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Preface

The biomaterials field has mostly been an application-driven field; most of the early
research focused on finding suitable materials for applications to develop medical
instruments, implants, etc. Due to myriad problems afflicting numerous targets, the
requirements for biomaterials have been expanding and sometimes are contradic-
tory. For this reason, a wide range of materials were tested and some types of mate-
rials (ceramics, metals, polymers, etc.) were found to be “biocompatible” and have
been successfully utilized for clinical applications.

However, our current ambitions and challenges in the field require more than a
tolerance from the host body. Especially in regenerative medicine, we need to direct,
induce, and communicate with the host body to achieve healing. This brings us to
the “cell-material interface,” an interface that is created by our action and that holds
one of the keys to control cell behavior in ways that would result in desired outcomes.
As the biomaterials used for different parts of the body differ greatly, it has been
difficult to develop generalized rules regarding cell-material interface, although
many inspiring works have been conducted that elucidated some of the basis of
cell-material interactions. The motivation for this book was to establish a starting
point for elucidating and exploiting the different aspects of cellular interactions with
materials for biomedical engineering. We have tried to cover as many aspects of the
biomaterials field, such as biosensors, tissue engineering, and controlled delivery
systems. We hope that this book will provide a strong overview of cell-material
interactions for professionals, undergraduate and graduate students in the field.

2001: A Space Odyssey is one of my all-time favorite books/movies. Sometimes,
our field seems to me like the “Monolith” in that movie. We place a black box into a
patient’s body (the habitat of the patient’s cells) without warning the cells. We mean
well, but that does not mean that the body will not protect itself against our intru-
sion. So it is up to us, biomedical engineers, to develop the necessary language with
the host tissue in the form of physical, chemical, and biological properties of our
engineered materials. A deeper understanding of cell-material interface is a step
forward in this sense.
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’I Editorial

Introduction to
Cell/Material Interface

Nihal Engin Vrana

CONTENTS

1.1 Book Outline
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Cell/material interface is a seemingly self-explanatory definition that denotes how
cells, particularly human cells, interact with a given surface designed for a biomedi-
cal application (Anselme et al. 2010). However, when we look at the definition of the
word interface, it becomes evident that it is necessary to elaborate on what is really
meant by cell/material interface.

Interface is most commonly used for the components of a computing system.
A touchscreen is our interface with many devices that we use on a daily basis through
which we can send commands. This exchange of information does not necessarily
have to be between the user and the device, as different parts of the devices need to
have interfaces to each other for functioning properly and in synchrony. The original
concept, however, derives from chemistry where it describes the surface between
different phases of a given material (e.g., for water, the surface between a body of
water and water vapor), different phases of matter in general (such as any liquid
with air), or immiscible liquids (such as oil and water). Here, the interface is more
of a discontinuity between two systems, a surface that denotes the change from one
condition to another. This interface is not formed to exchange information; it is the
boundary where the interaction, if there is any, happens. So, where does the interface
between the materials and cells stand with respect to these definitions?

The interface between the cells and materials falls somewhere in between these
two conditions. The interface is the surface where the material comes into contact
with the cells and cells and the materials are mostly two separate entities (with cer-
tain exceptions, the material can be engulfed if it is smaller than the size of the cell,
such as in the case of nanoparticles). However, unlike in the case of the chemical
interfaces, here there is a definitive exchange of information, as the cell processes
the signals from the material and decides how to interact with it according to its
physical, chemical, and biological properties (Stevens and George 2005). Here, the
second line of information is encrypted into the material by design if the material
in question has been developed for a biomedical application. Depending on the
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information we would like to convey to the cells, we need to select the right type
of material in the right physical form that would induce the cells to behave in the
way we want. This requires an in-depth understanding of the physical and chemi-
cal underlying principles of the cell/material interactions and the main governing
parameters that decide the final outcome (Harunaga and Yamada 2011; Glinel et al.
2012; Fujie et al. 2014).

This is one of the main focuses of the biomaterials field that designs and develops
new materials or modifies existing materials for biomedical applications. The needs
are application-specific, which determines the material selection. For example, for
hip implants the requirement is to have a biomaterial that would be strong enough
to bear the load of the body without failure and thus the obvious selection is the bio-
compatible metals, such as titanium and its alloys (Ryan et al. 2006). For vascular
prosthesis, the conditions are completely different, where a reasonably elastic mate-
rial that does not induce blood coagulation and deposition from the blood to avoid
clogging and that can withstand the circumferential stress applied by the pulsatile
blood flow is essential. Here, the choice is generally synthetic polymers that have
been shown to have these properties, such as Dacron and PTFE (Kakisis et al. 2005).

The definition of biocompatibility has evolved over the years as the application
of materials for medical purposes has diversified significantly (Williams 2008).
Originally, the aim was to have bioinert materials that do not induce any adverse
immune reactions by the body and can resist the aggressive physiological conditions
to be able to achieve their role as a permanent or temporary implant. However, this
definition would not cover the structures and systems developed for tissue engineer-
ing and regenerative medicine. In regenerative medicine, the aim is the complete
integration of the material with the body and its population with the host cells (Sacks
et al. 2009). Here, bioinertness would be an obstacle and the real need is biode-
gradability and remodellability by the host cells. Thus, the main choices of material
are natural or synthetic biodegradable polymers in porous forms or as hydrogels
(Hollister 2005). All these examples demonstrate the vast array of interfaces formed
between the cells and the materials.

