reproduced from (Riggs et al., 2000) with permission.
Copyright ©2000 American Chemical Society)

of functionalized carbon nanotubes is not specific to any particular polymeric or
oligomeric functionality on the nanotube surface. In fact, the luminescence has
been observed in all well-functionalized carbon nanotube samples of diverse
functional groups (Riggs et al., 2000; Guldi et al., 2002; Banerjee and Wong,
2002; Lin et al., 2005; Sun et al., 2002). Much effort was made to eliminate other
possible explanations on the observed strong luminescence emission. For example,
fluorescence contribution from the polymers or oligomers used in the
functionalization was ruled out because these molecules have no absorption at
the excitation wavelength. The possibility of luminescent impurities and small
aromatic species induced from the solubilization was also excluded in various
control experiments.

The luminescence excitation spectra of functionalized carbon nanotubes
monitored at different emission wavelengths are consistent with the broad UV-vis
absorption spectra. However, the emission spectra are strongly dependent on
excitation wavelengths in a progressive fashion. The excitation wavelength
dependence indicates the presence of significant inhomegeneity or a distribution
of emitters in the sample (nanotubes of different diameters, in particular) or
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emissive excited states (trapping sites of different energies) (Riggs et al., 2000;
Banerjee and Wong, 2002; Sun et al., 2002; Lin et al., 2005).

The observed luminescence quantum yields are generally high. As shown in
Fig. 6.10, for example, the luminescence quantum yields of PPEI-EI-functionalized
SWNTs (PPEI-EI-SWNT) and PEGsgon-functionalized SWNTs (PEG;50on-SWNT)
at 450 nm excitation are 4.5% and 3%, respectively (Lin et al., 2005). Generally
speaking, the luminescence quantum yields of SWNTs and MWNTSs are on the
same order of magnitude. The luminescence decays of functionalized nanotubes
are relatively fast and non-exponential, with average lifetimes on the order of a
few nanoseconds. The non-exponential nature of the luminescence decays is
consistent with the presence of multiple emissive entities in the sample and the
observed excitation wavelength dependence of luminescence.
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Figure 6.10 Luminescence emission spectra (normalized, 450 nm excitation) of
PPEI-EI-SWNT (solid line) and PEG;50on-SWNT (dashed) in aqueous solution. Inset:
the spectra of PPEI-El-functionalized SWNT excited at 350 nm, 400 nm, 450 nm,
500 nm, 550 nm, and 600 nm (intensities shown in relative quantum yields) (Reproduced
from (Lin et al., 2005) with permission. Copyright ©2005 American Chemical Society)

6.3.2.1 Effect of Dispersion

There is ample experimental evidence suggesting that the defect-derived
luminescence is sensitive to the degree of functionalization and dispersion of the
carbon nanotubes. The higher observed luminescence quantum yields are
generally associated with better functionalized carbon nanotubes, as supported by
results from the experiments of repeated functionalization and the
defunctionalization of functionalized carbon nanotubes (Lin et al., 2005; Sun et
al., 2002). The repeated functionalization reactions of a carbon nanotube sample
with the same polymer results in a substantial increase in the luminescence quantum
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yield of the final functionalized nanotube sample. Conversely, the luminescence
can be quenched or eliminated upon partial or complete defunctionalization
process through thermal evaporation or acid/base hydrolysis to remove the
functional groups from the nanotube surface. The polymer-functionalized carbon
nanotube samples obtained from different functionalization routes may have
different luminescence quantum yields due to the nature of the functionalization
reactions with respect to the nanotube dispersion. It is commonly observed that
the amidation/esterification of carbon nanotubes through the acyl chloride route
(Chen et al., 1998; Lin et al., 2002) is more effective than other reactions (such as
the diimide-activated coupling (Huang et al., 2002) in the functionalization,
corresponding to a higher degree of nanotube dispersion in the resulting sample.

The functionalization of carbon nanotubes for their solubilization is likely
more than just dragging the nanotubes into aqueous or common organic solution
through covalently wrapping the nanotube with the oligomeric or polymeric
molecules. In the functionalization reaction, the functional groups exfoliate the
nanotube bundles by either reducing the bundle size or completely disintegrating
the bundle into individual nanotubes (thus, the degree of nanotube dispersion
greatly enhanced) (Lin et al., 2003). Better functionalized carbon nanotubes and
the associated better dispersion result in higher luminescence quantum yields.
Conversely, stronger luminescence serves as an indication that the underlying
nanotubes are better dispersed, which may be verified or supported by other
complementary techniques such as high-resolution electron microscopy or atomic
force microscopy. In fact, because of the sensitivity of fluorescence spectroscopy,
the luminescence measurements may be used as an experimental tool for probing
the dispersion of carbon nanotubes.

Lin, et al. have demonstrated the sensitivity of the defect-derived luminescence
to the nanotube dispersion (Lin et al., 2005). In a comparison of non-functionalized
and functionalized SWNTSs, the former were dispersed in DMF with the assistance
of polyimide under sonication. The latter (SWNTs functionalized with polyimide)
were dissolved in DMF to afford another solution. At the same equivalent nanotube
content, the two solutions had comparable optical density at the same excitation
wavelength (450 nm). However, the luminescence measurements of the two
solutions revealed that the latter was much more luminescent than the former
(Fig. 6.11). This is a piece of evidence strongly in support of the conclusion that
the dispersion of carbon nanotubes plays a critical role in their luminescence.

The effective exfoliation to obtain individually dispersed nanotubes is a necessary
prerequisite to observe strong defect-derived luminescence. This requirement
seems the same as that for the detection of band-gap fluorescence (O’Connell et
al., 2002) because both emissions are subject to the inter-nanotube quenching
effect. Again, the high quantum yield of defect-derived luminescence combined
with the sensitivity to nanotube bundling may be exploited as a convenient,
effective, and non-invasive technique to monitor the dispersion of carbon nanotubes
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in polymer and other matrices.

T T T T T T
= Suspended Functionalized
'z
=
g L - + -
3 . ;
2
o
2 Apx=450 nm
2 - - -
]
=
g A |:_\'=450 nm i
= L p N
o
m 1

M L i |

500 600 700 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 6.11 Luminescence emission spectra and pictures from SWNTs dispersed with
the aid of polyimide in DMF (a) and the PI-NH,- SWNT in DMF solution (b). The
nanotube and polymer contents in the two samples were comparable (Reproduced from
(Lin et al., 2005) with permission. Copyright ©2005 American Chemical Society)

6.3.2.2 Effect on Raman

The strong luminescence in functionalized carbon nanotubes often becomes
overwhelmingly interfering in the Raman characterization of the nanotube
samples. Resonant Raman spectroscopy has been identified as one of the most
important experimental tools for probing and studying carbon nanotubes because
of the sensitivity of Raman features to the nanotube diameter, chirality,
environmental effect, etc. For example, a typical Raman spectrum of a pristine
SWNT sample shows characteristic peaks including the radial breathing mode
(100 — 300 cm '), D-band (~1300 cm™), G-band (~1600 cm™'), and D*-band
(~2600 cmﬁl). However, for functionalized carbon nanotubes, these characteristic
Raman bands are generally obscured or overwhelmed by the strong luminescence
background, which essentially turns the Raman spectrum into a luminescence
spectrum (Lin et al.,2005; Sun et al.,2002). The extent of luminescence
interference in Raman measurements is consistent with the intensities in directly
measured luminescence spectra. Better-functionalized nanotube samples with better
solubility and dispersion are usually associated with more intensive luminescence
interference, which often buries the Raman features completely. For example, the
Raman spectrum of [-MWNT is simply a broad curve (Fig .6.12) (Sun et al., 2002).
The luminescence background in Raman spectra could be removed by reducing
the degree of nanotube functionalization. Typically, a chemical or thermal
defunctionalization process may be used to remove the functional groups from
the nanotube surface. The characteristic Raman features of carbon nanotubes are
restored upon the defunctionalization, as shown in Fig. 6.12 for [-MWNT.
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Figure 6.12 Raman spectra (785 nm excitation) of the [-MWNT sample (Fig. 6.2)
before (top) and after (middle) thermal defunctionalization in a TGA scan to 650°C. The
spectrum of the pristine MWNT sample (bottom) is also shown for comparison (Reproduced
from (Sun et al., 2002) with permission. Copyright ©2002 American Chemical Society)

6.3.3 Defect-Derived vs Band-Gap Emissions

The two emissions of carbon nanotubes are obviously different in origin, but
complementary in some properties. As observed by Kappes, et al. in the
measurement of band-gap fluorescence, there was a significantly stronger and
structureless luminescence background toward the visible region with the intensity
increasing smoothly toward the excitation wavelength for stable dispersion of
acid-treated SWNTs (Lebedkin et al., 2003a). It suggests the coexistence of the
two kinds of emissions in the same carbon nanotube sample.

The band-gap emission is likely much weaker and very sensitive to any effects
on the electronic structure of SWNTs (easily quenched or diminished by doping
or chemical treatment). For example, the emission spectrum of dispersed SWNTs
after the acid-treatment is weak and poorly structured (Lebedkin et al., 2003a).
However, the defect-derived luminescence is much improved by the same procedure
that induces or generates more defects sites. The excellent surface passivation is
critical to the observation of strong defect-derived luminescence (Lin et al., 2005).

The band-gap emission is strongly dependent on the nanotubes diameter d and
diameter distribution (O’Connell et al., 2002; Lebedkin et al., 2003a). It has been
reported that the quantum efficiency of SWNTs from the arc-discharge production
(d ~ 1.5 nm) are weaker in band-gap fluorescence because of their larger average
diameter than that of SWNTs produced from the HiPco method (d ~ 0.7 — 1.2 nm)
(Lebedkin et al., 2003a). The band-gap emission is more prominent in the
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small-diameter nanotubes with an upper diameter limit of 1.5 nm. For example,
the observed quantum yield of SWNTs from the laser ablation production
(d~ 1.4 nm) is on the order of 1x107°, two orders of magnitude lower than that
of the HiPco nanotubes. SWNTs from arc-discharge are predicted to have an
even lower quantum yield, which may actually represent a technical challenge in
the observation of their band-gap fluorescence.

A shared requirement between the two kinds of emissions is that the emission
is highly sensitive to the nanotube dispersion. For the band-gap emission, the
dispersion is often assisted by the use of surfactants with the carbon nanotubes
and also ultra-high-speed centrifugation. The functionalization is effective in the
exfoliation of nanotubes bundles to the level of individual nanotubes and very
thin bundles, but it is hardly applicable to the investigation of band-gap
fluorescence. Despite the extensive effort on the elucidation of the two kinds of
emissions, there are still significant technical and mechanistic issues for both.
For example, the accurate determination of quantum yield for the band-gap
fluorescence remains difficult because of the wavelength region, while the nature
and properties of the emissive excited states for the defect-derived luminescence
require further investigations.

6.4 Dots vs Tubes—Luminescence Polarization

A significant difference in the photoluminescence properties of carbon dots vs
carbon nanotubes is in their different polarization characteristics. The luminescence
emissions of carbon dots with oligomeric passivation agents on the dot surface
are hardly polarized in solution (Zhou and Sun, unpublished). However, the
luminescence emissions of functionalized carbon nanotubes are highly polarized
both in solution at ambient temperature and in polymer thin films. The anisotropy
values » can be calculated for the nanotube luminescence in terms of the
well-established equations (Lakowicz, 1999).

P= ([HHIVV _IHVIVH)/(IHH[VV +IHVIVH) (6.1)

¥ =2P/(3-P) (6.2)

At each excitation wavelength, the anisotropy values are essentially independent
of emission wavelengths. Shown in Fig. 6.13 are typical luminescence anisotropy
results for the functionalized SWNTs, where each value is averaged over all
emission wavelengths (Sun et al., 2002).

The luminescence anisotropy values are strongly dependent on the excitation
wavelengths, exhibiting obvious increases with progressively longer excitation
wavelengths, approaching the limiting anisotropy value of 0.4 (Table 6.1). The
excitation wavelength dependence of the anisotropy value is less significant in
polymer films than in solution (Zhou et al., 2006).
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Figure 6.13 Luminescence anisotropy values at different emission wavelengths for [ pgg-
MWNT (Fig. 6.2) in room-temperature chloroform solution with 450 nm excitation. The
luminescence spectrum at the same excitation wavelength is also shown for comparison
(Reproduced from (Sun et al., 2002) with permission. Copyright ©2002 Elsevier Science B.V.)

Table 6.1 Luminescence anisotropy (») values at different excitation wavelengths
(Zhou et al., 2006)

Excitation m Excitation )
Fsolution Ffilm Fsolution Ffilm
Wavelength (nm) Wavelength (nm)

400 0.052 0.32 525 0.15 0.38
425 0.069 0.34 550 0.16 0.39
450 0.10 0.35 575 0.18 0.39
475 0.12 0.35 600 0.19 0.39
500 0.14 0.37

® From repeating the experiments reported in ref (Sun et al., 2006).

The luminescence emission is likely associated with excited state energy trapping
sites (well-passivated nanotube surface defects). The luminescence polarization
indicates that the absorption and emission dipole moments are correlated. The
excitation wavelength dependence of luminescence polarization seems to suggest
that the excitation is at least partially localized in a distribution of electronic
states in the functionalized carbon nanotubes. For the functionalized carbon
nanotubes embedded in the polymeric matrix, the anisotropy values are generally
larger than those in solution. This may be attributed to the more restrictive
environment in the films toward rotational diffusion, thus minimizing or completely
eliminating the depolarization induced by molecular motion.
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The absorption and emission dipole moments are close to being parallel for the
functionalized carbon nanotubes dispersed in the polymeric matrix. However, the
orientation of parallel dipoles with respect to the nanotube structure can not be
revealed from only the luminescence anisotropy results. The alignment of the
luminescent carbon nanotubes is required. The alignment has been achieved by
uniaxial mechanic stretching of PVA thin films embedded with functionalized
SWNTs. The large aspect ratio of carbon nanotubes makes them good candidates
for the alignment by mechanical stretching, as already reported in the literature
(see, for example, (Rozhin et al., 2005)). Experimentally, the nanotube-embedded
PVA films (about 100 microns in thickness) can usually be stretched to 5 — 7 fold.
The observed dichroic ratios are strongly in favor of the film stretching direction
(Fig. 6.14), indicating that the electronic absorption responsible for the luminescence
properties are along the nanotube long axis (Zhou et al., 2006). When combined
with the luminescence anisotropy results, an obvious conclusion is that both the
absorption and emission dipole moments are coaxial with the functionalized carbon
nanotubes. It should be noted that the measurement of luminescence emissions
from the stretched films is a more sensitive alternative to the direct determination
of absorption polarization in reference to the film stretching direction.
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Figure 6.14 Luminescence emission spectra of PPEI-EI-SWNT in stretched
PVA film (draw ratio ~ 5) excited with polarized light parallel (||, solid line) and
perpendicular (L, dashed line) to the stretching direction. Shown in the inset is the
excitation wavelength dependence of the observed dichroic ratio (Reproduced from
(Zhou et al., 2006) with permission. Copyright ©2006 American Chemical Society)
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Figure 6.15 The observed dichroic ratio for PPEI-EI-SWNT in stretched PVA
film as a function of the draw ratio (500 nm excitation) (Reproduced from (Zhou et
al., 2006) with permission. Copyright ©2006 American Chemical Society)

The alignment of the functionalized SWNTs in the stretched PVA film has also
been evaluated in terms of the dependence of the observed dichroic ratio on the
draw ratio (Zhou et al., 2006). As shown in Fig. 6.15 for the stretching with the
film draw ratio from 1 to 7, the dichroic ratio initially increases rapidly with the
increasing draw ratio and then reaches almost a plateau.

