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Preface

Nature has been engaged in its own unfathomable and uncanny nanotechnology project since the
dawn of life, billions of years ago. It is only recently that humans have developed their own tools
to observe Nature as she assembles and manipulates structures so complex and purposeful so as
to defy the imagination. No one would argue that all molecular biology is based on nanotechnol-
ogy. After all, these structural building blocks composed of ordered elements are well within the
100-nanometer scale that is generally agreed upon as the physical dimensional ceiling below which
nanotechnology processes occur. It is no wonder that man is now attempting to mimic Nature by
building analogous structures from the bottom up.

A few words about the book title: The temptation to consider “nanobiotechnology” as a subset
of biotechnology fails to pay homage to the gargantuan impact of the burgeoning nanotechnology
field—a field in the throes of revolutionary growth. The word nanobiotechnology feels redundant,
a bromide. In distinction, the term bionanotechnology connotes a rapidly evolving sector of the
nanotechnology field that deals strictly with biological processes and structures. Many refer to this
synthesis as “convergence.” As will be demonstrated in this monograph, the seeds of bionanotech-
nology development have been planted. Commercial products will likely be on the marketplace
well before the next edition appears. Many nanotech soothsayers predict that as time goes on, this
convergence of biotechnology and nanotechnology will become a dominant focus area for techno-
logical innovation worldwide and will impact all of our lives on a daily basis.

Naturally, this is also an engineering book. One need not stretch the imagination very far to
appreciate that Nature has fundamentally engineered life as we know it, culminating in our own
species. This fact has not gone unnoticed on the part of nanotechnologists, who have begun in
earnest to mimic Nature’s fundamental engineering processes through invoking precise controls
over her building blocks. Self-assembly, a key construct of nanotechnology, forms the backbone of
biological processes. For example, exploiting DNA as scaffolding for the engineering of DNA-tem-
plated molecular electronic devices is an inspiring example of our newfound ability to insinuate our
own design skills at the nanoscale level in living systems. Using this approach, it is possible to cre-
ate self-assembling electronic circuits or devices in solution. Directed evolution based on repeated
mutagenesis experiments can be conducted at the nanoscale level. Along these lines, the use of the
solar energy conversion properties of bacteriorhodopsin for making thin-film memories, photovol-
taic convertors, holographic processors, artificial memories, logic gates, and protein-semiconductor
hybrid devices is astounding.

Quantum dots are tiny light-emitting particles on the nanoscale. They have been developed as a
new class of biological fluorophore. Once rendered hydrophilic with appropriate functional groups,
quantum dots can act as biosensors that can detect biomolecular targets on a real-time or continuous
basis. Different colors of quantum dots could be combined into a larger structure to yield an optical
bar code. Gold nanoparticles can be functionalized to serve as biological tags.

Nanomedicine is a burgeoning area of development, encompassing drug delivery by nanopar-
ticulates, including fullerenes, as well as new enabling opportunities in medical diagnostics, label-
ing, and imaging. Quantum dots will certainly play a large role in nanomedicine. Years from now,
we will laugh at the archaic approach to treating disease we presently take for granted, carried over
from the twentieth century, relying on a single drug formulation to treat a specific disease in all
people without acknowledging each individual’s unique genetic makeup. Nanocoatings also play
an important near-term role in the lifetime of medical devices, especially orthopedic prosthetics.
Nanocrystalline hydroxyapatite is far less soluble in human body fluid than conventional amor-
phous material, thereby anticipating great increases in its service life.



X Bionanotechnology

It is not the intention to provide a comprehensive treatise on bionanotechnology, rather I hope
to provide representative reporting on a wide variety of activity in the field from all corners of the
planet (now that the “world is flat” it has corners). I have attempted to assemble chapters that are
relevant to looming product opportunities and instructional for those readers interested in develop-
ing the bionanotech products of the future. To that end, I felt it appropriate to conclude the discus-
sion with a chapter that reviews the patent landscape for bionanotechnology, which is presently in
a state of great flux. Now more than ever, intellectual property is relevant to both the academic and
corporate sectors, and as such, patents are being ascribed greater value and importance. Bionano-
technology commercialization will be driven by the increases in government funding as well as the
expiration of more traditional drug patents.

Accumulating author contributions from experts scattered across the globe acquired a life of
its own in the evolution of this book. As a Technology Pioneer at the Annual Meeting of the World
Economic Forum (WEF) in Davos, Switzerland, I was privy to a worldview that few technologists
are able to enjoy. Klaus Schwab, WEF’s driving force, has observed that everywhere in society and
business, the power is moving from the center to the periphery. This monograph is a testimonial
to that paradigm shift. Authors have contributed from 15 different countries in cities from as far
as Florian6polis, Mumbai, Ramat-Gan, Pretoria, Havana, Tehran, Glasgow, Shenyang, and Kiev,
just to name a few. Of course, this diaspora of academic excellence is largely enabled by the most
pervasive technological innovation of our time, the Web.

Chris Anderson has postulated a compelling new economics of culture and commerce, dubbed
the “Long Tail,” so named because in statistics, the tail of a 1/x power law curve is very long rela-
tive to the head. Long Tail economics is about the economics of abundance (not scarcity), and we
now see quantum shifts in customer buying habits at Amazon, Netflix, and eBay, as well as shifts
in content distribution at Wikipedia, Google, and the emerging “Blogosphere.” This phenomenon is
also playing out in scientific research across the globe, where the Long Tail has now made possible
world-class creative technology advances that not long ago were unimaginable. This monograph is
proof in spades of this paradigm shift. I dedicate this book to all the authors who gave their valuable
time to create the contributions that fill this volume. Many of those authors delivered expert chap-
ters in the face of severe obstacles, some even endured personal hardship and loss over the course
of their writing. They know who they are, and I thank them. I dedicate this book to the singer, not
the song.

David E. Reisner
The Nano Group, Inc.
Farmington, Connecticut, USA
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1.1 INTRODUCTION

Nanotechnology is the science and engineering concerned with the design, synthesis, characteriza-
tion, and application of materials and devices that have a functional organization in at least one
dimension on the nanometer (nm) scale, ranging from a few to about 100 nm. Nanotechnology is
beginning to help advance the equally pioneering field of stem-cell research, with devices that can
precisely control stem cells (SCs) and provide nanoscaled-biodegradable scaffolds and magnetic
tracking systems. SCs are undifferentiated cells generally characterized by their functional capacity
to both self-renew and to generate a large number of differentiated progeny cells. The characteris-
tics of SCs indicate that these cells, in addition to use in developmental biology studies, have the
potential to provide an unlimited supply of different cell types for tissue replacement, drug screen-
ing, and functional genomics applications. Tissue engineering at the nanoscale level is a potentially
useful approach to develop viable substitutes, which can restore, maintain, or improve the function
of human tissue. Regenerating tissue can be achieved by using nanobiomaterials to convey signals
to surrounding tissues to recruit cells that promote inherent regeneration or by using cells and a
nanobiomaterial scaffold to act as a framework for developing tissue. In this regard, nanomaterials

* The authors would like to dedicate this chapter to the memory of Dr. Saeid Kazemi Ashtiani. He was a wonderful col-
league, a great stem cell biologist, and an inspirational advocate of human stem cell research in Iran.
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such as nanofibers are of particular interest. Three different approaches toward the formation of
nanofibrous materials have emerged: self-assembly, electrospinning, and phase separation [1]. Each
of these approaches is unique with respect to its characteristics, and each could lead to the develop-
ment of a scaffolding system. For example, self-assembly can generate small-diameter nanofibers in
the lowest end of the range of natural extracellular matrix (ECM) collagen, while electrospinning is
more useful for generating large-diameter nanofibers on the upper end of the range of natural ECM
collagen. Phase separation, on the other hand, has generated nanofibers in the same range as natural
ECM collagen and allows for the design of macropore structures. Specifically designed amphiphilic
peptides that contain a carbon alkyl tail and several other functional peptide regions have been syn-
thesized and shown to form nanofibers through a self-assembly process by mixing cell suspensions
in media with dilute aqueous solutions of the peptide amphiphil (PA) [2,3]. The challenges with the
techniques mentioned above are that electrospinning is typically limited to forming sheets of fibers
and thus limiting the ability to create a designed three-dimensional (3D) pore scaffold, and self-
assembling materials usually form hydrogels, limiting the geometric complexity and mechanical
properties of the 3D structure. Another class of nanomaterials includes carbon nanotubes (CNTs),
which are a macromolecular form of carbon with high potential for biological applications due in
part to their unique mechanical, physical, and chemical properties [4,5]. CNTs are strong, flexible,
conduct electrical current [6], and can be functionalized with different molecules [7], properties that
may be useful in basic and applied biological research (for review see [8]). Single-walled carbon
nanotubes (SWNTs) have an average diameter of 1.5 nm, and their length varies from several hun-
dred nanometers to several micrometers. Multiwalled carbon nanotube (MWNT) diameters typi-
cally range between 10 and 30 nm. The diameters of SWNTs are close to the size of the triple helix
collagen fibers, which makes them ideal candidates for substrates for bone growth. As prepared
CNTs are insoluble in most solvents, chemical modifications are aimed at increasing their solubility
in water and organic solvents.

In this chapter, we aim to offer a basic understanding of this emerging field of SC nanoengineer-
ing based on the fusion of SCs, tissue engineering, and nanotechnology.

1.2 STEM CELLS AND TYPES

Although most cells of the body, such as heart cells or skin cells, are committed to conduct a
specific function, a SC is an uncommitted cell that has the ability to self-renew and differentiate
into a functional cell type [9—11]. Conventionally, SCs are classified as those derived either from
embryo or adult tissues (Figure 1.1). Embryonic SCs, embryonic carcinoma cells, and embryonic
germ cells are derived from the inner cell mass of blastocysts, teratocarcinoms, and primordial
germ cells, respectively. These cells are pluripotent, because they have the ability to entirely
colonize an organism and give rise to almost all cell types, except extracellular tissues (e.g.,
placenta). SCs found in adult organisms are referred to as adult SCs, and are present in most, if
not all, adult organs [12]. They are considered multipotent, because they can originate mature
cell types of one or more lineages but cannot reconstitute the organism as a whole. What deter-
mines SC potency is dependent to a large extent on the genetic makeup of the cell and whether
it contains the appropriate genetic circuitry to differentiate to a specific cell type. However, the
decision to differentiate or self-renew is often regulated by the SC microenvironment, also known
as the SC niche. For example, changes in cytokine gradients, cell—cell, and cell-matrix contacts
are important in switching “on” and “off” genes and gene pathways, thereby controlling the type
of cell generated.

1.2.1 EmBRYONIC STEM CELLS

Embryonic stem cells (ESCs) from mice were first derived in 1981 from the inner cell mass
(ICM) of developing mouse blastocysts [13,14]. Human ESCs were established by Thomson and
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FIGURE 1.1  Origin of different stem cells. Stem cells at different developmental stages appear to have dif-
ferent capacities for self-renewal and differentiation.

colleagues in 1998 [15]. ESCs can be stably propagated indefinitely and maintain a normal karyo-
type without undergoing cell senescence in vitro when cultured in the presence of leukemia
inhibitory factor (LIF) (in the case of the mouse) or over a layer of mitotically inactivated mouse
embryonic fibroblasts (MEFs), in the monkey and human systems (Figure 1.2). Upon injection
of mouse ESCs into blastocysts [16], their progeny is present in all tissues and organs, including
the germ line of a chimeric individual (not shown in human ESC due to ethics) and can contrib-
ute in the formation of functional gametes [17]. The transmission of genetically manipulated
ESCs in vitro can thus be passed into chimeric murine offspring and provide a useful approach
for studying varying genetic aspects related to ESCs. Homologous recombination has become a
useful transgenic approach for introducing selected mutations into the mouse germ line [16,18].
These mutant mice are useful animal models for studying gene function in vivo and for clarifying
the roles of specific genes in all aspects of mammalian development, metabolic pathways, and
immunologic functions.

Upon removal of ESCs from feeder layers and subsequent transfer to suspension cultures,
ESCs begin to differentiate into 3D, multicellular aggregates, forming both differentiated and
undifferentiated cells, termed embryoid bodies (EBs). Initiation of differentiation may also be
induced following the addition of cells into two-dimensional (2D) cultures (i.e., on a differ-
entiation inducing layer such as a matrix or feeder cells). EBs can spontaneously differentiate
into different cells and the type of voluntary cells increased by addition of inducing substances
or growth factors in their medium, including rhythmically contracting cardiomyocytes, pig-
mented and nonpigmented epithelial cells, neural cells with outgrowths of axons and dendrites,
and mesenchymal cells (Figure 1.2) [19]. Recent studies have also demonstrated ESC differ-
entiation into germ cells and more mature gametes, although significant unanswered questions
remain about the functionality of these cells [20]. The derivation of germ cells from ESCs in
vitro provides an invaluable assay both for the genetic dissection of germ cell development
and for epigenetic reprogramming, and may one day facilitate nuclear transfer technology and
infertility treatments.
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FIGURE 1.2 Morphology and derivatives of embryonic and adult stem cells. Phase-contrast microscopy of
(A) a human embryonic stem cell (hESC) (Royan HS) colony cultured on mouse embryonic fibroblast feeder
cells (see Baharvand, H., et al., Dev. Growth. Differ. 48, 117-128, 2006). (B) Human bone marrow mesenchy-
mal stem cells (hMSCs). Immunocytochemistry of differentiated ESCs with (C) antineuron-specific tubulin
I1I, (D) antialpha actinin, and (E) anticytokeratin 18. (See color insert following page 112.)

1.2.2 Aputt Stem CELLS

The ability of adult tissue such as skin, hemopoietic system, bone, and liver to repair or renew indi-
cates the presence of stem or progenitor cells. The use of autologous or allogeneic cells taken from
adult patients might provide a less difficult route to regenerative-cell therapies. In adult soma, SCs
generally have been thought of as tissue specific and able to be lineage restricted and therefore only
able to differentiate into cell types of the tissue of origin. However, several recent studies suggest
that these cells might be able to break the barriers of germ layer commitment and differentiate in
vitro and in vivo into cells of different tissues. For example, when bone marrow is extracted and the
cells are placed in a plastic dish, the populations of cells that float are blood-forming SCs (hemopoi-
etic SCs [HSCs]), and those that adhere are referred to as stromal cells [21], including mesenchymal
stem or progenitor cells (MSCs, Figure 1.2) [22]. These cells can replicate as undifferentiated forms
and have the potential to differentiate to lineages of mesodermal tissues, including bone, cartilage,
fat, and muscle [23,24]. Moreover, transplanted bone marrow cells contribute to endothelium [25]
and skeletal muscle myoblasts [26] and acquire properties of hepatic and biliary duct cells [27],
lung, gut, and skin epithelia [28] as well as neuroectodermal cells [29]. Recently, bone marrow was
shown as a potential source of germ cells that could sustain oocyte production in adulthood [30].
Furthermore, neural SCs (NSCs) may repopulate the hematopoietic system [31], and muscle cells
may differentiate into hematopoietic cells [32].

Jiang and coworkers recently demonstrated a rare multipotent adult progenitor cell (MAPC)
within MSC cultures from rodent bone marrow [33,34]. This cell type differentiates not only into
mesenchymal lineage cells but also into endothelium and endoderm. Mouse MAPCs injected in the
blastocyst contribute to most, if not all, somatic cell lineages including brain [33]. Furthermore, mouse
MAPCs can also be induced to differentiate in vitro using a coculture system with astrocytes into
cells with biochemical, anatomical, and electrophysiological characteristics of neuronal cells [35].

Umbilical cord blood (UCB) is a source of a population of pluripotent, mesenchymal-like SCs
[36] and HSCs for transplantation. There are several reports of MSCs or somatic SCs with plu-
ripotent differentiation potential from various sites in the umbilical cord [36-38]. For example,
Buzanska and colleagues [39] reported recently that human UCB-derived cells attain neuronal and
glial features in vitro. Thus, this tissue is a rich source of SCs that may be useful for a variety of
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therapeutic purposes. This has led to the establishment of cord blood banks and the increased use
of UCB for transplantation [40,41].

1.2.3  DIFreReNTIATION OF STEM CELLS IN VITRO

SCs are a useful tool for investigating methods relating to the extraction of specific cell types from
mixed cell populations or heterogeneous teratomas and to perhaps study the differentiation events
of precursor cells toward a particular cell lineage. Feasible methods that may help to achieve these
include the addition of specific combinations of growth factors or chemical morphogens; changes in
physical and geometrical properties of the microenvironment; coculture or transplantation of SCs
with inducer tissues or cells; implantation of SCs into specific organs or regions; and overexpression
of transcription factors associated with the development of specific tissues. However, to date, these
strategies have not yielded a 100% pure population of mature progeny. Therefore, efficient protocols
for purifying cell populations are required. Methods such as fluorescence-activated cell sorting
(FACS) or magnetic-activated cell sorting (MACS) allow such purification but are dependent on the
cell type of interest expressing a surface marker that can be recognized by a fluorescent or magnetic
microbead-tagged antibody, and to be fully effective, the marker needs to be cell-type specific. In
most cases, these cell markers are not commercially available. Thus, sorting methods are reliant on
genetic modification of the SCs, especially the ESCs, by tagging a lineage-specific promoter to a
fluorescent marker. Alternatively, cells could be transduced with a drug-resistance gene instead of a
marker to allow for preferential selection of subpopulations [19].

1.3 BEHAVIOR OF CELLS ON NANOBIOMATERIALS

Studies of the interactions between substrate topography and cells have encompassed a wide vari-
ety of cell types and substratum features, including grooves, ridges, steps, pores, wells, nodes, and
adsorbed protein fibers. Grooves are the most common feature type employed in the study of the
effects of surface structure on cells [42—45]. Typically, the grooves are arrayed in regular, repeat-
ing patterns, often with equal groove and ridge width. The cross sections of the groove are often of
the square wave, V-shape, or truncated V-shape [46]. In general, investigations of grooved surfaces
have revealed that the cells aligned to the long axis of the grooves [44,47] often with organization
of actin and other cytoskeletal elements in an orientation parallel to the grooves [48,49]. The orga-
nization of cytoskeletal elements was observed to occur in some cases with actin and microtubules
aligned along walls and edges [48,50]. Many studies have found that the depth of the grooves was
more important than their width in determining cell orientation [51], because the orientation often
increased with increasing depth but decreased with increasing groove width. Repeat spacing also
played arole, with orientation decreasing at higher repeat spacing [52]. There are some studies inves-
tigating the behavior of cells on other synthetic features. Green and coworkers found that nodes of 2
um and 5 um resulted in increased cell proliferation compared to 10 um nodes and smooth surfaces
[53]. Campbell and von Recum found that pore size played a larger role than material hydropho-
bicity in determining tissue response [54]. The behavior of cells on sandblasted surfaces has been
studied, although the observed trends seem less clear than those on controlled morphologies, such
as grooves. In general, adhesion, migration, and ECM production were greater on rougher surfaces
than on surfaces sandblasted with larger grain sizes [55,56]. Studies have also been performed in
which protein patterns were used to guide cues for several cell types, including neural cells [57,58].
Isolated tracks were found to provide stronger guidance than repeated tracks [57]. Goodman et al.
used polymer casting to replicate the topographical features of the ECM [59] and observed endo-
thelial cells cultured on the ECM textured replicas spread faster and had appearance more like cells
in their native arteries than did cells grown on untextured surfaces [59,60]. Advancements in elec-
tron beam lithography technology have allowed engineers to fabricate well-defined nanostructures
down to a possible lateral feature size of 12 nm [61]. The ability to fabricate these nanofeatures has
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enabled biologists to look at the effects of such features (which are of a similar size to those that
surround a cell, for example, the 66 nm repeat of collagen) on SCs.

When a cell interacts with a biomaterial, it senses the surface topography and will respond
accordingly. If a suitable site for adhesion is detected, focal adhesions and actin stress fibers are
formed; later, microtubules are recruited, which stabilize the contact [61]. Recently, it was reported
that regular nanotopography significantly reduces cell adhesion [62]. Gallagher et al. cultured fibro-
blasts onto nanopatterned €-PCL (polycaprolactone) surfaces and showed that cell spreading is
reduced compared with that on a planar substrate. Furthermore, cytoskeletal organization is dis-
rupted as indicated by a marked decrease in the number and size of focal contacts [63]. Focal adhe-
sion contacts are of great importance in signal transductive pathways [64]. The signal transductive
events originating from focal contacts can affect the long-term cell differentiation in response to
materials [61,65].

For scaffolds, it is generally agreed that a highly porous microstructure with interconnected
pores and a large surface area is conducive to tissue ingrowth. For bone regeneration, pore sizes
between 100 um and 350 um and porosities of more than 90% are preferred. For example, rat MSCs
that were cultured on highly porous electrospun (PCL) nanofiber scaffolds migrated more rapidly
and differentiated into osteoblasts in rotating bioreactors [66]. It is also believed that small fiber
diameter and the overall porous structure aid in the adhesion and migration of cells into the scaf-
fold [66].

Nanofibrous scaffolds formed by electrospinning are highly porous, have a high surface-
area-to-volume ratio, and have morphological properties that are similar to collagen fibrils [67].
These physical characteristics promote favorable biological responses of seeded cells within these
scaffolds, including enhanced cell attachment, proliferation, and maintenance of the chondrocytic
phenotype [68,69].

Nanoparticles can also affect ECM properties and cell behavior. For example, carboxylated
SWNT can be incorporated into type I collagen scaffolds. Living smooth muscle cells were also
incorporated at the time of collagen gelation to produce cell-seeded collagen—CNT composite
matrices. These cell-seeded collagen matrices can be further aligned through constrained gelation
and compaction, as well as through the application of external mechanical strain [70].

1.4 EXTRACELLULAR MATRIX ENHANCEMENT

Tissues are complex and are typically organized into a well-defined, 3D structure in our bodies.
This architecture contributes significantly to the biological functions in the tissues. Furthermore,
it provides oxygen and nutrient support and spatial environment for the cells to grow [71]. In this
respect, there are three key factors to be considered for the success of tissue regeneration: cells,
scaffold, and cell-matrix (scaffold) interaction. The scaffold plays a pivotal role in accommodating
the cells. An ideal scaffold for tissue engineering application should mimic the natural microenvi-
ronment of the natural tissue and present the appropriate biochemical and topographical cues in a
spatially controlled manner for cell proliferation and differentiation. When a cell comes into contact
with biomaterial, it will perceive the chemistry of a surface using integrin transmembrane proteins
to find suitable sites for adhesion, growth, and maturation. In vitro, cells will readily translocate on
the material surface to the sites of preferential attachment, and cells will produce distinct morpholo-
gies when motile and when adhered and entering the S-phase [72].

Tissue structure and function depend greatly on the arrangement of cellular and noncellular
components at the micro- and nanoscale levels—featuring a higher specific surface and thus a
higher interface area—in ECM [73]. In addition to providing a physical support for cells, the native
ECM also provides a substrate with specific ligands for cell adhesion and migration, and regulates
cellular proliferation and function by providing various growth factors. A well-known feature of
native ECM is the nanoscaled dimensions of its physical structure. In a typical connective tissue,
structural protein fibers such as collagen and elastin fibers, have diameters that range from several
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tens to several hundred nanometers. The nanoscaled protein fibers entangle with each other to form
a nonwoven mesh that provides tensile strength and elasticity, and laminin, which provides a spe-
cific binding site for cell adhesion, also exists as nanoscaled fibers in the ECM. The scaffold should
therefore mimic the structure and biological function of native ECM as much as possible, both in
terms of chemical composition and physical structure. It is reasonable to expect that an ECM-mim-
icking tissue-engineered scaffold will play a similar role to promote tissue regeneration in vitro as
native ECM does in vivo. Accordingly, the design of nanofeatured tissue scaffolds is novel and excit-
ing, opening a new area in tissue engineering. Work with ECM components has demonstrated that
the physical presentation of these molecules affects morphology, proliferation, and morphogenesis
of differentiated cells [74—76]. Culture on or within 3D as opposed to 2D arrays of matrix molecules
promotes cellular phenotypes that display more in vivo-like structure and function [74,77,78].

These observations were made in the absence of added ECM, suggesting that the geometry
of the ECM can influence cellular phenotype and function even in the absence of chemistry. The
understanding of how the microenvironment can influence the cell behavior will aid the develop-
ment of the next generation of scaffolds for tissue engineering and SC applications.