Biomaterials are biocompatible in the sense that they can interact with cells in
desirable ways. But just because the materials themselves are compatible with the
target cells does not mean that the interaction is similar to the interaction of cells
with their surroundings under physiological conditions. A human cell rarely comes
across titanium, chitosan, or poly(lactic acid) in its lifetime unless these materials
are intentionally placed within the host to take over a function. This fact makes
the definition of the cell/material interface and the governing laws of this interface
harder as this is an artificial, material-type and cell-type-dependent interface. Also,
no matter how well the interaction of the material with the cells of the target tissue,
for example, bone tissue, is studied, the immune response with several cellular com-
ponents, including neutrophils, macrophages, etc., should be taken into account for
the final application. So, it is important to understand the interactions from a basic
chemical and physical point of view by using the cell-extracellular matrix (ECM)
interactions as a template (Zamir and Geiger 2001). Just as in the case of cel/ECM
interactions, cell interface with the materials is bidirectional, especially for enzy-
matically degradable materials, that is, cells actively change the properties of the
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material they are in contact with via synthesis, degradation, and remodeling while
the changes they exert will have an effect on their behavior in turn. Even though the
bulk properties of the material such as its mechanical properties are of great impor-
tance for cell behavior, much of the interactions of the cells with a given material
is governed by the interfacial properties of the material. Due to this, a big part of
current biomaterials research is dedicated to the definition of cellular microenviron-
ments (Stegemann et al. 2005; Yeung et al. 2005).

Cell migration is a prime demonstration of the intertwined effects of the microen-
vironment and the bulk properties (Vautier et al. 2003). Cells generally migrate more
on the surfaces where they find it hard to attach and they stay in search for the optimal
attachment conditions. This is generally formulated in the way that the cell area is
inversely proportional to the migration speed of cells, but the way this translates to 3D
movement is not straightforward. For tumor cell migration in 3D (e.g., within a hydro-
gel where cells are in contact with the surrounding gel material in every direction),
the movement is governed by the enzymatic activity of the cells and the presence of
ligands (local interface). But if the ligand amount is kept constant, the movement is
governed by the stiffness of the 3D structure (bulk property). Cell migration also
provides a good example of how the properties of the interface are transferred to the
cell, in this case via cell cytoskeleton, and how they directly are related to the amount
of deformation the cells can exert on the material they are in contact with (which is
determined by the bulk mechanical properties of the material) (Zaman et al. 2006).
The counterbalance between the traction forces by the cells and the adhesivity of the
surface is one of the tools that can be used to control cell movement in 3D for tissue
engineering applications. As described by Zaman et al., this can be broken down to
three interrelation parameters between the interface of cells with the material: (1)
cell adhesiveness to the material and cell-generated force; (2) cell adhesiveness to
the material and matrix stiffness; and (3) traction force and steric hindrances cre-
ated by the material. In order to fully exploit these interactions, not only the physical
properties of the material but also its temporal interactions with the cells need to be
engineered. But such a design requires a much better and quantitative definition of the
cell/material interface. This would also require real-time data. Time-lapse videos are
an effective way to analyze the temporal aspect of cell interaction with surfaces as it
is possible to monitor the cellular preferences in a continuous fashion (Miller et al.
2011). This provides a better understanding of the process compared to the end-point
analysis of cell behavior, which focuses more on the differences between different
surfaces rather than the actual interaction of the cell with a given surface.

Currently, such effects are quantified in an empirical and specific material-based
fashion. When a new biomaterial is designed, it is first tested for its interaction with
cells. This is generally done by checking the spreading, proliferation, migration, or
differentiation of the cells. For example, Hjortnaes et al. (2015) demonstrated that
utilization of a methacrylated gelatin/hyaluronic acid hydrogel keeps Valvular inter-
stitial cells in a quiescent form whereas gelatin-only gels result in their differentiation
to myofibroblast form, similar to their spontaneous differentiation in 2D conditions.
However, it is not very easy to deconvolute the effect of hyaluronic acid presence from
a biological point of view (the evolutionarily conserved interactions between the inter-
stitial cells and hyaluronic acid), chemical point of view (addition of a sugar-based
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polymer in an amino acid—based polymer environment, the resulting co-cross-linked
network and the noncovalent interactions between the two polymers) and physical
properties (mechanical properties, swelling properties of the gel structure, etc.).

One of the biggest challenges in the determination of the effects of interfacial
properties is the high level of interdependence of several properties with each other.
Chemical composition of the surface directly affects the hydrophilicity and protein
adsorption properties. Similarly, surface roughness has a direct effect on the protein
adsorption and hydrophilicity (Park et al. 2011; Schmidt et al. 2011; Gomes et al. 2012).
There is also constant change of interface properties due to the release of proteolytic
or other enzymes (such as hyaluronidase) that can have direct effects on the interface
properties. The understanding of these interactions necessitates new high-through-
put methods that can show the underlying principles between these interactions. The
emerging field of materiomics is trying to answer these questions by simultaneous
monitoring of different combinations of material systems and their overall biologi-
cal effect and the emergent properties of cell/material systems (Cranford et al. 2013).

Together with the analysis of the effects of the biological building blocks at dif-
ferent length scales (from nano to macro) on cells, in the near future we might have
a full picture of the cellular interactions with natural and synthetic materials. But,
as the materiomics is still in its infancy, in this book, we will mostly focus on the
material properties that have been shown to be important parameters in controlling
cell behavior. As they are mentioned heavily in the upcoming chapters, some of
these properties will be briefly described and exemplified here: hydrophilicity and
topography. The upcoming chapters will provide more details on specific properties
pertinent to the applications they cover.