Further investigations on the similarities and differences between photolu-
minescence properties of carbon dots and functionalized carbon nanotubes are in
progress.

6.5 Potential Applications

Most excitements generated by fluorescent quantum dots (QDs) are for their
potential applications in biological and medical sciences, such as bio-tagging and
bio-imaging (Michalet et al., 2005; Park et al., 2003, 2005; Alivisatos et al., 2005;
Alivisatos, 2004; Fu et al., 2005; Gao et al., 2004). However, there are many
serious concerns on traditional QDs, especially those based on cadmium and lead,
for their toxicity both in vitro and in vivo (Michalet et al., 2005; Derfus et al.,
2004; Kirchner et al., 2005; Holmes et al., 2000). Recent results suggest that the
photoluminescent carbon dots may serve as competitive alternatives to the
traditional QDs in similar bio-applications. For example, Sun and coworkers used
water-soluble PEG sgon-passivated carbon dots to label Escherichia coli (E. coli)
cells (Fig. 6.16) and Bacillus subtilis spores (commonly used simulant for anthrax
spores, Fig. 6.17) (Sun et al., 2006).

The bright photoluminescence in functionalized carbon nanotubes may find
similar bio-tagging and bio-imaging applications, as demonstrated by the existing
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Figure 6.16 Confocal microscopy images of E. coli ATCC 25922 cells labeled
with luminescent carbon dots (Color Fig.15): (a) 4., = 458 nm, detected with 475 nm
long pass filter; (b) Az, =477 nm, detected with 505 nm long pass filter; (¢) Ay =
488 nm, detected with 530 long pass filter (d) A, = 514 nm, detected with 560 nm
long pass filter (Reproduced from (Sun et al., 2006) with permission. Copyright ©
2006 American Chemical Society)

Figure 6.17 Confocal microscope images of Bacillus subtilis spores labeled with lumine-
scent carbon dots ( A, = 488 nm, detected with 545 nm neutral density long pass filter)

148



6 Photoluminescent Carbon Nanomaterials: Properties and Potential Applications

confocal imaging results on the evaluation of polymeric nanocomposite materials
(Zhou et al., 2006). Shown in Fig. 6.18 are confocal microscopy images of the
PVA film dispersed with PPEI-EI-SWNT. The images at different depths beneath
the film surface suggest that these are representative of the whole film matrix
(not any surface effects). The compatibility of the functionalized nanotubes with
and their well-dispersion in the PVA matrix are also reflected in the confocal
images, with bright and homogeneous emissions (spatial resolution about 0.5 um)

10 um 10 um

5um

(c) (d)
Figure 6.18 Confocal microscopy images of PPEI-EI-SWNT in PVA film (Color
Fig. 16) (a), (b) before and (c), (d) after mechanical stretching to a draw ratio of
about 5. (a), (c) 514 nm excitation, >530 nm detection; (b), (d) 633 nm excitation,
>650 nm detection (Reproduced from (Zhou et al., 2006) with permission. Copyright
© 2006 American Chemical Society)
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across the whole film. The emission light intensity as expressed by the color
intensity from across the film is uniform, without obvious deviation (such as
bright or dark spots from local aggregation, locally enrichment or absence of
functionalized nanotubes, etc.). Different excitation wavelengths can be used
(such as 514 nm and 633 nm in Fig. 6.18). For the stretched films, while the
nanotubes remain well-dispersed according to confocal microscopy images
(Fig. 6.18), their preferential orientation along with the stretching direction is
also well illustrated in the images.

The conceptually similar material configuration can obviously be applied to the
fluorescence microscopy imaging of biological systems. In this regard, carbon dots
and specifically functionalized carbon nanotubes serve as luminescence agents of
somewhat different characteristics, mostly physical such as dramatically different
aspect ratios and optical polarizations, but also potentially biological in their
interactions with bio-systems.
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7 Microwave-assisted Synthesis and Processing of
Biomaterials
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Abstract Microwave heating has received considerable attention as a new
promising method for rapid volumetric heating, which results in higher
reaction rates and selectivities, reduction in reaction times often by orders of
magnitude, and increasing yields of products compared to conventional
heating methods. As a result, this has opened up the possibility of realizing
fast synthesis of materials in a very short time, leading to relatively low cost
and high efficiency of materials production. The application of microwave
heating in the synthesis of materials especially in solution is a fast-growing
area of research. In this chapter, we will briefly review the progress made in
the last decade on the microwave-assisted synthesis and processing of
biomaterials both in nanometer- and micrometer-size range. The biomaterials
reviewed in this chapter include hydroxyapatite (HA, Ca;o(PO4)s(OH),),
B-tricalcium phosphate (B-TCP, B-Caz(POy),), calcium carbonate (CaCOs),
the composite biomaterials and functionally graded material (FGM).

7.1 Introduction

Microwave heating has received considerable attention as a new promising
method for the fast synthesis of materials, especially in solution. The application
of microwave heating in synthetic chemistry is a fast-growing area of research
(Perreux and Loupy, 2001, Varma 2001, Zhu et al., 2004). Since the first reports
of microwave-assisted synthesis in 1986 (Gedye et al., 1986, Giguere et al., 1986),
microwave heating has been accepted as a promising method for rapid volumetric
heating, which results in higher reaction rates and selectivities, reduction in reaction
times often by orders of magnitude, and increasing yields of products compared
to conventional heating methods. As a result, this has opened up the possibility
of realizing fast synthesis of materials in a very short time, leading to relatively
low cost and high efficiency of materials production.

(1) Corresponding e-mail: y.j.zhu@mail.sic.ac.cn
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Microwaves are the electromagnetic waves with frequencies in the range of
300 MHz to 300 GHz. The commonly used frequency is 2.45 GHz. The principle
of microwave heating is related to the polar characteristic of molecules. In the
microwave frequency range, polar molecules such as H,O try to orientate with
the fast changing of electric field. When dipolar molecules try to re-orientate with
an alternating electric field, they lose energy in the form of heat by molecular
friction. The microwave power dissipation per unit volume in a material (P) is
given by Eq. (7.1) (Tsuji et al., 2005):

P=cE’fg =cE’ fe, tand (7.1)

where ¢ is a constant, E is an electric field in the material, f is frequency of
radiation, and &, and &, are the dielectric loss and dielectric constants, respectively.
&, represents the relative permittivity, which is a measure of the ability of a
molecule to be polarized by an electric field and tano =g, /¢, is the energy
dissipation factor or loss tangent. Equation (7.1) indicates that & is the most
important physical parameter that describes the ability of a material to heat in the
microwave field.

The physical parameters of some typical solvents used in microwave heating
are listed in Table 7.1. From Table 7.1 one can see that water, alcohols,
N, N-dimethyl formamide, and ethylene glycol have high dielectric losses, they
also have a high reduction ability. Therefore, they are ideal solvents for microwave
rapid heating.

Table 7.1 Physical parameters of typical solvents used for microwave heating
(Kingston and Haswell, 1997)

Substance Boiling point (‘C) & & tan &
Water 100 12.3 78.3 0.157
Methanol 65 20.9 32.7 0.639
Ethanol 78 6.08 243 0.200
N, N-dimethyl formamide 153 36.71
Ethylene glycol 198 41.0 41.0 1.00
N-methyl pyrrolidone 202 8.855 32.0 0.277

Calcium-phosphate-based biomaterials have received considerable attention
due to their bioactive and biocompatible property. Major phases of the calcium
phosphate are hydroxyapatite (HA, Ca;o(PO4)s(OH);), octacalcium phosphate
(OCP, CagH(PO4)), tricalcium phosphate (TCP, Ca3(POy),), CaHPO, 2H,0 and
Ca,P,0;. HA and TCP are mainly used as bone-substituted biomaterials
hydroxyapatite (HA) has a non-biodegradable property, whereas tricalcium
phosphate (TCP) is used as biodegradable bone replacement material. Calcium
carbonate (CaCOs) is also an important biomineral which exists in both nature
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and biosystems. Although many methods such as hydrothermal, direct precipitation
and solid state reaction have been reported for the synthesis of biomaterials, the
reports on the microwave-assisted synthesis and processing of biomaterials has
been relatively few despite of the advantages of microwave heating. However,
this situation is changing. There are increasing interest and research effort in the
area of synthesis of biomaterials by microwave heating nowadays.

In this chapter, we will briefly review the progress reported in the literature on
the microwave-assisted synthesis and processing of inorganic biomaterials. The
review is not confined in nanometer-size inorganic biomaterials, but submicrometer-
and micrometer-size inorganic biomaterials are also included. The inorganic
materials which are covered in this review include HA, TCP (Ca3(PO,),;) and
CaCO;. Next, we will give a brief review on the progresses in microwave-assisted
synthesis and processing of inorganic biomaterials.

7.2 Synthesis of Hydroxyapatite

Hydroxyapatite (HA, Ca;o(PO4)s(OH),) is one of the most important biomaterials
for bone and dental applications because it is the main inorganic constituent of
the natural bone and teeth (Hench, 1991) and it has excellent biocompatibility.
The natural bone consists of nanostructured nonstoichiometric HA with 20 nm in
diameter and 50 nm in length, together with substitution of ions like magnesium,
fluoride and carbonate in minor concentrations. Nanocrystalline HA has proved
to be of biological importance in terms of osteoblast adhesion, proliferation,
osseointegration and formation of new bone on its surface (Webster et al., 2001).
There is a great demand for HA in odontology and traumatology. The properties
of HA depend on its stoichiometry, crystallinity, particle size and morphology. In
this regard, to develop new methods for the control over these factors is of great
importance for biomedical applications of HA. Many synthesis methods of HA
powders are known, such as precipitation, solid state synthesis, hydrolysis,
hydrothermal and sol-gel methods. The microwave heating method is very
promising in the controlled synthesis and processing of biomaterials due to its
advantages.

In general, the formation of HA involves the reaction between Ca>*, PO~ and

OH ions, which can be simplified as a following reaction:

10Ca>" + 6 PO} + 20H =Ca;o(PO4)s(OH), (7.2)

The usual starting reagents used for the synthesis of HA are soluble calcium salt
such as CaCl,, Ca(NOj),, soluble compound containing POi’ such as NasPOy,
Na,HPO,, NaH,PO,, (NH4),HPO,, NH4H,PO,, and H;PO, In some cases, a
hydroxide is also used to create an alkaline environment for the synthesis.

There has been the progress achieved to synthesize HA by microwave heating
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method. HA with various morphologies such as spherical particles, nanorods and
nanosheets has been synthesized using a microwave heating method. There are
relatively more reports on the synthesis of 1-D HA nanostructures (nanorods,
nanoneedles, nanofibers) than spherical particles or 2-D nanosheets. The hexagonal
structure of HA may be a possible reason for the common formation of rod-like
morphology.

7.2.1 Synthesis in Aqueous Solution

Microwave-assisted synthesis of HA through precipitation from the aqueous
solution within less than one hour was reported in 1991 by Lerner et al. (Lerner
et al.,1991). Murugan et al. (2003) reported microwave synthesis of
bioresorbable carbonated HA using goniopora. Under microwave irradiation, the
carbonated HA was prepared by using goniopora as calcium precursor and
CaHPO, as phosphate precursor. The X-ray powder diffraction (XRD) pattern
confirmed the formation of a single phase of HA without any other phases. The
Fourier transform infrared (FTIR) spectrum of HA showed the presence of
carbonate ions, indicating carbonate substitution into the apatite phase. The
goniopora was found to decompose all the organic debris and carbonate phases at
900°C. The prepared carbonated HA did not show significant weight loss up to
1000°C indicating its thermal stability. /n-vitro solubility test showed an increase
in the solubility of carbonated HA than that of pure HA. These findings imply the
feasibility of carbonated HA production using goniopora by microwave irradiation.

Siddharthan et al. (2004) used microwave heating to accelerate the formation
of nanometer-size needles of calcium deficient HA (Ca/P ratio=1.5 ) with a
shorter processing time as compared to other available methods reported. The
aqueous solution containing Ca(NOj;), - 4H,O, H3;PO, and NH;H,O was
subjected to microwave irradiation in a domestic microwave oven for 15 min.
The morphology of the calcium deficient HA powder was needle-shaped and
mostly agglomerated. The needles were 16 —39 nm in length and 7— 16 nm in
width. The thermal decomposition of calcium deficient HA was also studied. The

HPO,” ions in calcium deficient HA converted to P,0%" at around 500°C. The

calcium deficient HA transformed to 3-Ca;(POy), (B-TCP) at about 650°C.
Mahabole et al. (2005) reported HA synthesized by three different routes via
wet chemical process, microwave irradiation and hydrothermal technique. The
XRD pattern of the product revealed HA with a hexagonal structure. The average
crystallite size was found to be in the range 31— 54 nm. Absorption bands
corresponding to phosphate and hydroxyl functional groups, which are
characteristic of HA, were confirmed by FTIR. HA could be used as CO gas
sensor at an optimum temperature near 125°C. X-ray photoelectron spectroscopy
(XPS) studies showed that the Ca/P ratio was 1.63 for the HA sample prepared by
wet chemical process. The microwave irradiation technique yielded calcium rich
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HA whereas calcium deficient HA was obtained by hydrothermal method. This
study indicates that heating method has an influence on the composition of
crystal phase of HA.

Yang et al. (2004) reported the microwave-assisted synthesis of thermally
stable HA prepared using Ca(NOs), - 4H,0, H3PO4, and glucose. The experiments
showed that various parameters such as aging time, microwave irradiation power
and time had significant effects on thermal stability of HA. The thermal stability
of HA increased with increasing aging time, microwave irradiation time and power,
respectively. The morphology of HA is not known since no TEM or SEM
micrographs were given in the paper.