1.4.1 PrOLIFERATION OF STEM CELLS

To provide a more topologically accurate and reproducible representation of the geometry and
porosity of the ECM/basement membrane for SC culture [79], Ultra-Web™ (Corning, New York), a
commercially available 3D nanofibrillar and nanoporous matrix produced by depositing electrospun
nanofibers composed of polyamide onto the surface of glass or plastic coverslips, was used. Within
these scaffolds, mouse ESCs had enhanced proliferation with self-renewal in comparison with tis-
sue culture surfaces independent of soluble factors such as LIF. Significantly, cells did not adhere to
2D films composed of polyamide, demonstrating the importance of the nanofibrillar geometry for
SC proliferation. It is important to note that these proliferation measurements were performed in
the presence of less than 5% of the original feeder MEFs, which remained during passage. Because
MEFs normally provide cues that promote SC proliferation, these results suggest that the 3D nanofi-
brillar surfaces can compensate, at least in part, for the absence of MEFs, but standard tissue culture
surfaces cannot perform the same synergistic or replacement function.

This was the first report in which ESCs were cultured on a defined synthetic 3D nanofibril-
lar surface that resembles the geometry of the basement membrane and in which a relationship is
demonstrated between the 3D nanotopology, proliferation with self-renewal, upregulation of Nanog,
a homeoprotein shown to be required for maintenance of pluripotency [80], the activation of the
small GTPase Rac, and the activation of the phosphoinositide 3-kinase (PI3K)/AKT, components
of the PI3K signaling pathway. SCs cultured on the 3D nanofibrillar surface maintained their abil-
ity to differentiate in the presence of differentiating factors such as retinoic acid. Because nanofi-
bers influence cellular parameters such as cell shape, actin cytoskeleton, and fibronectin deposition
[77,78], it is possible that they influence SCs both directly and indirectly by altering the phenotype
of the feeder cells. Moreover, Ultra-Web was used to culture NIH-3T3 fibroblasts and normal rat
kidney cells and observed dramatic changes in cellular morphology [77,78]. These observations
more closely resembled their in vivo counterparts [77,78]. SCs cultured on the 3D nanofibrillar sur-
face maintained their ability to differentiate in the presence of differentiating factors such as reti-
noic acid. Because nanofibers influence cellular parameters such as cell shape, actin cytoskeleton,
and fibronectin deposition [77,78], it is possible that they influence SCs both directly and indirectly
by altering the phenotype of the feeder cells. Moreover, Ultra-Web was used to culture NIH-3T3
fibroblasts and normal rat kidney cells, and dramatic changes were observed in cellular morphology
that more closely resembled their in vivo counterparts [77,78].

Recent experiments using MSCs demonstrated an important role for mechanical cues in regu-
lating SC fate [81]. Li et al. [68] were the first to examine the ability of an electrospun nanofi-
brous scaffold to support MSC proliferation. Jin et al. also reported that the nanofibrous scaffold
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supported MSC adhesion and proliferation [82]. Recently, Kommireddy et al. [83] reported that
the proliferation, spreading, and attachment of mouse MSCs increased after deposition of layer-
by-layer (LbL) assembled titanium dioxide (TiO,) nanoparticle thin films and a higher number of
cells attached on increasing numbers of layers of TiO, nanoparticle thin films. The spreading of
cells was found to be faster on surfaces with an increasing number of layers of TiO, nanoparticles.
Therefore, one topic for future work is directed toward promoting osteogenesis and chondrogenesis
of MSC on TiO, nanoparticle thin-film surfaces for possible applications for soft and hard tissue
repair and reconstruction using the LbL nanoassembly technique. In a related study, TiO, thin films
were shown to be the optimal surface for the faster attachment and spreading of cells compared with
other kinds of nanoparticle thin films [84]. Investigations demonstrating that mechanical signals are
transduced to the cell cytoskeleton through the activation of Rho, a small GTPase, and Rho kinase
[81] has provided important evidence that SC fate may not only depend on soluble factors but may
require attachment to 3D ECM/bone marrow surfaces whose physical, mechanical, and chemical
properties can directly or indirectly regulate the pathways controlling SC fate [85-88]. Recently,
Engler et al. reported that microenvironments appear important in SC lineage specification but
can be difficult to adequately characterize or control in soft tissues [89]. Naive MSCs are shown
here to specify lineage and commit to phenotypes with extreme sensitivity to tissue-level elasticity.
Soft matrices that mimic brain are neurogenic, stiffer matrices that mimic muscle are myogenic,
and comparatively rigid matrices that mimic collagenous bone prove osteogenic. During the initial
week in culture, reprogramming of these lineages is possible with the addition of soluble induction
factors, but after several weeks in culture, the cells commit to the lineage specified by matrix elas-
ticity, consistent with the elasticity-insensitive commitment of differentiated cell types. Inhibition of
nonmuscle myosin II blocks all elasticity-directed lineage specification without strongly perturbing
many other aspects of cell function and shape. The results have significant implications for under-
standing physical effects of the in vivo microenvironment and also for the therapeutic uses of SCs.

A growing body of evidence also suggests the importance of surface chemistry as well as topo-
graphical features on the rate of HSC proliferation and CD34+ cell expansion [90-94]. For example,
Laluppa et al. [90] have shown that the type of substrate used in culture, ranging from polymers
(polystyrene, polysulfone, polytetrafluoroethylene, cellulose acetate) to metals (titanium, stainless-
steel) and glasses, can significantly affect the outcome of ex vivo expansion of HSCs [90]. Li et al.
have shown that culture in 3D nonwoven polyester matrices enhanced cell—cell and cell-matrix inter-
actions and expansion of stromal and hematopoietic cells [91]. Recently, it was reported that cova-
lent surface immobilization of ECM proteins such as fibronectin [92] and adhesion peptides (CS-1
and arginine-glycine-aspartic acid [RGD]) [94] mediate HSC adhesion to the substrate and increase
HSC expansion. RGD is the best-known peptide sequence for prompting cell adhesion on synthetic
material surfaces. The RGD sequence is a cell recognition motif found in many ECM proteins, such
as collagen, laminin, fibrinogen, and vitronectin, that bind to integrin receptors [67]. These results
suggest that biochemical as well as topographical cues could be actively involved in dictating the
proliferation and differentiation of cultured HSCs. Recently, Chua et al. examined human umbilical
cord HSC expansion on surface-functionalized polyethersulfone (PES) nanofiber meshes and PES
films [95]. Among the carboxylated, hydroxylated, and aminated PES substrates and tissue culture
polystyrene surface (TCPS), aminated PES substrates mediated the highest expansion efficiency
of CD34+ CD45* cells (3.5 times) and colony-forming unit (CFU) potential. Aminated nanofiber
mesh could further enhance the HSC-substrate adhesion and expansion of multilineage colonies
(CFU-granulocyte erythroid mieloid [GEMM]) forming progenitor cells. This study demonstrates
the importance of culture substrate in influencing the proliferation and differentiation of HSCs. One
possible mechanism for the observed effects is that the aminated substrate, being positively charged,
could selectively enrich certain protein components from the medium, which then contribute to the
expansion outcome [96,97]. These studies have shown that the functional presentation of adsorbed
fibronectin was different on hydroxylated, methylated, aminated, and carboxylated surfaces, which
consequently led to variations in cell adhesion and differentiation [96]. It is possible that aminated
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PES surface mediated HSC proliferation by a similar mechanism by binding critical cytokines and
growth factors from the medium, and presenting them in a more effective immobilized form, thereby
mimicking a salient feature of the bone marrow HSC niche [98,99]. Another possible mechanism
by which aminated surface enhanced HSC expansion and CD34+ phenotype maintenance is by
direct interaction with the HSCs through CD34 receptors. CD34 is a highly sialylated and negatively
charged glycophosphoprotein, and its expression decreases as HSCs become differentiated [100,101].
Chua et al. therefore postulate that a positively charged ‘‘ligand’’—in this case, the surface-bound
amine groups—could bind and engage the negatively charged CD34 antigen, and the engagement of
CD34 antigens on HSCs might activate downstream signaling pathways that subsequently influence
fate choices upon proliferation [95,102]. It was also shown that stimulation of undifferentiated hema-
topoietic (myeloblastic leukemia cell line) KGla cells with anti-CD34 antibody induces homotypic
cytoadhesion [102]. Binding of aggregating antibody to CD34 antigens induced tyrosine phosphory-
lation, cell polarization and adhesion, and perhaps cell motility. Interestingly, being colocalized with
F-actin, the cross-linked CD34 “‘cap’ is quite stable and persists on the cell surface for at least 2
days after stimulation, whereas many other cell-surface molecules are rapidly internalized for deg-
radation or recycling, upon stimulation. It is possible that the aminated PES surface serves the same
role by engaging cell surface CD34 antigen. Moreover, it is generally accepted that the native bone
marrow microenvironment provides a complex 3D meshwork of ECM that serves as a SC niche to
regulate hematopoietic stem/progenitor cell functions such as self-renewal, proliferation, fate choice,
and homing [98,99]. It has also been demonstrated that integrin—-ECM interactions within a specific
tissue niche play a critical role in the self-renewal of NSCs [103].

Nanotechnology can be used to design intelligent bioreactors to direct the SC behavior with high
efficiency for regenerative medicine. The ability of bioreactors to support the development of multi-
cellular, multilayer, 3D tissue-like constructs has been attributed to the low-shear environment, ran-
domization of the gravity vector, and colocalization of cells, cell aggregate, and microcarrier beads
within the bioreactor [104]. Future bioreactors therefore will incorporate appropriate fluid phys-
ics, nanobiomaterials, nanogeometry of environment, and automated control systems into its tissue
engineering program with the goal of generating novel bioreactor designs with enhanced transport
and appropriate fluid shear properties to support the growth of complex tissue constructs.

1.4.2 DIFFERENTIATION INTO OSTEOBLASTS

Bioengineered scaffold materials for the growth of bone have been the focus of intense research.
Ideally, a suitable scaffold material for bone formation should provide the adequate microenvi-
ronment for proliferation and differentiation of bone cells as well as formation of a mineralized
matrix, therefore acting as a template. In the bioengineered bone, bone formation and remodel-
ing is a dynamic process that involves production and resorption within the scaffold material. It
has been demonstrated that osteoblast adhesion, proliferation, alkaline phosphatase (ALP) activity,
and ECM secretion on carbon nanofibers increased with decreasing fiber diameter in the range of
60 to 200 nm, whereas the adhesion of other kinds of cells such as chondrocytes, fibroblasts, and
smooth muscle cells was not influenced [105,106]. It has been suggested that the nanostructured
surfaces affect the conformation of adsorbed adhesion proteins such as vitronectin and thus affect
the subsequent cell behavior [107]. In addition, the nanoscaled dimensions of cell membrane recep-
tors such as integrins should be considered. Yoshimoto et al. [66] reported osteogenic differentia-
tion of MSCs in the nanofibrous scaffold, and Li et al. [67] described the support of chondrogenic
differentiation of MSCs in the nanofibrous scaffold. Similarly, it was shown that the level of MSC
chondrogenesis in the nanofibrous scaffolds was equivalent to, or higher than, that seen in high-den-
sity pellet cultures of MSCs [87]. Nanofibrous scaffolds characteristically have a high surface-to-
volume ratio, thus providing a favorable 3D, porous space to accommodate MSCs at a high density,
similar to that in high-density cell pellet cultures, and promote cellular condensation required for
chondrogenesis. Microscopic images of the nanofibrous scaffolds cultures revealed the formation
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of a thick, cartilage-like tissue upon transforming growth factor-f1 (TGF-B1) treatment, also seen
in similarly treated cell pellet cultures. Interestingly, this engineered cartilage produced within the
nanofibrous scaffolds displays zonal morphologies (that is, a superficial zone at the surface of the
culture consisting of flat cells, a middle layer of round cells, and the bottom zone containing small
flat cells surrounded by abundant ECM). This zonal architecture is thus reminiscent of the superfi-
cial, middle, and deep zones of native articular cartilage [67].

Recently, Hosseinkhani et al. investigated the proliferation and differentiation of MSC in a 3D
network of nanofibers formed by self-assembly of peptide-amphiphile (PA) molecules [108]. PA
molecules—that is, peptide-based molecules with a hydrophobic tail and hydrophilic head group—
were designed to self-assemble into a network of nanofiber scaffolds only when present in physi-
ological ionic conditions [2,109,110]. The surface of the nanofibers, made up of the hydrophilic head
groups of aligned PA molecules, consisted of physiologically active peptide sequences designed to
engage in cell signaling by acting as ligands for cell surface receptors. The PA molecules existed in
a solution of water until they encountered physiological concentrations of cations such as calcium,
which triggered their self-assembly into nanofibers that “held” the water molecules in place, macro-
scopically forming a gel-like substrate. PA was synthesized by standard solid-phase chemistry that
ends with the alkylation of the NH2 terminus of the peptide. The sequence of RGD was included
in peptide design as well. A 3D network of nanofibers was formed by mixing cell suspensions in
media with dilute aqueous solution of PA. When rat MSCs were seeded into the PA nanofibers
with or without RGD, a larger number of cells attached to the PA nanofibers that contained RGD.
In addition, the osteogenic differentiation of MSC as measured by ALP activity and osteocalcin
content was higher for the PA nanofibers that contained RGD. In another study, a combination of
MSC-seeded hybrid scaffold and the perfusion method was used to enhance in vitro osteogenic
differentiation of MSCs and in vivo ectopic bone formation. The hybrid scaffold consists of two
biomaterials: a hydrogel formed through self-assembly of PA with cell suspensions in media, and a
collagen sponge reinforced with poly-(glycolic acid) (PGA) fiber incorporation.

In an interesting experiment, Woo et al. compared osteoblastic properties for osteoblasts seeded
on nanofibrous 3D scaffolds with those on solid-walled 3D scaffolds, both of which were made
from the same material (poly-L-lactic acid [PLLA]) and had the same macropore structures (inter-
connected spherical pores) [111]. The most notable differences between the nanofibrous and the
solid-walled scaffolds were in the extent of mineralization and in changes of BSP gene expression,
a marker for the osteoblast phenotype. Collagen fibers are known to mediate mineralization [112],
and bone sialoprotein (BSP) is considered to promote mineralization in vitro and in vivo [113,114].
Similar to collagen fibers, nanofibers of the PLLA scaffolds were associated with mineralization.
Consistent with this finding was a much higher level of BSP expression in cells cultured on nanofi-
brous scaffolds versus solid-walled scaffolds. These findings suggest that synthetic nanofibers act,
at least to certain degree, in a manner similar to natural collagen fibers, and that nanofibrous scaf-
folds hold promise for bone tissue engineering. Moreover, CNTs may be used not only to stimulate
bone regeneration but also to serve a permanent mechanical role. Zhao et al. reported the miner-
alization of chemically functionalized SWNTs, a class of nanomaterials with hydroxyapatite (HA)
as a scaffold for bone growth [115]. With the purpose of finding the type of CNT that best supports
bone formation, Zanello et al. [116] cultured rat osteosarcoma ROS 17/2.8 cells on SWNTs and
MWNTs, with and without the introduction of chemical modifications. They found CNTs carrying
neutral electric charge sustained the highest cell growth and production of plate-shaped crystals.
There was a dramatic change in cell morphology in osteoblasts cultured on MWNTSs, which cor-
related with changes in plasma membrane functions. Application of CNTs to bone therapy may lead
to the development of new bone graft materials and techniques.

Supronowicz et al. demonstrated that novel nanocomposites consisting of blends of polylac-
tic acid and carbon nanotubes can effectively be used to expose cells to electrical stimulation
[117]. When osteoblasts cultured on the surfaces of these nanocomposites were exposed to electric
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stimulation, there was a 46% increase in cell proliferation after 2 days, a 307% increase in the
concentration of extracellular calcium after 21 days, and an upregulation of mRNA expression
for collagen type 1. These results provide evidence that electrical stimulation delivered through
novel, current-conducting polymer/nanophase composites promotes osteoblast functions that are
responsible for the chemical composition of the organic and inorganic phases of bone. Moreover,
collagen—CNT composite materials sustained high smooth muscle cell viability [70].

1.4.3 DIFFERENTIATION INTO NEURONS

When human MSCs were cultured on nanopatterns, the MSCs, as well as their nuclei, aligned along
the direction of the patterns. Gene profiling with reverse transcriptase-polymerase chain reaction
(RT-PCR), microarray analysis, and real-time polymerase chain reaction (PCR) showed significant
upregulation of neuronal markers compared to nonpatterned controls [118]. The combination of
nanotopography and biochemical cues such as retinoic acid created a synergistic condition for the
neuronal differentiation, but nanotopography showed a stronger effect compared to retinoic acid
alone on nonpatterned surfaces when human ESCs were cultured on the nanogratings [118]. With
the aid of nanotechnology, Yang et al. explored the possibilities of the fabrication of a 3D PLLA
nanostructured porous scaffold by a liquid-liquid phase separation method [119]. The in vitro cell
culture studies showed that the 3D porous scaffold seeded with NSCs plays a significant role in
nerve tissue engineering as evidenced by the support of NSC differentiation and neurite outgrowth.
These findings provide the feasibility of using nanostructured scaffold in nerve tissue engineering
for better cell adhesion and differentiation in vitro. The suitability of fabricating aligned PLLA
nano-/microfibrous scaffolds for the NSC culture was studied in terms of their fiber alignment
and dimension [120]. It was found that the NSCs elongated, and their neurites grew along the fiber
direction for the aligned scaffolds, whereas the fiber diameter did not show any significant effect
on the cell orientation. On the contrary, the NSC differentiation rate was higher for nanofibers than
for microfibers but was independent with respect to the fiber alignment. As expected, the aligned
nanofibers highly supported the NSC culture and improved the neurite outgrowth. Based on these
experimental results, this study suggested that the aligned PLLA nanofibrous scaffold may be of
great value as a cell carrier in neural tissue engineering.

On the other hand, neural progenitor cells or neural retinal cells are able to be encapsulated in
PA gels by mixing cell culture suspensions with PA solutions, trapping the cells in the interior of
the gels [121]. Because the functional peptide sequence formed the outer surface of the nanofibers,
it allowed the functional signaling of encapsulated cells in 3D. Encapsulated neural progenitor cells
differentiated faster and more robustly into mature neuronal phenotypes compared with controls. By
days 1 and 7 in vitro, 30% and 50%, respectively, of the neural progenitor cells expressed the mature
neuron marker B-tubulin III [122]. Moreover, it was also reported that few astrocytes were found in
these cultures (less than 1% and 5% at 1 and 7 days in vitro, respectively) [122] despite the multipo-
tent nature of the progenitor cells. This suggests novel approaches for limiting the effects of reactive
gliosis and glial scarring after traumatic or degenerative events by transplanting donor cells in vivo
with the peptide amphiphile substrates. Similar results were observed with encapsulated retinal cells.
The ultimate vision is for the peptide amphiphile solutions to be (minimally invasively) injected ste-
reotaxically in combination with donor cells, have the nanofiber network form in situ and in vivo, and
then provide functional cellular signaling to both donor and host cells while at the same time limit-
ing the effects of reactive gliosis. This nanofiber system is currently being explored for spinal cord
injury, stroke, and degenerative retinal disorders, including age-related macular degeneration [121].
Moreover, chemically functionalized CNTs have been used successfully as potential devices improve
neural signal transfer while supporting dendrite elongation and cell adhesion [123—-126]. The results
strongly suggest that the growth of neuronal circuits on a CNT grid is accompanied by a significant
increase in network activity. The increase in the efficacy of neural signal transmission may be related
to the specific properties of CNT materials, such as the high electrical conductivity.
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One of the limitations of cell culture including SC culture is the presence of chemical spe-
cies such as superoxide (O2-), hydroxyl (OH), peroxynitrite (ONOO-), and peroxide (H,0,) that
produce a host of oxidative-mediated deleterious changes in cells, including DNA fragmentation,
peroxidation of cell membrane lipids, decreased mitochondrial energy production, and trans-
porter protein inactivation [127,128]. A potential approach to remedy this problem is the use of
carbon-60 fullerene-based neuroprotective compounds [127,129—-131]. Fullerenes are molecules
composed of large 3D arrays of evenly spaced carbon atoms, similar to the pattern produced
by the rhombuses on a soccer ball. Fullerenols are hydroxyl (i.e., OH) functionalized fullerene
derivatives and have been shown to possess antioxidant and free-radical scavenger properties that
are able to reduce induced excitotoxic and apoptotic cell death [127,129—-131]. The mechanism of
fullerenol-mediated neuroprotection is due at least in part to inhibition of glutamate channels,
because neither GABA (A) nor taurine receptors were affected. In addition, fullerenols appear to
lower glutamate-induced increases of intracellular calcium concentrations, a critical mechanism
of excitotoxicity in neurons [127,129-131].

1.5 STEM CELL LABELING AND TRACKING

During the last few years, SC biology has experienced a rapid advancement, leading to rising hopes
that SCs, migrating toward the lesion target area, will contribute to functional improvement. There
is therefore a need to develop noninvasive methods for visualizing transplanted SCs [132,133] for
a better understanding of their migrational dynamics and differentiation processes and of their
regeneration potential [134]. Single-cell sensitivity is especially important in a new field such as that
of SCs, because the pattern of migration of SCs, even after local injection, is unknown, and there
is a distinct possibility that single SCs scattered diffusely throughout the body might be effective
therapeutics for certain disease states. Because no single contrast agent/detector pair will satisfy
all needs of SC clinical trials, dual- and multimodality contrast agents, which combine the best
features of each technology, have been developed.

An ideal imaging technology for SC tracking during clinical trials has the following character-
istics: biocompatible, safe, and nontoxic; no genetic modification or perturbation to the SC; single-
cell detection at any anatomic location; quantification of cell number; minimal or no dilution with
cell division; minimal or no transfer of contrast agent to nonstem cells; noninvasive imaging in the
living subject over months to years; and no requirement for injectable contrast agent. At present, no
imaging technology fulfills the criteria presented above [135]. Examination of the literature thus far
shows nanoparticles are feasible as imaging contrast agents for optical and magnetic resonance.

1.5.1 MAGNETIC RESONANCE IMAGING (MRI) CONTRAST AGENTS

Given its extraordinary 3D capabilities and high safety profile, MRI is the imaging modality used by
most research studies to track SCs in vivo [133,135]. Magnetic resonance (MR) molecular imaging
contrast agents take many forms, but nanoparticulate systems have emerged as the most successful
genre to date. In general, nanoparticulates provide enormous surface area, which can be function-
alized to serve as a scaffold for targeting ligands and magnetic labels. In regard to the biophysical
and metabolic properties of iron oxide, there is growing interest in using MRI to track cells after
they are labeled with iron oxide contrast agents because these loaded cells have long-term viability
and growth rate, and apoptotic indexes are unaffected, with the iron payload disappearing after five
to eight cell divisions [136]. A wide variety of iron oxide-based nanoparticles have been developed
that differ in hydrodynamic particle size and surface coating material (dextran, starch, albumin,
silicones) [137]. In general terms, these particles are categorized based on nominal diameter into
superparamagnetic iron oxides (SPIOs) (50 to 500 nm) and ultrasmall, superparamagnetic iron
oxides (USPIOs) (<50 nm), which dictates their physicochemical and pharmacokinetic properties.
Iron oxide particles have been used for imaging the gastrointestinal tract, liver, spleen, and lymph
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nodes; however, USPIOs are also useful as blood-pool agents for angiography and perfusion imag-
ing in myocardial and neurological disease. Ultrasmall dextran-coated iron oxide particles were
developed for uptake into cells to allow MRI tracking. However, dextran-free anionic magnetic
nanoparticles are stable in colloidal suspension and are adsorbed through nonspecific electrostatic
interactions with the membranes of most cell types, followed by spontaneous cell internalization
[138]. This label gives magnetic properties to the entire cell body, properties that potentially allow
for the detection of cells. Fluorophore-labeled monocrystalline iron oxide nanocrystals (MIONs)
can be used to detect SCs using optical imaging and image single cells in pathological specimens ex
vivo. Similarly, because of the magnification effect, MIONs can be used to track small numbers of
SCs, on the order of thousands, at high field strengths, for up to several weeks [132]. Frank and col-
league labeled MSCs and other mammalian cells with SPIO (nanoparticles) MRI contrast agents.
They showed magnetic labeling of mammalian cells with use of ferumoxides is possible and may
enable cellular MR imaging and tracking in experimental and clinical settings [139,140]. Hoehn
et al. implanted 30,000 ESCs labeled with green fluorescent protein (GFP) and with the dextran-
coated iron oxide nanoparticles of Sinerem™ (Guerbet, France) stereotactically both into the cortex
(next to the corpus callosum) and into the striatum of the normal contralateral hemisphere in the rat
with brain stroke. After 3 weeks, they observed cell migration in vivo and monitored cell dynamics
within individual animals, and for a prolonged time. Cells migrated along the corpus callosum to
the ventricular walls, and massively populated the border zone of the damaged brain tissue on the
hemisphere opposite to the implantation sites. Their results indicated that ESCs have higher migra-
tional dynamics, targeted to the cerebral lesion area, and this imaging approach is ideally suited
for the noninvasive observation of cell migration, engraftment, and morphological differentiation at
high spatial and temporal resolution [134].