Surface hydrophilicity or hydrophobicity refers to the quantitative interaction of
a given surface with water. On highly hydrophilic surfaces, water can freely spread
over the surface instantaneously and result in the complete coverage of the surface.
Whereas on hydrophobic surfaces, water molecules, due to their limited interactions
with the surface, cannot move freely and they form a drop that is related to the level of
hydrophobicity of the surface (Zhao et al. 2005). A method based on the application of
small liquid drops on surfaces followed by the quantification of the angle between the
solid and the liquid phases via image analysis (the sessile drop method) has become
the standard method for the determination of the surface hydrophilicity of materials.
Although the sessile drop method is the most commonly used method, dynamic con-
tact angle measurements generally provide a better understanding of the surface.

Stem cells are of particular interest for tissue engineering and regenerative med-
icine applications, thus their interaction with material surfaces have been widely
studied. Protecting the stemness of the stem cells and finely directing their differen-
tiation to a given cell type is essential for creating artificial tissues. The interactions
of the stem cells with their microenvironment (stem cell niche) largely determine the
outcomes (Jha et al. 2011; Wu et al. 2011). The stem cell niche itself has more com-
ponents than the material aspect as the interaction of the cell with the surrounding
cells and also soluble bioactive agents such as growth factors and hormones are also
important determinants of its behavior. Artificial biomaterials mainly mimic the
interaction of stem cells with the ECM surrounding them. Recent years have seen
a mounting interest in the effect of interfacial properties such as interfacial energy,
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surface micro/nano topography, and surface hydrophilicity/hydrophobicity on stem
cell behavior. For example, it has been shown that hydrophobicity of the underlying
matrix can have a positive effect on stem cell self-renewal and attachment.

To be able to deconvolute the bulk effects from hydrophobicity, Ayala et al. (2011)
developed synthetic matrices where the hydrophobicity of the surface was only con-
trolled by the changes of the alkyl chain length, which means that the chemistry
the cells are exposed to and the mechanical properties stayed the same. This was
achieved by copolymerization of acrylamide with acryoryl amino acid groups with
pendant CH, groups of varying length (which is denoted as C1, C2 up to C10). As can
be seen from Figure 1.1, these chains have a direct effect on cell spreading. With a
linear increase in surface hydrophobicity, cell spreading has improved up to a certain
level after which hydrophobic surfaces are not amenable to cell attachment either. The
surface has also effects on cell attachment strength, movement, and osteogenic differ-
entiation. An optimal contact angle for surfaces that are neither very hydrophilic nor
very hydrophobic has been observed in many systems and although there is not a sin-
gle optimal contact angle, a range of 50°—60° has been considered as a suitable range.

- - C10|A

-

26.53°+0.60° 33.8°+1.89° 57.99°+1.16° 69.25°+1.27° 84.83°+1.14°
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FIGURE 1.1 Effect of surface hydrophilicity/phobicity on cell attachment. The type of the
alky chains used determines the extent of cell attachment. (a) The measurement of contact
angles on the surfaces with different alkyl chain length. (b) Atomic force microscopy (AFM)
images of the surfaces, the alkyl chain length does not significantly effect the surface rough-
ness. (¢) Stem cell behavior on the designed surfaces, the highest spreading was achieved
in intermediate chain lengths. (Reprinted from Ayala, R. et al., Biomaterials, 32(15), 3700,
2011. With permission.)
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This study shows that by using this optimal range for the interface, many properties of
cells in contact with the surface can be modulated. Hydrophobicity or hydrophilicity
of a surface has direct effects on protein adsorption, depending on the hydrophobic or
hydrophilic nature of the protein. This property also affects the way in which configu-
ration the protein will be adsorbed (Ker et al. 2011; Assal et al. 2013). For example,
it has been observed that fibronectin, an important ECM component having a role in
cell adhesion, adsorption on the gels with an intermediate hydrophobicity was signifi-
cantly higher than that of more hydrophilic or more hydrophobic ones.

In 3D structures, porosity is a very important parameter in order to enable
population of thick structures by cells. Porous structures have been used as tissue
engineering scaffolds and also porosity has been introduced to the surfaces of
several orthopedic implants to improve their anchorage by the surrounding bone
tissue (Karageorgiou and Kaplan 2005; Li et al. 2007). Here, another interesting
parameter, which is the discontinuity between the interfaces due to the porosity,
comes into play, when the effect of the material interface on cellular movement
and proliferation is considered. Our group has been working on titanium micro-
bead—based porous structures over 10 years, where complex 3D openly porous
structures can be obtained by sintering titanium microbeads of a given size (from
150 to 500 pm). In this case, the porosity of the structure is a function of the bead
size (Vrana et al. 2014). Recently, we have shown that the distance between the
beads in 3D significantly affects cell movement and ECM secretion both in vitro
and in vivo (Figure 1.2). Cells’ ability to move between the beads defines the
300 pm

150 um 500 um

Completely filled pores

500 pm

100 pm

30 um
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FIGURE 1.2  The effect of bead size on porous titanium implant population. As the bead size
decreases, the ability of cells to form contacts between the beads increases; this leads to a faster
population of the 3D structure. SEM microgrpahs of fibroblast population of porous titanium
implants where the average bead size is 150 um (a, d, g), 300 um (b, e, h) and 500 um (c, f, i)
respectively. Close-up of a completely filled pore in implants formed of 150 um microbeads (j).
(Used from Vrana, N.E. et al., Adv. Healthcare Mater., 3(1), 79, 2014. With permission.)
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FIGURE 1.3 ENTegral Artificial Larynx, which has already been implanted in humans, uses
titanium microbead-based connector to ensure the connection between the implant and the
patient’s trachea and the surrounding soft tissue. (Courtesy of Protip Medical, Strasbourg, France.)

extent of their overall 3D movement and distribution. We have exploited this
feature in our Artificial Larynx (ENTegral™) (Debry et al. 2014) for enabling
the faster integration of the implant in humans (Figure 1.3).