The microwave-assisted molten salt method was also reported to synthesize
HA whiskers using an aqueous solution containing Ca(NOs3), - 4H,0, KH,POy,
NaNOj; and HNOj; (with or without urea) (Jalota et al., 2006). The reactants were
irradiated in a household microwave oven at about 500—550°C for 5 min. The
as-prepared precursor was then simply stirred in water at room temperature for
1 h to obtain the whiskers of HA. HA whiskers were found to possess apatite-
inducing ability when soaked in simulated body fluid (SBF). Osteoblast attachment
and proliferation on the surfaces of whisker compacts was evaluated by scanning
electron microscopy (SEM) (Fig. 7.1). Osteoblasts were attached to the surfaces
of all the whisker compacts tested, however, the high-magnification micrographs
showed slight differences in osteoblast proliferation. The osteoblast viability and
protein concentrations were found to be the highest on HA whiskers compared
with B-TCP and HA-TCP whiskers. Upon soaking in SBF solution at 37°C for 1
week, all the whiskers were observed to form petal- or flake-like morphology on
their surfaces, while still retaining their global whisker-like shapes. In vitro cell
culture tests performed with the mouse osteoblasts (7F2) on the whisker
compacts showed decreasing number of cells attached and protein concentration
values in the following order: HA > biphasic HA-TCP >B-TCP (Fig. 7.1).

A novel microwave-assisted combustion synthesis (auto ignition)/molten salt
synthesis hybrid route was developed by the same group for the synthesis of HA,
TCP, and biphasic HA-TCP nanowhiskers (Jalota et al., 2004). Aqueous solutions
containing Ca(NO;),-4H,0, KH,PO,, and NaNOj; (with or without urea) were
irradiated in a household microwave oven for 5 min at 600 W of power. The
as-synthesized precursors were then simply stirred in water at room temperature
for 1 h to obtain the nanowhiskers of the calcium phosphate product.

Kundu et al. (1998) prepared HA by microwave irradiation of Ca(NOs),-4H,0
and (NH4),HPO, in aqueous solution. HA prepared was subjected to
biocompatibility assay by a cell-culture method using the hybridoma cell line
AE9D6 in both conventional Dulbecco’s modification of Eagle’s medium (DMEM)
and SBF, both supplemented with 5% fetal calf serum. HA synthesized by the
microwave method showed the presence of TCP. Biocompatibility assays showed
reproducible growth and secretion patterns of cells both in DMEM as well as in
SBF, thereby indicating the effectiveness of the microwave method for the
production of biocompatible HA.
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Figure 7.1 SEM micrographs of osteoblast proliferation on whiskers: (a), (b) B-TCP
whiskers. (c), (d) biphasic HA-TCP whiskers. (e), (f) HA whiskers. (Reprinted from
(Jalota et al., 2006))

Ca(OH); and (NH4),HPO, were used as the starting reagents to prepare HA by
a microwave heating method (Vaidhyanathan and Rao, 1996, Meejoo et al., 2006).
Meejoo et al. reported the preparation of calcium deficient HA needle-like
nanocrystals using an aqueous solution containing Ca(OH), and (NH4),HPO, by
a microwave-assisted method. The needle-shaped nanocrystals were about 50 nm
in diameter and 200 nm in length. The as-prepared calcium deficient HA was
B-type carbonated HA with PO; sites substituted by CO3 . However, carbonate

can be removed after annealing at 800°C, but the secondary phases B-TCP and
o-TCP also formed after heating HA at 900°C or above.

In order to control the concentration of free Ca>" ions in solution and thus
control the reaction rate, complexing ligand was used in the synthesis of HA.
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Lépez-Macipe et al. studied the precipitation of nanosized HA needles at
atmospheric pressure by a rapid microwave heating of the solution containing
CaCl,, Na,HPO,, sodium citrate (Nas(cit)) and compared this technique with a
conventional heating method. Citrate ions could act as the Ca-complexing agent
and also exhibit crystal-growth-inhibition activity. A comparison between products
obtained by microwave irradiation and a conventional heating method using a
similar heating rate (7.8°C/min) and heating time (2 — 120 min) was carried out.
The experiments showed that the microwave heating did not seem to favor a
decrease in HA crystal size compared with the conventional heating, this result is
different from the results obtained on other system such as calcite (Rodriguez-
Clemente and Gémez-Morales, 1996). A possible explanation was proposed by
examining the rate-controlling factors for precipitation of the two solids. In the
case of calcite, with an activation energy E, =40 kJ/mol for crystal growth, the
rate-limiting step is the dehydration of ions at the surface, which is favored by
microwave radiation. However, the higher Ea value (186 kJ/mol) calculated for
HA indicates the appearance of additional surface processes that influence the
rate of precipitation, such as diffusion along the crystal surface or into vacant
sites in the crystal lattice.

Torrent-Burgués et al. (1999) also used citrate ions as a complexing reagent to
prepare nanoneedles of calcium deficient HA (Ca/P ratio ~ 1.5) by a continuous
microwave-assisted precipitation method. The starting solution containing
CaCl,- 2H,0, Najscit- 2H,0 (where citt ™= C6H30737) and Na,HPO, was used and
the solution was microwave heated to boiling point, ensuring that the reactor
worked as a mixed suspension-mixed product removal (MSMPR) reactor. The
chemical and morphological characteristics of the product did not change with
the residence time, and were similar to those of HA obtained in a batch process
using also microwave heating and Ca/citrate/phosphate solution. On the other
hand, the steady state in the precipitation of HA was reached faster than that in
an MSMPR reactor using a noncomplexing solution and conventional heating. In
the latter process submicrometer (< 1 um) needle-like particles were obtained.
Similarly, HA with a needle-like morphology (in submicrometer range) was
prepared from highly concentrated CaCl, and K,;HPO, solution by a continuous
method in a MSMPR reactor at 85°C in N, atmosphere (pH=9.0) (Gomez-
Morales et al., 2001). Under these conditions HA with a Ca to P ratio equal or
close to the stoichiometric composition (Ca/P = 1.667) was obtained at steady state
with a high yield (up to 99%) and a high production rate (up to 1.17 g/min).

In addition to citrate ions, EDTA was also selected as the complexing ligand to
Ca*"ions. Liu et al. (2004) reported the formation of HA nanorods by microwave
heating the solution containing Ca(NOj;),, Na,HPO, and EDTA. The pH of
solution was adjusted to 9 — 13 by adding NaOH solution. The aqueous solution
was put into a household type microwave oven and the reaction was performed
under ambient air for 30 min. The microwave oven followed a working cycle of
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6 s on and 10 s off (37% power). The shape of HA crystals could be controlled
by changing the stability of Ca-EDTA and the hindrance effect of OH on the
crystallite facets. The pH value had a significant influence on the morphology of
HA since the stability of Ca-EDTA complex was different in the solution with a
different pH value. HA powder synthesized from the solution with pH=9
consisted of single crystalline nanorods with an average diameter of ~ 40 nm and
a length of up to ~400 nm. However, bowknot-like bundles of HA were obtained
at pH=11. The bundle consisted of HA nanorods with a typical width of 150 nm
and lengths up to 2 pm. The bowknot-like HA nanostructures were stable after
long-period ultrasonic treatment, indicating the nanostructures were not due to
aggregation. The morphology of HA prepared at pH = 13 was flower-like structures
consisting of leaf-like flakes of 150 —200 nm in width and 1—2 pm in length.
The corresponding SAED pattern taken from an individual leaf-like flake confirmed
that the flakes were well-crystallized single crystals.

Yoon et al. (2005) reported the synthesis of HA whiskers by a
microwave-assisted hydrolysis of a-Caz(POy), (a-TCP) at 70— 90°C for 6— 15 h
(pH=11) (Fig. 7.2). Microwave heating increased the hydrolysis rate and
enhanced the development of HA whiskers. From Fig. 7.2 one can see that the
diameter and length increase with increasing microwave heating time. The
optimum hydrolysis reaction time at 90°C was about 10 h and was significantly

rl..- % ._-* 3 . w
(d)

Figure 7.2 SEM micrographs of the products obtained by microwave heating at
70°C for (a) 4 h, (b) 6 h, (¢) 10 h and (d) 15 h. (Reprinted from (Yoon et al., 2005))
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shorter compared with conventional heating (24 h). The morphology of the product
was controlled by varying the hydrolysis temperature and time. The conversion
rate at 70°C for 15 h was 95%, and HA whiskers (Ca/P molar ratio = 1.66) had an
aspect ratio >10 (< 0.2 um in diameter) and a specific surface area of 5.34 m*/g.

In addition to rod-like morphology of HA, HA nanosheets have also been
synthesized by microwave-assisted method. Rameshbabu et al. (2005) synthesized
HA nanocrystals with a plate-like morphology by microwave heating a solution of
Ca(OH); and (NH4),HPO, at Ca/P molar ratio of 1.67. The microwave heating
reduced the HA crystallization time and improved crystallinity of the final
product. The XRD pattern of HA formed by conventional heating showed a low
crystallinity. The HA powder heat treated at 1000°C did not show any secondary
phase formation (e.g., TCP or CaO), indicating its high thermal stability. Sarig
and Kahana (2002) reported the microwave-assisted synthesis of HA using an
aqueous solution of CaCl, and NaH,PO, with small amounts of additives
L-aspartic acid and NaHCOj;. The powder was composed of spherulites with
diameters of about 2 —4 pm. Each spherulite consisted of nanoplatelets of about
300 nm on edge, loosely aggregated. Siddharthan et al. (2006) synthesized
nanometer-size HA by a microwave-assisted co-precipitation process using
Ca(NOs),, H;PO4 and NH; - H,O. The precipitate in paste form was subjected to
microwave irradiation in a domestic microwave oven at various powers until the
precipitate was dry. The results showed the variation of particle size with the
power of microwave irradiation. The shape of the particles also changed from
needle-like to platelet-like form with the increase in microwave power. However,
temperatures in the synthesis were not reported, which could significantly
influence the particle size and morphology.

7.2.2 Microwave-Hydrothermal Synthesis

The microwave-hydrothermal method was also used to synthesize HA (Katsuki
and Furuta, 1999). HA nanorods were prepared using gypsum (CaSO,-2H,0)
powder and (NH,),HPO, at 100 'C for 0.5 — 120 min by microwave-
hydrothermal treatment. Gypsum powder could be completely converted to HA
nanorods for 5 min. The reaction for the formation of HA was proposed as follows:

10CaSO4- 2H,0 + 6(NH4),HPO4
:Calo(PO4)6(OH)2 + 6(NH4)2SO4 + 4H,S0,4 + 18H,0 (73)

Compared with the formation of HA by conventional-hydrothermal treatment,
microwave-hydrothermal treatment led to increased HA formation rate by two
orders of magnitude.
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7.2.3 Synthesis of HA by the Conversion of Precursor Monetite
Prepared in Mixed Solvents

Recently, we have developed a simple microwave-assisted method for synthesis
of flowerlike and bundlelike monetite (CaHPO,) consisting of nanosheets using
CaCl;- 2.5 H,0, NaH,PO, and sodium dodecyl sulfate (SDS) in mixed solvents
of water and ethylene glycol at 95°C for 1 h. (Ma et al., 2006). Monetite is also
bioactive, it is usually used as a precursor to synthesize HA. In this regard, the
control over the morphology of the precursor monetite to obtain the specific
morphology of HA is a useful route. The prepared sample consisted of a single
phase of crystalline monetite with a triclinic structure. The chemical reaction for
the formation of monetite can be simplified as follows:

Ca*" + H,PO, =CaHPO,+ H" (7.4)

SEM micrographs (Fig. 7.3) showed that of the prepared monetite had a flowerlike
and bundlelike morphologies. Each flowerlike or bundlelike microstructure was
formed by the assembly of nanosheets with thicknesses ranging from 80 nm to
100 nm and with sizes up to 3.5 pm.

Figure 7.3 SEM micrographs of monetite prepared by microwave heating at 95C
for 1 h: (a) at a low magnification and (b) at a high magnification (Reprinted from
reference by Ma et al., 2006)

In order to investigate the formation mechanism of flowerlike monetite, the
monetite samples were prepared at 95°C for different heating time, while other
reaction conditions were the same. When the heating time was 1 min (Fig. 7.4(a)),
many irregular polyhedra and spindlelike nanosheets were observed. Only a few
low-symmetry bundlelike monetite was observed, and the degree of assembly
was low. When the heating time was increased to 5 min, the congeries and bundles
of nanosheets dominated (Fig. 7.4(b)). When the heating time was increased to
20 min, the highly oriented nanosheets were assembled to form the flowerlike
morphology (Fig. 7.4(c)). The degree of assembly increased with increasing time,

163



NanoScience in Biomedicine

although the sizes of the monetite structures increased. From Figs. 7.4(a)— (c), one
can clearly see the process of oriented-aggregation-based growth from
nanosheets to a flowerlike morphology.

(a) (b) (©)
Figure 7.4 SEM micrographs of monetite prepared by microwave heating at 95°C

for different times: (a) 1 min, (b) 5 min, and (c¢) 20 min. (Reprinted from (Ma et
al., 2006))

SDS was used as a surfactant to control the morphology of the monetite. SDS
was favorable for the formation of a flowerlike morphology of monetite. In the
absence of SDS, the morphologies of monetite were sheets and a small number
of bundles. No flowerlike morphology was obtained. However, the flowerlike
and bundlelike morphologies were formed in the presence of SDS. Because of
the electrostatic interaction with Ca®" ions, the negatively charged SDS polar
groups acted as active sites for the nucleation of monetite. Ca®" ions strongly
adsorbed on the micellar surface of the opposite charge, leading to a much faster
nucleation rate on the surface of the SDS micelles. Because of the high viscosity
of ethylene glycol at room temperature, the diffusion of Ca*" and HPO; ions

and fast nucleation were restrained. With the elevation of temperature by
microwave heating, the viscosity of ethylene glycol rapidly decreased, and the
polarization of ethylene glycol and water molecules under the rapidly changing
electric field of the microwave reactor may facilitate the anisotropic growth of
monetite nanosheets. The flowerlike morphology was formed by the assembly of
nanosheets with the help of SDS through the oriented attachment mechanism.

Monetite is an excellent precursor for the formation of HA. We used flowerlike
monetite as a precursor to obtain HA by immersing flowerlike monetite powder
in 0.1 mol/L NaOH solution at 60°C for 15 min and 1, 4, 8, and 12 h, respectively.
The XRD pattern of the monetite sample immersed in NaOH solution for 15 min
indicates the presence of HA with a hexagonal structure as a major phase and a
minor phase of the residual monetite. The monetite sample immersed in NaOH
solution for 1 h consisted of a single phase of crystalline HA. The transformation
from monetite to HA was complete within 1 h, which was much shorter than
previously reported (4 h) (Da Silva et al., 2001).

Figure 7.5 shows SEM micrographs of HA samples after immersion of the
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monetite powder in a NaOH solution at 60°C for 15 min and 1, 4, and 8 h,
respectively. One can see that the flower-like morphology of monetite was sustained
and flower-like agglomerated nanorods of HA were formed. The sizes of the HA
nanorods increased with increasing the immersing time in the NaOH solution.
This interesting result indicates that it is feasible to prepare the agglomerated
nanorods of HA through the conversion of the monetite in NaOH solution, providing
a simple route to the synthesis of HA.