In another study, implanted rat bone marrow MSCs and mouse ESCs labeled with iron-oxide
nanoparticles and human HSCs (CD34%) labeled with magnetic MicroBeads in rats with a cortical
or spinal cord lesion were studied [141,142]. Cells were grafted intracerebrally, contralaterally to a
cortical photochemical lesion, or injected intravenously. During the first week posttransplantation,
transplanted cells migrated to the lesion. About 3% of MSCs and ESCs differentiated into neu-
rons, while no MSCs, but 75% of ESCs differentiated into astrocytes. Labeled MSCs, ESCs, and
CD34+ cells were visible in the lesion on MR images as a hypointensive signal, persisting for more
than 50 days. In rats with a balloon-induced spinal cord compression lesion, intravenously injected
MSCs migrated to the lesion, leading to a hypointensive MRI signal. Their studies demonstrate
that grafted adult as well as ESCs labeled with iron-oxide nanoparticles migrate into a lesion site in
brain as well as in spinal cord [141,142].

NSCs from an adult rat’s spinal cord were loaded with superparamagnetic gold-coated mono-
crystalline iron oxide nanoparticles (Au-ION) as contrast agent for MRI. A dose-dependent attenua-
tion of MRI signals was observed for Au-MION down to 0.001 pug Fe/ul and for nanoparticle-loaded
clusters of only 20 cells. The labeled cells were infused into the spinal cord of anesthetized rats
and tracked by MRI at 1 hour, 48 hours, and 1 month postinjection. Histological analysis revealed
that MRI signals correlated well with gold-positive staining of transplanted cells. They showed that
Au-MION exerts powerful contrast-enhancing properties and may represent novel MRI labels for
labeling and tracking the transplanted cells in vivo [143,144].

Huang et al. reported a cellular labeling approach with a novel vector composed of mesopo-
rous silica nanoparticles (MSNs) conjugated with fluorescein isothiocyanate (FITC) in human bone
marrow MSCs and 3T3-L1 cells. FITC-MSNs were efficiently internalized into MSCs and 3T3-
L1 cells even in short-term incubation. The internalization of FITC-MSNs did not affect the cell
viability, proliferation, immunophenotype, and differentiation potential of the MSCs, or the 3T3-L1
cells. Finally, FITC-MSNs could escape from endolysosomal vesicles and retained the architectonic
integrity after internalization. They concluded that the advantages of biocompatibility, durability,
and higher efficiency in internalization make MSNs a better vector for SC tracking than others that
are currently used [145].
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SCs can also be labeled with antibody-bound magnetic nanoparticles and tracked [146]. To
examine the potential of ESCs to differentiate into dopamine neurons and integrate within the
host brain, Bjorklund et al. transplanted ESCs in a Parkinson rat model. For tracking they used the
increased relaxivity of the iron-based nanoparticles [147] technique with monocrystalline iron oxide
nanocolloid. Using a long-half-life iron oxide, relative cerebral blood volume (CBV) can be esti-
mated easily, because at steady state, changes in local tissue relativity are directly proportional to
changes in local tissue blood volume [148]. The use of such agents increases the signal-to-noise ratio
such that at low and intermediate magnetic field strength, CBV provides temporal and spatial resolu-
tion sufficient to detect slowly evolving activation induced by pharmacological challenges [149].

Rather than nonspecific surface coating, Lewin et al. [150] labeled NSCs and HSCs (CD34%)
with short HIV-Tat peptides to derivatize superparamagnetic nanoparticles. The particles are effi-
ciently internalized into hematopoietic and neural progenitor cells in quantities of up to 10 to 30 pg
of superparamagnetic iron per cell. Iron incorporation did not affect cell viability, differentiation,
or proliferation of CD34+ cells. Following intravenous injection into immunodeficient mice, 4% of
magnetically CD34+ cells homed to the bone marrow per gram of tissue, and single cells could be
detected by MR imaging in tissue samples. Localization and retrieval of cell populations in vivo
enabled detailed analysis of specific SC and organ interactions critical for advancing the therapeutic
use of SCs [150]. The attachment of TAT and related translocation sequences to dextran cross-
linked iron oxide (CLIO) nanoparticles has been improved and shown to increase uptake by over
100-fold. In addition, magnetism-based interaction capture (MAGIC) identifies molecular targets
on the basis of induced movement of superparamagnetic nanoparticles inside living cells. Efficient
intracellular uptake of superparamagnetic nanoparticles (coated with a small molecule of interest)
was mediated by a transducible fusogenic peptide. These nanoprobes captured the small molecule’s
labeled target protein and were translocated in a direction specified by the magnetic field. MAGIC
is also used to monitor signal-dependent modification and multiple interactions of proteins as well
as for imaging signaling pathways in SCs [151].

1.5.2 OpticAL LABELING

Biological probes are indispensable tools for studying biological samples, cells in culture, and
animal models. Exogenous probes are frequently multifunctional, having one component that can
detect a biological molecule or event, and another component that reports the presence of the probe.
Fluorescent dyes are used routinely for determining the presence and location of biological mol-
ecules in cultured cells and tissue sections. Concise evaluation, accurate quantification, and precise
localization with ultimate sensitivity in the analysis of biomolecules can be achieved when single
molecule microscopy is used [152]. Classically, studies of biomolecules at the single molecule level
often involve large teams of specialized biophysicists, sophisticated and finely tuned equipment,
and long periods of time to record and analyze relatively few events. Moreover, these studies also
suffer from the limitations of certain organic dyes, such as photobleaching, instability, and low
quantum efficiency [153,154].

Recently, semiconductor particles or quantum dots (QDs) have been developed as a new class
of biological fluorophore with easily tunable properties and significant spectral advantages over
conventional fluorophores. The QD imaging technique has a higher resolution compared to many
other imaging techniques such as fluorescence. QDs for biological environments have opened the
doors to an expanding variety of biological applications, such as serving as specific markers for
cellular structures and molecules, tracing cell lineage, monitoring physiological events in live cells,
measuring cell motility, and tracking cells in vivo [155].

QDs are nanocrystals of inorganic semiconductors, typically with a diameter of 2 nm to 8 nm
(on the order of 200 to 10,000 atoms). Bulk-phase semiconductors are characterized by valence
electrons that can be excited to a higher-energy conduction band. The energy difference between
the valence band and the conduction band is the bandgap energy of the semiconductor. An excited
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electron may then relax to its ground state through the emission of a photon with energy equal to
that of the bandgap. When a semiconductor is of nanoscale dimensions, the bandgap is dependent
on the size of the nanocrystal. As the size of a semiconductor nanocrystal decreases, the bandgap
increases, resulting in shorter wavelengths of light emission [152]. Dots of slightly different sizes
fluoresce at different wavelengths. For example, larger dots shine red, and smaller dots shine blue,
with a rainbow of colors in between. Researchers can create up to 40,000 different labels by mixing
QDs of different colors and intensities as an artist would mix paint. In addition to coming in a vast
array of colors, the dots also are brighter and more versatile than more traditional fluorescent dyes.
For example, they can be used to visualize individual molecules. Indeed, the unique properties of
QDs not only provide biologists the opportunity to explore advanced imaging techniques, such as
single molecule or lifetime imaging, but also to revisit traditional fluorescence imaging methodolo-
gies and extract yet unobserved or inaccessible information in vitro or in vivo. Investigators have
performed a variety of experiments in which QDs have been used to localize molecules in cells and
tissues, both in live and fixed specimens [156].

In 1998, QDs were first used for cell labeling. Bruchez et al. demonstrated dual-color labeling
of fixed mouse fibroblasts by staining the nucleus with green QDs and labeling the F-actin filaments
in the cytoplasm with red QDs [157]. In 2003, QDs were used for the first time to visualize cellular
structures at high resolution [152]. Kaul and colleagues [158] reported immunofluorescence labeling
of the heat shock 70 protein, mortalin, using QDs to show different staining patterns in normal and
transformed cells. Yeh et al. [159] also described the application of QD probes for the fluorescent
detection of DNA sequences. The process can further our knowledge concerning the impact of DNA
mutation, damage and repair information, and mechanisms in the development of cancer or other
genetic diseases. It might be possible to use this method as a standard technique for protein, RNA, and
DNA quantification, because new QD developments will draw on such unique biophysical properties
to strengthen the quantitative data obtained and reduce the amount of processing analysis required to
compensate for photobleaching [160]. This procedure has been used in fluorescence in situ hybridiza-
tion (FISH) and can help follow transplanted cells. QDs are ideal probes for probing structure and
locating signal transduction-related molecules. Rosenthal et al. used serotonin-linked QDs to target
the neurotransmitter receptor on the cell surface. The QD probes not only recognized and labeled
serotonin-specific neurotransmitters on cell membranes, but also inhibited the serotonin transporta-
tion in a dose-dependent manner [161]. Although one to two orders of magnitude less potent at inhib-
iting the receptor than free serotonin, the behavior of the QD conjugates was similar to that of free
serotonin, making QDs a valuable probe for exploring the serotonin transportation mechanism [155].

Antibody-conjugated QDs have been used for labeling and tracking single receptors. In addition,
ligand-conjugated QDs retain their activity and bind to receptors. nerve growth factor (NGF)-QD
ligand conjugates as well as antibody against tyrosin kinase A (anti-TrkA)-QD antibody conjugates
can be used to visualize NGF-TrkA spatiotemporal dynamics in the neuronal PC12 cell line [162].
Other signaling pathways, such as epidermal growth factor receptor B/homologous receptor (erbB/
HER) receptor-mediated signal transduction, have also been examined using QDs [163]. This pro-
cedure can similarly be used for studying the signaling pathways in SCs.

Although the imaging of fixed cells is useful and sufficient for many applications, live cell
microscopy is ideal for visualizing cellular processes but is considerably more difficult [152]. Two-
photon imaging of QDs can be used to more efficiently image thick specimens. In 2003, Larson et
al. injected QDs intravenously into mice and demonstrated that these QDs were detectable through
intact skin at the base of the dermis (~100 micron) using an excitation wavelength of 900 nm [164].
To optimize the conditions of in vivo experiments [165], QDs with different polymer coatings were
tested in vivo using various imaging techniques, including light and electron microscopy, on tis-
sue sections, and in noninvasive whole-body fluorescence imaging [166]. Amazingly, these QDs
maintained their fluorescence even after 4 months in vivo. Although the QDs showed no deleterious
effects upon the animals in these studies, a more detailed evaluation of potential QD toxicity in the
body is warranted prior to their long-term usage in humans.
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As mentioned before, QDs are extremely bright and photostable, and they can be used as cell
markers for long-term studies such as cell—cell interactions, cell differentiation, and cell lineage
tracking. Most experiments conducted to date have shown that QDs do not interfere with normal
cell physiology and cell differentiation [167]. In regard to properties, QDs seem to be suitable for
studying SCs. For example, NSCs divide to generate all of the required cell types of the mature
brain, but the mechanisms controlling this process are only partially understood. One reason for
this lack of knowledge is the inability to label and track NSCs in their intact environment for long
periods of time. Haydar and colleagues used highly fluorescent QD nanocrystals as novel labeling
tools to better understand NSC behavior in vivo. They demonstrated that NSCs loaded with QDs in
vivo retained the capacity to differentiate into neurons [168].

1.6 EVALUATION OF TOXICITY OF NANOMATERIALS WITH STEM CELLS

Despite the wide application of nanomaterials, there is a serious lack of information concerning
the impact of manufactured nanomaterials on human health and the environment. Typically, after
systemic administration, the nanoparticles are small enough to penetrate even very small capillaries
throughout the body; therefore, they offer the most effective approach to distribution in certain tis-
sues. Because nanoparticles can pass through biological membranes, they can affect the physiology
of any cell in an animal body [169]. SWNTs in suspension in the culture medium were incorporated
into the cell cytoplasm by macrophages and leukemia cells without affecting the cell population
growth [170,171]. It has been shown that CNT substrates decreased keratinocyte [172], glial [173],
and HEK 293 cell survival significantly [174], raising important concerns about the biocompatibility
of the nanomaterial. In addition, SWNTs have been shown to block potassium channel activities
in heterologous mammalian cell systems when applied externally to the cell surface [175], which
suggests a degree of cytotoxicity. This consideration is of importance for SCs, where the effects
of nanoparticles on their potential for self-renewal and differentiation are unknown. Data avail-
able from toxicity studies of nanoparticles, in particular in ASCs, are limited. Recently, Braydich-
Stolle et al., by using mouse spermatogonial SC line as a model to assess nanotoxicity in the male
germline in vitro, demonstrated a concentration-dependent toxicity for all types of particles tested,
whereas the corresponding soluble salts had no significant effect [176]. Silver nanoparticles were the
most toxic, and molybdenum trioxide (MoO;) nanoparticles were less toxic. However, the increase
of interfacial bonding and the introduction of surfactants are likely to have an impact on degrada-
tion kinetics and cytotoxicity of the composite. These effects are largely unknown and remain to
be investigated.

1.7 CONCLUSIONS AND FUTURE OUTLOOK

Tissue engineering at the nanoscale level is leading to the development of viable substitutes that can
restore, maintain, or improve the function of human tissue. Regenerating tissue can be achieved by
using biomaterials to convey signals to surrounding tissues to recruit cells that promote inherent
regeneration or by using SCs and a biomaterial scaffold to act as a framework for developing tissue.
Nanobiomaterials may serve as an important component to imparting novel properties to the bioma-
trix for directing SC proliferation, differentiation, functionalization, and transplantation. SC nano-
engineering is beginning to help advance the equally pioneering field of stem-cell research, with
devices that can precisely control SCs and provide bioscaffolds and labeling and tracking systems
to create significant advances in in vivo monitoring of engineered tissues. While new uses of nano-
materials for biomedical applications are being developed, concerns about cytotoxicity may be miti-
gated by chemical functionalization. However, there will be some limitations to this nanomaterial,
because it is not biodegradable. As such, in order for nanotechnology applications to develop to their
fullest potential, it will be important for SC scientists and physicians to participate and contribute to
the scientific process alongside physical and chemical science and engineering colleagues.



Nanotechnology in Stem Cell Biology and Technology 17

ACKNOWLEDGMENTS

We gratefully thank Dr. Ali Khademhosseini, Massachusetts Institute of Technology, and Professor
Klaus Ingo Matthaei, Australian National University, for his critical reading and helpful comments
on the manuscript. This work was supported by grants from the Royan Institute, Iran. We also
acknowledge the assistance of Adeleh Taei, Mohammad Pakzad, Saeid Mahmood Hashemi, and
Zahra Maghari.

REFERENCES

1.

2.

11.

12.
13.

14.

15.

17.

18.

19.

20.

21.

22.

23.
24.

Smith, L.A., and Ma, P.X. (2004) Nano-fibrous scaffolds for tissue engineering. Colloids and Surfaces
39, 125-131.

Hartgerink, J.D., et al. (2001) Self-assembly and mineralization of peptide-amphiphile nanofibers. Sci-
ence 294, 1684-1688.

. Silva, G.A., et al. (2001) Selective differentiation of neural progenitor cells by high epitope density

nanofibers. Science 303, 1352—-1355.

. Ajayan, PM. (1999) Nanotubes from carbon. Chem Rev 99, 1787-1800.
. Yu, MLF, et al. (2000) Tensile loading of ropes of single wall carbon nanotubes and their mechanical

properties. Phys Rev Lett 84, 5552-5555.

. Wong, EW,, et al. (1997) Nanobeam mechanics: Elasticity, strength, and toughness of nanorods and

nanotubes. Science 277, 1971-1975.

. Wong, S.S., et al. (1998) Covalently functionalized nanotubes as nanometre-sized probes in chemistry

and biology. Nature 394, 52-55.

. Harrison, B.S., and Atala, A. (2007) Carbon nanotube applications for tissue engineering. Biomaterials

28, 344-353.

. McKay, R. (1997) Stem cells in the central nervous system. Science 276, 66-71.
. Gordon, M.Y., and Blackett, N.M. (1998) Reconstruction of the hematopoietic system after stem cell

transplantation. Cell Transplantation 7, 339-344.

Scheffler, B., et al. (1999) Marrow-mindedness: A perspective on neuropoiesis. Trends in Neurosciences
22, 348-357.

Preston, S.L., et al. (2003) The new stem cell biology: Something for everyone. Mol Pathol 56, 86—96.
Evans, M.J., and Kaufman, M.H. (1981) Establishment in culture of pluripotential cells from mouse
embryos. Nature 292, 154-156.

Martin, G.R. (1981) Isolation of a pluripotent cell line from early mouse embryos cultured in medium
conditioned by teratocarcinoma stem cells. Proc Natl Acad Sci USA 78, 7634-7638.

Thomson, J.A., et al. (1998) Embryonic stem cell lines derived from human blastocysts. Science 282,
1145-1147.

. Bradley, A., et al. (1984) Formation of germ-line chimaeras from embryo-derived teratocarcinoma cell

lines. Nature 309, 255-256.

Labosky, P.A., et al. (1994) Mouse embryonic germ (EG) cell lines: Transmission through the germline
and differences in the methylation imprint of insulin-like growth factor 2 receptor (Igf2r) gene com-
pared with embryonic stem (ES) cell lines. Development 120, 3197-3204.

Koller, B.H., and Smithies, O. (1992) Altering genes in animals by gene targeting. Annu Rev Immunol
10, 705-730.

Odorico, J.S., et al. (2001) Multilineage differentiation from human embryonic stem cell lines. Stem
Cells 19, 193-204.

West, J.A., and Daley, G.Q. (2004) In vitro gametogenesis from embryonic stem cells. Curr Opinion in
Cell Biol 16, 688—692.

Javazon, E.H., et al. (2001) Rat marrow stromal cells are more sensitive to plating density and expand
more rapidly from single-cell-derived colonies than human marrow stromal cells. Stem Cells 19,
219-225.

Dennis, J.E., et al. (1999) A quadripotential mesenchymal progenitor cell isolated from the marrow of
an adult mouse. J Bone Miner Res 14, 700-709.

Orlic, D, et al. (2001) Bone marrow cells regenerate infarcted myocardium. Nature 410, 701-705.
Sekiya, L., et al. (2002) Expansion of human adult stem cells from bone marrow stroma: Conditions that
maximize the yields of early progenitors and evaluate their quality. Stem Cells 20, 530-541.



18

25

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

30.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51,

52.

53.

Bionanotechnology

. Orlic, D., et al. (2003) Bone marrow stem cells regenerate infarcted myocardium. Pediatric Transplan-
tation 7 Suppl 3, 86—88.

Gussoni, E., et al. (1999) Dystrophin expression in the mdx mouse restored by stem cell transplantation.
Nature 401, 390-394.

Lagasse, E., et al. (2000) Purified hematopoietic stem cells can differentiate into hepatocytes in vivo.
Nature Med 6, 1229-1234.

Krause, D.S., et al. (2001) Multi-organ, multi-lineage engraftment by a single bone marrow-derived
stem cell. Cell 105, 369-377.

Mezey, E., et al. (2003) Transplanted bone marrow generates new neurons in human brains. Proc Natl
Acad Sci USA 100, 1364-1369.

Johnson, J., et al. (2005) Oocyte generation in adult mammalian ovaries by putative germ cells in bone
marrow and peripheral blood. Cell 122, 303-315.

Shih, C.C,, et al. (2002) Hematopoietic potential of neural stem cells. Nature Med 8, 535-536; author
reply 536-537.

Jackson, K.A., et al. (1999) Hematopoietic potential of stem cells isolated from murine skeletal muscle.
Proc Natl Acad Sci USA 96, 14482-14486.

Jiang, Y., et al. (2002) Pluripotency of mesenchymal stem cells derived from adult marrow. Nature 418,
41-49.

Jiang, Y., et al. (2002) Multipotent progenitor cells can be isolated from postnatal murine bone marrow,
muscle, and brain. Exp Hematol 30, 896-904.

Jiang, Y., et al. (2003) Neuroectodermal differentiation from mouse multipotent adult progenitor cells.
Proc Natl Acad Sci USA 100 Suppl 1, 11854-11860.

Kogler, G., et al. (2004) A new human somatic stem cell from placental cord blood with intrinsic plu-
ripotent differentiation potential. J Exp Med 200, 123—135.

Wang, H.S., et al. (2004) Mesenchymal stem cells in the Wharton’s jelly of the human umbilical cord.
Stem Cells 22, 1330-1337.

Sarugaser, R., et al. (2005) Human umbilical cord perivascular (HUCPV) cells: A source of mesenchy-
mal progenitors. Stem Cells 23, 220-229.

Buzanska, L., et al. (2002) Human cord blood-derived cells attain neuronal and glial features in vitro. J
Cell Sci 115, 2131-2138.

Cohen, Y., and Nagler, A. (2004) Cord blood biology and transplantation. Isr Med Assoc J 6, 39-46.
Warwick, R., and Armitage, S. (2004) Cord blood banking. Best Pract and Res 18, 995-1011.

Meyle, J., et al. (1993) Surface micromorphology and cellular interactions. J Biomater Appl 7,
362-374.

Rajnicek, A., and McCaig, C. (1997) Guidance of CNS growth cones by substratum grooves and ridges:
effects of inhibitors of the cytoskeleton, calcium channels and signal transduction pathways. J Cell Sci
110 (Pt 23), 2915-2924.

Chou, L., et al. (1998) Effects of titanium substratum and grooved surface topography on metallopro-
teinase-2 expression in human fibroblasts. J Biomed Mater Res 39, 437-445.

van Kooten, T.G., et al. (1998) Influence of silicone (PDMS) surface texture on human skin fibroblast
proliferation as determined by cell cycle analysis. J Biomed Mater Res 43, 1-14.

Wojciak-Stothard, B., et al. (1996) Guidance and activation of murine macrophages by nanometric scale
topography. Exp Cell Res 223, 426—435.

Meyle, J., et al. (1995) Variation in contact guidance by human cells on a microstructured surface. J
Biomed Mater Res 29, 81-88.

Wojciak-Stothard, B., et al. (1995) Role of the cytoskeleton in the reaction of fibroblasts to multiple
grooved substrata. Cell Motility and the Cytoskeleton 31, 147-158.

den Braber, E.T., et al. (1998) Orientation of ECM protein deposition, fibroblast cytoskeleton, and
attachment complex components on silicone microgrooved surfaces. J Biomed Mater Res 40, 291-300.
Oakley, C., and Brunette, D.M. (1995) Response of single, pairs, and clusters of epithelial cells to sub-
stratum topography. Biochemistry and Cell Biology. Biochimie et Biologie Cellulaire 73, 473—489.
Webb, A., et al. (1995) Guidance of oligodendrocytes and their progenitors by substratum topography.
J Cell Sci 108 ( Pt 8), 2747-2760.

Brunette, D.M. (1986) Spreading and orientation of epithelial cells on grooved substrata. Exp Cell Res
167, 203-217.

Green, A.M., et al. (1994) Fibroblast response to microtextured silicone surfaces: Texture orientation
into or out of the surface. J Biomed Mater Res 28, 647—-653.



Nanotechnology in Stem Cell Biology and Technology 19

54

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

. Campbell, C.E., and von Recum, A.F. (1989) Microtopography and soft tissue response. J Invest Surg 2,
51-74.

Martin, J.Y., et al. (1995) Effect of titanium surface roughness on proliferation, differentiation, and
protein synthesis of human osteoblast-like cells (MG63). J Biomed Mater Res 29, 389—401.

Lampin, M., et al. (1997) Correlation between substratum roughness and wettability, cell adhesion, and
cell migration. J Biomed Mater Res 36, 99—-108.

Clark, P, et al. (1993) Growth cone guidance and neuron morphology on micropatterned laminin sur-
faces. J Cell Sci 105 ( Pt 1), 203-212.

Britland, S., and McCaig, C. (1996) Embryonic Xenopus neurites integrate and respond to simultaneous
electrical and adhesive guidance cues. Exp Cell Res 226, 31-38.

Goodman, S.L., et al. (1996) Three-dimensional extracellular matrix textured biomaterials. Biomateri-
als 17, 2087-2095.

Flemming, R.G., et al. (1999) Effects of synthetic micro- and nano-structured surfaces on cell behavior.
Biomaterials 20, 573-588.

Dalby, M.J., et al. (2002) Polymer-demixed nanotopography: Control of fibroblast spreading and prolif-
eration. Tissue Eng 8, 1099-1108.

Curtis, A.S. (2001) Cell reactions with biomaterials: The microscopies. Eur Cells and Mater [electronic
resource] 1, 59-65.