Another aspect of many tissues is their multicellular and compartmental nature
(Li et al. 2000; Liu et al. 2010). Different parts of the tissue have distinct charac-
teristics important for their function. This complicates the design of scaffolds for
these tissues and, generally, necessitates structures formed of several components.
For example, cornea, the outermost layer of the eye, is composed of five distinct
layers. From the outer limit to inward, first there is an nonkeratinized, stratified,
squamous epithelial layer lined with Bowman’s layer followed by a layer of thick,
highly ordered corneal stroma filled with corneal fibroblasts (keratocytes), a thin
Descemet’s membrane, and, finally, a corneal endothelial lining. Light transmit-
tance is an important function of cornea that is provided by the physical structure
of cornea and the specific activities of the corneal cells. These different structures
can only be mimicked by distinctly different biomaterial designs in different parts
of the artificial cornea (Nishida et al. 2004). For mimicking thick stroma of cor-
nea (about 400 um), collagen have been widely used in conjunction with foams
containing glycosaminoglycans such as chondroitin sulfate, which is naturally
present in cornea. Acun and Hasirci (2014) used a combination of a collagen/
chondroitin sulfate foam (stromal replacement) and electrospun collagen fibers
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(as Bowman’s layer replacement) in order to produce a split thickness cornea.
In this setting, the 400 um-thick foam is used as a 3D structural material for
corneal keratocytes and the epithelial cells are seeded onto the thin electrospun
layer so that the epithelial layer and stromal layer can be kept separate but having
contact with each other due to the porous nature of the electrospun fibers. In a
related study, Kilic et al. (2014) tried to achieve the same effect by stacks of pat-
terned collagen films, and this study showed that the patterned structures indeed
induced improved transparency in a cell-specific manner (improved transparency
for corneal keratocytes but no improvement for another fibroblast-type 3T3 mouse
fibroblasts). These studies show the importance of discrete interfaces within 3D
structures to induce functional responses from cells.

Nanoscale topography is another route of controlling the cellular behavior while
concomitantly affecting the bacterial attachment (Yu et al. 2011), thus playing a role
in the race to the surface between microbes and the eukaryotic cells in implant sce-
narios. One such surface is the cicada wing—inspired titanium nanowires. Cicada
wings are bactericidal due to the presence of the dense nanopillar arrays on them,
which kills bacteria by perforating them. This can be mimicked by development
of titanium oxide nanowires on titanium surfaces by alkali treatments; by control-
ling the treatment conditions, the size of the nanowires can be controlled (Diu et al.
2014). These patterns show selective bacteriocidal activity toward mobile bacteria,
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FIGURE 1.4 Effect of titanium nanowires on the movement and proliferation of human
MG63 osteoblast-like cells. The interface formed by the nanowires decreases the movement
and proliferation. (a) Flourescent microscope images of MG63 osteoblast like cells on flat
titanium surfaces, brush type titanium oxide nanowires and niche type wires over 14 days.
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FIGURE 1.4 (Continued) Effect of titanium nanowires on the movement and prolifera-
tion of human MGG63 osteoblast-like cells. The interface formed by the nanowires decreases
the movement and proliferation. (b) Quantification of average cell numbers on the surfaces,
by day 14 there were more cells on flat titanium surfaces. (c) Cross-sections of the MG63/
Titanium surfaces with confocal microscopy, showing the different mode of interactions of
cells with flat titanium and nanowire containing surfaces. (Used from Diu, T. et al., Sci. Rep.,
4, 7122, 2014. With permission.)

while where restricting the movement of human osteoblasts and affecting their pro-
liferation, without having a cytotoxic effect (Figure 1.4). Such multifunctional sur-
faces will also be covered in the upcoming chapters.

1.1 BOOK OUTLINE

Many critical health-care problems such as organ failure, chronic diseases that
necessitate replacement of tissues, extensive damages to tissues due to accidents,
etc., do not have remedies by standard pharmaceutical methods. Organ/tissue
replacement or organ function replacement generally necessitates structures like
implants or extracorporeal devices, where cells of the body interact with materi-
als that in their natural state they would only interact during an insult (such as
an injury). These new interfaces created by biomedical engineering are crucial
for both solving the health problems that haunt our societies, but scientifically
they are also important and interesting to understand how human cells of different
origins interact with them. Most of the time, success or failure of an implant or
a medical device can directly be linked to the interface it has with the body, that
is, host cells. Aseptic loosening of hip implants and dental implants, neointimal
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hyperplasia within the stents, and clogging of artificial heart valves are some com-
mon examples where the implant surfaces triggers unwanted reactions that lead to
additional complications. Thus, a comprehensive understanding of cell/material
interface is crucial for future biomedical engineers for designing better implants,
in vivo sensors, imaging reagents, and engineered tissues.

This book aims to provide the necessary background for appreciating and exploiting
the cell-material interface for biomedical engineering applications. The book has been
designed to give the reader the foundational information to appreciate the intricacies
of the cell/material interactions while providing robust examples of how these interac-
tions can be exploited for biomedical applications. Thus, each chapter not only pro-
vides specialized information about a field of biomedical engineering but also strives
to include basic information to provide a better view of the underlying principles.

As we focus on cell/material interface, it is inevitable that ECM, the main struc-
ture cells are in contact with, comes up. So, most chapters cover different aspects of
ECM and its interaction with the cells.

In Chapter 2, McGuinness et al. start with the material side of the interface, pro-
viding an overview of the extensive fabrication techniques that are utilized for produc-
tion of cell interfacing materials. This allows the book to establish techniques such as
electrospinning and hydrogel production methods, which are mentioned extensively
in the later parts. They reviewed the 3D printing technologies that are becoming more
and more relevant for biomedical applications, particularly as cell niches or scaffolds.