(©) %)
Figure 7.5 SEM micrographs of nanocrystalline HA prepared by immersing
monetite powder in 0.1 mol/L NaOH solution at 60°C for (a) 15 min, (b) 1 h,
(c) 4 h, and (d) 8 h (Reprinted from (Ma et al., 2006))

7.2.4 Prepration of HA Thin Film

The progress on the microwave-assisted preparation of HA thin films has also
been achieved. Adams et al. (2005) studied the influence of geometrically configured
HA thin films prepared by microwave-assisted sol-gel method on osteoblast
adhesive response. High-quality crystalline HA thin films with thickness about
350 nm on titanium substrates with underlying micro-channels were prepared by
microwave annealing at 400°C for 30 min. A comprehensive in vitro study was
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conducted to assess the osteoblast adhesive response to the well-defined micro-scale
topographical features on HA coated and uncoated surfaces. The study confirmed
the osteoblast’s response to the HA coated micro-channels with an elongated
morphology. The results suggest that osteoblast adhesion can be improved through
optimal micro-channel design and may provide a possible route for improving
the long-term performance of prosthetic orthopedic and dental implants.

7.2.5 Synthesis by Solid State Reaction

Microwave-assisted solid state reaction process was also used to synthesize
nanocrystalline HA (Parhia et al., 2004; Feng et al., 2005). Parhia et al. synthesized
nanocrystalline spherical particles (~100 nm) of HA by microwave treatment of
CaCl, and NazPOy at a stoichiometric ratio by solid-state reaction. Use of sodium
carbonate or sodium fluoride in addition to calcium chloride resulted in the
formation of carbonate- or fluoride-substituted HA.

HA nanorods with diameters from 60 nm to 80 nm and lengths of about 400 nm
were prepared using Ca(NOj),-4H,0 and Naz;PO,4- 12H,0 at a stoichiometric
ratio by a microwave-assisted solid-state reaction (Cao et al., 2005). The product
obtained under conventional heating for 6 h at 80°C was poorly crystallized,
while well-crystallized HA was obtained by a domestic microwave oven heating
for only 1 min. Unfortunately, no temperature was reported for microwave synthesis
in the paper, making the comparison between the two heating method difficult.
The microwave heating time had a significant influence on the morphology of
HA. Spherical HA nanoparticles were produced by microwave interval heating
for 0.5 min; while HA nanorods were obtained by microwave interval heating for
1 min. In this case, temperature was not known and it may also have an influence
on the morphology of HA.

7.3 Synthesis of B-Tricalcium Phosphate (B-Ca3(POy),)

B-Ca;3(POy), (B-TCP) is another important biomaterial which has many biomedical
applications. Microwave-assisted synthesis of 3-TCP was rarely reported. Jalota
et al. (2006) synthesized single-phase B-TCP rods using Ca(NOs),- 4H,0,
KH,PO,4, NaNO; and HNO; (with or without urea) by a microwave-assisted
molten salt process. The reactants were irradiated in a household microwave
oven for 5 min at about 500°C to 550°C. As-prepared precursor was stirred in
water at room temperature for 1 h to obtain B-TCP rods. The morphology of
B-TCP rods is shown in Fig. 7.6.
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- o
Figure 7.6 SEM micrographs of B-TCP whiskers (reprinted from (Jalota et al.,
2006))

7.4 Synthesis of Calcium Carbonate (CaCQ3)

Calcium carbonate (CaCOs) is an attractive model mineral for studies because the
morphology control of CaCOs has been an important subject in biomineralization
processes. CaCO; can crystallize as calcite, aragonite, and vaterite. Calcite and
aragonite are the most common biologically formed CaCO; polymorphs. Vaterite,
a less stable polymorph, will transform into calcite via a solvent-mediated
process. However, vaterite is expected to have potential applications for various
purposes. Unlike calcite, vaterite is rarely found in either biological or nonbiological
systems. Vaterite transforms easily and irreversibly into thermodynamically stable
form when in contact with water, so it can only be fabricated in the presence of
specific additives in a controlled environment.

So far, most of the preparations of CaCO; were carried out at room temperature;
very few reports investigated the influence of temperature on the morphology
and crystalline phase of CaCO;. Rodri guez-Clemente and Gomez-Morales (1996)
reported microwave-assisted precipitation of CaCOjs (calcite) from a Ca-citrate
and HCO; /CO; solution both in batch and MSMPR reactor. In the batch

experiments, monodisperse calcite crystals with ellipsoidal or peanut-like shapes
were obtained, while in the continuous precipitation experiments the calcite
crystals showed ellipsoidal shape. These morphologies are unusual for the calcite
phase. In the continuous precipitation experiments, the rate of nucleation was
higher than that in a conventional MSMPR reactor under the same conditions.
Recently, we have found that microwave heating has a great effect on the
morphology of CaCOs. The unique morphologies of CaCO; which cannot form
at room temperature can be obtained by microwave heating. We have reported
microwave-assisted synthesis of CaCO; (vaterite) in a water/ethylene glycol (EG)
system with surfactants (Qi and Zhu, 2006). Vaterite with various morphologies
has been obtained by controlling the experimental parameters. The self-assembly
played an important role in the formation of these vaterite crystals with various
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morphologies. The experimental conditions for typical samples and their
morphologies are listed in Table 7.2.

Table 7.2 Experimental conditions for typical samples and their morphologies".
SDS stands for sodium dodecyl sulfate and CTAB for cetyltrimethylammonium
bromide. (Reprinted from (Qi and Zhu, 2006))

Sample Solution Time(min) Morphology
SDS(1.5 mmol)/EG (10 mL)/0.75 mol/L
Ca(CH;CO0), aqueous solution (2 mL) .
1 8 dagger-like
+SDS(1.5 mmol)/EG (10 mL)/0.75 mol/L
Na,COj; aqueous solution (2 mL)
2 same as sample 1 5 bicone-like
3 same as sample 1 6 dagger-like
4 same as sample 1 7 dagger-like
5 same as sample 1 10 dagger-like
6 same as sample 1 30 irregular
EG (10 mL)/0.75 mol/L. Ca(CH;COO),
aqueous solution (2 mL) .
7 10 irregular
+EG (10 mL)/0.75 mol/L Na,COs
aqueous solution (2 mL)
SDS(3 mmol)/EG (10 mL)/0.75 mol/L
Ca(CH3C0O0), aqueous solution (2 mL) .
8 10 irregular
+SDS(3 mmol)/EG (10 mL)/0.75 mol/L
Na,CO; aqueous solution (2 mL)
9 Same as sample 8 20 shuttle-like
CTAB(1.5 mmol)/EG (10 mL)/0.75 mol/L
10 Ca(CH;3CO00), aqueous solution (2 mL) 10 regular microspheres
+CTAB(1.5 mmol)/EG (10 mL)/0.75 mol/L
Na,CO; aqueous solution (2 mL)

(1) All samples were prepared by microwave heating at 100°C.

XRD patterns of the products prepared by the microwave-assisted method in
the water/EG/SDS system at 100°C showed a well-crystalline vaterite with a
hexagonal structure. It was reported that calcite was formed in the water/SDS
system (Wei et al., 2005). This indicates that the presence of EG affected the
precipitation rate of vaterite and limited its phase transformation into calcite and
therefore was favorable for the formation of vaterite. Samples 1 —5 have similar
XRD patterns, which can be indexed to a hexagonal vaterite. However, in addition
to the main phase of vaterite, samples 3, 4, and 5 had a small quantity of calcite.
The main phase of sample 6 was calcite in coexistence with a minor phase of
vaterite. This indicates that when the reaction time is prolonged, vaterite, as a
less stable polymorph which is stabilized kinetically, will transform into calcite.
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Figure 7.7 SEM micrographs of samples 2 — 6. Samples 2, 3, 4, 5, and 6
correspond to the microwave heating time of 5, 6, 7, 10, and 30 min, respectively.

(Reprinted from (Qi and Zhu, 2006))

The microwave heating time played an important role in the morphology of
vaterite. Figure 7.7 shows SEM micrographs of samples prepared in the water/EG/
SDS system by microwave heating at 100°C for different heating time. Bicone-like
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vaterite structures were obtained when the heating time was 5 min (sample 2). It
is interesting that dagger-like vaterite structures could be obtained when the
heating time was increased to 6 min (sample 3). Each daggerlike structure
consisted of ellipsoid-like vaterite nanoparticles. Similar dagger-like vaterite
structures formed for samples prepared for 7 min (sample 4), 8 min (sample 1),
or 10 min (sample 5). In contrast, daggerlike vaterite structures were not observed
by using an oil bath at 100°C for 10 min instead of microwave heating. A large
number of rhombohedral calcite crystals were formed, although some dagger-like
vaterite structures were still present when the heating time was prolonged to
30 min, which was consistent with the main phase of calcite in the XRD pattern.
This implies that phase transformation of vaterite to calcite occurs with increasing
the heating time. These results indicate that the morphology and size of vaterite
structures were sensitive to the microwave heating time.

When CTAB instead of SDS (sample 10) was used, the product consisted
mainly of hexagonal vaterite and a small quantity of calcite. SEM (Fig. 7.8(a), (b)
and TEM (Fig. 7.8(c), (d)) micrographs of sample 10 show monodisperse vaterite
microspheres with an average size of 1 pm. One can see that each vaterite
microsphere consists of self-assembled vaterite nanoparticles with diameters of

(@ (b)

Figure 7.8 (a), (b) SEM and (c), (d) TEM micrographs of sample 10 prepared by
using CTAB by microwave heating in a mixed solvents of water and EG.
(Reprinted from (Qi and Zhu, 2006))
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about 50 nm. This implied a multistep growth mechanism where small nanoparticles
were first formed, and then microspheres were formed by self-assembly of smaller
nanoparticles.

7.5 Synthesis of Composite Biomaterials

Although HA is well recognized for its use as a bone substitute for filling bone
defects and as a coating on orthopaedic and dental implants due to its biocom-
patibility, osteoconductiity, non-toxicity and structural similarity to natural bone,
unfortunately, it cannot be used as heavy-loaded implant due to the lack of
fracture toughness compared to the human bone. The non-bioresorbability of HA
in body fluid (BF) is unfavorable to the host tissue surrounding the implant.
B-TCP was used as a bioresorbable bone-replacing material. However, the rate of
bioresorption of B-TCP is too rapid in an uncontrolled way. A material with ideal
biodegradability will be replaced by newly formed bone as it degrades in the
biological medium. In this regard, the use of composite biomaterials is a good
choice for improvement of the mechanical and other biological properties of HA
(Ji and Marquis, 1992). Biphasic calcium phosphate (BCP) biomaterials containing
HA and TCP phases have recently attracted attention as an bone graft substitute
due to their controlled resorption in the BF. They exhibit high fracture toughness
and good biocompatibility and high bioactivity to the surrounding tissue upon
implantation, which are more efficient than HA alone for biomedical applications.
The bioactivity and biodegradation of BCP can be controlled by varying HA/TCP
ratio because B-TCP is more soluble component and HA allows significant
biological apatite precipitation. This unique composite biomaterial provides new
bone formation as it releases calcium and phosphate ions into the BF upon
implantation (Daculsi, 1998). As the BCP is prepared conventionally by mixing
the HA and TCP phases at required ratio, the one-step in situ method under
microwave heating provides homogeneous phase and hence provides better
conditions for new bone formation compared to conventional methods.

Jalota et al. (2006) synthesized biphasic HA-TCP whiskers using Ca(NOs), - 4H,0,
KH,PO,4, NaNO; and HNO; (with or without urea) by a microwave-assisted
molten salt mediated process. Manjubala et al. (Manjubala and Sivakumar, 2001)
reported the in situ formation of BCP consisting of a mixture of HA and B-TCP
at various ratios using Ca(OH), and (NH4),HPO,4 by microwave irradiation. The
content of B-TCP phase increased as the Ca/P ratio decreased from 1.67 to 1.52.
The in vitro solubility study of BCP powders in phosphate buffer (pH=17.2)
showed the resorbable nature of BCP. This study demonstrates the feasibility of
in situ formation of BCP using a microwave heating method. BCP samples
which contain TCP phase showed continuous dissolution, leading to a decrease
in the pH value. The variation in the pH depended on the amount of TCP present
in the samples.
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Recent studies by Ferranis et al. (2000) and Piconi and Maccauro (1999) proved
the suitability of zirconia as a good implant material for hard tissue repair due to
its higher bending strength and fracture toughness. Murugan et al. (Murugan and
Ramakrishna, 2003) reported the preparation of zirconia-reinforced HA by a
microwave-assisted method. HA was prepared using an aqueous solution of
goniopora, CaHPO,4 under microwave irradiation. The zirconia-reinforced HA
was prepared by adding 5 mol% or 10 mol% of zirconia, while retaining the
stoichiometric HA under microwave irradiation. The precipitate without zirconia
showed a single phase of HA. The XRD patterns of zirconia- reinforced HA
samples showed a mixture of HA and B-TCP. To improve the crystallinity, the
zirconia-reinforced HA samples were calcined at 900°C for 2 h. The heat
treatment substantially improved the crystallinity. The occurrence of B-TCP may
be due to the partial decomposition of HA in the presence of zirconia. The rate of
decomposition of HA could be controlled by the amount of zirconia in the
reaction medium. In general, the decomposition of HA occurs at 1150°C (Wu
and Yeh, 1988) according to

Calo(PO4)6(OH)2 =3 B—Ca3(PO4)2 + CaO + H,O (75)

However, the decomposition of HA depends on the reaction temperature. If the
reaction occurs at 1150°C, HA decomposes into the B-TCP phase, whereas
o-TCP forms at above 1200°C. The reinforcement of zirconia changed the actual
decomposition temperature of HA, resulting in the formation of bi-phasic HA
and B-TCP. The addition of zirconia improved the resorbable property of HA by
producing a B-TCP phase. The prepared BCP ceramics had a better bioresobability
than HA, and it is anticipated that it may have an excellent mechanical strength
due to zirconia reinforcement. The in vitro physiological stability of prepared
samples was performed in phosphate-buffered saline (pH=7.4) at 37°C in a
thermostatic water bath, and the results indicated that the resorbable nature of
BCP was in between the resorption levels of HA and B-TCP.