Gallagher, J.O., et al. (2002) Interaction of animal cells with ordered nanotopography. /[EEE Trans on
Nanobiosci 1,24-28.

Burridge, K., and Chrzanowska-Wodnicka, M. (1996) Focal adhesions, contractility, and signaling.
Annu Rev Cell Dev Biol 12, 463-518.

Cary, L.A., et al. (1999) Integrin-mediated signal transduction pathways. Histology and Histopathology
14, 1001-10009.

Yoshimoto, H., et al. (2003) A biodegradable nanofiber scaffold by electrospinning and its potential for
bone tissue engineering. Biomaterials 24, 2077-2082.

Li, W.J., et al. (2005) A three-dimensional nanofibrous scaffold for cartilage tissue engineering using
human mesenchymal stem cells. Biomaterials 26, 599—-6009.

Li, W.J,, et al. (2002) Electrospun nanofibrous structure: A novel scaffold for tissue engineering. J
Biomed Mater Res 60, 613—-621.

Li, W.J., et al. (2003) Biological response of chondrocytes cultured in three-dimensional nanofibrous
poly(epsilon-caprolactone) scaffolds. J Biomed Mater Res 67A, 1105-1114.

MacDonald, R.A., et al. (2005) Collagen-carbon nanotube composite materials as scaffolds in tissue
engineering. J Biomed Mater Res A 74, 489—496.

Bissell, M.J., and Barcellos-Hoff, M.H. (1987) The influence of extracellular matrix on gene expression:
Is structure the message? J Cell Sci Suppl 8, 327-343.

Dalby, M.J., et al. (2004) Changes in fibroblast morphology in response to nano-columns produced by
colloidal lithography. Biomaterials 25, 5415-5422.

Langer, R., and Vacanti, J.P. (1993) Tissue engineering. Science 260, 920-926.

Cukierman, E., et al. (2001) Taking cell-matrix adhesions to the third dimension. Science 294,
1708-1712.

Schmeichel, K.L., and Bissell, M.J. (2003) Modeling tissue-specific signaling and organ function in
three dimensions. J Cell Sci 116, 2377-2388.

Wang, Y.K., et al. (2003) Rigidity of collagen fibrils controls collagen gel-induced down-regulation of
focal adhesion complex proteins mediated by 021 integrin. J Biol Chem 278, 21886-21892.

Nur, E.K.A, et al. (2005) Three dimensional nanofibrillar surfaces induce activation of Rac. Biochem
Biophys Res Commun 331, 428—-434.

Schindler, M., et al. (2005) A synthetic nanofibrillar matrix promotes in vivo-like organization and
morphogenesis for cells in culture. Biomaterials 26, 5624-5631.

Nur, E.K.A., et al. (2006) Three-dimensional nanofibrillar surfaces promote self-renewal in mouse
embryonic stem cells. Stem Cells 24, 426—433.

Chambers, I., et al. (2003) Functional expression cloning of Nanog, a pluripotency sustaining factor in
embryonic stem cells. Cell 113, 643—655.

McBeath, R., et al. (2004) Cell shape, cytoskeletal tension, and RhoA regulate stem cell lineage com-
mitment. Dev Cell 6, 483—495.

Jin, H.J,, et al. (2004) Human bone marrow stromal cell responses on electrospun silk fibroin mats.
Biomaterials 25, 1039-1047.



20

83

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Bionanotechnology

. Kommireddy, D.S., et al. (2006) Stem cell attachment to layer-by-layer assembled TiO2 nanoparticle
thin films. Biomaterials 27, 4296-4303.

Kommireddy, D.S., et al. (2005) Nanoparticle thin films: Surface modification for cell attachment and
growth. J Biomed Nanotechnol 3, 286—290.

Levenberg, S., et al. (2003) Differentiation of human embryonic stem cells on three-dimensional poly-
mer scaffolds. Proc Natl Acad Sci USA 100, 12741-12746.

Chaudhry, G.R., et al. (2004) Osteogenic cells derived from embryonic stem cells produced bone nod-
ules in three-dimensional scaffolds. J Biomed Biotechnol 2004, 203-210.

Li, W.J, et al. (2005) Multilineage differentiation of human mesenchymal stem cells in a three-dimen-
sional nanofibrous scaffold. Biomaterials 26, 5158-5166.

Liu, H., and Roy, K. (2005) Biomimetic three-dimensional cultures significantly increase hematopoietic
differentiation efficacy of embryonic stem cells. Tissue Eng 11, 319-330.

Engler, A.J., et al. (2006) Matrix elasticity directs stem cell lineage specification. Cell 126, 677-689.
Laluppa, J.A., et al. (1997) Culture materials affect ex vivo expansion of hematopoietic progenitor cells.
J Biomed Mater Res 36, 347-359.

Li, Y., et al. (2001) Human cord cell hematopoiesis in three-dimensional nonwoven fibrous matrices: In
vitro simulation of the marrow microenvironment. J Hematother Stem Cell Res 10, 355-368.

Feng, Q., et al. (2006) Expansion of engrafting human hematopoietic stem/progenitor cells in three-
dimensional scaffolds with surface-immobilized fibronectin. J Biomed Mater Res A 78, 781-791.
Ehring, B., et al. (2003) Expansion of HPCs from cord blood in a novel 3D matrix. Cytotherapy 5,
490-499.

Jiang, X.S., et al. (2006) Surface-immobilization of adhesion peptides on substrate for ex vivo expansion
of cryopreserved umbilical cord blood CD34+ cells. Biomaterials 27, 2723-2732.

Chua, K.N., et al. (2006) Surface-aminated electrospun nanofibers enhance adhesion and expansion of
human umbilical cord blood hematopoietic stem/progenitor cells. Biomaterials 27, 6043—6051.
Keselowsky, B.G., et al. (2004) Surface chemistry modulates focal adhesion composition and signaling
through changes in integrin binding. Biomaterials 25, 5947-5954.

Wilson, C.J., et al. (2005) Mediation of biomaterial-cell interactions by adsorbed proteins: A review.
Tissue Eng 11, 1-18.

Calvi, L.M,, et al. (2003) Osteoblastic cells regulate the haematopoietic stem cell niche. Nature 425,
841-846.

Zhang, J., et al. (2003) Identification of the haematopoietic stem cell niche and control of the niche size.
Nature 425, 836-841.

Krause, D.S., et al. (1996) CD34: structure, biology, and clinical utility. Blood 87, 1-13.

Lanza, F., et al. (2001) Structural and functional features of the CD34 antigen: An update. J Biol Regul
Homeost Agents 15, 1-13.

Tada, J., et al. (1999) A common signaling pathway via Syk and Lyn tyrosine kinases generated from
capping of the sialomucins CD34 and CD43 in immature hematopoietic cells. Blood 93, 3723-3735.
Yamagishi, H., et al. (1995) Development photochemical technique for modifying poly(arylsulfone)
ultrafiltration membranes. J Membr Sci 105, 237-247.

Behravesh, E., et al. (2005) Comparison of genotoxic damage in monolayer cell cultures and three-
dimensional tissue-like cell assemblies. Adv Space Res 35, 260-267.

Elias, K.L., et al. (2002) Enhanced functions of osteoblasts on nanometer diameter carbon fibers. Bio-
materials 23, 3279-3287.

Pricea, R.L., et al. (2003) Selective bone cell adhesion on formulations containing carbon nanofibers.
Biomaterials 24, 1877-1887.

Webster, T.J., et al. (2001) Mechanisms of enhanced osteoblast adhesion on nanophase alumina involve
vitronectin. Tissue Eng 7, 291-301.

Hosseinkhani, H., et al. (2006) Osteogenic differentiation of mesenchymal stem cells in self-assembled
peptide-amphiphile nanofibers. Biomaterials 27, 4079—-4086.

Hartgerink, J.D., et al. (2002) Peptide-amphiphile nanofibers: A versatile scaffold for the preparation of
self-assembling materials. Proc Natl Acad Sci USA 99, 5133-5138.

Niece, K.L., et al. (2003) Self-assembly combining two bioactive peptide-amphiphile molecules into
nanofibers by electrostatic attraction. J Am Chem Soc 125, 7146-7147.

Woo, K.M,, et al. (2007) Nano-fibrous scaffolding promotes osteoblast differentiation and biomineral-
ization. Biomaterials 28, 335-343.



Nanotechnology in Stem Cell Biology and Technology 21

112.

113.

114.

115.

116.
117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Bonucci, E. (1992) Role of collagen fibrils in calcification. In Calcification in Biologic Systems (Bonucci,
E., Ed.), 19-39, Boca Raton: CRC Press.

Byers, B.A., et al. (2002) Cell-type-dependent up-regulation of in vitro mineralization after overexpres-
sion of the osteoblast-specific transcription factor Runx2/Cbfal. J Bone Miner Res 17, 1931-1944.
Midura, R.J., etal. (2004) Bone acidic glycoprotein-75 delineates the extracellular sites of future bone sia-
loprotein accumulation and apatite nucleation in osteoblastic cultures. J Biol Chem 279, 25464-25473.
Zhao, B., et al. (2005) Synthesis and characterization of water soluble single-walled carbon nanotube
graft copolymers. J Am Chem Soc 127, 8197-8203.

Zanello, L.P., et al. (2006) Bone cell proliferation on carbon nanotubes. Nano Lett 6, 562-567.
Supronowicz, P.R., et al. (2002) Novel current-conducting composite substrates for exposing osteoblasts
to alternating current stimulation. J Biomed Mater Res 59, 499-506.

Yim, E.K. (2006) Nanotopography-induced cell behavior and human stem cell differentiation. Bioengi-
neering Seminar Series, Sept. 29.

Yang, F., et al. (2004) Fabrication of nano-structured porous PLLA scaffold intended for nerve tissue
engineering. Biomaterials 25, 1891-1900.

Yang, S.H., et al. (2005) N-Myristoyltransferase 1 is essential in early mouse development. J Biol Chem
280, 18990-18995.

Silva, G.A. (2005) Nanotechnology approaches for the regeneration and neuroprotection of the central
nervous system. Surg Neurol 63, 301-306.

Silva, G.A., et al. (2004) Selective differentiation of neural progenitor cells by high-epitope density
nanofibers. Science 303, 1352-1355.

Mattson, M.P,, et al. (2000) Molecular functionalization of carbon nanotubes and use as substrates for
neuronal growth. J Mol Neurosci 14, 175-182.

Hu, H., et al. (2004) Chemically functionalized carbon nanotube as substrates for neuronal growth.
Nano Lett 4, 507.

Hu, H., et al. (2005) Polyethyleneimine functionalized single-walled carbon nanotubes as a substrate for
neuronal growth. J Phys Chem 109, 4285-4289.

Lovat, V., et al. (2005) Carbon nanotube substrates boost neuronal electrical signaling. Nano Lett 5,
1107-1110.

Dugan, L.L., et al. (2001) Fullerene-based antioxidants and neurodegenerative disorders. Parkinsonism
Relat Disord 7, 243-246.

Wilson, J.X., and Gelb, A.W. (2002) Free radicals, antioxidants, and neurologic injury: Possible relation-
ship to cerebral protection by anesthetics. J Neurosurg Anesthesiol 14, 66-79.

Dugan, L.L., et al. (1996) Buckminsterfullerenol free radical scavengers reduce excitotoxic and apop-
totic death of cultured cortical neurons. Neurobiol Dis 3, 129-135.

Dugan, L.L., et al. (1997) Carboxyfullerenes as neuroprotective agents. Proc Natl Acad Sci USA 94,
9434-94309.

Jin, H., et al. (2000) Polyhydroxylated C(60), fullerenols, as glutamate receptor antagonists and neuro-
protective agents. J Neurosci Res 62, 600—607.

Riviere, C., et al. (2005) Iron oxide nanoparticle-labeled rat smooth muscle cells: cardiac MR imaging
for cell graft monitoring and quantitation. Radiology 235, 959-967.

Shapiro, E.M., et al. (2006) In vivo detection of single cells by MRI. Magn Reson Med 55, 242-249.
Hoehn, M., et al. (2002) Monitoring of implanted stem cell migration in vivo: A highly resolved in vivo
magnetic resonance imaging investigation of experimental stroke in rat. Proc Natl Acad Sci USA 99,
16267-16272.

Frangioni, J.V., and Hajjar, R.J. (2004) In vivo tracking of stem cells for clinical trials in cardiovascular
disease. Circulation 110, 3378-3383.

Arbab, A.S., et al. (2006) Cellular magnetic resonance imaging: Current status and future prospects.
Expert Rev Med Devices 3, 427-439.

Bulte, J., and Kraitchman, D. (2004) Iron oxide MR contrast agents for molecular and cellular imaging.
NMR Biomed 17, 484—499.

Wilhelm, C., et al. (2003) Rotational magnetic endosome microrheology: Viscoelastic architecture
inside living cells. Phys Rev E Stat Nonlin Soft Matter Phys 67, 061908 (12 pages).

Frank, J.A., et al. (2003) Clinically applicable labeling of mammalian and stem cells by combining
superparamagnetic iron oxides and transfection agents. Radiology 228, 480—-487.

Frank, J.A., et al. (2004) Methods for magnetically labeling stem and other cells for detection by in vivo
magnetic resonance imaging. Cytotherapy 6, 621-625.



22

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.
156.

157.

158.

159.

160.

161.

162.

163.

164.

165.
166.

167.

168.

169.

Bionanotechnology

Sykova, E., et al. (2006) Bone marrow stem cells and polymer hydrogels—Two strategies for spinal cord
injury repair. Cell Mol Neurobiol 26, 1111-1127.

Stroh, A., et al. (2005) In vivo detection limits of magnetically labeled embryonic stem cells in the rat
brain using high-field (17.6 T) magnetic resonance imaging. Neurolmage 24, 635—645.

Zhu, J., et al. (2005) [Application of FTIR spectra fitting method in retrieving gas concentrations].
Guang pu xue yu guang pu fen xi, Guang pu 25, 1573-1576.

Wang, F.H., et al. (2006) Magnetic resonance tracking of nanoparticle labelled neural stem cells in a
rat’s spinal cord. Nanotechnology 17, 1911-1915.

Huang, D.M., et al. (2005) Highly efficient cellular labeling of mesoporous nanoparticles in human
mesenchymal stem cells: Implication for stem cell tracking. Faseb J 19, 2014-2016.

Payne, A.G. (2004) Using immunomagnetic technology and other means to facilitate stem cell homing.
Medical Hypotheses 62, 718-720.

Bjorklund, L.M., et al. (2002) Embryonic stem cells develop into functional dopaminergic neurons after
transplantation in a Parkinson rat model. Proc Natl Acad Sci USA 99, 2344-2349.

Hamberg, L.M., et al. (1996) Continuous assessment of relative cerebral blood volume in transient isch-
emia using steady state susceptibility-contrast MRI. Magn Reson Med 35, 168—173.

Mandeville, J.B., et al. (2001) Regional sensitivity and coupling of BOLD and CBV changes during
stimulation of rat brain. Magn Reson Med 45, 443—447.

Lewin, M., et al. (2000) Tat peptide-derivatized magnetic nanoparticles allow in vivo tracking and
recovery of progenitor cells. Nat Biotechnol 18, 410—414.

Won, J., et al. (2005) A magnetic nanoprobe technology for detecting molecular interactions in live
cells. Science 309, 121-125.

Smith, A.M., and Nie, S. (2005) Semiconductor quantum dots for molecular and cellular imaging. In
Tissue Engineering and Artificial Organs, 22-21-22-10.

Guo, P. (2005) RNA nanotechnology: Engineering, assembly and applications in detection, gene deliv-
ery and therapy. J Nanosci and Nanotechnol 5, 1964-1982.

Vo-Dinh, T., et al. (2006) Nanoprobes and nanobiosensors for monitoring and imaging individual living
cells. Nanomed: Nanotechnol, Biol, and Med 2, 22-30.

Alivisatos, A.P., et al. (2005) Quantum dots as cellular probes. Annu Rev Biomed Eng 7, 55-76.
Reisner, Y., et al. (2005) Hematopoietic stem cell transplantation across major genetic barriers: Toler-
ance induction by megadose CD34 cells and other veto cells. Ann NY Acad Sci 1044, 70-83.

Bruchez, M., Jr., et al. (1998) Semiconductor nanocrystals as fluorescent biological labels. Science 281,
2013-2016.

Kaul, Z., et al. (2003) Mortalin imaging in normal and cancer cells with quantum dot immuno-conju-
gates. Cell Res 13, 503-507.

Yeh, H.C., et al. (2005) Quantum dot-mediated biosensing assays for specific nucleic acid detection.
Nanomedicine 1, 115-121.

Chan, W.C., and Nie, S. (1998) Quantum dot bioconjugates for ultrasensitive nonisotopic detection. Sci-
ence 281, 2016-2018.

Rosenthal, S.J., et al. (2002) Targeting cell surface receptors with ligand-conjugated nanocrystals. J Am
Chem Soc 124, 4586—-4594.

Sundara Rajan, S., and Vu, T.Q. (2006) Quantum dots monitor TrkA receptor dynamics in the interior
of neural PC12 cells. Nano Lett 6, 2049-2059.

Lidke, D.S., et al. (2004) Quantum dot ligands provide new insights into erbB/HER receptor-mediated
signal transduction. Nat Biotechnol 22, 198-203.

Larson, D.R., et al. (2003) Water-soluble quantum dots for multiphoton fluorescence imaging in vivo.
Science 300, 1434-1436.

Ballou, B. (2005) Quantum dot surfaces for use in vivo and in vitro. Curr Top Dev Biol 70, 103—120.
Hoshino, A., et al. (2004) Applications of T-lymphoma labeled with fluorescent quantum dots to cell
tracing markers in mouse body. Biochem Biophys Res Commun 314, 46-53.

Mattheakis, L.C., et al. (2004) Optical coding of mammalian cells using semiconductor quantum dots.
Anal. Biochem. 7, 200-208.

Haydar, T.F. (2005) Advanced microscopic imaging methods to investigate cortical development and
the etiology of mental retardation. Mental Retard and Dev Disabil Res Rev 11, 303-316.

Brooking, J., et al. (2001) Transport of nanoparticles across the rat nasal mucosa. J Drug Target 9,
267-279.



Nanotechnology in Stem Cell Biology and Technology 23

170.

171.

172.

173.

174.

175.

176.

177.

Cherukuri, P., et al. (2004) Near-infrared fluorescence microscopy of single-walled carbon nanotubes in
phagocytic cells. J Am Chem Soc 126, 15638-15639.

Shi Kam, N.W,, et al. (2004) Nanotube molecular transporters: Internalization of carbon nanotube-pro-
tein conjugates into mammalian cells. J Am Chem Soc 126, 6850—6851.

Shvedova, A.A., et al. (2003) Exposure to carbon nanotube material: Assessment of nanotube cytotoxic-
ity using human keratinocyte cells. J Toxicol and Environ Health 66, 1909-1926.

McKenzie, J.L., et al. (2004) Decreased functions of astrocytes on carbon nanofiber materials. Bioma-
terials 25, 1309-1317.

Cui, D., et al. (2005) Effect of single wall carbon nanotubes on human HEK?293 cells. Toxicol Lett 155,
73-85.

Park, K.H., et al. (2003) Single-walled carbon nanotubes are a new class of ion channel blockers. J Biol
Chem 278, 50212-50216.

Braydich-Stolle, L., et al. (2005) In vitro cytotoxicity of nanoparticles in mammalian germline stem
cells. Toxicol Sci 88, 412—419.

Baharvand, H., et al. (2006) Generation of new human embryonic stem cell lines with diploid and trip-
loid karyotypes. Dev. Growth. Differ. 48, 117-128.






2 Lipid Membranes in
Biomimetic Systems

Tania Beatriz Creczynski-Pasa and André Avelino Pasa
Departamento de Ciéncias Farmacéuticas, Universidade
Federal de Santa Catarina, Florian6polis, Brazil

CONTENTS

2.1 INEOUCHION ....ceiiiiiiitctctec ettt ettt ettt 25
2.2 Lipid MEMDBIANES ......eviiuiiiieiieiieieeitesie ettt sttt sttt ettt ettt ettt et e b et enaeenees 26
2.3 Membrane LIPIdS ......coeeoiiiieriiiieieeeseeese ettt et et 27
2.4 LIPOSOIMES ...neenieniienietienteettet ettt ettt ettt et e s bt et esb e et e s bt es b e e bt e st e ebeen b e ebeenteebeenbeeseenbeeneenbeeneen 28
2.5  Supported Membrane LaYers .........ccceeirieriiiiniiieriieiesieee ettt 28
2.6 Atomic Force Microscopy: A Brief INntroduction ..........c..cccceveevinieninieneniienieenceeencee, 29
2.7 In Situ Atomic Force Microscopy for Lipid Membranes............ccocoeeeveenenieneniencnienennne. 30
2.8 CONCIUSION ...ttt sttt ettt ettt e 31
REFETEIICES ...ttt ettt 32

2.1 INTRODUCTION

Lipid membranes of living cells are the most important barriers to control the majority of cellular
processes. They play a fundamental role in cell to cell communication involving the exchange of
ions and biomolecules, including calcium [1], neurotransmitters [2], proteins [3], reactive species
[4], and drugs [S], among others.

The biological membranes are very complex in composition, implying very complex investi-
gations to determine their functions and properties. The biochemists choose to create models for
cellular membranes, allowing for the reduction of the number of variables and better control of the
experimental parameters.

Biomimetic systems are artificial structures conceptually designed to perform actions typical
of natural biological systems, or in other words, to mimetize functions and structures of biological
entities of living beings. Biomimetic systems are an achievement of the application of methods and
systems found in nature to the study of fundamental phenomena and design of engineered structures
for modern technology. In fundamental investigations, researchers need to decrease the complexity
of the natural systems, as the mimetizing of cell membranes by liposomes. From the applied point
of view, the development of devices named “biosensors” is based on the combination of inorganic
materials with biological structures.

In this chapter, we will present an overview of lipid membranes, with special interest paid to
specific preparation and characterization methods of immobilized phospholipid membranes. The
preparation by vesicle fusion and the characterization by atomic force microscopy of the supported
membranes will be described.
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FIGURE 2.1 General scheme of a cell membrane structure.

2.2 LIPID MEMBRANES

The biological membranes are responsible for the structural and functional characteristics of
eukaryotic cells. They are considered as the regulatory center of cellular activity and are funda-
mental for biological energy conservation. The principal membrane functions are to create chemi-
cal and electrical gradients to control the activity of membrane enzymes; to organize the proteins
in a convenient manner so as to optimize their actions in a coordinated form; to provide substrates
for metabolism; and to turn viable processes such as endocytose, exocytose, cell fusion, and divi-
sion [6,7]. Being the anchor of these processes, the cellular membranes are key for cellular signal
transduction [6—8].

Ilustrated in Figure 2.1 is a scheme of a biological membrane known as the mosaic fluid model,
which describes a three-dimensional structure consisting of a lipid bilayer associated with pro-
teins [9]. However, it is unanimous in the literature that the cell membranes have a complex lateral
structure. Lateral lipid domains with distinct physicochemical properties were already observed,
corresponding to different kinds or phases of lipids [10]. Moreover, the presence and the biological
role of the lipid domains or microdomains (called rafts) [11] (Figure 2.2) in the cell surface are still
under investigation. It is challenging to describe how the lipids interact with each other and with the
intercalated proteins in order to understand the dynamic of cellular membranes [12]. An interesting
example is a domain called caveolae that is fundamental in cells by mediating the transport through
the membrane of low-molecular solutes and macromolecules and infectious agents, such as viruses.
The domain presents a particular lipid and protein composition that forms polyps through a mem-
brane invagination. The caveolae has been seen as an efficient biological vector for drug transport
and delivery [13].

The membranes are composed by a heterogeneous lipid matrix with the insertion of about 10°
molecules, such as proteins and polypeptides [14—16]. Additionally, increasing the grade of com-
plexity, there are more than 2000 kinds of lipids in mammal cell membranes, and the membrane
lipid composition determines the physical properties, including free charge, dipole potential, elas-
ticity, phase transition, and hydration [17].