In Chapter 3, Tezcaner et al. look at the cell/material interface from a size-scale
point of view and cover the interfaces at nanoscale. They describe the relevant cell/
cell microenvironment (niche) interactions happening at nano level and how these
interactions can be controlled for engineering tissues by use of nanotechnology and
nanobiomaterials. They describe the ECM components at nanoscale, particularly for
the stem cells and their niche. They also provide insights into the use of self-assembling
nanostructures such as natural or synthesized peptides and also the use of inorganic
nanomaterials (such as carbon nanotubes, bioglasses) for biomedical purposes.

In Chapter 4, Anwarul et al. cover most of the ECM interactions with cells and
then go on to explain these interactions in the context of cell-based biosensors. This
involves a review of the interactions of the cell surface proteins with ECM mole-
cules, development of focal adhesions, and the underlying processes. This is neces-
sary to understand how cell-based sensors can function as predictive tools for drug
development and what are the necessities to provide the cells with right signals to
ensure an environment that is physiologically relevant. They give specific examples
of use of cellular systems as biosensors and also in tissue engineering applications.

In Chapter 5, Zorlutuna et al. cover the micropatterning of proteins for creating
interfaces that can control the cell behavior at an individual cell level. Overall, sur-
face engineering is an integral part of creating material/cell interfaces and the meth-
ods that are used to create such substrates are important tools to achieve cell control.
They describe techniques based on photolithography, soft lithography, self-assembled
monolayers, and direct write techniques used for patterning of proteins on surfaces
with high fidelity and their respective advantages and disadvantages. They describe the
processes involved in the absorption of proteins and their relevance to the cell surface
interactions and the uses of such substrates for precise control of cell behavior.
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In Chapter 6, Kinikoglu et al. focus on the interface properties in engineering
skin tissue. Skin tissue engineering is one of the fields where another interface, air—
liquid interface, is an important component, and this chapter explains how air-liquid
interface can be used for keratinization of artificial skin substitutes and the methods
to achieve functional tissue engineered skin. They describe the main parameters
that influence the outcome of artificial skin tissue development, such as biopolymer
chemistry, protein immobilization, and surface hydrophilicity, particularly from the
cell/scaffold interface point of view.

In Chapter 7, Matsumura et al. define the conditions of cryoprotection and the
material considerations for the successful protection of cells. They describe the cells’
interface with their surrounding (such as forming ice crystal) below 0°C conditions,
which results in a solid and mostly abrasive material. The development of the right
conditions for cell preservation, particularly of nontoxic cryoprotectants, is an essential
step in the biomaterials research, as they define the initial conditions of the cells used.

In Chapter 8, Nikkhah et al. focus on cardiac tissue engineering, and as cardiac
tissue is a highly anisotropic tissue, the micropatterning methods that have been
used to direct cardiac cells. They describe the structure/function relationship for the
cardiac tissue and how the behavior of cardiac cells is governed by their interface
with each other and the surrounding extracellular matrix. In this regard, they provide
an overview of the current techniques to achieve mimicking the structure of cardiac
tissue via 2D and 3D patterning methods.

In Chapter 9, Almodovar et al. provide the necessary background of the roles of
polysaccharides in biology and their use as biomaterials. As mostly charged mol-
ecules, polysaccharides have been widely used in the development of LbL struc-
tures. LbL methodology as a way of developing interfaces that are controllable at
nanoscale is explained extensively in this chapter according to its ability to control
cellular behavior from adhesion to differentiation. From these surface coatings,
they move to 3D structures and cell material interfaces in such structures, such as
polysaccharide-based hydrogels and also polysaccharide-based nanofibers. They
briefly discuss the novel sources of polysaccharides and their use as biomaterials.

Finally, in Chapter 10, Kzhyshkowska et al. review the cell/material interface
from an immunology perspective. Cells of immune system, particularly macro-
phages, play an important role in the initial response to the biomaterials by the host
and their reactions orchestrate the inflammatory processes. In this chapter, they
describe the origin of macrophages, their subpopulations, their activation and roles
in foreign body response. Understanding the biological processes leading to adverse
reactions to implanted materials can significantly ameliorate the clinical outcomes
and this chapter closes the book with the description of possible therapeutic control
of macrophages.

ACKNOWLEDGMENTS

This project has received funding from EurolransBio BiMot (ETB-2012-032),
the European Union’s Seventh Framework Programme for research, technological
development, and demonstration under grant agreement nos. 606624 (NanoTli) and
602694 IMMODGEL).



12 Cell and Material Interface

REFERENCES

Acun, A. and V. Hasirci. 2014. Construction of a collagen-based, split-thickness cornea sub-
ot N 11110115

Anselme, K., P. Davidson, A.M. Popa, M. Giazzon, M. Liley, and L. Ploux. 2010. The inter-
action of cells and bacteria with surfaces structured at the nanometre scale. Actg
Hiessstenssisy 0(10):3824-3846.

Assal, Y., M. Mie, and E. Kobatake. 2013. The promotion of angiogenesis by growth fac-
tors integrated with ECM proteins through coiled-coil structures. jisukoakets
34(13):3315-3323.

Ayala, R., C. Zhang, D. Yang, Y. Hwang, A. Aung, S.S. Shroff, FT. Arce, R. Lal, G. Arya,
and S. Varghese. 2011. Engineering the cell-material interface for controlling stem cell
adhesion, migration, and differentiation. ket 32(15):3700-3711.