Sampath Kumar et al. (2000) synthesized carbonated HA by the substitution of
CaCO; (10 mol%, 20 mol%, 30 mol%, and 40 mol%) for Ca(OH), while
maintaining the stoichiometry of HA during the reaction with (NH4),HPO,4 under
microwave irradiation. The magnesium-substituted carbonated apatite was also
prepared using MgCOs (5 mol% and 10 mol%) instead of calcium carbonate in
the above process. The XRD analysis indicated the decrease of a-axis up to
20 mol% of carbonate substitution confirming the formation of the B-type
carbonated HA. Further increase of carbonate content showed the presence of
TCP in addition to carbonated HA. Reaction of substituted magnesium carbonate
instead of calcium carbonate in the above process resulted in the formation of
BCP consisting of both carbonated HA and TCP phases. The in vitro solubility
study in phosphate buffer (pH=7.2) at 37°C showed the resorbable nature of the
BCP samples. This study indicates the feasibility of in situ formation of BCP
ceramics using microwave irradiation.
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CaCO;/Ca-P biphasic materials prepared by microwave processing of natural
aragonite and calcite was also reported (Pena et al., 2000). Particles of coral
(natural aragonite) and a porous limestone (natural calcite) were suspended in
phosphate solutions of different pH and concentrations and heated for different
time (up to 5h) using a domestic microwave oven. Parallel experiments were
carried out using hydrolysis method. Higher extent of transformation was observed
with microwave processing. Partial transformation of aragonite (coral) or calcite
(limestone) to acidic calcium (monetite) or basic (carbonated hydroxyapatite)
calcium phosphates was achieved by adjusting the pH and reaction time.

Mandubalal et al. (2005) reported the bone in-growth induced by biphasic
calcium phosphate ceramic in the experimentally created circular defects in the
femur of dogs. This BCP ceramic consisted of 55% HA and 45% B-TCP prepared
in situ by the microwave method. The defective sites were radiographed at a
period of 4, 8, and 12 weeks postoperatively. The radiographical results showed
that the process of ossification started after 4 weeks and the defect was
completely filled with new woven bone after 12 weeks. Histological examination
of the tissue showed the formation of osteoblast inducing the osteogenesis in the
defect. The collageneous fibrous matrix and the complete Haversian system were
observed after 12 weeks. The blood serum was collected postoperatively and
biochemical assays for alkaline phosphatase activity were carried out. The
measurement of alkaline phosphatase activity levels also correlated with the
formation of osteoblast-like cells. This BCP ceramic prepared by microwave
method is a good biocompatible implant as well as osteoconductive and
osteoinductive materials to fill bone defects.

7.6 Synthesis of Functionally Graded Bioactive Materials

Biomaterials must simultaneously satisfy a number of requirements and posses
properties such as biocompatibility, bioactivity, strength, corrosion resistance
and sometimes aesthetics. A single composition material with a uniform structure
cannot satisfy all these requirements. A functionally graded material (FGM) is
characterized by a gradual change of properties with position. The property
gradient in the FGM is realized by a position-dependent chemical composition
and microstructure. Recently, the potential importance and applications of FGM
have attracted the biomedical community (Watari et al., 1997; Iwasaki 1997).
BCP is based on an optimum balance of HA and TCP phases. The functional
gradient of BCP with the surface covered with TCP and the composition
gradually changing to HA with increasing depth from the surface may provide
better conditions for the bone formation. The TCP surface of the FGM will face
BF and will dissolve to supply calcium and phosphate ions for new bone growth.
Katakam et al. (2003) reported microwave processing of FGM by gradually
changing the composition of calcium phosphates from the surface to the interior.
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Silver oxide (5 mol% and 10 mol%) was spread on the surface of compact HA
powder and exposed to microwave irradiation in a domestic microwave oven for
3 h. The sintered samples consisted of a mixture of B-TCP, metallic silver (Ag) and
HA. The content of TCP and Ag gradually decreased with increasing depth from
the surface. They also investigated the influence of microwave processing and
conventional heat treatment at 900°C for 12 h with 5% Ag,0O. For comparison, a
pellet with 5% Ag,O was heated in a furnace at 900°C for 12 h in air. The
experiments showed that more amounts of TCP and Ag were formed on the
surface by the microwave heating compared with those by a conventional heating,
suggesting the possibility of better compositional control in FGM fabrication by
microwave processing. The microwave heating was rapid and throughout the
volume, the silver oxide in the top region converted nearly all HA to TCP in that
region. These results suggest that microwave processing is advantageous to
prepare the FGM structures with desired gradient.

7.7 Microwave Sintering of Biomaterials

The production of porous BCP ceramics is generally based on a conventional
heat sintering process with a relatively long sintering time at a high temperature,
during which the bioactivity of the final products is reduced. Microwave heating
is a faster sintering process compared with the conventional heating. Energy can
be deposited volumetrically throughout the material during the microwave heating
rather than thermal conduction in a conventional heating. Due to these advantages,
microwave sintering shows a promising potential in ceramics processing. Readers
are referred to a review article by Sutton for early work done on microwave
sintering (Sutton, 1989).

For microwave sintering of calcium phosphate bioceramics, the investigation
was focused on the fabrication of porous or dense HA or biphasic ceramics (Fang
et al., 1992, 1994; Yang et al., 2002; Sun et al., 2003, Goren et al., 2004). Porous
HA ceramics with porosity up to 73% were obtained by microwave sintering at
1150-1200°C for 1 to 5 min (Fang et al., 1992). Two kinds of HA precursor
powders, whiskers of HA (200 nm in diameter) synthesized by the hydrolysis of
o-TCP at 60°C (pH="7.5-8.5) and aggregates of fine HA crystals with typical
size of 50—300 nm prepared by the hydrolysis of brushite (CaHPO,-2H,0)
followed by ripening treatment with CaCl,-2H,0, were used. For the sample
with 50% porosity, 82% — 100% of the pores were connected. The porosity and
pore size of the ceramics could be controlled by adjusting the starting material,
green density, sintering time and temperature. The microstructure of the
microwave sintered porous ceramics was homogeneous and the tensile strengths
were reasonably good (up to about 45 MPa). Vijayan and Varma (2002) reported
that nanocrystalline HA powder with crystallite size of 35 nm was sintered to
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high densities (above 95%) by short-time microwave processing for 5 min. The
sintered sample had grain sizes of 200 — 300 nm and microhardness of 5.25 GPa.

Microwave sintering of both porous HA and porous HA/B-TCP ceramics (BCP)
in a dual frequency microwave sintering furnace was reported (Wang et al., 2005,
2006). Through the optimization of sintering conditions, such as the sintering
temperature, the heating rate and the holding time, porous bioceramics with
average crystal size of 300 nm, porosity of 65%, and compressive strength of
6.40 MPa were obtained. Microwave sintered samples had a much smaller and
more uniform grain size compare with the conventional sintering. The variation
of the grain size was from 200 —400 nm by microwave radiation with only
5 min holding time at 1100°C, however the variation of the grain size ranged from
1.0 to 1.5 um by conventional sintering with 2 h holding time at the same
temperature. The results showed that the microwave sintering could obtain a
sintered ceramic more rapidly at lower sintering temperature for much shorter
sintering time compared with the conventional sintering, leading to smaller grain
size and more uniform microstructure and higher compressive strength than those
obtained by conventional sintering. The smaller grain size and higher compressive
strength of the samples sintered by microwave heating were probably due to
lower sintering temperature and shorter sintering time. Another reason for the
higher mechanical strength of the sample by microwave sintering was the
uniform microstructure where large pores and defects as cracking origin were
reduced. Therefore, the microwave processing is a promising method for sintering
porous bioceramics.

Fang et al. (1995) reported the fabrication of transparent HA ceramics by
microwave sintering at ambient pressure. The starting material used was crystalline
HA powder synthesized by hydrothermally treating an aqueous solution of
Ca(NOs), and (NH4),HPO, (pH = 10.2) at 200°C, 1.5MPa for 24 h. The
as-synthesized HA powder was composed of crystalline nanometer-size hexagonal
prisms. The microwave sintering was carried out at 1150°C for 5 min in a 500 W
domestic microwave oven. The microwave-sintered HA was a single phase of
HA and the average grain size was around 200 nm.

Ji et al. (2005) reported microwave plasma sintering and in vitro study of
porous HA/B-TCP biphasic bioceramics. The microwave plasma-sintered samples
exhibited a higher densification rate, smaller grain size and higher compressive
strength compared with those of conventional sintered samples. The Ca®"
concentration and the dissolution rate were also higher than those of conventional
sintered samples in physiological saline. After immersed in SBF and simulated
inflammation BF, the amount of bone-like apatite formed on microwave plasma-
sintered samples was more than that formed on conventionally sintered samples.
The experiments indicated that microwave plasma sintered porous BCP
bioceramics had better mechanical and biological properties. On the other hand,
the surface of samples that underwent a simulated inflammation procedure was
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smoother and the amount of bone-like apatite formed on them was less than that
formed on the samples immersed in normal SBF all the time, indicating that the
acid in an inflammation response would affect the bone reconstruction when
Ca-P biocerarnics implanted in living body.
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8 Characterizing Biointerfaces and Biosurfaces in
Biomaterials Design

Kalpana S. Katti, Devendra Verma and Dinesh R. Katti

Department of Civil Engineering, North Dakota State University, Fargo ND 58105, USA

Abstract Often in composite biomaterials, molecular interactions at various
interfaces are known to have significant role on mechanical response of the
composite system as well as biocompatibility of the biomaterials. The
biomaterial surface elicits a response from tissue that is specific to the nature
of the surface and several surface modification techniques are used to analyze
the response. Currently, many physical and spectroscopic methods are available
to characterize the nature of the biomaterial surface. This Chapter introduces
various characterization techniques for characterizing biointerfaces and
biosurfaces in biomaterials Design. The important characterization tools
used by biomaterials researchers are outlined in the chapter and the
fundamental principles governing these tools are elaborated.

8.1 Introduction

Biomaterial is a material that is defined as ‘a nonviable material used in a
medical device, intended to interact with biological systems’ (Williams, 1987). In
another definition by Black, a biomaterial is defined as ‘materials of natural or
manmade origin that are used to direct, supplement, or replace the functions of
living tissues’ (Black, 1992). For biomaterials to function appropriately, it is
paramount that these materials maintain integrity, do not exhibit toxicity, and
lead to appropriate signal transduction. In addition, for the case of biomaterials
used for tissue engineering, they must exhibit controlled degradation. Many of
these properties are influenced by the response of tissue to the biomaterial surface.
Thus surface characterization remains an important step for biomaterials design.

The characterization of the surface involves characterizing its:
(1) Microstructure,
(2) Roughness,
(3) Wettability,
(4) Molecular structure, bonding,
(5) Chemical composition.

(1) Corresponding e-mail: Kalpana.Katti@ndsu.edu
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8 Characterizing Biointerfaces and Biosurfaces in Biomaterials Design

Many physical and spectroscopic methods are available to characterize the
nature of the biomaterial surface. The biomaterial surface elicits a response from
tissue that is specific to the nature of the surface and several surface modification
techniques are available to analyze the response. A summary of these techniques
and their primary principles of detection is shown in Table 8.1. The reader should
refer to one of the several comprehensive texts in surface science that are available
(Vickerman, 1997; Feldman and Mayer, 1986; Briggs and Seah, 1996, Vanselow
and Howe, 1982; Watts and Wolstenholme, 2003). An exhaustive overview of
these techniques is also covered in the text by Ratner et al. (2004). The following
is detailed description of the more commonly used surface characterization
techniques used for biomaterials design.

8.2 Characterization of Biointerfaces

8.2.1 Surface and Interface Analysis Using Fourier Transform
Infrared Spectroscopy

Vibrational spectroscopy is a useful tool to experimentally characterize the bonding
of proteins to biomaterial surfaces. Fourier transform infrared spectroscopy is a
widely used technique for analysis of surfaces and interfaces (Urban, 1993;
Hirschmugl, 2002; Mueller, 2001; Nakamoto, 1997; Koenig, 1997). Recent
advancements in interferometer design and control electronics have led to
significant improvement in data quality and analysis techniques. The (FTIR)
spectrum can be acquired using various methods of measurement such as
transmission, reflection, attenuated total reflection (ATR) and photoacoustic modes.
Usually, transmission methods provide spectra with the best signal-to-noise ratio
(SNR) but require samples with a relatively short path length through their thickness.
Reflection methods require the surface to be measured to be well polished.
Reflection absorption infrared (RAIR) spectroscopy has been used to analyze
molecular orientations of organic monolayer on metallic substrates. The ATR
method does not require polishing of the sample and it is well-suited for samples
that are not easy to polish. In the ATR method, however, a good contact between
the ATR crystal and the surface of the sample must be achieved.

ATR is the most commonly used and preferred technique for study of biomaterials
surfaces and interfaces (Chittur, 1998; Ratner et al., 2004). Figure 8.1 shows
schematic of the ATR setup. Here, IR radiation is focused onto the end of the
ATR crystal. Light enters the ATR crystal and due to total internal reflection, light
is reflected back at the ATR crystal-sample interface. However, at each internal
reflection, the IR radiation actually penetrates a short distance (~1 um) from the
surface of the crystal into the polymer membrane, also known as the evanescent
wave. The interaction of evanescent wave with the sample surface enables one to
obtain infrared spectra of samples placed in contact with the ATR crystal.
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. . Protein adsorbed on
B|0111atcr|.1|\ //biomatn:rials surface
/

S

/
ATR crystal” Infrared beam

Figure 8.1 Schematic for use of ATR for study of adsorbed protein of
biomaterials surface

Although vibrational spectroscopy has been extensively used in biology and
medicine, here specifically the role of protein adsorbtion, on surfaces is
described in detail. The adsorption of proteins at the surfaces of biomaterials is
the first initial response of the tissue to biomaterial. Protein adsorption precedes
cellular interactions with biomaterials. The adsorbed proteins mediate interactions
between biomaterial and surrounding cells and tissues. The adsorption of proteins
may be specific or non-specific and that depends upon surface characteristics of
biomaterials (Recum, 1999). The non-specific adsorption of proteins may lead to
failure of the implant. For this reason, several studies have focused on adsorption
of proteins on biomaterials surfaces (Andrade, 1973; Blomberg et al., 1998;
Ishihara et al., 2003; Ratner and Brant, 2004). Roach et al. have studied effect of
topography and surface chemistry on adsorption behavior of bovine serum
albumin (BSA) and bovine fibrinogen (Fg) on silica sphere (Roach et al., 2006).
The conformation and intermolecular interactions of BSA and Fg have been
investigated using ATR-FTIR. The ATR study revealed that BSA exhibits a
disordered structure on larger silica sphere (< 10 — 40 nm), whereas Fg exhibits a
more disordered structure on smaller silica sphere (> 30 nm). The disorder is
more pronounced on hydrophilic surfaces.