The chemical composition and the physical state of the membranes allow the interaction
between its constituents dictating their organization. The phospholipids, the major constituents of
the cell membranes, are disposed structurally in symmetric bilayers in which the hydrophilic faces
are formed by their polar side exposed to the aqueous environment of the cell (cytoplasm and
extracellular side). Between the polar faces, the carbon chains of the fatty acids are self-organized,
protecting them from the aqueous medium, as shown in Figure 2.1. The principal forces preserving
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FIGURE 2.2 Scheme of lipid rafts.
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the lipid bilayers are hydrogen bonds, others CH,4
between the hydrophilic parts of the molecules, HC_ | /CH3
and van der Waals interactions (between the +N
hydrophobic chains). There is also the additional 2
interaction between the polar head and nonpolar O\
tail with the aqueous medium [14]. More details O—pP=—0
regarding the phospholipids will be presented in o
the next section. H

o A
2.3 MEMBRANE LIPIDS 0= ©

In general, the membrane lipids are amphipatic.
The polar heads are characterized by the pres-
ence of phosphate, amine and alcohol groups,
and the two nonpolar tails characterized by fatty
acid chains. They are classified as phospholip-
ids, sphingolipids, glycolipids, and sterols [6].
In this chapter, we will focus our attention on
phospholipids, because the cell membranes and
the membrane models are basically constituted
by them.

The fatty acids of the phospholipids are
bonded to the polar part through ester bindings
either with the phosphate group or with the alco-
hol group [6,18]. Between the phospholipids, the
phosphatidylcholine (PC) (structure illustrated
in Figure 2.3) is the principal constituent of the
cell membranes [6,18]. The natural PCs are con-
stituted by a zwitterion phosphocoline group, and the fatty acid chains present the same number of
carbons. The phospholipids and glycolipids molecules of the cell membranes show fatty acid chains
containing normally 14 to 24 carbon atoms. They are named according to the number of the carbon
atoms and to the number of unsaturations; for example, the hexadecanoic acid presents C,, and two
unsaturations—it is named 16:2 [6].

The nonpolar chain bonds to carbon 1 of the glycerol group (alcohol group), being normally
saturated (presenting only simple bonds), and the chains bond to carbon 2, being normally unsatu-
rated, presenting usually one to six double bonds in a cis conformation [19].

X-ray crystallographic measurements have shown that the presence of cis double bonds outcomes
as a kink in the carbon chain, as illustrated in the Figure 2.3. The angle of a cis double bond is 123°,
and the angle of a simple bond is 111° [20]. The packing, fluidity, lipid-phase transitions, as well as
the thicknesses of the lipid membranes depend on the acyl chain saturation degree [21,22]. In gen-
eral, membranes with high concentrations of unsaturated lipids present lower thicknesses. Similar to
the size of the lipid bilayers, the unsaturations in
the lipid acyl chains determine the phase transi-
tion temperatures of the membranes. The higher
are the presence of unsaturations, the lower is the
transition-phase temperature.

Additionally, the membranes in the gel phase
present higher thicknesses than the membranes in

FIGURE 2.3 Phosphatidylcholine: Structural formula.
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Gel phase

~6 nm

Liquid crystalline phase

FIGURE 2.4 Scheme of the gel to liquid crystalline

the liquid crystalline phase. Figure 2.4 displays
the gel to liquid phase transition of a lipid mem-
brane mediated by temperature changes with the

phase transition in lipid membranes, depicting the
reduction of the thickness of the bilayers mediated
by temperature changes.



28 Bionanotechnology

consequent reduction of the height of the bilayer.

L0 a -1 .
_ﬂg\:‘ﬁgﬁ%ﬁgﬁ’%/ Hydrophilic region The above description of the phospholipids is
§§ 4‘5’&@ fundamental for the understanding of liposome
%i‘% %% formation and the characterization of supported
% - iﬁ%‘%— bl'layers 'through atomic force microscopy, as
%ﬁ@%};’ﬁi{g\ will be discussed later.
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Hydrophobic region
2.4 LIPOSOMES

Liposomes, in which phospholipid composition,
structure, and dynamics can be fully controlled, are generally accepted as a suitable model for in
vitro studies of cell membrane structures and properties [23,24]. It is a vesicle formed by a lipid
bilayer which is structurally similar to the lipid matrix of cell membranes [23-25]. It is a vesicle
formed by a lipid bilayer, as depicted in Figure 2.5, which is structurally similar to the lipid matrix
of cell membranes [23-25].

Liposomes have been broadly studied because they are built with biocompatible material, have
structural versatilities (i.e., size, composition, and bilayer fluidity), and present capabilities to incor-
porate a great variety of molecules despite their structure. Liposomes are particularly interesting
for drug delivery and vaccine development, because they trespass natural biological drug barriers
as the hematoencephalic one, and induce immunity, respectively. In this chapter, we are not going to
discuss the liposomes in depth, although it is a biomimetic model, because a vast discussion would
be warranted. The liposomes are presented briefly in this context, because one of the methods to
obtain supported lipid membranes is based on the fusion of vesicles on solid surfaces.

There are several methods by which to prepare liposomes. According to the objective to be
reached and the elected preparation method, it is possible to control the size and number of the
vesicle layers and the manipulation of the lipid composition, which varies the fluidity and charge
of the vesicles. The majority of preparation methods and the classification of the liposomes are
resumed in Table 2.1.

FIGURE 2.5 A unilamellar liposome.

2.5 SUPPORTED MEMBRANE LAYERS

Lipid monolayers and bilayers supported on solid substrates have attracted the interest of the
researchers in the last two decades [33-35]. These models have been used in studies regarding the
structure and properties of natural biological membranes and for the investigation of biological pro-
cesses [36,37], including molecular reorganization and antigen—antibody interactions [38], enzy-
matic catalysis and membrane fusion [36-38], biosensors [39], inorganic solids biofunctionalization
[38], and DNA immobilization [40]. Studies on morphology alterations in the cellular structure
and protein behavior as well as controlled drug and genes delivery have also been done with the
objective of developing biomaterials [40]. The clinical applications for such artificial biomaterials

TABLE 2.1
Classification of the Liposomes
Abbreviated

Liposome Name Name Size Obtaining Method
SUV Small unilamellar vesicles 20-50 nm  Sonication of MLV [26]
LUV Large unilamellar vesicles 50-400 nm Extrusion, reverse phase and dialysis [27-29]
MLV Multilamellar vesicles >400 nm  Dispersion in aqueous medium [30]
GUV Giant unilamellar vesicles (~um)  Rapid evaporation with CA [31] and with

electrical field [32]
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that mimetize biological structures are of great interest for modern medicine. An extra advantage
of the supported lipid layers is that their morphology can be measured and manipulated in the
range of nanometer scale with scanning probe techniques, such as atomic force microscopy (AFM)
[41-45].

The preparation of supported lipid membranes on the surface of inorganic materials as gold
and mica gives important results related to phase transition, stability, and morphology of the
layers and are promising structures for the development of biosensors. However, it has to be
considered that the mechanical properties of the lipid layers in these structures are significantly
different from the membranes in fluid environments [41]. The choice of the model has to be done
according to the objective of the study, and the model limitations have to be considered when the
conclusions are elaborated.

Basically, there are two important methods to prepare membrane assemblies on surfaces that
are Langmuir-Blodgett [46] and vesicle fusion [36]. These techniques allow for the preparation of
high-quality lipid layers, with a controllable number of layers and large areas free of macroscopic
defects. However, they are not easily available or require several experimental steps. An alternative
procedure that also yields high-quality lipid layers, the solution spreading method, is simply based
on the spreading of organic solutions on solid surfaces [47-49].

The results presented in session 7 were obtained with supported membranes prepared by the
vesicle fusion method [36]. Briefly, it consists of dropping the vesicles onto a freshly cleaved mica
surface and incubating for 90 minutes. During this time period, the vesicles simply adsorb and
explode on the surface or interact with other vesicles by fusion and explode forming the bilayers.
The vesicles were prepared by dissolving the lipids in chloroform and drying them under a stream of
N,, followed by a period under vacuum. After that, the dried lipid films were hydrated with HEPES
buffer at pH 7.4 [30].

The choice of the solid surface is decided according to the objective to be reached. The major-
ity of studies were done on mica substrates. However, it is possible to use glass for cell fixing and
silicon or gold when conducting electrodes are required.

In the case of supported phospholipid layers on gold substrates, it is necessary to first bind thiols
molecules on the surface, given that the polar heads of the phospholipids have no affinity for the
mild hydrophobic gold surface. Self-assembled monolayers (SAMs) of thiols molecules on gold are
very interesting in this case, because they can act as a bridge or a spacer between the inorganic sur-
face and the assembled macromolecules. The reason to create a space between the solid surface and
the macromolecules, such as the phospholipids immobilized on a solid surface, ordered in bilayers,
is to provide a natural environment to accommodate hydrophilic domains of proteins and to make
available the biomolecule transport from one side of the membrane to the other [49-51]. Moreover,
the sulfur bridge formed by using substances such as 11-mercaptoundecanol [54] and thiopeptides
[50,52,53], has been appropriate to self-organize lipid membranes on gold substrates. The interest
on gold surfaces is to preserve this substrate as an electrode for detection of charge transfer pro-
cesses for fundamental studies and biosensor applications.

2.6 ATOMIC FORCE MICROSCOPY: A BRIEF INTRODUCTION

AFM is a powerful tool for direct visualization of supported biological membranes [42,55]. The
AFM uses a sharp probe (tip) on the free end of a flexible cantilever to measure the force between
the apex of the tip and the surface of the sample. Depending on the local distance “d” between the
tip and the surface, the atomic force will be attractive (van der Waals force, d < 100 nm) or repulsive
(d < 1 nm). Different imaging modes were derived from the concept that the surface of the sample
should be scanned by the tip in order to measure the surface topography. The usual operation modes
are contact, noncontact, and intermittent. The contact mode is most used for hard samples, where
the surface is not affected by the dragging forces of the tip. In this imaging mode, the tip contacts
the surface at distances corresponding to short scale forces (1 nm or less), and the height (distance
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“d”) is kept constant. The cantilever bending toward or away from the surface is measured by the
deflection of a laser. The tip is always kept in contact by a feedback circuit that moves up and down
the fixed end of the cantilever through a piezoelectric actuator (i.e., the cantilever bending is kept
constant by the feedback system during the scanning of the tip). The piezoelectric material allows a
vertical resolution well below 0.1 nm.

The noncontact mode is most used for soft samples. To minimize the tip—sample interaction,
the tip does not touch the surface but hovers at long-range distances of about 10 nm. The attractive
van der Waals forces acting between the tip and the sample are detected, and topographic images
are constructed by scanning the tip above the surface. The sensitivity of this operation mode is
increased by using modulation techniques (i.e., the tip oscillates at frequencies near the resonance
frequency of the cantilever). During the scanning procedure to reveal the surface topography, the
feedback loop maintains the tip to sample distance by keeping constant the amplitude of the oscil-
lation or the resonant frequency.

The intermittent mode measures the topography by tapping the surface with the tip. The tip
oscillates on top of the sample during the scanning procedure. This operation mode is applied for
hard and soft samples, overcoming most of the problems faced by the other modes of operation,
such as dragging forces and sticking of the tip to the surface. During the scanning procedure to
determine the topography of the sample, the tip touches the surface at frequencies that are at or near
the resonant frequency of the cantilever. The feedback loop maintains constant the amplitude of
oscillation, at values of about 20 nm, allowing the measurement of the surface features.

2.7 IN SITU ATOMIC FORCE MICROSCOPY FOR LIPID MEMBRANES

For biological samples as supported lipid membranes, it is important to measure the surface topog-
raphy inside liquid cells. The in situ measurements have the additional advantage in that they permit
the study of morphological modifications due to biological processes in real time and under physi-
ological conditions. In a previous work, we studied the morphology and stability of supported phos-
pholipid layers prepared by solution spreading (casting) on mica [43]. The images were acquired in
the contact or contact-intermittent modes, and the samples were analyzed ex situ just after solvent
evaporation and after a hydration step and in sifu with immersion in a buffer solution.

AFM contact mode is the straightforward way to measure samples immersed in a liquid. This
operation mode avoids the necessity of having a cantilever oscillating in a resonant frequency
damped by the fluid. However, as said above, contact-mode imaging is less suitable for soft or

weakly attached materials, because the tip can

Laser I often scrape or drag the membranes during

Detector scanning, a disadvantage that can be overcome

* by applying intermittent methods. On the other

hand, studies have also demonstrated that by

adjusting the operative force, it is possible to

use contact mode to obtain AFM images of soft
phospholipid layers [44].

Figure 2.6 illustrates the AFM setup for in
situ measurements (i.e., with the tip immersed
in the liquid contained in a fluid cell). The fig-
ure also shows the laser beam deflected on the
free part of the cantilever and the light detector
FIGURE 2.6  The atomic force microscopy (AFM)  with two segments. This setup was applied to
setup for in situ measurements. The tip is immersed  easure the topography of lipid layers grown

%n (tihg li?u(idboft;he fﬂUid cetll, far:g the 1t§lser bearg by vesicle fusion on mica substrates, as will be
15 derieeted By e Tree part of the canttiever AT shown in Figure 2.6 and Figure 2.7.

detected by the segmented light detector.
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FIGURE 2.7 Atomic force microscopy (AFM) topographic image (25 x 25 pm?) of a homogeneously cov-
ered mica surface with a 1,2-dimyristoyl-sn-glycero-3-phosphatitidylcholine (DMPC) layer prepared by ves-
icle fusion. The measurements were performed at a temperature of 24°C, showing the lipid phase transition
from liquid-crystalline to gel. (See color insert following page 112.)

The phospholipid layers studied were 1,2-dimyristoyl-sn-glycero-3-phosphatitidylcholine
(DMPC) and 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC), as well as a binary mixture of
these phospholipids. The supported membranes were prepared on mica substrates by vesicle fusion
method, and the lipid concentration was 0.3 mg/mL. AFM measurements were performed using a
Molecular Imaging® PicoSPM atomic force microscope with oxide sharpened silicon nitride probes
(nominal spring constant of 0.12 N/m). During the in situ measurements, the tip and cantilever were
immersed completely in 0.9% of NaCl solution.

Figure 2.7 shows an AFM topographic image of a DMPC bilayer membrane on mica. The
membrane covers the entire surface, 25 x 25 pum?, homogeneously. The experimental conditions
at a temperature of the system fluid cell at 24°C allowed observation of the presence of the liquid
crystalline (dark regions) and gel (bright regions) phases of the DMPC, because the phase transition
temperature of this lipid is 24°C. For these large lipid-covered surface areas, the height differences
between the phases are =0.1 nm. The two phases coexist, and the domains were effectively mea-
sured in situ with the contact mode AFM.

Figure 2.8 shows the topographic image of a binary mixture of DMPC:DOPC in a (1:1) molar
ratio. The DOPC has a transition temperature at —19°C and the experiments were performed at
=19°C. The phase separation is easily observed, with gel DMPC coexisting with liquid-crystalline
DOPC. Assuming that the higher domains (brighter regions) are formed by DMPC, step heights of
about 1.0 nm to the surrounding DOPC membrane regions were measured, as showed in the profile
of Figure 2.8. This approach provided a convenient way to examine the effect of lipid composition
on the phase-separated morphology of the binary system, induced by the accentuated difference of
transition temperature of the phospholipids.

2.8 CONCLUSION

In this chapter, we discussed lipid membranes as biomimetic systems. Emphasis was given to the
preparation and characterization of immobilized lipid layers on solid surfaces and the characteriza-
tion of these structures in situ with AFM. The examples given are DMPC and DMPC:DOPC sup-
ported on surfaces of mica substrates.
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FIGURE 2.8 Contact mode atomic force microscopy (AFM) topographic image and line scan profile
obtained in situ, at ~19°C, of a (1:1) 1,2-dimyristoyl-sn-glycero-3-phosphatitidylcholine (DMPC):1,2-dioleoyl-
sn-glycero-3-phosphatidylcholine (DOPC) mixture.
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3.1 INTRODUCTION

The natural environment of the cell will contain topographical information. This may be on the
microscale presented by large protein chains, other cells, and from other matrix constituents (for
example, mineral in bone). The topography may also be on the nanoscale presented to the cells from
protein folding and banding and nanocrystalline elements. It has been known for many years that
cells will react to the shape of their environment [1], and this phenomenon was later termed contact
guidance [2].

The borrowing of lithographical techniques from the microelectronics industry facilitated
research into cell response to the topography of the cell environment. Initially, photolithography
was used, which allowed fabrication of micron-scale (width, diameter) features such as grooves and
pits with submicron depths [3]. Every cell type tested responded to the features by contact guidance
[4-8]. Further examination revealed that contact guidance led to changes in cell adhesion, migra-
tion, cytoskeletal organization, and genomic regulation [9].

As fabrication techniques evolved, exploration into the cellular response to the nanoenvironment
became possible. Microelectronics techniques such as electron beam lithography (EBL) have allowed
fabrication of features with 10 nm X and Y dimensions, and theoretically, the Z dimension could be
smaller if controlled. EBL is the most high-resolution top-down fabrication tool [10,11]. Other fab-
rication techniques include colloidal lithography, where monodispersed nanocolloids are used as
an etch mask from which to create nanofeatures with controlled height and diameter but random
placement [12], and polymer demixing, where spontaneous phase separation of polymers in a solvent
creates nanotopography with reproducible height but random distribution and diameters [13].

We note at this point that it is envisaged that bottom-up fabrication, or the manipulation of
individual molecules (or even atoms) to produce ultra-small structures, may play a critical role in

35
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the production of topographies for cells to react to, although this is presently largely in the realms
of theory.

For top-down approaches, in the past few years, however, there has been considerable research
effort into ascertaining the breadth of cellular response to nanoscale features. Again, contact guid-
ance has been observed in many cell types. The physical contact guidance (that is, alignment),
however, is on a different scale—that of the filopodia, which shall be discussed shortly.

3.2 MESENCHYMAL STEM CELLS

Before discussion of how mesenchymal stem cells may respond to nanotopography, a brief intro-
duction to the cells is required. Bone is characterized by an extraordinary potential for growth,
regeneration, and remodeling throughout life. This is largely due to the directed differentiation
of mesenchymal cells into osteogenic cells, a process subject to exquisite regulation and complex
interplay by a variety of hormones, differentiation factors, and environmental cues present within
the bone matrix [14-16].

The osteoblast, the cell responsible for bone formation, is derived from pluripotent mesen-
chymal stem cells (MSCs). These MSCs can give rise to cells of the adipogenic, reticular, osteo-
blastic, myoblastic, and fibroblastic lineages and generate progenitors committed to one or more
cell lines with an apparent degree of plasticity or interconversion [17-20]. Thus, the MSC gives
rise to a hierarchy of bone cell populations artificially divided into a number of developmental
stages, including MSC, determined osteoprogenitor cell (DOPC), preosteoblast, osteoblast, and
ultimately, osteocyte [21-24].

3.3 CELL FILOPODIA

It seems likely that filopodia are one of the cells’ main sensory tools. Gustafson and Wolpert first
described filopodia in living cells in 1961 [25]. They observed mesenchymal cells migrating up the
interior wall of the blastocoelic cavity in sea urchins and noted that the filopodia produced appeared
to explore the substrate. This led them to speculate that they were being used to gather spatial infor-
mation by the cells.

When considering filopodial sensing of topography, fibroblasts have been described as using
filopodia to sense and align the cells to microgrooves [5]. Macrophages have been reported to sense
grooves down to a depth of 71 nm by actively producing many filopodia and elongating in response
to the shallow topography [7]. Although distinctly different from the filopodia of the aforemen-
tioned cell types, neuronal growth cone filopodia have been described as first sensing microgrooves
and then aligning neurons to the grooves [26,27].

Cytoskeletal actin bundles drive the filopodia, and as the filopodia encounter a favorable guid-
ance cue, they become stabilized following the recruitment of microtubules and accumulation of
actin in a direction predictive of the future turn if a cell is to experience contact guidance.

Once cells locate a suitable feature using the filopodia presented on the cell’s leading edge,
lamellipodium are formed which move the cell to the desired site [28]. These actions require G-pro-
tein signaling and actin cytoskeleton. Specifically of interest are Rho, Rac, and Cdc42. Rho induces
actin contractile stress fiber assembly to allow the cell to pull against the substrate, Rac induces
lamellipodium formation, and Cdc42 activation is required for filopodial assembly [29]. Rho and
Rac are both required for cell locomotion, but cells can translocate when Cdc42 is knocked out.
Cells lacking Cdc42 cannot, however, sense chemotactic gradients and simply migrate in a random
manner [30]. This, again, presents compelling evidence for filopodial involvement in cell sensing.

We recently produced evidence that MSCs also use filopodia to probe their nanoenvironment.
In fact, it appears that the filopodia of these progenitor cells are more highly sensitive to nanotop-
ography than with more mature cell types [31]. The smallest feature (thus far) that cells (fibroblasts)
have been observed to respond to are 10 nm high-polymer demixed islands (Figure 3.1) [28]. MSCs
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54700 10.0kV 11.8mm x 150k SE(U) 300 nm

FIGURE 3.1 Fibroblast contact guiding to a 10-nm-high island (I). Filopodial interaction has caused lamel-
lae to form in the direction of the island. The arrow shows the area of guidance.

have now been shown to produce filopodia in response to a variety of nanotopographies, the small-
est being 40 nm high-polymer demixed islands [32]. It is clear that this is not the limit of their sen-
sory capability, but rather the limit of the emerging cell testing so far.

On grooved substrata, the classical examples of contact guidance (i.e., alignment to the grooves)
are quickly seen in MSCs after filopodial guidance (Figure 3.2) [33].

Filopodia seem to be likely candidates for nanotopographical sensing for another reason—that
of size. MSCs are large cells, and when well spread can have lengths and widths of several hundreds
of micrometers (um). Some of the topographies tested, however, are several orders of magnitude
smaller than the cell, and for many years, it seemed unlikely that the cells would notice them.
However, the tips of filopodia are approximately 100 nm in diameter, thus putting them on a similar
scale to the topographies now being fabricated.

Thus far, topographies that induce filopodial interactions and cell spreading have been dis-
cussed. A second mode of nanotopographical action on cells is reduction of adhesion and spread-
ing. This is typically achieved using highly ordered pits fabricated by EBL. Such pits (e.g., 120

300 pm

FIGURE 3.2 Contact guidance of mesenchymal stem cells to grooves. (A) Filopodial outgrowth along the
ridges of 100-nm-high (5-um-wide) grooves. (B) Full cell alignment along 300-nm-high (5-um-wide) grooves.
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FIGURE 3.3 Mesenchymal stem cells stained for actin cytoskeleton after culture on (A) planar control and
(B) electron beam lithography (EBL) nanopits. Note the well-spread cells on the control with well-defined
actin stress fibers and compare to the small, stellate cells on the nanopits with puncatate actin.

nm diameter, 100 nm deep, and 300 nm center—center spacing in a square arrangement) have been
shown to reduce adhesion of epitenon cells [34], fibroblasts [35] and now MSCs [36] (Figure 3.3).

3.4 CELL CYTOSKELETON AND CELLULAR ADHESIONS

The ability of a cell to form adhesions will affect the organization of the cytoskeletons and alter the
cell’s mechanotransductive pathways. It was recently published that nanotopography can change the
mesenchymal stem cells’ ability to form focal adhesions. (This has regularly been observed with
differentiated cell types, and it has recently been shown with osteoblasts that nanotopography can
change the type of adhesion formed, from very small and immature focal complexes to large fibril-
lar adhesions that align to endogenous matrix proteins [37].)

The cytoskeleton is anchored to the adhesions, with actin microfilaments linked directly. The
cytoskeleton is a network of protein filaments extending through the cell cytoplasm within eukary-
otic cells. The cytoskeleton is of fundamental importance in the control of many aspects of cell
behavior, movement, and metabolism, including proliferation, intracellular signaling, movement,
and cell attachment. The three main cytoskeletal components are microfilaments (actin), microtu-
bules (tubulin), and intermediate filaments (for example, vimentin, cytokeratin, and desmin depend-
ing on cell type).

There are two types of microfilament bundles, involving different bundling proteins. One type
of bundle, containing closely spaced actin filaments aligned in parallel, supports projections in
the cell membrane (filopodia or mikrospikes involved in cell sensing, lamellipodia involved in cell
crawling). The second type is composed of more loosely spaced filaments and is capable of contrac-
tion; these are the stress fibers. The ability of cells to crawl across substrate surfaces is a function of
the actin cytoskeleton (by pulling [contracting] against focal adhesions).

The microtubules provide a system by which vesicles and other membrane-bound organelles
may travel. They also help regulate cell shape, movement, and the plane of cell division. Microtu-
bules, composed of tubulin, exist as single filaments that radiate outward through the cytoplasm
from the centrosome, near the nucleus. Microtubules emanating from the centrosome (microtubule
organizing center) act as a surveying device that is able to find the center of the cell.