Cranford, SW., J. de Boer, C. van Blitterswijk, and M.J. Buehler. 2013. Materiomics:
An-omics approach to biomaterials research. | NG 25 (6):802—-824.

Debry, C., A. Dupret-Bories, N.E. Vrana, P. Hemar, P. Lavalle, and P. Schultz. 2014. Laryngeal
replacement with an artificial larynx after total laryngectomy: The possibility of restor-
ing larynx functionality in the future. jrnsbebabbaad 36(11):1669-1673.

Diu, T., N. Faruqui, T. Sjostrom, B. Lamarre, H.F. Jenkinson, B. Su, and M.G. Ryadnov. 2014.
Cicada-inspired cell-instructive nanopatterned arrays. [N 47122

Fujie, T., Y. Mori, S. Ito, M. Nishizawa, H. Bae, N. Nagai, H. Onami, T. Abe, A.
Khademhosseini, and H. Kaji. 2014. Micropatterned polymeric nanosheets for local
delivery of an engineered epithelial monolayer. | NN 26 (11):1699-1705.

Glinel, K., P. Thebault, V. Humblot, C.M. Pradier, and T. Jouenne. 2012. Antibacterial sur-
faces developed from bio-inspired approaches. || N S(5):1670-1684.

Gomes, S., I.B. Leonor, J.F. Mano, R.L. Reis, and D.L. Kaplan. 2012. Natural and genetically
engineered proteins for tissue engineering. h 37(1):1-17.

Harunaga, J.S. and K.M. Yamada. 2011. Cell-matrix adhesions in 3D. |l
30(7-8):363-368.

Hjortnaes, J., G. Camci-Unal, J.D. Hutcheson, S.M. Jung, F.J. Schoen, J. Kluin, E. Aikawa, and
A. Khadembhosseini. 2015. Directing valvular interstitial cell myofibroblast-like differ-
entiation in a hybrid hydrogel platform. * 4(1):121-130.

Hollister, S.J. 2005. Porous scaffold design for tissue engineering. [N
4(7):518-524.

Jha, A.K., X. Xu, R.L. Duncan, and X. Jia. 2011. Controlling the adhesion and differentiation
of mesenchymal stem cells using hyaluronic acid-based, doubly crosslinked networks.

ety 32(10):2466-2478.

Kakisis, J.D., C.D. Liapis, C. Breuer, and B.E. Sumpio. 2005. Artificial blood vessel: The
Holy Grail of peripheral vascular surgery. _ 41(2):349-354.

Karageorgiou, V. and D. Kaplan. 2005. Porosity of 3D biomaterial scaffolds and osteogenesis.
iesesieieds 26(27):5474-5491.

Ker, E.D.P,, A.S. Nain, L.E. Weiss, J. Wang, J. Suhan, C.H. Amon, and P.G. Campbell. 2011.
Bioprinting of growth factors onto aligned sub-micron fibrous scaffolds for simultane-
ous control of cell differentiation and alignment. isusstautely 32(32):8097-8107.

Kilic, C., A. Girotti, J.C. Rodriguez-Cabello, and V. Hasirci. 2014. A collagen-based corneal
stroma substitute with micro-designed architecture. || N S 2(3):318-329.

Li, J.P.,, P. Habibovic, M. van den Doel, C.E. Wilson, J.R. de Wijn, C.A. van Blitterswijk, and
K. de Groot. 2007. Bone ingrowth in porous titanium implants produced by 3D fiber
deposition. ikl 28(18):2810-2820.

Li, YW., W.H. Liu, SW. Hayward, G.R. Cunha, and L.S. Baskin. 2000. Plasticity of the uro-
thelial phenotype: Effects of gastro-intestinal mesenchyme/stroma and implications for
urinary tract reconstruction. i mmmm8"—mn 66(2-3):126-135.


http://www.crcnetbase.com/action/showLinks?crossref=10.1038%2Fsrep07122
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.matbio.2011.06.001
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.actbio.2010.04.001
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.actbio.2010.04.001
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2FC3BM60194C
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.actbio.2012.01.011
http://www.crcnetbase.com/action/showLinks?crossref=10.1038%2Fnmat1421
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.biomaterials.2011.02.004
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.jvs.2004.12.026
http://www.crcnetbase.com/action/showLinks?crossref=10.1046%2Fj.1432-0436.2000.660207.x
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2Fhed.23621
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.progpolymsci.2011.07.003
http://www.crcnetbase.com/action/showLinks?crossref=10.1080%2F09205063.2014.920170
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.biomaterials.2011.07.025
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2Fadma.201304183
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2Fadhm.201400029
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.biomaterials.2013.01.067
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.biomaterials.2007.02.020
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.biomaterials.2010.12.024
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2Fadma.201202553
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.biomaterials.2005.02.002

Editorial 13

Liu, J., Z. Bian, A.M. Kuijpers-Jagtman, and J.W. Von den Hoff. 2010. Skin and oral mucosa
equivalents: Construction and performance.
13(1):11-20.

Miller, E.D., K. Li, T. Kanade, L.E. Weiss, L.M. Walker, and P.G. Campbell. 2011. Spatially
directed guidance of stem cell population migration by immobilized patterns of growth

factors. uskeaieds 32(11):2775-2785.
Nishida, K., M. Yamato, Y. Hayashida, K. Watanabe, K. Yamamoto, E. Adachi, S. Nagai et al.

2004. Corneal reconstruction with tissue-engineered cell sheets composed of autolo-
gous oral mucosal epithelium. * 351(12):1187-1196.

Park, H., B.L. Larson, M.D. Guillemette, S.R. Jain, C. Hua, G.C. Engelmayr, and L.E. Freed.
2011. The significance of pore microarchitecture in a multi-layered elastomeric scaffold
for contractile cardiac muscle constructs. sy 32(7):1856-1864.