FTIR has also been used to determine the secondary structure of proteins over
biomaterials surfaces (Frushour and Koenig, 1975; Jackson, 1991; Lenk et al.,
1991). For conformation analysis of proteins, amide | regions (~1640 cm ') bands
are used. The frequency of vibrations of C—=0 bonds in the amide region depends
on the strength of hydrogen bonds formed. The stronger the hydrogen bond, the
lower the frequency in the amide I absorption. Intermolecular -sheets form the
strongest hydrogen bonds and show band in the interval 1620 — 1640 cm .
Antiparallel B-sheets and parallel B-sheets show band around 1620 cm ' and
1640 cm™', respectively. Unordered structures (hydrogen bonded water or side
groups) appear around 1640 — 1650 cm . a-Helices with weak hydrogen bonds
absorb at 1652 — 1660 cm . Hole et al. have analyzed grafting and conformation
changes of polypeptide on a graft using diffusion spectroscopy (Hole et al., 2005).
The changes in conformation of polypeptide were determined from
deconvolution of bands in the regions of amide [ . The attachment was shown to
cause a decrease in P-sheets and increase in disordered structure of the
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polypeptide. Recently, studies on adsorption of Fg on polystyrene have shown
that there is almost no difference in conformation of adsorbed Fg and Fg present
in solution (Wang et al., 2006).

It has been realized that surface properties are the key parameter, which dictate
implant’s fate in body environment (Ratner et al., 2004). In order to tailor the
surface behavior of the implants and grafts, usually surfaces are modified by
adsorbing or surface grafting the necessary chemical species. ATR-FTIR has
been proved to be a valuable tool in studying surface modification of biomaterials
(Kannan et al., 2006; Mansur et al., 2002).

Polyethylene, polyurethane and Teflon are the three most commonly used
polymers for biliary stent. It is postulated that failure of stents starts with
adsorption of proteins and bacteria which further cause occlusion of stent by
buildup of biofilm and other materials (Tsang et al., 1997; Speer et al., 1988). To
decrease the rate of occlusion in polyethylene stents, Peng et al. used sulfonation
of the surface of stent by exposing them to fuming sulfuric acid (Peng et al.,
2004). The sulfonation of surface was confirmed by ATR-FTIR. Klee et al. have
modified poly(vinylidenefluoride) (PVDF) with fibronectin using different method
(Klee et al., 2003). The attachment of fibronectin was investigated by ATR-FTIR.

Although ATR remains one of the most commonly used vibrational spectroscopic
techniques its use is limited to surface analysis of biomaterials. For biomaterials
design, the interfacial behavior in the composite biomaterials bulk is also
important. Phatoacoustic FTIR spectroscopy (PAS-FTIR) is a useful technique to
study molecular interfacial behavior in composites (Urban, 1993; Rosencwaig
and Gersho, 1975). PAS-FTIR has been used to study interfacial interactions in
polycaprolactone-polyacrylic acid-hydroxyapatite composites (Verma et al., 2006a).
The mechanism of nucleation and growth of apatite on these composites has also
been investigated using reflectance microspectroscopy (Verma et al., 2006b).
Kazarian et al. applied FTIR imaging using ATR acquisition mode to materials of
interest in tissue engineering (Kazarian et al., 2004). They demonstrate the
distribution of the growing hydroxyapatite (HA) layers on the surface of porous
PDLLA/Bioglasss composites, which occurs upon immersion of the materials in
simulated body fluid (BF).

8.2.2 Surface and Interface Analysis Using Atomic Force
Microscopy

Atomic force microscopy (AFM) is a high resolution microscopy technique that
provides unique opportunity to investigate biointerfaces and interfaces in terms
of structure, composition and molecular interactions in natural environment
(Morra and Cassinelli 2006; Chrstopher et al., 1998). A schematic of AFM is
shown in Fig. 8.2. In this technique, the deflection of a tip terminating in a single
atom in close proximity of the biomaterial surface due to weak non bonded
interactions (van der Waals, electrostatic) between tip atoms and biomaterial
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surface atoms is measured. The extent of this deflection is accurately measured
using a laser bouncing off from the top of the cantilever arm that has the tip
attached. AFM has several operating modes and they differ from each other in the
manner in which the tip moves over the surface. In the contact mode, the AFM tip
rasters over the sample, while the applied force to the tip is kept constant using a
feedback control. In the tapping mode, the AFM tip oscillates at a frequency
close to its resonance and the tip is allowed to make contact with the sample only
for a short duration in each oscillation cycle. Because lateral forces during
imaging are greatly reduced, this mode may be advantageous for imaging soft
biological samples. Further information on the different imaging modes can be
found in literature (Jena and Horber, 1999; Morris et al., 1999). Several examples
illustrating the extensive use of AFMs are described below.

___—Lase beam sourc

Photodetector

___—Laser beam

Figure 8.2 Schematic of AFM tip rastering over surface

8.2.2.1 Atomic Force Microscopy for Surface Imaging

Silk from the silkworm, Bombyx mori, has been used as biomedical suture material
for centuries (Mori and Tsukada, 2000). The unique mechanical properties of the
silk fibers and ability to genetically tailor the protein provide additional rationale
for the silk as a biomaterial. Silk [ is a water soluble form, whereas Silk II is
water insoluble form. One approach is to transform Silk I to Silk II by treatment
of Silk I with methanol solution. Servoli et. al. have investigated the topography
and phase distribution using phase imaging and lateral force imaging (Servoli et
al., 2005). AFM phase images showed presence -sheet crystals of Silk II.

Morra et al. have surface modified the Titanium bone implant by first grafting
acrylic them coupling collagen to it (Morra et al., 2003). The morphology of all
the samples was characterized by AFM in contact mode in both wet and dry
conditions. Significant differences in morphology were observed in case of
acrylic acid grafted and collagen coupled samples in wet conditions.

It has been known that surface roughness has significant influence on the
cellular response (Cacciafesta et al., 2001). Cacciafesta et al. have created surface
features using a variety of methods. The effect of surface features on adsorption
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of human plasma Fg has been studied by AFM in phase imaging mode. A direct
visualization of protein has been achieved. Polyurethane block co-polymers are
some of the most important polymeric biomaterials. They are widely used in a
variety of blood contacting applications, because of their excellent mechanical
properties and hemo-compatibility. Agnihotri et al. have investigated surface
morphology of poly(urethane urea) block co-polymer under wet and dry conditions
using AFM in phase imaging mode (Agnihotri et al., 2006). AFM height images
showed occurrence of 50— 70 nm sized raised features under wet conditions.
AFM phase images revealed that due to wetting redistributions of soft and hard
phases occur at the surface and this distribution is retained even after dehydration.

8.2.2.2 Atomic Force Microscopy in Study of Cellular Adhesion

Adhesion of cells to substrate is preceded by other cellular activities such as
proliferation, growth and differentiation. Cellular adhesion is an important step
for the cell to perform its natural biological activities. Cell morphology is a direct
indication of cellular adhesion. Well adhered cells have spreading morphology
whereas spheroid morphology is an indication of non-adhering cells. Quantitative
measurement of adhesive forces between cells and substrate can also be
performed by applying external forces on the cells. The cells can be visualized by
optical and electron microscopy. Optical microscopy is a simplest way to
distinguish non-adhered cell morphology from well adhered cell morphology.
Electron microscopy methods such as scanning electron microscopy require
fixing of cells. AFM is an emerging tool for studying cellular adhesion. It allows
observation of cells in their culture media without causing any irreversible
changes caused by fixing.

Domke et al. have utilized AFM in contact mode to investigate adhesion of
osteoblasts cells on metals, glass and polystyrene substrates (Domke et al., 2000).
The cellular adhesion was determined qualitatively from cross section area and
height information colleted from AFM data. Because, large cell deformation
occurs even under very low load, the actual height of cells was determined from
the force-curve plots. Elastic modulus was calculated following Hertz model.

Various cytoskeletal structures have different role in mechanical stiffness of
the cell, where microtubules provides compressive strength, and actin fibers and
intermediate filaments provide tensile strength. Takai et al. have shown that the
elastic modulus of cytoskeleton depends upon the substrate to which cell is
attached (Takai et al., 2005). It was observed from the AFM force plots of
osteoblasts attached on fibronectin and vitronectin, which bind cells via integrins
showed higher elastic modulus than cells attached on glass, where adhesion is
non-integrin mediated.

Sagvolden et al. modified AFM to measure force required to laterally dislodge
the cell from the surface (Sagvolden et al., 1999). This modified AFM consists of
canted tip which was aligned with the cells using Inverted microscope. It was
reported that the force required to detach the cell depends on substrate and
varies between 100—200 nN. Doneva et al. used a novel technique to study
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cell-biomaterials interactions (Doneva et al., 2004). They immobilized single
osteoblasts cell on AFM cantilever, which was used as a probe to measure
interaction forces between cell and surface. Both short term (5 min and 10 min.)
and long term (60 min and 120 min.) adhesion studies were performed. Results
were compared with force required for detachment from glass substrate. It was
observed that cellulose acetate samples showed significant increase in adhesion
compared to poly(lactin-co-glycolic acid) samples.

8.2.2.3 Evaluating Molecular Mechanics Using AFM

The cellular response depends on ligand-receptor interactions at biointerfaces.
For the development of biomaterials surfaces giving desirable cellular response,
it is important to have a detailed understating of molecular interactions between
biomaterial surfaces and cells. AFM is a valuable tool for exploration of these
molecular interactions and due to the high sensitivity of the instrument, even
single molecules can be investigated. For this purpose, AFM force spectroscopy
is used. A schematic diagram of pulling of single molecules is shown in Fig. 8.3.
In force spectroscopy, the sample is pushed towards the tip and then retracted.
The cantilever deflection is recorded as a function of the vertical displacement of
the piezoelectric scanner, which can be transformed into a force-distance curve by
converting the cantilever deflection into a force by multiplying deflection with
cantilever spring constant. A schematic of protein pulling is shown in Fig. 8.4.

Camilcvcr-____’
~ Functionalized AFM ti
\/ unctionalize ip

~
[

Protein on the biomaterials
7 surface

Figure 8.3 Schematic of protein pulling by functionalized AFM tip

The AFM tips can be functionalized for protein-specific adherence. Wang et al.
functionalized the AFM tips with BSA and gold wafers with BSA, anti-BSA
and dextran over —CHj;, —OH, —COOH and —NH, terminated monolayers
(Wang et al., 2004). Highest pull-off force was registered between BSA and
—OH terminated monolayers. Dextran being hydrophilic, did not adhere to BSA
functionalized tip. Recently, AFM force spectroscopy was used to determine
force of adhesion between Fg and two different dental implant materials (Titanium
and hydroxyapatite coated Titanium) (Boukai et al., 2006). The average adhesion
force was significantly higher for Titanium implant after interaction time of
1000 ms. The difference in adhesion forces between two implants is attributed to
difference in mechanism of adsorption of Fg.

186



8 Characterizing Biointerfaces and Biosurfaces in Biomaterials Design
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Figure 8.4 Schematic diagram of the operation of Time of flight secondary
ion mass spectrometer (ToF-SIMS)

Cell-matrix adhesion is mediated by integrin, which in turn affect other cellular
processes like growth, differentiation and adhesion. It is known that integrins
bind to specific domains (Arg-Ghy-Asp (RGD) and PHSRN) of the extracellular
matrix. Thus, several studies have focused on modifying biomaterials surfaces
with RGD and PHSRN sequence to enhance cellular adhesion. Mardilovich and
Kokkoli have investigated interaction between integrin and these peptides by
functionalizing AFM tip with integrin and surface with novel peptide,
PHSRN(SG);-SGRGDSP (Mardilovich and Kokkoli, 2004).

8.2.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) technique was developed by Siegbahn
in the 1960s for which he received a Nobel prize in physics in 1981. The XPS
technique is based on the photoelectric effect as described by Einstein in 1905.
The photoelectric effect consists of photons impinging on surfaces of materials
resulting in the ejection of electrons (Fig. 8.5). The total energy of the photon (/v)
equals the sum of the work function (¢) of material impinged on and the
maximum kinetic energy (KE,) of the photons as given by:

hv=¢+KE, (8.1)

For XPS, often the photon energies used are the Al K, (1486.6 V) or Mg K,
(1253.6 eV). The XPS technique is highly surface specific due to the short range
of the photoelectrons that are excited from the solid. In this technique, the energy
of the photoelectrons ejected from the sample is measured resulting in a spectrum
consisting of several peaks. The specific energy of the peaks is characteristic of
each element in the sample. The shape and position of the peaks can be altered
by the surrounding state of the element and hence this technique gives
information on chemical bonding. The XPS experiments need to be conducted
under ultra high vacuum. This technique is often used for biomaterials (McArthur,
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Figure 8.5 Schematic diagram of the operation of an X-ray photoelectron
spectrometer

2006). Protein adsorption is the very first event that occurs on the surface of
biomaterial in the biological environment. Often structure of the protein molecules
is altered on adsorption to biomaterial. The structure of the adsorbed protein
determines the nature of tissue-biomaterial interactions. XPS is often used to study
the structure of adsorbed proteins. Recently, adsorption of fibronectin on Fe-Cr
alloys was studied using XPS (Galtayries et al.,2006). Immobilization of
proteins on biomaterials surface is a very promising method to improve the
biocompatibility of the implant. Bonding of gelatin over Ti surface by covalently
immobilized gelatin was confirmed by XPS (Dubruel et al., 2006). Also, coating
of collagen on nanofiber mesh of poly(L-lactic acid)-co-poly(e-caprolactone)
(70:30) has been studied using XPS (Wei et al., 2005).

8.2.4 Contact Angle

Contact angle is defined as the geometric angle formed by liquid on solid substrate
at the three phase interface of solid-liquid-vapor. A schematic of the contact
angle is illustrated in Fig. 8.6. Contact angle gives the quantitative measurement
of wetting of solid by liquid. A contact angle value lower than 90° indicates
wetting of substrate whereas contact angle greater than 90° indicates non-wetting
of substrate. For complete understanding of wetting of substrate, it’s necessary to
measure the contact angle over time. If there is drop in contact angle in a given
time, that is called receded contact angle and if contact angle rises over given time
then it’s called advanced contact angle. Receding contact angle and advanced
contact angles are called dynamic contact angles. The contact angle depends on
interfacial energies between solid/liquid/gas and is defined as:
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}/lv COSH = }/sv +7/sl (82)

where y,, is interfacial energy at liquid/vapor interface, y,, is interfacial energy
at solid/vapor interface, y,, is interfacial energy at solid liquid interface and @ is
the contact angle.

Figure 8.6 Schematic diagram for spreading of liquid on substrate and contact
angle measurement

8.2.5 Time-of-Flight Secondary Ions Mass Spectrometry
(ToF-SIMS)

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) uses a pulsed
primary ion beam source (with short pulses ~1 nm) to desorb and ionize molecular
species from the surface of a sample. Secondary ions are ejected from the sample
and are accelerated into a mass spectrometer, where they are mass analyzed by
measuring their time-of-flight from the sample surface to the detector (Belu et
al., 2003) (Fig. 8.4). There are three types of methods used in ToF-SIMS. These
methods are:

(1) Mass spectra are acquired to determine the molecular and elemental species
on a surface.