Intermediate filaments are tough protein fibers in the cell cytoplasm. They extend from the
nucleus in gently curving arrays to the cell periphery, and they are particularly dominant when
the cells are subject to mechanical stress. The intermediate filaments are classified into four broad
bands: type I are keratin-based proteins, type II includes vimentin and desmin, type III includes
neurofilament proteins, and type I'V are nuclear lamins. In cells of mesenchymal origin, vimentin is
the main intermediate filament protein. The filaments provide mechanical support for the cell and
nucleus [38—-41].
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As shown on the EBL pits, nanometer (nm) scale topographies will alter cytoskeletal organiza-
tion [42—44]. Other topographies, such as grooves produced by photolithography (PL) and features
produced by polymer demixing and colloidal lithography can increase cytoskeletal organization of
MSCs [32,33].

3.5 MECHANOTRANSDUCTION

The ability to change cytoskeletal organization will lead to alterations in proliferation and differen-
tiation, as many signaling cascades are regulated by the cytoskeleton. These mechanotransductive
signaling events may be chemical (e.g., kinase based, linked to focal adhesions influenced by cyto-
skeletal contraction). An example would be integrin gathering as an adhesion is formed, which will
activate myosin light-chain kinase (MCLK), which will generate actin—myosin sliding (the key event
in stress fiber contraction), and in turn will change focal adhesion kinase (FAK) activity. Cytoskel-
etal involvement in contraction against adhesions will also alter calcium influx and G-protein events.
These chemical signaling events are collectively known as indirect mechanotransduction [39].

Another form of mechanotransduction, direct, is considered to be transduced by the cytoskel-
etons as an integrated unit. The most accepted theory is that of cellular tensegrity, whereby the cell’s
mechanical structure is explained via tensional integrity [45-51]. Through this tensegrity structure,
tensional forces from the extracellular environment (e.g., from tissue loading or changes in cell
spreading) are possibly conferred to the nucleus and alter genome regulation [52-56].

We currently support the idea that the intermediate filaments of the cytoskeleton are linked to
the lamin intermediate filaments of the nucleoskeleton. It is known that the telomeric ends of the
interphase chromosomes are intimately linked to the peripheral lamins [57]. Thus, tension directed
through the cytoskeleton may be passed directly to the chromosomes during gene transcription.
Changes in chromosomal three-dimensional arrangement may affect transcriptional events such
as access to the genes by transcription factors and polymerases. Also, changes in DNA tension can
cause polymerase enzymes to slow down, speed up, or even stall [58]. These may be mechanisms
by which changes in cell spreading, as seen by MSCs on nanotopographies, can change differentia-
tion events.

At this point, it is important to mention another discrete theory of how nanotopography may
alter cytoskeletal mechanotransductive events, which has recently been mooted—nanoimprint-
ing into cells by nanofeatures [59,60]. This describes a phenomenon that has been clearly seen
in platelets and for which some evidence has
been provided in more complex cell types. For
nanoimprinting to occur, the pattern of the
topography must be transferred to the cyto-
skeletal filaments (i.e., the topographies pro-
duce a template that is favorable or unfavorable
to condensation of cytoskeletal polymer chains
through invagination of the basal membrane
against the topography). As with filopodia, the
dimensions of the cytoskeletal elements are
small enough to warrant consideration of influ-
ence by nanoscale features. Figure 3.4 shows a
fibroblast with colloidal nanocolumns impress-
ing into the basal membrane. There is evidence
that this leads to increased “attempted” endocy-
tosis, that is, the cells recognize the features as
being in the correct size range to try to endocy-
tose and to form claterin-coated pits [61]. Such  FIGURE 3.4 Nanoimprinting into the basal mem-
endocytotic vesicles are moved by actin cables,  brane of a fibroblast.
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FIGURE 3.5 Osteocalcin stain showing nodule for-
mation in a mesenchymal stem cell population cul-
tured on 400-nm-deep pits with a 40 um diameter.

Bionanotechnology

and perhaps this mechanism causes the topog-
raphy mimicking actin patterning described by
Curtis and others [60].

3.6 DIFFERENTIATION

A key question arising from the above is can
nanotopography alter cellular differentiation?
The answer is yes. When MSCs are cultured in
vitro on planar materials without chemical treat-
ment (either in the material, such as hydroxyap-
atite, or in the media, such as dexamethasone),

they are unlikely to become osteoblastic and

produce osteocalcin-rich nodules as they start to
produce bone mineral (apatite) and instead remain fibroblastic in appearance. This is a key problem
with orthopedic biomaterials for load-bearing bone replacement. (Please see review by Balasunda-
ram and Webster for in-depth orthopedic considerations of nanofeatures [62].) The materials come
into contact with MSCs of the bone marrow and do not encourage the expression of an osteoblastic
phenotype. This produces a weak repair with disorganized tissue formation and implant encapsula-
tion in soft tissue (i.e., it appears that the cells need cues from the materials in order to commit to a
specialized differentiation pathway).

It seems that topography can produce such cues. In vitro culture in basal media (without dexa-
methasone, etc.) on nanosurfaces can induce increased expression of osteocalcin and osteopontin
(Figure 3.5) [32,33]. On planar control, however, no nodules tend to be observed. This demonstrates
that the phenotype has been changed.

3.7 SUMMARY

Thus, it is seen that nanoscale topographies have strong effects on MSCs and can alter their com-
mitment to different phenotypical lineages through mechanisms of spatial sensing and cytoskeletal
organization. It is likely that stem cells, both adult and embryonic, will be very sensitive to their
environment. All cells have the same genome, transcriptional machinery, and transcription factor
pool, yet stem cells can take on different roles depending on their locations in the body [63].

Topography is likely to be one cue to which they will respond. Others will probably be chem-
istry (interleukins, hormones, surrounding matrix proteins, etc.) and possibly the modulus of
their surroundings.

If you change the chemistry, Young’s modulus, or topography of the cell environment, this
changes the actual modulus of the cell (possibly from changes in cytoskeletal organization). This
will lead to mechanotransductive changes. Certainly, changes in cytoskeletal tension cause changes
in MSC commitment. Simply by changing the modulus of the environment from soft to hard, MSCs
can form either adipocytes or osteoblasts, respectively [64].

Throughout, we have not considered nanoscale roughness. Due to its ease of production, nano-
roughness will probably find crucial roles in biomaterials science. However, the results are unclear
and can be conflicting (i.e., materials with similar measures of roughness, e.g., Ra, can produce very
different results for, e.g., osseointegration). Thus, it is our opinion that controlled topographies are
more valuable learning tools at this stage.

The potential for use of nanotopography and nanoroughness in medical science is huge. The
creation of “next-generation” materials that elicit desired responses combined with multipotent stem
cells is likely to underpin the regenerative field of tissue engineering. This will be aided by the stem
cells’ apparent desire to seek out a complex array of cues from their extracellular environment.
Indeed, it is starting to look like stem cells are mechanically interconnected with their environment
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and are “hot-wired” to detect very subtle changes, almost as if part of the extracellular filamentous
protein percolation network.
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4.1 INTRODUCTION: OPTICAL DETECTION TAGS
BASED ON GOLD (AU) NANOPARTICLES

Detection tags are needed in biological assays to identify specific products or events from among
the thousands of molecules and events present in a cell or biological extract. Although there are
measurement techniques that can directly detect a wide variety of native molecules (including mass
spectrometry and nuclear magnetic resonance [NMR]), in complex biological systems, it is often
useful to tag a specific molecule of interest to make it “visible” to a detection system. Optical tag-
ging techniques are often favored because they can be applied to virtually any measurement format,
from microarrays to cellular assays to in vivo applications.

The use of colloidal gold (Au) nanoparticles for biological applications dates back at least
30 years, when they found use as electron-dense markers for transmission electron microscopy
(TEM) studies of cells [1]. Since then, a plethora of additional applications have emerged for Au
nanoparticles in bioanalysis, from quantitation tags for scanning electron microscopy (SEM) [2] to
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electrochemical tags [3,4], mass tags in gravimetric devices [5], and tags based on atomic absorp-
tion analysis of Au [6]. In this document, we focus only on optical tags involving Au or silver (Ag)
nanoparticles and nano- or microparticles with a Raman-based readout. This manuscript does not
explain the physical basis of Raman spectroscopy or surface-enhanced Raman scattering (SERS).
Numerous informative references are available containing more background information about
these techniques [7-10].

The most widespread optical detection tags are organic fluorophores. Fluorescence labels were
first used in biology as early as 1941 [11] and were already popular in the 1950s, with a review of
fluorescence labeling of tissue appearing in 1961 [12]. Fluorescence detection is both quantitative
and very sensitive, as has been demonstrated by the ability to detect single molecules [13]. However,
organic fluorophores suffer from saturation and photobleaching effects [14] that limit the rate and
the total number of photons that can be acquired from a single tag. In addition, the relatively broad
emission spectra and generally strong correlation between positions of the excitation and emission
spectra make it difficult to excite and detect multiple fluorophores simultaneously without using
multiple excitation wavelengths. This problem has been partially overcome with the introduction
of energy transfer dyes for DNA sequencing [15,16]. These dyes allow the use of a single excitation
wavelength for all four fluorescent dyes, while the emission maxima remain well separated and
report the identity of the attached nucleotide. It seems likely, however, that multiplexed quantitative
detection methods, based on organic fluorophores, will be limited to ten or fewer distinct tags. If the
analytical method benefits from detection in the near infrared (IR), then only two or three organic
fluorophores can be used simultaneously.

Quantum dots (semiconductor nanocrystals) offer substantial advantages over organic dye mol-
ecules in that they have brighter emission and significantly narrower emission spectra [17,18]. The
average emission spectrum of a quantum dot is typically 30 nm to 50 nm wide and thus allows for
higher levels of multiplexing than with organic fluorophores. Other advantages of quantum dots
compared to organic fluorophores are their significantly decreased photobleaching and broad exci-
tation profiles, allowing excitation with a single wavelength source. Due to these advantages, and
after many years of basic research, quantum dots are being used in a number of real-world biologi-
cal applications. For example, Wu et al. [19] described a HER2/neu assay for breast cancer; Parak et
al. [20] reported on imaging of cell motility; Howarth et al. described the use of a biotin ligase for
Escherichia coli that allows the use of a streptavidin-conjugated Qdot for surface tagging [21], and
Zhang and Johnson have reported a two-color quantum dot method for the detection of DNA [22].

However, quantum dots have their unique set of disadvantages. Because full realization of their
multiplexing capabilities requires the excitation source to be in the ultraviolet (UV)/blue region
of the spectrum, autofluorescence from a wide range of potentially interfering species is likely.
Despite the clear success that quantum dots have achieved as detection tags, the multiplexing prom-
ise of this technology has only been partially realized. Today, only approximately nine species are
available from vendors, limiting their advantage as multiplexed quantitation tags. If one desires to
work in the near infrared (NIR) to avoid problems with background fluorescence, only one or two
varieties are available. Finally, there continue to be concerns about the potential toxicity of quantum
dots due to their chemical constituents [23].

4.2 OPTICAL TAGS BASED ON SURFACE-ENHANCED RAMAN SCATTERING

There are multiple approaches in the peer-reviewed and patent literature to the use of SERS-based
detection tags. The original work was that of Cotton, Rohr, and Tarcha, dating back to 1989 [24,25].
They immobilized a capture antibody on a macroscopic Ag surface and carried out a sandwich
immunoassay, in which the detection antibody was labeled with a SERS-active dye. Proof-of-con-
cept was demonstrated, but problems with the assay format, not the least of which were maintaining
the biological activity of the capture antibody on the Ag surface and the large distance between the
SERS label and the surface, prevented this assay from becoming useful.
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The next advance was by Keating and Natan,
who demonstrated that binding a biomolecule
to a Au colloid improved its detectability by
SERS upon adsorption to a SERS-active surface  paman label
(in this case, aggregated Ag colloid) [26-28]. molecule %,
Although not an assay per se, the work demon-
strated unequivocally that placing an analyte
between two SERS-active materials yielded the
benefit of the heightened electromagnetic fields
present there. In order for a SERS-based opti-
cal tag to be used for biological measurements, EFIGURE 4.1 Cartoon showing architecture of
it must generate a specific Raman spectrum;  Nanoplex Biotags.
be stable under tagging conditions and optical
interrogation; and be readily attached to mol-
ecules of interest.

Oxonica’s Nanoplex™ Biotags [29-31] are composed of one or more SERS-active metal
nanoparticles (typically Au, 50 to 90 nm in diameter), a reporter in very close proximity (ideally
adsorbed) to the metal surface, and an encapsulant (preferably silica [glass], typically 20 nm thick).
Figure 4.1 shows a cartoon of an idealized tag particle with this geometry. The first reports of SERS
tags incorporating Au cores, Raman label molecules, and glass encapsulation occurred in publica-
tions by Mulvaney [29] and Doering [32]. The two approaches are similar, with some differences in
preparation methods and label molecules used. Irradiation of these tags with monochromatic light
yields the SERS spectrum of the reporter. To make a different tag, one simply employs a different
reporter molecule. Because SERS features are narrow compared to fluorescence, and as there is a
large spectral window in molecular vibrational spectra, it is possible to create many distinct and
simultaneously quantifiable tags. Glass encapsulation provides a barrier between the Au surface and
external solution components. This prevents desorption of the Raman label molecule, adsorption of
other potentially interfering species, and degradation of the Raman-enhancing surface.

Several alternative approaches to nanoparticulate SERS taggants have been reported. Doering
described an approach to SERS-based labels in which a reporter molecule and a biomolecule are
directly adsorbed to a SERS-active metal nanoparticle surface [33]. Such a system will generate spe-
cific SERS signals from the reporter molecule but does not have the protection of the glass coating.

Driskell et al. developed an approach to ultrasensitive assays using thiol-functionalized nanopar-
ticulate SERS-active species [34,35]. In this approach, the Au particle is coated with an organothiol
SAM with a covalently attached reporter species (typically a nitroaromatic), and a terminal carbox-
ylate for attachment of detection antibody. Assays are carried out using a capture antibody immobi-
lized on a SAM-coated Au surface, a key point being that the assay apparently depends on optical
coupling between the metal nanoparticle and the macroscopic Au surface. Because these particles
are not encapsulated, one assumes that the SERS signal could be highly influenced by variation in
ambient conditions, including pH and temperature.

Cao, Jin, and Mirkin have demonstrated surface-enhanced resonance Raman scattering
(SERRS) as a detection mechanism for DNA [36]. In the approach, a small Au particle is coated
with a capture DNA that has been modified to bind to the gold through a dye molecule. After bind-
ing to the target, Ag is deposited onto the bound gold nanoparticles to create a SERS-active surface,
and the SERRS spectrum of the dye is measured.

Although potentially quite sensitive, the need for in situ creation of the SERS surface as well as
lack of encapsulation of the dye molecule are likely to lead to practical difficulties with this system.

It is clear that encapsulation has benefits, and Duncan Graham and Ewen Smith of the University
of Strathclyde (Glasgow, Scotland) have developed an approach to SERS-based optical labels based
on polymer encapsulation of reporter-loaded Ag aggregates [37]. The approach is basically similar
to the previously described Oxonica method, except that Ag is used instead of Au, resonant dyes are

Gold nanoparticle

Glass coating —
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used (SERRS not SERS), particle aggregates are used rather than particle singlets or dimers, and a
thick polymer coating is used (as opposed to silica), the final particle size being in the 300 to 500
nm range. Essentially the same approach has been reported by Intel [38]. In a recent addition to the
list of possible SERS tagging solutions, Lee et al. described the use of a system containing tag built
on an Au seed particle incorporating rhodamine 6G as the label molecule and both bovine serum
albumin and metallic Ag as the shell [39].

4.3 NANOPLEX BIOTAGS

The remainder of this chapter will focus on Nanoplex Biotags that are used by the authors and
incorporate predominantly single Au particles encapsulated by glass. Nanoplex Biotags have many
useful features that make them ideal for bioassay applications:

e All tags are made using the same core particle, and all have the same shell. Thus, all are the
same size and therefore react similarly, including having the same diffusion coefficient.

* Spectral features in the SERS spectrum are independent of particle size and depend only
on the reporter molecule. Spectral intensities in the SERS spectra depend only mildly on
particle size. Thus, small variations in particle size are far better tolerated than with, say,
quantum dots, where different sizes of particles have different emission spectra.

* Nanoplex Biotags have been designed to operate at 785 nm, a near-IR wavelength excep-
tionally well suited for ultrasensitive detection because of low Raman/fluorescence back-
ground in this region. They have also been shown to be active at 980 nm and 1064 nm.
In each case, moving to the near-IR lowers the background signal, whether the sample is
a polymer-based blood collection tube, nitrocellulose on plastic, a silicon chip, a leaf, or
human tissue.

* The signal in Nanoplex Biotags comes from inside the particles (i.e., from the reporter
molecules adsorbed to the metal nanoparticle surface). The silica coat prevents other mol-
ecules from getting in and prevents the reporter molecules from leaching out. Moreover,
this “internal signal generation” makes the particles exceptionally invariant to environ-
mental variation, especially in comparison to other nanoparticles.

e The number of Nanoplex Biotags that can be simultaneously quantified depends on the
level of precision required, and also on the cost of the instrument, but should exceed 10
for the lowest-cost handheld spectrometers. With a higher-resolution instrument (and with
appropriate synthetic effort), it should be possible to simultaneously quantify 20 or more
different tags.

e The silica coat is a perfect surface for biomolecule attachment, either by direct, cova-
lent attachment, or by indirect means. Nanoplex Biotags have been prepared with —SH,
—COOH, —-NH,, and other functional groups on the surface, enabling biomolecular attach-
ment via several different strategies. A second benefit of silica is the lowered stickiness
compared to polymeric coatings. This leads to reduced nonspecific binding (NSB), both of
biomolecules to the nanoparticles, and of the nanoparticles to surfaces.

* Because excitation of the biotags does not require the creation of an electronically excited
state, the particles can withstand large photon fluxes for extended periods with no loss in
signal. To test this theory, we deposited trans(1,4) bis(pyridyl)ethylene (BPE)-labeled tags
on a quartz slide and illuminated with 60 mW of 647.1 nm radiation through a 50x, 0.9 NA
microscope objective. Raman spectra were collected every hour for 6 hours resulting in an
approximately 20% decrease in Raman scattering after 6 hours of exposure. By compari-
son, the signal from a sample of quantum dots, known to bleach much more slowly than
organic fluorophores, exposed to the same amount of power at 488 nm on the same system,
increases 19% in the first 40 minutes followed by a drop to 70% of the initial signal over 4
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hours (30% loss). Because Raman spectra can be readily collected in a few seconds or less,
the tags are more than stable enough for most applications.

4.3.1 SYNTHESIS AND SURFACE FUNCTIONALIZATION

The synthesis of the Nanoplex Biotags has been described in detail elsewhere [29,31]. In brief, we
use spherical Au colloid, generally between 50 nm and 90 nm in diameter, label molecules such
as 4,4’-dipyridyl (dipy), d®-4,4'dipyridyl (d®), BPE, and quinolinethiol (QSH), and typically coat the
biotags with between 10 nm and 20 nm of silica. Figure 4.2A shows the Raman spectra obtained
from tags using these four different label molecules. The tags show clearly distinguishable spectra,
making multiplexed measurements feasible. Figure 4.2B shows a typical TEM image obtained from
a set of tags, showing both the Au core and the glass coating of individual tags.

The silanol surface can be readily functionalized with bioreactive moieties such as thiols or
amines using methods similar to those reported by Schiestel et al. [40]. Standard cross-linking
reagents can then be used to attach proteins or oligonucleotides. For example, one of the preferred
routes for attachment of antibodies is to use the heterobifunctional cross-linker sulfosuccinimidyl-
4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC) to link native amines present on
the antibodies to thiol-functionalized tags.

In addition, it is straightforward to manipulate the glass surface using similar methods to those
commonly used in production of oligonucleotide or protein microarrays [41]. Typical functionalities
that can be readily incorporated using standard silane reagents include the aforementioned amines
and thiols, as well as carboxylates, epoxides, and aldehydes. This broad repertoire of chemical
functionalities can be an important tool for production of high-quality bioconjugates, as the result-
ing activity of conjugated biomolecules is dependent upon many factors, including orientation after
conjugation, reaction and storage buffer composition, charge of both biomolecule and nanotag, and
cross-linker length.

The most gentle reaction conditions are generally achieved by coating the glass surface with
epoxide or aldehyde groups. Both of these are desirable in that reaction of biomolecules requires
no additional cross-linking reagents. At appropriate pHs, the epoxide groups will react readily with
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FIGURE 4.2 (A)Raman spectra obtained from Nanoplex Biotags prepared with four different label molecules
(from top to bottom): 4,4'dipyridyl, d3-4,4’-dipyridyl, trans-1,2-bis(4-pyridyl)ethylene, and quinolinethiol. (B)
Transmission electron microscopy (TEM) image of surface-enhanced Raman scattering (SERS) tags showing
metal core and glass coating.
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amines, thiols, and even hydroxyls. This broad range of reactivity is often viewed as beneficial,
because proteins can bind in many orientations, thus increasing the chance of some orientations
resulting in limited loss of activity. However, if the pH is more carefully controlled, the reaction
can be tuned to preferentially link to amine groups. Likewise, the aldehyde-modified tags will react
with amines, forming a Schiff base complex. Use of a mild reducing agent, such as sodium cyano-
borohydride, will reduce it to a stable secondary amine linkage.

Some of the more interesting possibilities lie in gentle oxidation of antibodies using sodium
meta-periodate. Careful control of reaction conditions results in conversion of carbohydrate moi-
eties on the Fc portion of an antibody into reactive aldehydes. These aldehydes can then be linked
directly to amine-functionalized tags, or can be coupled to a cross-linker and coupled to alternate
reactive groups. The resulting linkage should avoid deleterious conjugation of an antibody through
an antigen-binding site.

In addition to direct attachment schemes, there are multistep conjugations that may have par-
ticular importance when dealing with the biotags. The silica surface can be chemically function-
alized and then conjugated to a spacer molecule. The spacer molecule can be carefully chosen to
exhibit low, nonspecific binding properties (for example, a PEG or dextran derivative, or a wide
variety of other polymers [42—48]), lessening interactions between biotags as well as controlling
unwanted interactions between the biotags and other components in the assay system. The spacer
also removes the biologically relevant molecule from the particle’s surface. Thus, steric hindrance
issues that are known to occur as the tag:biomolecule ratio becomes larger can be minimized. With
some linkers, such as large, branched polymers or copolymers, the available surface area can be
dramatically increased. This can further increase the number of bound biomolecules by further
reducing the potential for steric crowding. More sophisticated surfaces may be created by using
multiple layers of polymers: created by either electrostatic interaction between polymers of opposite
charge or through covalent bonds.

To summarize, it is clear that there are many ways in which the silica surface of Nanoplex Bio-
tags can be modified to present reactive functional groups. Bifunctional cross-linkers can be used
to perform carefully controlled two-step conjugation reactions (directly or through spacers), or they
can be incorporated into “one-pot” reactions when reaction conditions are not as critical. Consider-
ing the ease with which silanes can be used to modify the biotags to present nearly any chemical
functionality and the availability of cross-linkers and conjugation schemes, there are countless pos-
sibilities for linkage of biomolecules to the biotags [49,50].

4.4 APPLICATION: NANOPLEX BIOTAGS IN MICROARRAYS

To demonstrate that Nanoplex Biotags can be used in a multiplexed assay, antibodies to interleukin-
4 (IL4) and interleukin-7 (IL7) were printed on a glass slide (Telechem International, Sunnyvale,
California) to our specifications. Secondary antibodies to IL4 and IL7 were attached to Nanoplex
Biotags coded with different label molecules. A hydrophobic pen was used to provide a liquid bar-
rier on the glass slide, to isolate the array spots. After the ink dried, the slide was blocked for 60
minutes with 5% BSA in 10 mM PBS. All incubation and wash steps were done on an orbital rocker,
and spent solutions were aspirated by pipette prior to addition of new solutions. After blocking,
slides were washed three times for 5 minutes each with 0.5% BSA in PBS. IL4 and IL7 solutions
were prepared in the same buffer and incubated on the arrays for 45 minutes to 2 hours, after which
arrays were once again washed three times for 5 minutes each in the same buffer. The antibody-
modified biotags were then incubated on the arrays for 90 minutes, followed by washing with the
BSA-PBS solution and quick rinses in PBS and water. Slides were blown dry by a jet of nitrogen
immediately after the water rinse. All spots were interrogated using 785 nm excitation with the
scattered radiation measured through an Ocean Optics USB2000 spectrometer. Figure 4.3a shows
spectra from two spots, one with the capture antibody for IL4 one with the antibody for IL7, each
of which had been exposed to a mixture of IL4 and IL7, followed by development with anti-1L4-
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FIGURE 4.3 Detection of cytokines with Nanoplex Biotags. (a) The slide was exposed to a mixture of inter-
leukin-4 (IL4) and IL7 antigen. After washing, the slide was exposed to a mixture of anti-IL4-quinolinethiol
(QSH) labeled biotags and anti-IL7- trans(1,4) bis(pyridyl)ethylene (BPE) labeled biotags. The Raman spectra
from the spots were collected. (b) Spectra from experiments in which the slide was exposed to decreasing
concentrations of IL7 antigen.