Ryan, G., A. Pandit, and D.P. Apatsidis. 2006. Fabrication methods of porous metals for use
in orthopaedic applications. ikl 27(13):2651-2670.

Sacks, M.S., F.J. Schoen, and J.E. Mayer. 2009. Bioengineering challenges for heart valve
tssue engincering. INNNER 1 0. 1>

Schmidt, J.J., J. Jeong, and H. Kong. 2011. The interplay between cell adhesion cues and
curvature of cell adherent alginate microgels in multipotent stem cell culture. Jissug
I | 7(21-22):2687-2694.

Stegemann, J.P., H. Hong, and R.M. Nerem. 2005. Mechanical, biochemical, and extracel-
lular matrix effects on vascular smooth muscle cell phenotype. I
Risialagy 98(6):2321-2327.

Stevens, M.M. and J.H. George. 2005. Exploring and engineering the cell surface interface.
Saleuee 310(5751):1135-1138.

Vautier, D., J. Hemmerle, C. Vodouhe, G. Koenig, L. Richert, C. Picart, J.C. Voegel, C. Debry,
J. Chluba, and J. Ogier. 2003. 3-D surface charges modulate protrusive and contractile
contacts of chondrosarcoma cells. * 56(3):147-158.

Vrana, N.E., A. Dupret-Bories, P. Schultz, C. Debry, D. Vautier, and P. Lavalle. 2014. Titanium

microbead-based porous implants: Bead size controls cell response and host integra-
tion. R -5

Williams, D.F. 2008. On the mechanisms of biocompatibility. itk 29 (20):2941-2953.

Wu, W., R. Allen, J. Gao, and Y.D. Wang. 2011. Artificial niche combining elastomeric sub-

strate and platelets guides vascular differentiation of bone marrow mononuclear cells.
17(15-16):1979-1992.

Yeung, T., P.C. Georges, L.A. Flanagan, B. Marg, M. Ortiz, M. Funaki, N. Zahir, W. Ming,
V. Weaver, and P.A. Janmey. 2005. Effects of substrate stiffness on cell morphology,
cytoskeletal structure, and adhesion. _ 60(1):24-34.

Yu, B., K.M. Leung, Q. Guo, W.M. Lau, and J. Yang. 2011. Synthesis of Ag-TiO, composite
nano thin film for antimicrobial application. ju—— 22 (11):115603.

Zaman, M.H., L.M. Trapani, A.L. Sieminski, D. MacKellar, H. Gong, R.D. Kamm, A. Wells,
D.A. Lauffenburger, and P. Matsudaira. 2006. Migration of tumor cells in 3D matri-

ces is ioverned bi matrix stiffness aloni with cell-matrix adhesion and ﬁroteolisis.

103(29):10889-10894.

Zamir, E. and B. Geiger. 2001. Molecular complexity and dynamics of cell-matrix adhesions.
Journal of Cell Science 114(20):3583-3590.

Zhao, G., Z. Schwartz, M. Wieland, F. Rupp, J. Geis-Gerstorfer, D.L. Cochran, and B.D.

Boyan. 2005. High surface energy enhances cell response to titanium substrate micro-
sroctre. I 7\ -5


http://www.crcnetbase.com/action/showLinks?crossref=10.1111%2Fj.1601-6343.2009.01475.x
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2Fjbm.a.30320
http://www.crcnetbase.com/action/showLinks?crossref=10.1152%2Fjapplphysiol.01114.2004
http://www.crcnetbase.com/action/showLinks?crossref=10.1152%2Fjapplphysiol.01114.2004
http://www.crcnetbase.com/action/showLinks?crossref=10.1089%2Ften.tea.2010.0550
http://www.crcnetbase.com/action/showLinks?crossref=10.1056%2FNEJMoa040455
http://www.crcnetbase.com/action/showLinks?crossref=10.1088%2F0957-4484%2F22%2F11%2F115603
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.biomaterials.2005.12.002
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2Fcm.10140
http://www.crcnetbase.com/action/showLinks?crossref=10.1089%2Ften.tea.2010.0685
http://www.crcnetbase.com/action/showLinks?crossref=10.1089%2Ften.tea.2010.0685
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.biomaterials.2008.04.023
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.biomaterials.2010.12.005
http://www.crcnetbase.com/action/showLinks?crossref=10.1126%2Fscience.1106587
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2Fcm.20041
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.biomaterials.2010.11.032
http://www.crcnetbase.com/action/showLinks?crossref=10.1073%2Fpnas.0604460103
http://www.crcnetbase.com/action/showLinks?crossref=10.1146%2Fannurev-bioeng-061008-124903
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2Fadhm.201200369