(2) Images are acquired to ascertain the distribution of individual molecular
species on the surface (Winograd, 2003).

(3) Depth profiles are used to determine the distribution of different chemical
species as a function of depth from the surface of the sample.

The mass spectrum and the secondary ion images are used to determine the
composition and distribution of the different constituents on the sample surface.
ToF-SIMS provides characterization of chemical composition, and images
showing distribution of chemical species, and depth profiling at small depths are
obtained. The secondary ions are extracted into a ToF analyzer by applying a
high voltage potential between the sample surface and the mass analyzer. The
secondary ions travel through the ToF analyzer at different velocities, depending
on their mass to charge ratio. For each primary ion pulse, a full mass spectrum is
obtained by measuring the arrival times of the secondary ions at the detector and
performing a simple time to mass conversion.

ToF-SIMS is commonly used to study the proteins adsorbed on biomaterial
surfaces. The very high surface sensitivity of ToF-SIMS allows probing very low
levels of protein adsorption. In addition to specific identification of adsorbed
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proteins, static TOF-SIMS can be used to study the conformation, the orientation
and the degree of denaturation of an adsorbed protein. This information is obtained
in ToF-SIMS by examining the changes in the nature and/or in the intensity of
the amino acid SI fragments detected at the upper most surface of the adsorbed
protein.

Quantification of adsorbed proteins on biomaterials surface is important for
understanding the interfacial interaction between biomaterials and tissues. ToF-SIMS
can be used for the identification of the proteins adsorbed on biomaterials.
Wagner et al. has used ToF-SIMS for identification of proteins present in serum
and plasma (Wagner et al., 2003). In this study, proteins from serum and plasma
was allowed to get adsorbed on mica sheet and then the ToF-SIMS spectra was
compared with pure albumin, Fg and immunoglobulin G films. The attachment
of RGD (Arginine-Glycine-Aspartic acid) peptides on Ti-6Al-4V alloy has also
been investigated.(Poulin et al., 2006). Aoyagi et al. investigated metallic surfaces
after culturing cell on them. They used for information theory and principal
components analysis to characterize proteins specifically produced by cells
(Aoyagi et al., 2004). ToF-SIMS has also been utilized to investigate the mechanism
of bonding of Sr substituted hydroxyapatite (Sr-HAP) to cancellous and cortical
bone (Ni et al., 2006). SIMS images provided spatial distribution of ions at the
interface of biomaterial and bone. They observed that the concentration of Ca,
Na, P, PO, and O was higher in cortical bone/Sr-HAP interface than cancellous
bone/Sr-HAP interface.

Researchers have also used ToF-SIMS to evaluate the bacterial infection on
implants. Bacterial infection is often a major reason for failure of implant. Speranza
et al. studied adhesion of Escherichia coli bacteria on polyvinyl chloride (PVC),
polymethylmethaacrylate (PMMA) and low density polyethylene (LDPE) thin
films (Speranza et al., 2004). Thin films were made by spin coating to ensure flat
surface. For the enhancement of secondary ions Murayama et al. treated peptides
with aqueous droller containing trifluoroacetic acid (TFA) (Murayam et al., 2006).

8.3 Nano-Structuring Surfaces

The currently used biomaterials are often prone to inflammatory responses by the
body, which subsequently lead to their failure. Therefore, there is a thrust for
developing biomaterials with tailored surfaces, which can induce biocompatibility,
haemocompatibility and osseointegration. In the last few years it has been
realized that phenotypic modification of cell can be achieved by chemical
signaling and topography of the implant surface. A significant number of studies
have shown that both micro and nanotopographies such as grooves, pits, pillars
and pyramids affect adhesion, motility, cytokine release, gene expression and
differentiation. Efforts have also been made to control the cellular response by
patterning proteins and peptides on the surfaces.
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8.3.1 Nanotopology

Initial studies on the effect of topology on cellular behavior were performed on
features in micron range. The advancement in semiconductor industry has benefited
the development of new approaches for creation of nanoscaled topography on
biomaterials. Random nanostructured surfaces can be created by chemical treatment
of polymer membranes. Miller et al. treated poly(lactide-co-glycolic acid) (PLGA)
with NaOH, which is a biodegradable polymer used for biomedical implants. The
etching of PLGA created pits of different height, width, and spacing, and also
altered the surface chemistry of the polymer. A negative cast of PLGA membrane
was made using PDMS and this negative cast was used as a mold for
development of PLGA membrane having original nano features without altered
surface chemistry. It was observed that smooth muscle cells seeded onto the
nanostructured PLGA achieved greater adhesion than on the flat PLGA substrates,
which demonstrated that the effect of topology can be independent of surface
chemistry.

Teixeira et al. investigated responses of human keratocytes on nanopatterns
created using electron beam lithography (Teixeira et al., 2004). Electron lithography
uses electron beam to scan over surfaces and is capable of producing feature size
as small as 5—10 nm. They coated silicon wafers with UV3 photoresist and
baked on a vacuum hotplate at 130°C for 60 s. Then resist films were exposed to
electron beam to create patterns. The dissolution of patterned area to developing
solution created topographic patterns. The resist patterns were transferred to
silicon by etching and then the remaining resist was also removed. About 70% of
keratocytes showed alignment along the patterns with pitches of 800 nm
compared to 35% for epithelial cells. On 70 nm wide ridges on a 400 nm pitch,
keratocytes aligned dropped to 45%, whereas epithelial cell alignment remained
constant.

Nanoimprinting techniques have been used to create various patterns (Yim et
al., 2005). Yim et al. have developed a nanoimprinting technique and investigated
the effect of nanopattern on morphology and motility of smooth muscle cells. In
nanoimprinting technique a prepatterned SiO, grating mold was pressed against
PMMA film at 180°C, which is well above glass transition temperature of
PMMA. This allowed viscous flow of PMMA and creation of negative gratings on
the PMMA surface. Nanopattern was also reproduced on poly(dimethylsiloxane)
(PDMS) using soft lithography. In this technique, nanoimprinted PMMA was
used as a master sample. The PMMA master was fluorinated and cleaned by
blowing nitrogen gas. The PDMS and cross-linking agent were poured over mold
and baked at 50°C. More than 90% of smooth muscle cells aligned along grating
on nanopatterned surface than non-patterned surfaces.

Colloidal lithography has been utilized to create nanotopographies. In this
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technique nano colloidal particles are monolayer dispersed over the substrate.
Further, the pattern formed by the colloidal particles can be transferred to
substrate by ion etching. The size and distribution of nanotopography can be
controlled by size of colloidal particles and its concentration. Wood et al., used
colloidal nanolithography technique to fabricate irregular nanotopographies with
features of either 20 or 50 nm in diameter (Wood et al., 2006). Before deposition
of nano colloidal particles silica base substrate was treated with an aminosilane.
They observed that colloidal topographies altered fibroblast adhesion and
morphology with respect to planar substrates. Both 20 and 50 nm diameter
colloidal topographies resulted in increased fibroblast adhesion at 20 min and 1 h,
however, by 3 h, adhesion was similar to planar surfaces.

8.3.2 Nanopatterning Surfaces with Biomolecules

Cell-matrix adhesion is mediated by integrin, which in turn affects other cellular
processes like growth, differentiation and adhesion. Integrin binding site on
extracellular material is the Arg-Gly-Asp (RGD) sequence that is present in
fibronectin, Fg, vitronectin, and other adhesive proteins. Previous studies have
shown that specific recognition of integrin receptor is significantly increased for
a surface that also contains PHSRN. The distance between RGD and PHSRN is
very critical and found to around 50 nm for optimum recognition. These findings
emphasized that the control over positioning of proteins over biomaterials is
necessary for proper cell response.

Further, various techniques have been developed for patterning surfaces with
biomolecules in nanoscale. Nanografting is an AFM-based fabrication method
(Fig. 8.7). First, self assemble monolayer (SAM) is formed on gold substrate and
then this monolayer is immersed in solution containing the desired replacement
thiol molecules. At the site where desired molecules are to be deposited, the load
on the AFM tip is increased to scrap away the adsorbed molecules and molecules
from the solution gets deposited at that site. This method was first demonstrated
by Liu’s group at UC Davis (Xu and Liu, 1997). They nanografted patterns of
HS(CH,),COOH into a CH3(CH,)9S/Au(111) SAM. The grafting of HS(CH,),COOH
was confirmed by incubating the surface with lysozyme, which specifically
adsorbed to the COOH terminated pattern and then imaging with AFM. The
increase in height due to adsorbed lysozyme confirmed the grafting of
HS(CH,;),COOH protein patterns as small as 10 nm x 150 nm and 40 nm x 40 nm
were created. Several other studies have used similar approach to create
nanopatterns (Xu et al., 1999; Yu et al., 2006).

Dip-pen nanolithography (DPN) (Piner et al., 1999; Lee et al., 2002; Lim et al.,
2003) is another AFM based technique in which AFM tip is first dip in solution
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Figure 8.7 Schematic of nanografting performed by AFM tip

containing desired molecules (Fig. 8.8). This tip is moved to the surface, where
molecules diffuse to the surface via water meniscus that forms between tip and
the surface. There are two variations of DPN, one is indirect DPN and second is
direct DPN. In indirect DPN methodology, first protein adsorbing molecules are
patterned over the surface and then this nanopatterned surface is exposed to
protein solution to form protein nanopatterns. In case of direct DPN, proteins are
directly patterned over surface. Nanopattern as small as 10 nm can be created
using DPN. Salazar et al. have demonstrated application of DPN methodology
for fabrication of nanopatterned high-molar-mass polyamidoamine (PAMAM)
dendrimers onto reactive N-hydroxysuccinimide (NHS) terminated SAMs on gold
and NHS-activated polystyrene-block-poly(tert-butyl acrylate) (PSggo-b-PtBA210)
block copolymer (Salazar et al.,2006). They fabricated nanopatterns of
dendrimers down to 30-nm length scales. Kwak et al. and Lee et al. deposited
16-mercaptohexadecanoic acid (MHA) onto gold substrate. Lysozyme and IgG
were shown to specifically adsorb on MHA. Before attachment of proteins, the
non-patterned area was made protein resistant.

Cantilever

AFM tip
zg}% Ink on surface of tip

Nanopattern Solvent meniscus

Figure 8.8 Schematic of dip-pen lithography performed by AFM tip

Nanopen is another AFM based technique in which nanopippet is used as a
protein (Fig. 8.9). Bruckbauer et al. have used nanopipett of 90— 130 nm inner
diameter and 240 — 280 nm outer diameter biomolecules, including antibodies and
DNA, onto a surface to create multicomponent and functional submicron features
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(Bruckbauer et al., 2004). The number of molecules exiting the tip depends on a
combination of electroosmotic flow, electrophoresis, and dielectrophoresis,
depending on the size, charge, and polarizability of the molecules (Bruckbauer et
al., 2003). Rodolfa et al. used double-barreled pipette as nanopens (Rudolfa et al.,
2005). Use of two pipettes allowed them to deposit two species independently
from each of the pipette barrels of a single tip. Taha et al. delivered proteins though
cantilevered nanopipette using a near field scanning optical microscopy (NSOM)/
SPM confocal system (Taha et al., 2003). In this technique patterns of protein G
and green fluorescent protein were deposited with resolution of 250 nm.

Cantilever—

~—Nanopipette
Sé%t\.:i[l*.

g —Ink
| Nanopaltsfn ﬁsg s),

Figure 8.9 Schematic of Nanopen. In this technique nanopen nano pipette
is used as a pen

In addition several surface modification studies have been conducted as shown
in Table 8.2.

8.4 Conclusions

As a field at the intersection of medicine and engineering and science, biomaterials
research is a major thrust area worldwide. The ability to design bio-replacements
for tissue, organs and devices is of high importance to the human race. Both for
the evaluation and testing of new biomaterials and biomedical devices, as well as
design of new nanomaterials systems in biomedical engineering applications, the
analysis of surface and interfaces is becoming increasingly significant. With the
availability of advanced instrumentation and recent advancements in technology,
very detailed molecular, structural, chemical and biochemical interactions between
biomaterials and tissue can be probed. As biomaterials research remains at the
cutting edge of science and technology, the ability to understand and characterize
surface and interfaces associated with biomaterials remains an important research
and industry thrust. This chapter gives an overview of the current techniques and
applications of surface characterization methods used in biomaterials design.
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Abstract The structure of carbon nanotubes (CNTs), a type of macromo-
lecular systems, can be thought as rolling up a graphene sheet along certain
directions. The unique properties of CNTs, such as very high surface/volume
ratio, high chemical stability, high electro-catalytic activity and high charge
transfer efficiency, make CNTs a very suitable material for biosensor
applications. It is due to these advantages that a variety of CNT related
biosensors have been developed since discovery of CNTs. In this chapter,
recently reported CNT-based electrochemical and electronic biosensing
applications are summarized.

9.1 Introduction

Biosensors, a subtype of sensor devices, are designed to characterize biological
properties of various biomaterials from monitoring the physical and chemical
signals in the biological materials. Biosensors, typically, consist of sensing elements
and signal transducers. The elements selectively sense the analytes, while the
transducers convert chemical and biological variations into appropriate physical
signals, such as electrical and optical signals, whose change corresponds to the
analyte concentration. Biosensors have two characteristics. One is that the sensing
elements are attached with biological materials, such as single-strand DNA
(ssDNA), proteins (enzymes, antibodies, etc.), cells and so on. The other is that
biosensors are used to track the biological processes ((Balasubramanian and
Burghard, 2006) and references therein).

Carbon nanotube (CNT) is a type of macromolecular systems. The structure of

(1) Corresponding e-mail: eqzhang@ntu.edu.sg
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CNTs can be thought as rolling up a graphene sheet along certain directions. The
unique properties of CNT have drawn a lot of research attention in various
biosensor applications. For example, CNTs have a high surface/volume ratio.
Thus, the surface area of CNT-modified electrodes for electrochemical detection
would be increased. Moreover, it also exhibits very high chemical stability and
hardly reacts with analytes. It has also been found that the CNT can enhance
electro-catalytic activity and promote electron-transfer reactions for a wide range
of electroactive species. CNT-modified electrodes can alleviate surface-fouling
and immobilize important biomolecules. CNT has a 1-D structure that enables
efficient charge transfer between the surface-anchored biomolecules and CNTs.
Therefore, the conductivity of CNT, especially semiconducting SWNT, is found
to be remarkably sensitive to the surface adsorbates. In addition, CNTs are easily
functionalized with biorecognition layers which selectively react with bio-analytes.
These properties make CNT a very suitable material for electrical biosensors,
including electrochemical biosensor and electronic biosensor ((Katz and Willner,
2004; Wang, 2005b) and references therein).

The aim of this review is to cover recently reported applications integrating
CNTs into electrical biosensing systems. This chapter is organized as follows.
Various design principles of CNT based biosensors are described in the second
section. In the third section, a collection of CNT-based electrochemical biosensors
are presented, followed by the CNTFET-based electronic biosensors in the fourth
section. Finally, the future prospects are discussed.