QSH-labeled and anti-IL7-BPE-labeled tags. The spectra demonstrate specific binding of the tags
to the correct target spot. Spectra from three spots designed to detect IL7 are shown in Figure 4.3b.
The spots were exposed to decreasing amounts of antigen before rinsing and analysis. The signal
intensity clearly corresponds with concentration, and the 100-pg/mL spot is readily detected above
the background noise in the measurement.

These data show that attachment of antibodies to the glass shell of the biotags does not prevent
them from binding specifically to their target antigens.

4.5 RAMAN MICROSCOPY: DETECTION OF INDIVIDUAL BIOTAGS

The relative detectability or “brightness” of the biotags is an important parameter to understand
before attempting to detect them on cell surfaces. To better understand this parameter, we prepared
samples by scattering biotags across the surface of a quartz slide. A mixture containing 10 puL
biotags labeled with three different molecules (4,4’-dipyridyl (dipy), d3-4,4’-dipyridyl (d®dipy), and
trans-1,2-bis(4-pyridyl)ethylene [BPE]) was deposited on a polylysine treated slide and allowed to
sit for 30 minutes. A mixture was used rather than a single type of tag because two biotags in the
same observation volume can be independently counted if they have different spectra, making it
possible to obtain a higher sample particle density without overly high counting errors. After rins-
ing gently with water and drying, the slide was ready to view. Raman maps were generated using
a Renishaw (Gloucestershire, United Kingdom) inVia Raman microscope equipped with 785 nm
excitation. A 120 um x 90 um region was examined in 5 um steps, resulting in a 24 x 18 pixel image.
The Renishaw data analysis program (WIRE2.0) was used to create Raman maps of the surface.
A grayscale map was created for each biotag after which each map was color coded such that red
= BPE, blue = dipy, and green = d®dipy. The color-coded images were then combined to create the
false-color map seen in Figure 4.4. To generate quantitative data from the 432 acquired spectra, they
were analyzed using a program written in house (described below). The results of this analysis were
exported to Excel, and each pixel was examined to determine whether a signal from one or more of
the components was present.

For comparison, the same sample was coated with a thin layer of Au to improve conductivity.
SEM images were then collected using a Hitachi S-800 SEM. Nineteen images were collected at
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FIGURE 4.4 120 um x 90 pum false-color map of Nanoplex Biotags spread on a quartz slide. Raman spectra
were collected at 5 pm intervals resulting in 24 x 18 = 432 pixels total. Spectra were collected using a 50x
(0.75 NA) objective and 1 second integration on a Renishaw inVia Raman microscope. Red pixels correspond
to strong signal from trans(1,4) bis(pyridyl)ethylene (BPE), green corresponds to d®-4,4’-dipyridyl, blue to
4,4’-dipyridyl. (See color insert following page 112.)

20kx magnification to determine the surface particle density. Particle counting was carried out by
examining each image and tabulating single particles, doublets, and triplets. The area of each SEM
image was calculated to be 29.3 um?. By comparing the results from the Raman measurements and
the SEM measurements, we can calculate the fraction of particles that appear to be Raman active,
or at least can be detected by this system.

A typical scanning electron micrograph of the surface is shown in Figure 4.5. As can be seen,
the sample is primarily composed of individual particles, although doublets and triplets are also
present. For the complete sample, the particle
density was determined to be 0.90 particles/um?
with a 95% confidence interval of +0.13 par-
ticles/um? based on the standard deviation of
the nineteen acquired images. The most likely
source of uncompensated error in this measure-
ment would be from additional heterogeneity in
the surface coverage that was not accounted for
by our attempt to randomly sample the surface
when collecting the SEM images. The average
number of particles per SEM image was 26.4
with a standard deviation of 6.8, slightly larger
than the 5.1 that would be predicted by pure
Poisson statistics. The SEM analysis resulted in
66.5% single particles, 21.6% of the particles in
doublets, and 12% in triplets. For this analysis,
doublets and triplets were defined as particles
being within half a particle radius of each other.
These doublets may or may not include two Au

Kk s particles in direct contact. With an average cov-
030900 15KV X20,0K 1.5072 erage of 0.90 particles/um? and a Raman image
spot size of 1.2 um?, we expect to measure an
average of 1.08 particles/Raman map pixel.
Assuming a Poisson distribution of particles on

FIGURE 4.5 Typical scanning electron microscopy
(SEM) image of surface-enhanced Raman scattering
(SERS) nanotags distributed across a quartz slide.
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the surface, 34% of the pixels should be empty, 37% should contain a single particle, 20% should
contain two particles, and 7% should contain three.

Figure 4.5 is the Raman map collected from the same surface used for the SEM experiment.
The map clearly shows many pixels where only background is detected (black), pixels where the
Raman signal appears to be from an individual species of tag is detected (red, green, or blue), and
numerous pixels where the Raman signal appears to be a combination of two or more spectra.

The number of SERS particles detected in the map depends strongly on the S/N threshold
set for determining whether a measured signal is or is not actually a tag. If a S/N = 3 threshold is
adopted and the noise is assumed to be the standard deviation of the blank, and the blank measure-
ment is calculated by rejecting outliers from a +£36 range around O in an iterative fashion, a particle
density of 0.72 particles/um? is found, with 41% empty, 38% singles, 17% doubles found. Although
the particle density is lower than we predict from the SEM data, it is considerably larger than
would be predicted if only dimers or higher aggregates were generating detectable signal. If pixels
with extremely large signals from single tag molecules are counted as two particles, the calculated
particle density becomes 0.94/um?. This is strong, if not irrefutable, evidence that the Renishaw
inVia microscope, when operated under these conditions is able to detect Raman scattering from
individual Nanoplex Biotags.

4.6 APPLICATION: HER2 LABELING OF SKBR3
CELLS WITH NANOPLEX BIOTAGS

As a model system for cell surface labeling, Nanoplex Biotags were used to label the human epi-
dermal growth factor receptor 2 (HER?2) that is overexpressed on the surface of SKBR3 cells. The
cells were purchased from ATCC (Manassas, Virginia) and grown on McCoy’s 5A medium with 1.5
mM L-glutamine, 10% fetal bovine serum, 5% CO, at 37°C. The biotags were prepared by attaching
Neutravidin via sulfo-SMCC coupling. For experiments with a single flavor of biotag, the cultured
SKBR3 cells were first grown on a chambered slide, then washed and fixed at room temperature,
followed by washing and blocking with BSA. The cells were incubated with mouse-derived HER2
antibodies, then washed and incubated with biotinylated antimouse IgG. After washing with PBS,
the cells were incubated with Neutravidin-conjugated Nanoplex Biotags (at OD ~1.2) at room tem-
perature for 1 hour. Finally, the cells were washed with PBS and coverslipped using 90% glycerol
in PBS. After mounting, the edges were sealed using nail polish. For the multiplex experiment,
three separate samples of the cells were treated as above except that each sample was mixed with a
different type of biotag (BPE, QSH, and d®dipyridyl labels). Raman spectra were obtained using a
Renishaw inVia microscope with 785 nm excitation.

Figure 4.6 shows two of the SKBR3 cells after reaction with BPE-labeled biotags. Due to the
large scattering coefficients of the tags, they often appear as bright spots in the bright field micro-
scope image. When the Raman microscope was positioned above the cell, the spectra shown were
obtained. The BPE spectrum can be clearly identified regardless of the position on the cell as the
HER?2 receptor is expressed across the cell surface. When the microscope is directed to part of
the slide where cells are absent, only background spectra (primarily contributions from the glass
coverslip) are obtained.

To demonstrate the potential for multiplexed measurements, three samples of SKBR3 cells were
independently labeled with BPE, d®dipyridyl, and QSH biotags, respectively. The labeled cells were
then mixed and data collected as before. Figure 4.7 shows three cells from a larger population and
representative spectra collected from each cell. The spectra of d®dipyridyl, BPE, and QSH can be
clearly distinguished.

Recently, Kim et al. showed similar detection results using SERS nanotags of their design to
label HER2 and CDI0 [51]. Their tags were created by depositing Ag nanoparticles on a silica core,
adding a label molecule, and encapsulating with glass. The most significant difference between
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FIGURE 4.6 Microscope image showing cells labeled with Nanoplex Biotags and corresponding surface-
enhanced Raman scattering (SERS) spectra. Spectra collected from top and edges of the cell show the distinc-
tive SERS spectrum from the tag, and the background has the broad background typical of glass.
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FIGURE 4.7 Bright field images of SKBR3 cells dispersed on a slide. Raman spectra obtained from three
adjacent cells in point mode. Each cell originated as separately tagged populations (HER2 targeted) and
clearly shows the spectrum from individual tags.
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FIGURE 4.8 Graph of the analysis of a mixture containing five Nanoplex Biotags. The tags are mixed in
equal parts in a 1 mL glass tube. The spectrum of the mixture is recorded with an Ocean Optics QE65000
spectrometer. The spectrum is then analyzed using in-house software. The graph on the left shows the spec-
trum of a mixture and the individual components in the mixture. The bar graph on the right shows that the
instrument detects nearly identical amounts of each tag in the captured spectrum.

these structures and the Nanoplex Biotags are the somewhat larger size (they start with a ~150 nm
silica core), and the use of green excitation (514.5 nm) with the Ag particles.

4.6.1 SpeCTRAL IDENTIFICATION OF MIXTURES AND RAMAN MAPPING

Quantitative spectral mixture analysis using linear least squares is readily applied to mixtures of
Raman spectra and has been implemented in our labs. This custom software can be used to deter-
mine percent composition of components in a spectral mixture. A dialog box is used to load the files
containing the spectral data. The program then uses classical least squares regression to determine
the amount of each component in an unknown spectrum. Numerical results are displayed in bar
graph form and can be exported (either the bar graph or the numerical values) to the Windows Clip-
board for use in other programs. The user of the program can choose the wave-number range over
which the analysis is to be performed and add a variable component (line, quadratic, etc.) as one
element of the least squares fit, making it possible to account for broad changes in the background.
Finally, the user can visually inspect the results of the analysis in a window that shows the collected
spectrum and each of the components used to create the best fit.

Figure 4.8 illustrates the results obtained from the analysis of a mixture containing equal
amounts of Nanoplex Biotags with five different label molecules. The large panel shows the mixture
spectrum as well as the contributions to the mixture from the five individual tags. In the smaller
inset is a bar graph displaying the relative amounts of each biotag. In this case, they are all nearly
the same. In Figure 4.9 we see the case where one component is in great excess, and very small
amounts of four other components are present. The very small contributions of the four trace con-
stituents can be seen in the baseline of the plots, and the bar graph shows almost equal but, in this
example, very small amounts of the other four tags.

To illustrate the potential for multiplexed Raman mapping, the inVia microscope was used to
create a Raman map of the mixed population of cells similar to that described earlier. The only dif-
ference was that we did not use QSH labeled tags but instead added 4,4’-dipyridyl as the label on one
of the Nanoplex Biotags. After scanning the sample, the software supplied by Renishaw (Wire2.0)
was used to create three independent grayscale intensity maps corresponding to each of the three
Nanoplex Biotags used. Each grayscale image was then converted to a color (red, blue, or green) and
recombined into a single image using ImageJ (free from NIH). Figure 4.10 shows the bright field
image of six cells that happened to be aligned on the slide surface. The Raman map shows that three
of these cells came from the population labeled with dipy, two from the d®dipy population, and a
single cell labeled with BPE tags. As can be seen, there is a clear distinction between cells indicating
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FIGURE 4.9 Graph of the analysis of a mixture containing five Nanoplex Biotags. A single tag is present in
large excess, and the other four are present in equal but small amounts. Data are collected and analyzed as above.
As expected, one tag is found in large amounts, and the others are found in small and nearly equal amounts.

FIGURE 4.10 Bright field image and Raman map of six cells labeled with Nanoplex Biotags. Spectra analy-
sis reveals that three of the cells were labeled with dipyridyl tags (blue), two with d3-dipyridyl tags (green),
and a single cell was labeled with biotags carrying the trans(1,4) bis(pyridyl)ethylene (BPE) label molecule
(red). (See color insert.)

both successful labeling and successful detection of the biotags. In a similar approach, workers at
Intel have used their composite organic—inorganic nanoparticles (COINs) prepared with either acri-
dine orange or basic fuchsin to multiply label prostate-specific antigen in tissue samples [52]. These
results clearly show the potential for using SERS-based labels in imaging experiments.

4.7 POTENTIAL ADDITIONAL APPLICATIONS

The number of possible applications that could benefit from Oxonica’s novel nanoparticles is
extensive, and there are multiple facets of biology, biochemistry, and biophysics that have yet to
be explored. For example, it should be possible to internally label individual cells and track them
in vivo. This could be particularly important for developmental biology, and for understanding cell
differentiation, including for stem cells. Given recent advances such as spatially offset spectroscopy
[53], it may one day be possible to generate high-resolution three-dimensional images in vivo using
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SERS, perhaps at appreciable depths. It should be possible to detect low-molecular-weight species
and ions in vivo using permselective SERS-active particles; a basic proof of concept for pH has been
demonstrated by two groups [54,55]. On the intracellular side, a variety of experiments made pos-
sible with quantum dots can be extended with SERS tags.

Given the success of the Porter group and our efforts in using SERS-active labels to carry out
quantitative measurements of proteins using planar arrays, there are a large number of possible
applications in related systems, including but not limited to DNA arrays, carbohydrate arrays, pep-
tide arrays, and arrays of low-molecular-weight species. Of course, it should be understood that such
work could be extended to nonplanar arrays, including three-dimensional arrays composed of other
types of beads and particles (e.g., Nanobarcodes™ particles [Nanoplex Technologies], magnetic
particles, Luminex beads, and so forth).

A key feature of fluorophores which has been exploited to create useful assays is energy transfer
and quenching, which allows the proximity of two species to be ascertained. Such types of measure-
ments should be possible with SERS-active particles. Thus, it should be possible to develop proxim-
ity assays with a SERS-based readout, in which the key step is electronic communication between
two different SERS-active species. This should allow, for example, intracellular protein—protein
networks to be elaborated in highly multiplexed fashion (compared to yeast-two hybrid and protein
complementation assays which are difficult to multiplex).

Finally, there are sure to be “combination assays” involving different types of SERS responses.
For example, Boss has described a magnetic capture assay using SERS [56]. It would be simple
to combine this type of assay with one involving the detection of a specific biological target using
a SERS biotag. This would allow simultaneous detection of, say, a protein and a small molecule.
Likewise, SERS biotags can be used in conjunction with conventional SERS substrates, either par-
ticulate, mesoscopic, or macroscopic, again allowing the sensitivity and molecular identification
capabilities of SERS to be leveraged at the same time that specific analytes are quantified using the
reporter approach described herein.

4.8 SUMMARY

Nanoplex Biotags are part of a new class of nanoparticles that exploit SERS to generate unique opti-
cal signatures. Because of these unique optical signatures and because of the flexibility of the glass
coating of the particles, a wide range of biological measurements can be envisioned. In this chapter,
we reviewed results from the biotags employed in a microarray approach for the detection of cyto-
kines IL4 and IL7. In addition, the possibility of using the biotags for cell surface measurements
has been demonstrated in single-plex and pseudo-multiplex schemes. Finally, our preliminary data
indicate that multiplexed Raman mapping is possible with these tags.
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5.1 INTRODUCTION

Titanium and its alloys have become one of the most attractive classes of biomedical implant
materials owing to their light weight, superior biocompatibility and biocorrosion resistance, good
mechanical properties, and low elastic modulus. Commercial pure (CP) titanium, Ti-6Al-4V, and
Ti-6Al-7Nb alloys have been widely used in biomedical applications to replace stainless steel and
cobalt-based alloys. Pure titanium has a hexagonal close-packed (HCP) crystal structure at low tem-
perature, but this changed to body-centered cubic (BCC) above 882°C. Alloy phases based on these
two structures are denoted as o and B, respectively. Broadly speaking, simple metals (Al, Ga) and
interstitials (C, N, O) are a-stabilizers, and most transition metals, such as Nb, Mo, and V, act as [3-
stabilizers. Depending on composition, titanium alloys can generally be classified as near-o., 0+,
and [ type. For biomedical applications, the primary requirements of an alloy include high strength,
good corrosion and wear resistance, low elastic modulus, and no toxicity. Although o+f3 alloys such
as Ti-6Al-4V and Ti-6Al-7Nb have adequate strength, they are far from ideal in satisfying other
stringent requirements for implant applications. In order to overcome the long-term health problem
caused by the release of Al and V ions from these alloys [1,2] as well as stress shielding related to
elastic modulus which is still inadequately large as compared to that of the surrounding human bone
[3-5], novel B-type titanium alloys with greater biocompatibility, lower elastic modulus, and better
processability have been developed in the past decade [6,7].

In addition to alloy development, several kinds of nanotechnologies have been applied to fab-
ricate nanostructure (NS) titanium and its alloys in recent years. This provides new opportunities
to further improve the biochemical and biomechanical properties of these materials [8—10]. Nano-
structuring is known to be beneficial biochemically, and positive cell responses have been reported
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in cell cultures grown on the surfaces of nanophase ceramics [11-14], polymer demixed nanoto-
pography [15,16], nanofiber alumina [17], and nanofiber carbon [18]. There have been only a few
investigations on NS metallic alloys, possibly because of difficulty in preparing high-quality NS
materials. Most research on cell response has focused on NS roughness produced by grinding [19]
and acid etching [20] of coarse-grained titanium and its alloys as well as pressed ultrafine powders
[52]. These experiments show clearly the positive effect of NS roughness and particle boundaries
on cell response [19-21].

In this chapter, we first summarize the commonly used processing technologies to prepare NS
titanium and its alloys, then outline the mechanical properties, bioactive surface treatment, and cell
response of this class of materials, and follow with a brief discussion of future research directions.

5.2 PROCESSING TECHNOLOGY

Several kinds of processing technologies are currently available to produce NS metallic materials
[22-25]. Because NS specimens obtained from mechanical alloying, gas-phase condensation, and
electrodeposition technologies have shortcomings of size limitation, residual porosities, or con-
taminations, here we focus only on technologies that are capable of producing large-dimension,
fully-dense NS titanium and its alloys which have potential for practical and hopefully immediate
biomedical application.

5.2.1 Severe PrLAsTiIC DEFORMATION

For metallic materials, heavy plastic deformation at low temperature, for example, cold rolling,
swaging, or drawing, results in grain refinement by the formation of cellular-type substructure with
low-angle misoriented boundaries. The mechanisms involved are usually dislocation interaction,
deformation twinning, and stress-induced martensitic (SIM) transformation [24,25]. The evolution
of grain refinement processes through the above mechanisms is sluggish in nature, and severe plas-
tic deformation (SPD) is usually necessary to fabricate ultrafine structure and even NS grains with
high-angle grain boundaries.

Equal channel angular pressing (ECAP) is a specific SPD technology that introduces severe
plastic strain into the billet under processing to refine coarse-grained materials by repeated extru-
sions through a special die [8]. The two segments of the die channel have equal cross section and
an intersection angle of usually 90° so large-dimension NS billets with identical cross section
can be produced after 8 to 12 extrusion passes. Because titanium and its alloys are generally not
sufficiently ductile at room temperature, high temperatures are needed for ECAP processing, for
example, 450°C for CP-Ti and 650°C for Ti-6Al-4V [26-29]. At high temperatures, recovery and
even recrystallization may occur which partially release the stored energy of deformation, com-
promising the efficiency of grain refinement. For both CP-Ti and Ti-6Al-4V, it is difficult to refine
grains to less than 100 nm even if the ECAP process is followed by conventional cold deformation.
They are generally classified as ultrafine-grained (UFG) materials with grain size in the range of
hundreds of nanometers.

Another SPD technology is multistep plastic deformation that is capable of producing large-
dimension NS materials from (o+f) titanium alloys. For Ti-6Al-4V, multistep isothermal forging
can refine grains to size about 400 nm [30,31]. Because hydrogen is a strong P stabilizer in tita-
nium alloys, hydrogenation results in the increase of volume fraction of § phase and the decrease
of lamellar thickness of o phase. This contributes to the improvement of processability and grain
refinement during plastic deformation. As a result, multistep isothermal forging together with pre-
hydrogenation and postdehydrogenation can refine coarse grains of (0+f) type titanium alloys to
20 nm to approximately 40 nm [32,33].

Surface mechanical attrition treatment (SMAT) is a variant of SPD technology to produce a
NS surface layer with thickness up to tens of micrometers on metallic materials [34]. The impact
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FIGURE 5.1 Transmission electron microscopy (TEM) microstructure of 1.5 mm cold-rolled sheet of Ti-
24Nb-4Zr-7.9Sn (TNZS) alloy. (A) and (B) are a pair of bright- and dark-field images showing grain size less
than 50 nm. Inset in (A) shows corresponding selected-area electron diffraction pattern with continual dif-
fraction rings.

by high-speed balls with velocity about 1 to 20 meters per second is capable of producing localized
plastic deformation on the surface of materials. Because these shooting balls are stimulated by a
high-power ultrasonic system with frequency of tens of kilohertz, the entire surface of a component
can be peened with a very large number of impacts in a short period of time. As to CP-Ti, SMAT
technology can produce equiaxed NS grains with sizes of 50 to approximately 250 nm in a surface
layer of 15 to approximately 30 pm thickness or ultrafine grains (100 to approximately 300 nm in
size) in a surface layer about 60 pm thick [35].

5.2.2 CONVENTIONAL PLASTIC DEFORMATION

In the past few years, extensive investigations have focused on the development of industrial-scale
SPD technologies using CP-Ti as a model material. Although large-dimension UFG CP-Ti billets
with strength even higher than Ti-6Al-4V and good room-temperature ductility have been achieved,
the low efficiency of SPD technologies and their limited capacity in grain refinement due to dynamic
effects such as recovery and recrystallization are yet to be improved.

Recently, significant grain refinement during a conventional plastic deformation process was
found in a B-type Ti-Nb-Zr-Sn biomedical titanium alloy with high strength and low elastic modu-
lus [36,37]. The composition of the alloy is such that the BCC phase exhibits nonlinear elastic
behavior as well as significant localized plastic deformation. During compression tests, narrow
shear bands with width about 1 pm formed inside grains of 100 pm in size, and these bands inter-
sected each other. Within the bands, a single crystal was broken into nanocrystallites as revealed by
transmission electron microscopy (TEM) observation [38,39]. Such a peculiar mechanism of plastic
deformation enabled 90% thickness reduction during conventional cold rolling from an original
thickness of 15 mm, although the ductility of the alloy is only half that of CP-Ti. Bright- and dark-
field TEM observations found that grain size of the cold-rolled sheet is less than 50 nm with most
between 20 and 30 nm (Figure 5.1). Like NS samples obtained by SPD [40], grain boundaries of
the cold-rolled sheet exhibit wavy, curved, or corrugated characteristics. X-ray diffraction analysis
yielded crystallite size of about 10 nm, probably due to the presence of substructure in NS grains
introduced by severe distortion.

5.2.3 RAPID SOLIDIFICATION

Rapid solidification from melt can also produce NS titanium alloys [41], depending on the glass-
forming ability of the alloy system and cooling rate [9]. Multicomponent Ti-Cu-Ni-Sn-Nb nano-
structure-dendrite composite was fabricated by copper mold casting [42,43]. For example, the
as-cast cylinders of 2 mm and 10 mm in diameter have NS grains about 30 to 50 nm and ultrafine
grains about 300 nm, respectively. The dendrite § phase with BCC crystal structure contributed to
plastic deformation and low elastic modulus of the alloy, and the NS matrix helped to maintain high
strength. Because both Cu and Ni belong to toxic and allergic elements in the human body [6,7], a
suitable substitute must be found before biomedical application of the alloys can be considered.
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TABLE 5.1

Mechanical Properties of NS CP-Ti at Room Temperature
Processed by Severe Plastic Deformation (SPD)

Grain Size  UTS YS  Elongation

(nm) (MPa) (MPa) (%) SPD Ref.
100 1150 1020 8 ECAP + CR [26]
200 730 625 25 ECAP + HPT [44]
120 950 790 14 HPT [45]
— 1000 920 14 ECAP + CR + Annealing [27]
— 1300 1000 20 HPT + Annealing [46]

Notes: UTS, ultimate tensile strength; Y'S, yield strength; SPD, severe
plastic deformation; ECAP, equal channel angular pressing; CR, cold
rolling; HPT, high-pressure torsion.

5.3 MECHANICAL PROPERTIES

Mechanical properties and deformation behavior of NS metallic materials have been extensively
investigated, in particular those with face-centered cubic crystal structure [23-25].

Several novel approaches have been developed to achieve both high strength and ductility, for
example, bimodal distribution of grain sizes, low temperature/high strain rate deformation, and
introduction of twins [25].

Only a few investigations have been performed on the mechanical properties of NS titanium
and its alloys with HCP or BCC crystal structure. Most available data for CP-Ti are summarized in
Table 5.1. It is clear that NS CP-Ti has high strength comparable to coarse-grained Ti-6A1-4V under
the condition of similar room-temperature ductility. Annealing treatment after SPD significantly
improved both strength and ductility [46]. Tensile properties of UFG Ti-6Al-4V alloy with grain
size of 400 nm may reach that of most high-strength B-type titanium alloys, for example, ultimate
tensile strength of 1360 MPa and ductility of 7% [30,31].

Elastic modulus is an important mechanical property for load-bearing implant materials. The bal-
ance of high strength and low elastic modulus is one of the key targets in developing novel B-type
biomedical titanium alloys [6,7]. Figure 5.2 shows that coarse-grained Ti-Nb-Zr-Sn alloy has strength
comparable to that of NS CP-Ti but possesses much lower elastic modulus, and the strength/modulus
combination can be varied depending on heat treatment schemes. Precipitation of the o-phase from the
NS B-phase matrix contributes to high strength under the condition of similar elastic modulus [47]. Ti-
Cu-Ni-Sn-Nb nanostructure dendrite composite also exhibits better balanced properties than NS CP-Ti
[9]. The ductility of both NS alloys, however, is lower than that of NS CP-Ti. Due to the barrier effect
of nanosized o. precipitates on grain growth of NS Ti-Nb-Zr-Sn alloy, an annealing at 600°C for 10
minutes results in average grain size less than 100 nm. It is therefore possible to achieve high strength
and reasonable ductility by controlling annealing treatment similar to that for NS CP-Ti [46].

The wear resistance of titanium and its alloys is inferior to Co-Cr-Mo alloys, and this prevented
their application in wear-intensive biomedical components, such as artificial joint replacement pros-
theses [6]. Achieving NS provides a way to enhance wear resistance due to increased hardness over
coarse-grained materials, as demonstrated by experimental results for low carbon steel with NS sur-
face layer produced by SMAT [49]. For titanium and its alloys, the formation of oxides such as TiO
and Ti,O during tribo-oxidation interaction makes the situation more complicated [6]. These oxides
led to unexpected variation in friction coefficient of UFG CP-Ti produced by ECAP as compared to
coarse-grained CP-Ti [50,51]. The effect of grain size on wear resistance of titanium and its alloys
therefore needs further investigation.
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FIGURE 5.2 Relationship between ultimate tensile strength and Young’s modulus of coarse-grained and
nanostructured (NS) titanium and its alloys, in which data of bulk metallic glass (BMG) based on Mg, Zr, and
Pd [48] are plotted for comparison.

With reduced grain size of NS metallic materials, their superplasticity is generally enhanced.
As a result, fabrication of structural components by superplastic forming or isothermal forging can
be conducted at much lower temperatures. For example, UFG Ti-6Al-4V exhibits superplastic prop-
erties at temperatures about 150 to 250°C lower than that for coarse-grained alloy [30].

5.4 CELLULAR RESPONSE

Cell behavior on biomaterial surfaces depends upon implant-cell interactions that play a crucial
role in determining biocompatibility and integration between biomaterials and tissues of the human
body. A long-standing hypothesis asserts that four material-related surface factors influencing
bone-implant interfaces are implant surface composition, surface energy, surface roughness, and
surface topography [52]. Different technologies, such as acid and alkaline etching, glow-discharge
treatment, and hydroxyapatite (HA) coating, have been applied to improve biomaterial surfaces.
Because surface modification technologies generally involve chemical reactions, the high free
energy of the NS surface would render these processes easier and cell response more favorable. For
example, substantial reduction of nitriding temperature was achieved by means of surface nano-
crystallization [53], and NS roughness of oxidation was prepared on the surfaces of NS CP-Ti and
Ti-6Al-4V alloy [54].

Recent progress made in SPD technologies and alloy design makes it possible to fabricate large-
dimension NS titanium and its alloys for biomedical applications. Their practical applications as
implant devices will require detailed understanding of the contribution of NS grains on biocompati-
bility. Cell responses of bulk NS Ti-24Nb-4Zr-7.9Sn (in weight percent, abbreviated as TNZS) alloy
were investigated recently [55]. Polished samples with coarse grains (100 pm), ultrafine grains (400
nm), and NS grains (<50 nm) were studied. Figure 5.3 clearly shows the enhanced effect of grain
refinement on adhesion and proliferation of osteoblast cells. Because the polished surfaces have
similar roughness, oxidation products, and surface energy, the increasingly positive cell response
with reducing grain size as observed from Figure 5.3 can only be attributed to the presence of an
increasingly large volume fraction of grain boundaries from coarse-grained to NS materials.

Annealing treatment of NS TNZS alloy in its (0+[3) phase field results in a dual-phase micro-
structure with a grain size of § matrix about hundreds of nanometers. Because the o phase has
inferior corrosion resistance as compared to the [ matrix, preferential corrosion of the o phase
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FIGURE 5.3 Osteoblast adhesion (a) and proliferation (b) on polished CP-Ti and Ti-24Nb-4Zr-7.9Sn (TNZS)

alloy with different grain size.

FIGURE 5.4 Optical image of a submicron porous
surface produced by acid etching of nanostructured
TNZS alloy after solution-treated at 650°C for 0.5
hour. The inset is an enlarged scanning electron
microscopy (SEM) image showing details of the
porous structure.

within the matrix grains and along grain bound-
aries that precipitated during high-temperature
annealing will produce a porous microstructure.
Figure 5.4 shows a submicron porous layer with
pore size about 0.5 um, which was prepared by
acid etching in a solution of 40 volume percent
of HClI in boiling water cold-rolled sheet of NS
TNZS alloy after annealing at 650°C for 0.5
hour. For biomedical applications, such a porous
surface layer has the following advantages over
coarse-grained materials: First, it enhances the
formation of bioactive materials, such as HA
coating with bone-like microstructure. Second,
it contributes to the adhesion and proliferation of
fibroblast cells in the early stage of in vitro tests
(Figure 5.5). Last, it helps to avoid the “stress
shielding” problem by improving elastic match-
ing of implanted materials with adjacent bones.
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FIGURE 5.5 Scanning electron microscopy (SEM) images of fibroblasts at 24 hours on polished CP-Ti (A),
polished Ti-24Nb-4Zr-7.9Sn (TNZS) alloy with grain size of 100 um (B) and 400 nm (C), and HCI etched
TNZS alloy with porous surface (D) as shown in Figure 5.4.

5.5 FUTURE DIRECTIONS

The extensive research on SPD processing of CP-Ti led to the fabrication of large-dimension UFG
billets with high strength and ductility (Table 5.1) from which several kinds of implant items were
produced [10,56]. However, practical industrial processing of such materials, in particular NS CP-Ti,
is still a complicated scientific and technological task. The viability of CP-Ti as implant materials is
also challenged by recent development of B-type biomedical titanium alloys [6,7] that generally have
higher strength and wear resistance and lower elastic modulus than UFG CP-Ti. Recently developed
multifunctional titanium alloys are capable of achieving a better balance of high strength and extra-low
elastic modulus [38,57]. Because these materials are usually prepared by conventional technologies,
they have great advantages over NS CP-Ti and Ti-6Al1-4V alloy in terms of processing efficiency.

Compared to grain refinement mechanisms of dislocation evolution and deformation twin-
ing available for CP-Ti [35], stress-induced martensitic (SIM) transformation is a more powerful
mechanism [34]. For example, SPD may result in almost complete amorphization of NiTi owing to
a mechanism based on martensitic transformation [58]. Because the reversible SIM transformation
from P to o” martensite exists in a wide range of chemical compositions of B-type titanium alloys
[59], this phase transformation may facilitate more significant grain refinement during plastic defor-
mation. Three additional deformation mechanisms in newly developed B-type titanium alloys have
been reported recently: reversible SIM transformation between 3 and a new orthorhombic phase o
(similar to o” martensite) [60], giant fault [57], and a deformation behavior similar to shear banding
[38]. These mechanisms all contribute to grain refinement during plastic deformation and, as such,
even conventional cold rolling may result in NS sheet with grain size less than 50 nm (Figure 5.1).

It can be concluded from the above discussion that the manyfold grain refinement mechanisms
combined with SPD technologies will be able to produce large-dimension forms of NS B-type tita-
nium alloys for biomedical use.
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6.1 INTRODUCTION

Bionanotechnology, nanostructured materials/biomaterials (monolithic and particulate), and elec-
tronics for enhanced functionality of medical devices, pharmaceutics, as well as hybrid combina-
tions for diagnostics and therapeutics have the potential to enable disruptive medical procedures
that are nanoenabled (that is, nanomedicine). The ability to move these technologies from bench to
bedside—to bring these products to market—entails unique approaches to guide them through the
“Valley of Death.”

6.2 NANOTECHNOLOGY: NEW ENABLEMENTS FOR BIOPHARMA

Nanotechnology has received a great deal of attention in both the academic and lay press. As new
technologies come forward, the salient question now becomes how does an emerging technology
enable improved safety and outcomes? In the parlance of the biopharma world that means the tech-
nologies in question need to build upon existing levels of safety and efficacy in medical devices,
diagnostics, and pharmaceuticals.

Over approximately the past 30 years, three distinct but interdependent technology disciplines
have emerged: biotechnology, information technology, and nanotechnology. Today, we are in the

71
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FIGURE 6.1 Nanomaterials and their biopharma applications.

midst of a convergence of all three disciplines, and it is still not clear what this will bring. Nano-
technology is the newest and least understood of these technologies. Not limited to any one dis-
cipline of science, nanotechnology is simply defined as the design, characterization, production,
and application of structures, devices, and systems measuring between 1 and 100 nanometers. A
nanometer is a billionth of a meter, approximately 80,000 times smaller than the width of a human
hair. This is the scale at which matter, its properties, and its behavior may be described in terms of
atoms and molecules. Nanotechnology is technology that has been developed to take advantage of
these properties.

With respect to a nanomaterial, “size” can refer to different things. It can be the length of a
single nanocrystal or the diameter of a polycrystalline nanoparticle composing a powder or dis-
persed in a solid or liquid; the height of a nanofiber grown on a substrate; the geometry of a nano-
pore opening; the depth of a nanocavity; the thickness of a nanocoating; or the separation distance
between nanophases in a multilayer or nanocomposite structure. Figure 6.1 lists some categories of
nanomaterials that have utility in the biopharma space.

Unmet needs within the medical sector provide fertile ground for the enablements offered by
nanotechnology. Bionanotechnology can provide the enhancements needed for new enablements in
devices, diagnostics, and pharmaceuticals. These enhanced enablements include smart biomateri-
als and devices: bioresponsive, bioactive, biomimetic, tissue engineered, drug/agent/cell delivery
for improved diagnostic and therapeutic effectiveness. Examples include noninvasive diagnostics,
molecular imaging, and real-time imaging for device placement. Bionanotechnology has the poten-
tial to enhance utilization of proteomics, genomics, and gene screening, resulting in improved
patient outcomes and reduced health care costs [1].

6.2.1

The challenge faced by those working in nanotechnology is to translate these emerging technologies
from the bench to bedside—that is, from the laboratory through to product development for clinical

THE VALLEY OF DEATH
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use. This journey leads through the Valley of Death [2a],* depicted in Figure 6.2. The Valley of
Death, first illuminated by Murphy and Edwards in 2003, is where many research projects end up
stalling or dying before having the chance to become viable candidates for commercial products.
Most of the technologies developed in academic and research labs rarely make this translation. Out
of 1200 or so nanotechnology start-up companies that exist today worldwide, we estimate that only
10% are actually selling products in excess of $1 million/year in the form of nanomaterials, devices,
or systems [3]. To our knowledge, none of the companies are profitable as yet. When it comes to
nanotechnology, the problem is that neither the scientific researchers nor the product developers
have all of the resources in one organization to accomplish the above tasks in a timely manner.
There needs to be a reliable, experienced guide who leads the scientific researchers across the Val-
ley of Death and either introduces them to the product developers or educates them on how to run a
business venture themselves. This chapter will first explore the options open to disruptive technolo-
gies entering the medical field and will then look at how the gap between bench and bedside can be
bridged by strategic assistance from development partners.

6.3 BIONANOTECHNOLOGY

Bionanotechnology is the further convergence of biology with nanotechnology and is the utilization
of nanostructured materials/biomaterials (monolithic and particulate) and nanostructured electron-
ics for enhanced functionality of medical devices, pharmaceutics, and hybrid combinations (device
and pharma combinations) for diagnostics and therapeutics. The application of bionanotechnology
into the clinical setting can be described as nanomedicine. Bionanotechnology will drive the thrust
for the evolution of personalized medicine and on-demand therapy to mitigate adverse events as
they happen.

When taking a view on the benefits of nanotechnology in a certain field, it is important not to
fixate on the issue of size. Size in itself does not necessarily impact performance. Product perfor-
mance should encompass a plurality of unique properties (biocompatibility, electronic, magnetic,
optical, mechanical, thermal, catalytic, etc.) that are often regarded as contradictory in the “non-
nano” world. An example of a desirable nanomaterial with contradictory properties might be a
polymer nanocomposite that is mechanically strong and tough (will not bend or break), hard (resists
scratching), electrically conductive, optically transparent, and biocompatible. It would be nice to
have all of these properties rolled into one material, but in a typical instance, trade-offs are neces-
sary. Knowing which properties can and cannot be sacrificed depends on the product application.
Obtaining a balance of properties is generally the goal, and this is a key part of success in this area,
because nanotechnology can result in properties (e.g., high strength, stiffness, and toughness) that

* An alternative way of structuring issues that occur in this area—the Darwinian Sea—is offered in [2b].
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would be difficult to obtain in the normal world. Examples of how nanotechnology can impact
medical devices are shown in Figure 6.3.

A “technology” is defined here by the ability to deterministically simulate, design, engineer,
and reproducibly manufacture a product to obtain the best balance of properties for a given applica-
tion. Ultimately, nanotechnology must exist within the constraints of being able to integrate these
unique performance characteristics into controlled systems that operate at the macroscale and can
be made at relatively low cost. This will take some time to achieve, but we are only at the beginning
of realizing the potential of fabricating products by moving and assembling atoms and molecules,
building larger structures, and controlling properties and behavior at the nanoscale.

One of the key areas in which the movement of nanotechnology from the laboratory to the
marketplace is occurring is in the medical sector. Here we are seeing the convergence of disci-
plines to form a new type of bionanotechnology for diagnostics and therapeutics. The possibilities
that nanotechnology opens up in this area will allow the emergence of a new era of personalized
medicine, offering every patient greater accuracy in his or her diagnosis and treatment, as well
as this being able to occur at a far greater speed. Due to these possibilities, it can be argued that
within the medical field, bionanotechnology can be characterized as a “disruptive technology”
[4], a term coined by the Harvard Business School academic, Professor Clayton M. Christensen.
Professor Christensen defines disruptive technologies as technologies that introduce a different
performance package into a market than that offered by incumbent technologies. Technology dis-
ruption occurs when, despite the technology’s initially inferior performance according to exist-
ing benchmarks, the new technology displaces the mainstream technology from the mainstream
market. The disruptive technology presents a radically different alternative to what is offered by
the status quo. Examples from the past include the introduction of digital photography, the inven-
tion of the automobile, and the revolution produced by the introduction of the personal computer
[4]. Drug-eluting stents have many of the same characteristics of a disruptive technology and have
continued the trend of moving patients from coronary bypass surgery to treatments by interven-
tional cardiology.

Disruptive technologies are not disruptive to customers, who actively benefit from their intro-
duction. They are also often not disruptive to incumbent market players in their early stages. There-
fore, they often go unrecognized until they have become a significant force within their market.
Bionanotechnology fulfills these characteristics within a number of fields. For the purpose of this
chapter, we will concentrate on its applications within a medical context.
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FIGURE 6.4 The supply chain of moving from the laboratory to the marketplace.

Enhanced nano-enabled biomaterials are a disruptive medical technology. Nanobiomaterials
will have a huge impact on the future of conventional medicine. Their importance in this field is
based on their ability to facilitate the evolution of personalized medicine and on-demand therapy to
mitigate adverse events as they happen. They also have the potential to rapidly change the available
therapeutic options. One example of this would be implantable sensors for the detection of thrombo-
sis which would then deploy the necessary therapeutics, such as a stent that can allow local release
of a drug immediately upon detection of a myocardial infarction. The promise and the challenge
of nano-enabled technologies for medical applications are clear. They offer enhanced functionality
and biocompatibility for improved healing and neogenesis of functional tissue to replace damaged
or diseased tissue and organs.

However, potential new paradigms are required for biocompatibility evaluations of nano-
structures and particles. The U.S. Food and Drug Administration (FDA) will be closely watch-
ing the testing of nanoenabled devices and pharmaceutics in order to determine if the current
test methodologies are adequate or whether new testing will be required [5]. Concerns as to
the ultimate deposition of nanoparticles in the body exist because their small size and chemi-
cal properties may enable them to easily pass the normal barriers in the body (for example, the
blood-brain barrier) and to easily enter cells. The results from ADME (absorption, distribution,
metabolism, excretion) in short-term and long-term toxicity studies in rodent and nonrodent spe-
cies will be carefully monitored. Other important evaluations will focus on pharmacology, safety
pharmacology, genotoxicity, developmental toxicity, irritation studies, immunotoxicology, and
carcinogenicity studies. The development of efficacious therapeutic and diagnostic procedures
based on nanotechnology will require the early collaboration of clinicians and an understanding
of the clinical environment.

In order for bionanotechnology to become more than an academic curiosity, it needs to over-
come the challenges outlined above. Each individual technology also needs to fight its way from
basic laboratory research into the hands of consumers. Figure 6.4 outlines the process that these
technologies need to undertake in order to emerge into the marketplace.

The first stage in the supply chain of bionanotechnology along its path to enable nanomedicine
is the development of the components and devices (Figure 6.4). The process of developing these
components and devices can be divided into the following five stages [2b]:

1. Basic research—Funding from National Science Foundation (NSF), National Institutes of
Health (NIH) grants, corporate research, and Small Business Innovation Research (SBIR)
phase I

2. Proof of concept/invention—Previous sources, angel investors, corporations, technology
laboratories, and SBIR phase 11

3. Early-stage technology development—Previous sources and early-stage venture capital
funds

4. Product development—Traditional venture capital

5. Production/marketing—Corporate venture funds, equity, and commercial debt

In moving through these five phases, the product moves from the bench into product development
and the commercialization pathway.
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6.4 MANAGEMENT OF EARLY-STAGE RESEARCH—
CREATION OF A COMMERCIALIZATION PATH

So what is needed to move nanotechnology forward from intellectually stimulating research proj-
ects to money-making commercialized products, enabling those involved—from individuals to
nations—to prosper? To succeed from an economic standpoint, numerous nanoproducts must be
sold that ultimately generate billions of dollars in revenue and yield attractive profits to satisfy
investors; practical problems must be solved that benefit customers and positively impact society;
new jobs must be created in both large and small companies to sustain existing and emerging busi-
nesses; academic institutions must overflow with motivated professors, postdocs, staff, and students;
and government officials must propose and pass legislation to secure funding and provide financial
assistance to entrepreneurs in support of their ventures. That is a lot to expect, and much can get in
the way to slow or prevent the above steps from occurring.

The key question is how to bridge the gap between the realm of scientific discovery and the
world of product development. The authors propose four essential ingredients to facilitate rapid
product commercialization once a nanotechnology opportunity has been identified and defined and
a venture created to move things forward:

1. Investment dollars to resource the venture (people, equipment, space, etc.).

2. Marketing knowledge to orient the venture (develop strategy; point and move people in the
right direction).

3. Intellectual property expertise to position the venture (differentiate from and defend
against competition).

4. Project management skills to steer the venture (maintain or change the strategic focus and
tactical course; schedule milestones; set priorities; assign resources; track and measure
progress, etc.).

Advance Nanotech’s approach to provide these services is one example of bridging the gap over
the Valley of Death. Advance Nanotech provides a toolbox in an effort to ensure the technologies
into which we invest reach maximum market potential. This toolbox includes financing and support
services, such as commercialization guidance, project and infrastructure management, leadership
assets, access to corporate and scientific advisory board networks, and counsel on intellectual prop-
erty, licensing and regulatory issues, and business and marketing plans. This toolbox significantly
increases the probability of enabling nanotechnology discoveries to reach maximum market poten-
tial through successful commercialization.

One of the keys to being successful is to structure a research agreement that meets the needs
of commercialization and the academic environment. Key items in this research agreement are as
follows:

* Right to nonexclusive license of existing intellectual property (IP).
* Right to exclusive license of arising IP (or foreground IP).

* Frequent research reports.

* Right to review publications prior to submission.

* Right to request action on patentable invention.

* Right to participate/initiate patent prosecution.

* Right to redirect research.

The proper management system in conjunction with research agreements focused on key mile-
stones and deliverables enhances the ability to manage and communicate in a secure environment
with our collaborators both domestically and internationally. This is a significant enabling tool in
the commercialization, monitoring, and development of emerging nanotechnologies.
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In this model, emerging technologies that form the potential basis of new companies are pro-
vided with technical project management assistance, access to corporate and scientific advisory
board networks, competitive and IP landscape analysis, and business and marketing plans. In the
case of Advance Nanotech’s model, each emerging technology that we invest into must be develop-
ing a product for a market with a minimum market value of $200 million, must have a credible path
to commercialization which must not exceed 5 years, and must have a protection strategy for IP.
Once a subsidiary company’s product pipeline is sufficiently matured, it enters the near-to-market
technology section of the portfolio and is then at the stage where further funding from capital mar-
kets can be sourced.

The financial community is predominantly interested in later-stage products. When the uncer-
tainties are primarily technical, investors are ill equipped to quantify them—trusted experts are
needed to do this for them. Research has shown the inefficiencies within the present market in
allocating venture capital to early-stage technology ventures despite their innovative research
and strong prospects. Mary Good, former Undersecretary of Commerce for Technology, has
described this scarcity as an innovation gap [2b]. We utilize our infrastructure and expertise to
accelerate the development of multiple early-stage research programs to precommercialization/
ready for market status. This process results in substantial value being created at each stage of
development. Extensive relationships with academic institutions and industry provide multiple
opportunities. At any time, we are assessing more than 30 individual research programs for
investment consideration.

Additionally, the portfolio is supplemented by minority interests in businesses that are near-
to-market and offer strategic value, and broader development partnerships with business or
academia.

6.4.1 ExampLe oF A COMMERCIALIZATION MODEL

Will this strategy work? Yes, it will. In fact, there is already clear evidence of its efficacy. Owlstone
Nanotech Inc., an Advance Nanotech subsidiary, is a spin-off from the University of Cambridge.
Owlstone’s sensor technology offers a revolutionary dime-sized device that can be programmed
to detect a wide range of chemical agents that may be present in extremely small quantities. Using
leading-edge micro- and nanofabrication techniques, Owlstone created a complete chemical detec-
tion system that is one hundred times smaller and one thousand times cheaper than existing technol-
ogy. This makes use of their proprietary Field Asymmetric Ion Mobility Spectrometry (FAIMS)
technology that overcomes many of the key problems that exist within the incumbent IMS-based
detection technology. This detector has a range of applications across a number of sectors, includ-
ing homeland security, defense, industrial process control, consumer, medical, and environmental.
Within the medical arena, the sensor has a number of applications. For example, at present, dia-
betes patients have to monitor glucose levels by using a painful, inconvenient pinprick blood test.
Owlstone’s detector technology offers a compact, painless alternative, enabling rapid, noninvasive
measurement of acetone levels in exhaled breath that are directly related to blood sugar levels. The
presence of signature chemicals also has the potential to aid in the detection of a wide range of other
conditions, from asthma and allergies to organ failures and certain types of cancer. Owlstone has
already entered development partnerships with firms from across a number of fields. We believe that
the developments at Owlstone are indicative of our strategy of commercializing innovation and are
clear representations of our value proposition. It is these types of developments that we expect to
foster with our other technologies.

Owlstone offers a clear example of how a carefully chosen technology, a quality team, and
the right assistance and support can produce the desired outcome f