9.2 Design Principles of CNT-Based Biosensors

Biological species could be detected by a variety of classical methodologies, such
as fluorescence and spectrometry with high sensitivity and selectivity. However,
these techniques are of complicated systems and difficulties to miniaturize. These
drawbacks could be overcome by electrical biosensing techniques. In last decade,
CNTs have been utilized as electrodes or transducers to perform electrical
biosensing. In the following discussion, we classify CNT-based biosensors into
several categories according to different configurations.

9.2.1 CNTs as Modifiers of Electrode Surfaces

The common used electrodes in electrochemical biosensors included carbon
electrodes (glassy carbon, graphite, activated carbon, etc.), metallic electrodes (Au,
Pt and so on), conducting polymer electrodes, metal oxides electrodes, different
composite electrodes, etc.. Some of these electrodes are of a poor sensitivity and
stability, long response time and high overpotential for electron transfer reactions
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in electrochemical sensor applications. Some of them are very expensive such as
noble metal electrodes. In contrast, CNTs, both non-oriented and oriented, with
their fast electron transfer and anti-surface fouling properties, could overcome
most of these disadvantages.

9.2.1.1 Non-Oriented Modification

Non-oriented modification means that CNTs on the electrode surface are randomly
distributed. Casting a CNT suspension onto the support electrodes is the simplest
and mostly used method. Because CNTs are insoluble in most solvents, the first
step of processing CNTs into a thin films on electrodes is to get a homogeneous
CNT suspension, some of which were prepared by dissolving CNTs in a solution
of concentrated sulfuric acid (Musameh et al., 2002) or Nafion (Deo et al., 2005;
Hocevar et al., 2005; Luong et al., 2005; Tsai et al., 2005; Wang et al., 2003a; Wu
et al., 2006). The latter one has extra benefits like improved anti-interferent ability
and mechanical strength due to the good cation exchange, discriminative and
biocompatibility properties of Nafion, a perfluorosulfonated and negatively charged
polymer. Moreover, with the aid of surfactants, such as dihexadecylphosphate
(DHP) (Wu and Hu, 2003, 2006; Wu et al, 2006) and sodium
dodecylbenzenesulfonate (SDBS) (Wu et al., 2006), CNTs were easily dispersed
into the aqueous solution. In addition to aqueous media, other solvents such as
N, N-dimethylformamide (DMF) (Liu and Lin, 2005, Wang et al., 2002; Wang et
al., 2004, Wei et al., 2006; Zeng et al., 2006), chloroform (Zhang et al., 2006)
and acetone (Jin et al., 2006; Wu et al., 2002) were also used to prepare CNT
suspension. Further to this, oxidized CNTs after long-time acid treatment, however,
could be directly stabilized in aqueous solution (Lawrence and Wang, 2006; Zhu
et al., 2005) because of the electrostatic repulsion induced by the negatively
charged chemical groups on MWNTs (Zhu et al., 2005). In the above processes,
ultrasonication was usually used to assist effective dispersion of CNTs. After that,
a small volume of CNT suspension was drop-casted on the polished glassy carbon
electrode (GCE) or metallic electrodes.

Applying the chemical vapor deposition (CVD) method could also fabricate an
electrode with non-oriented CNT modification (Tang et al., 2004). Another simple
preparation method involves gently rubbing the electrode surfaces on filter
papers coating with purified MWNTs (Salimi et al., 2005).

9.2.1.2 Oriented Modification

Assembling oriented CNTs on electrodes is another way to fabricate CNT-modified
electrodes for electrochemical detections. Most of these modifications were
originated from the CNT growth process, which not only improves the electrical
contact between CNTs and the conducting electrodes, but also makes CNTs free
of impurities caused by surfactants or binders.

Direct growth of vertically aligned CNT arrays on graphite or gold substrate
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could be immediately utilized for electrical biosensing (Tang et al., 2006; Ye et
al., 2004). But some of such electrodes were further functionalized with
biomaterials for biological detection (Roy et al., 2006; Wang et al., 2004).

To improve the signal-to-noise ratio and detection limits, nanoelectrode array
(NEA) based on low-density aligned CNTs were developed for detecting of
glucose (Lin et al., 2004) and DNA (Koehne et al., 2003; Koehne et al., 2004; Li
et al.,2003). The CNTs were firstly grown on the substrate with controlled
spacing and density (Fig. 9.1). Then CNT NEAs were insulated between each
other with spin-coated epon epoxy resin or deposited SiO,. Subsequently the
protruding parts of CNT NEA were removed by polishing process. The exposed
tips of CNT NEA were functionalized and covalently immobilized with GOx or
probe ssDNA. In this setup, the aligned CNT NEA exhibited high elecrocatalytic
activity and fast electron transfer rate (ETR) because the edges of the nanotubes
are exposed (Li et al., 2002).

Figure 9.1 SEM images of CNT nanoelectrode array: (a) 3x 3 electrode array.
(b) array of CNT bundles on one of the electrode pads. (c) and (d) array of CNTs at
UV-lithography and e-beam patterned Ni spots, respectively. The scale bars are
200, 50, 2 and 5 um, respectively. Reprinted from (Li et al., 2003) with permission

Post-synthesization transfer of the CNT array method was also applied to
fabricate oriented-CNT modified electrodes (Gao et al., 2003; Wang et al., 2003a;
Wang et al., 2003b). Briefly speaking, a thin layer of metal (such as Au) was
deposited on the top surface of as-synthesized aligned CNT array and then the
substrate which supported the CNT to grow was etched away.
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Another way to prepare vertically aligned CNT array was the self-assembly
technique (Liu et al., 2005; Patolsky et al., 2004). The carboxylized CNTs generated
from oxidative scission were covalently immobilized on a cysteamine monolayer
coated gold electrodes via amide bond in a manner of perpendicular orientation.

9.2.2 CNT-Based Composite Electrodes

Carbon paste and composite electrodes, fabricated by mixing carbon powder
with mineral oil or other binders, have been used in electrochemical detection for
years. After the application of CNTs in this field, CNT-based composite electrodes
could be prepared in a similar manner by mixing CNTs powder with a number of
binders, e.g. mineral oil, bromoform, Teflon, polymers like Polypyrrole (PPy)
and chitosan (CHIT) and so on. The CNT-based composite electrode was fabricated
by casting the resulting composite on the top of a support substrate (Fig. 9.2(a))
(Zhang and Gorski, 2005a; Zhang and Gorski 2005b), or packing it into a glass
capillary or a Teflon tube (Fig. 9.2(b)) (Luque et al., 2006; Wang and Musameh,
2003b; Yang et al., 2006).

CNTs+binder

electrode

Metallic wire

—+——CNTs+binder

‘\f Glass capillary

(b)
Figure 9.2  Schematic drawing of two types of CNT composite electrodes: (a) composite
of CNTs and binder was casted on the top of a support electrode. (b) composite was
packed into the electrode cavity of a glass capillary or a Teflon tube

The first CNT-based composite electrodes used bromoform as binder and then
was packed into a glass tube (Britto et al., 1996). The CNTs are usually mixed
with mineral oil at a certain ration of weight percentage to form CNT-based
composite electrodes (Luque et al., 2006; Ly, 2006; Pedano and Rivas, 2004;
Rubianes and Rivas, 2005). Similarly, the CNT/Teflon composite was prepared
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in dry state by hand-mixing CNTs and Teflon, and the resulted composite was
then packed firmly into the cavity of a glass sleeve (Wang and Musameh, 2003b).
Moreover, the composite electrode using PPy as the binder was made by cyclic
voltammetry (CV) in the mixed solution of pyrrole and MWNTs (Cheng et al.,
2005). CHIT was also used as a binder (Zhang and Gorski, 2005a, 2005b). The
MWNTs were solubilized in the matrix of such hydrophilic ion-conducting
biopolymer. In some biosensing applications mentioned above, the CNT based
composite was further mixed with biological molecules (enzymes for example)
to obtain biomolecule functionalized CNT-based composite electrodes (Luque et
al., 2006; Ly, 2006, Rubianes and Rivas, 2005; Wang and Musameh 2003b).

Furthermore, a layer-by-layer (LBL) technique was another method to fabricate
CNT-based composite electrode. It was reported that alternate drop casting of
carboxylized MWNT suspension and electropolymerization of neutral red (NR)
assembled five layers of homogeneous and stable MWNTs and poly(neutral red)
(PNR) film on a GCE (Qu et al., 2006).

9.2.3 Nanoparticles Decorated CNT-Based Electrodes

Due to their unique size and shape, nanoparticles (NPs) frequently exhibit unusual
physical and chemical properties, such as large surface-to-volumeratio and
promotion of the electron transfer. Another important characteristic of some
nanoparticles, such as Pt, is the bio-compatibility, which could preserve the
biological activity of attached biological molecules. On the other hand, transition
metals, especially noble metals, display high catalytic activities for many chemical
reactions. Due to these reasons and easy miniaturization to nanoscale dimensions,
metallic nanoparticles have been used for chemical/biochemical sensing applications.
Further incorporation with CNTs, which have a large surface area, a high ETR
and the electrocatalytic activity as well, makes the nanoparticle and CNT modified
electrodes achieve a higher sensitivity.

The main techniques have been employed to immobilize metallic nanoparticles
on CNT-modified electrodes including: direct adsorption of preformed nanoparticles
(Hrapovic et al., 2004; Luque et al., 2006; Male et al., 2004; Wu and Hu, 2005;
Yang et al., 2006), chemical deposition from metal salt solutions (Shi et al.,
2005), or electrodeposition from metal salt solutions (Fei et al., 2005, Tang et al.,
2004). Among them, electrodeposition method is much more efficient as it was
capable to control the density and size of metallic nanoparticles through adjusting
applied potential (Day et al., 2005, Tang et al., 2004).

In direct adsorption method, the Pt nanoparticles, which could rapidly oxidize
H,0, produced from enzymatic reaction, were prepared elsewhere. Subsequently
they were dissolved in a Nafion solution (Hrapovic et al., 2004) or a silicate sol
(Yang et al., 2006), which were then mixed with CNTs. In contrast, the chemical
deposition and electrodeposition of Pt nanoparticles were normally fabricated by

210



9 Carbon Nanotubes for Electrochemical and Electronic Biosensing Applications

the reduction of H,PtClg: after immersing the CNTs or CNT-modified electrodes
in H,PtClg solution, a reductive chemical Na,S,0,4 (Shi et al., 2005), or a specific
potential (Fei et al., 2005, Tang et al., 2004), was applied, respectively.

Cu nanoparticles prepared through the reduction of copper dodecyl sulfate
(Cu(DS),), were embedded in Nafion and SWNTs composite on the surface of a
Cu electrode as shown in Fig. 9.3 (Male et al., 2004). Moreover, a biosensor with
Cu particles in the manner of direct adsorption was prepared by mixing enzyme,
Cu particles and MWNTs with mineral oil to form a composite electrode for
glucose detection (Luque et al., 2006). This glucose biosensor also used Ir
particles, instead of Cu, for the preparation of the electrode in a similar manner.

# » '.;i'" i

Figure 9.3 TEM image of SWNT decorated with Cu nanoparticles, prepared by
reduction of Cu(DS),. (Inset) TEM image of Cu nanoparticles in the presence of
Nafion. Reprinted from (Male et al., 2004) with permission

An MWNT modified Au electrode with Au-colloids adsorption was prepared
by solubilizing MWNTSs in the DHP which was dispersed in colloid Au aqueous
solution for the determination of cytochrome ¢(Wu and Hu, 2005).

9.2.4 CNTs as Key Sensing Elements

So far, we have discussed using CNTs as the microelectrode modifier for
electrochemical detection purpose. In these devices, CNTs mainly work as a role
of transducer. However, CNTs, especially SWNTs, could also function as key
sensing elements in the detectors with different structures.
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Electronic biosensor with CNTFET structure, a type of CNT-based biosensors,
has a similar configuration to MOSFET. However, in CNTFET, SWNTs are utilized
as the conducting channel, instead of silicon channel. As the SWNT conducting
channel of CNTFET is open to the environment, it is found to be very sensitive
to the variation of environmental conditions. The SWNTs across the source and
drain could be implemented through direct growth using CVD technique or AC
dielectrophoresis technique (Li et al., 2004; Li et al., 2005). These SWNTs were
individual semiconducting nanotube bundles (Besteman et al., 2003; Bradley et
al., 2004; Star et al., 2003), or SWNT networks (Bradley et al., 2005; Star et al.,
20006). For the detection purpose, SWNTs working as sensing part were exposed
to detection species, while a back gate (silicon or gold) (Kojima et al., 2005; Star
et al., 2003) or a liquid gate (Chen et al., 2003, 2004) was used to measure the
device responses to detection species.

In order to achieve higher sensitivity for specific species, the SWNTs in most
of CNTFETs were functionalized with biological molecules, such as antibodies
for specific recognition, ssDNA array for detection of DNA hybridization and
enzymes for the study of enzymatic reaction, etc. As shown in Fig. 9.4(a), these
biological molecules were observed to non-covalent adsorb on the SWNTs
(Bradley et al., 2005; Byon and Choi, 2006; Chen et al., 2004; Kojima et al.,
2005; Star et al., 2004; Star et al., 2006; Tang et al., 2006) via weak interactions
such as hydrophobic interaction between the nanotubes and hydrophobic
domains of biological molecules (Shim et al., 2002). The immobilization of
biological molecules could also be implemented through a linking layer, such as
carbodiimidazole-activated Tween 20 (CDI-Tween) (Chen et al., 2003; So et al.,
2005), polyethyleneimine/polyethyleneglycol (PEI/PEG) (Rouhanizadeh et al.,
2005; Star et al., 2003), 1-pyrenebutanoic acid succinimidyl ester (Besteman et
al., 2003; Li et al., 2005), which could be coated on the nanotubes prior to the
functionalization (Fig. 9.4(b)). These linking molecules bound one end of their
molecule chains to SWNTSs through van der Waals interactions, while their other
end attached to the biological molecules through amide bond formation.

It has been reported that the CNTFET could also be functionalized at the back
gate region instead on SWNTs (Maehashi et al., 2004; Takeda et al., 2005), which
might affect the effect potential around SWNTSs during experiments (Fig. 9.4(c)).

9.2.5 CNT-Based Biosensors with Immobilized Biological
Molecules

In order to improve the sensitivity and selectivity of CNT-based biosensors for
detecting of some specific species, a broad spectrum of biological molecules,
including DNA and proteins (enzymes and antibodies, etc.), were immobilized
on these biosensors. These biosensors can be grouped into two main categories:
electrochemical biosensors and CNTFET-based electronic biosensors. In the
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Figure 9.4 (a) AFM images of the SWNT channel of CNTFET before (left) and
a