2 Scaffold Processing

Technologies for Tailored
Cell Interactions

Garrett Brian McGuinness, Irina Pascu,
Caitriona Lally, and Richard O’Connor

CONTENTS
2.1 INErOQUCHION ..cuviniiiiiiieiiciiciei ettt 16
2.2 Processing TeChNOIOZIES.........cc.covueriiieriiiieiieieeiieeeeeeee e 16
2.2.1  EIeCtrOSPINMING......eouieiieiieiieiierieeiesieete sttt ettt sae e 16
2.2.1.1 Fundamental Principles ........c.ccoocerervueninienienienienicnceee 16
2.2.1.2  ColleCtor SYSIEMS ...c..evueereiriieriiriienieeienieeienieeie ettt 18
2.2.1.3  NANOYAINS c.evenvieiieiieieeieeieeitente ettt sttt sttt eae 19
2.2.2  Solid Freeform Fabrication............ccccoevuevieiiiiininninininiiiecneseeen 21
2.2.2.1 Selective Laser SINtering .........cocceveevuerieerieneenienienieneenienns 22
2.2.2.2 3D PriNtINZ...coueeieriieiiieeieeieniceeesieee et 23
2.2.2.3 Fused Deposition Modeling.........c.cceeereevenienienienencenenn 24
2.2.3  HYAIOZLIS ...ttt 24
2.2.3.1 Fundamental Principles ........c.ccoocerervenirsenienienienicnceene 24
2.2.3.2  Cryogelation ProCcesses ........ccoccovererruenieiienienienieienceneenn 25
2.2.3.3 Photopolymerization...........cccoeeeereeuenieesienieienieeeeeeneeenne 26
2.2.3.4 Double Network Hydrogels..........c.ccecereevienienienieneneenene. 26
2.2.3.5 Vascularization of Scaffolds.........ccccccevieviivninininincnne. 27
2.2.3.6 3D Patterning and Prototyping of Hydrogels ...................... 27
2.3 Cell Scaffold Interactions and Tissue Regeneration...........cc.cceceveevcneencnnee. 29
2.3.1 Cardiovascular DiSEase .........coceeevuerierieieieiiiieieieieeeeeeeee e 29
2.3.1.1 Small Diameter Blood Vessels.........ccccccceevirininininincnnenne. 29
2.3.1.2 Tissue Engineering of Blood Vessels.........cc.ccceveenieneenncnne. 29
2.3.2  Musculoskeletal Injury and DiS€ase..........ccceeveviervenenieneeneneeniennen 31
2321 BONE ..ottt 31
2.3.2.2  Electrospun Scaffolds for Bone Tissue Engineering........... 31
2.3.2.3  Cartilage....cc.eeeecueriieiiiieeetetee e 32
2.3.2.4 Electrospun Scaffolds for Cartilage Tissue Engineering..... 33
2.3.2.5  LIAMENLS....eiitiiiiriiiiieiieieeiienitetesie ettt 34
2.3.2.6 Electrospun Scaffolds for Ligament Tissue Engineering ....34
2.3.2.7 Skeletal Muscle Tissue Engineering..........cccceceevevuereenncnne. 34
2.3.2.8 Electrospinning with CellS.......c..ccoceeveniiiininniniininieee 35



16 Cell and Material Interface

2.4 Computational Models for Mechanical Characterization of Tissue
Engineering Scaffolds .........ccccoevieiriiininininicncceceee e
2.4.1 Mechanobiology: Bone Tissue Engineering..........cccoceevevvereereeneennen.
2.4.2 Mechanobiology: Vascular Tissue Engineering............cccc......
2.4.2.1 Multiscale Vascular Mechanobiological Models
2.5 Outlook and Future Trends...........cocoeceiiiiiiniiiiiiiicceeeeeeeeee e
RETETENCES ...ttt ettt s

2.1 INTRODUCTION

Tissue engineering holds forth the promise of new regenerative therapies to address
many forms of diseases and injuries, with the potential to greatly improve outcomes
in fields such as wound care, ophthalmology, orthopedics, cardiac and vascular sur-
gery, and organ replacement.'~® This chapter focuses on a selection of clinical needs
amenable to tissue engineering solutions, the most promising scaffold fabrication
technologies currently under investigation, their capabilities and limitations, and
engineering insights into the regenerative process.

Tissue engineering scaffolds are intended to provide a structure and environment
for attached or encapsulated cells to proliferate, differentiate, and synthesize
extracellular matrix for new tissue. Scaffold properties should support and help
control the biological processes necessary for tissue generation, ideally mimick-
ing the ECM environment. In order to do this, their properties and features must
be tailored over several size scales.! Fabrication technologies such as 3D print-
ing, selective laser sintering, electrospinning, hydrogel fabrication protocols, and
many others have been intensively investigated with respect to these requirements.

Scaffold properties that are important across various applications include surface
topography, surface chemical composition, elastic properties, internal porous micro-
architecture, degradation profile, and also protein adsorption and desorption charac-
teristics.!” These properties are clearly a function of biomaterial selection, in the first
place, but are also very directly affected by the processing technologies employed to
create the scaffold architecture.

This chapter is ultimately concerned with cell-material interactions in various
types of tissue engineering scaffolds and how scaffold creation technologies can be
exploited and improved to drive further progress in tissue engineering.

2.2 PROCESSING TECHNOLOGIES

2.2.1 ELECTROSPINNING

2.2.1.1 Fundamental Principles

Martin and Cockshott have reported the first use of electrospinning technique for
biomaterial applications in 1977" while its application to scaffolds for tissue engi-
neering has emerged more recently.'? Electrospinning is a simple technique capable
of producing nano- and microfibrous biomaterials, and allowing a degree of control
over fiber morphology and alignment.'” These nanofibrous materials have a high sur-
face area to volume ratio, making them attractive for tissue engineering applications.
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FIGURE2.1 (a)Electrospinning of 2D membranes using standard electrospinning rig. (From
Teo, W.E. and Ramakrishna, S., Nanotechnology, 17(14), R89, 2006.) (b) Electrospinning of
aligned fiber using rotating drum collector. (Reprinted with permission from Matthews, J.A.
et al., Biomacromolecules, 3(2), 232. Copyright 2002 American Chemical Society.)

The process typically involves a polymer solution or melt that is subjected to a high
voltage (of the order of kilovolts) and brought into the vicinity of a grounded or
oppositely charged collector at a controlled rate of flow (see Figure 2.1a)."* A Taylor
cone of the charged polymer forms and, when a threshold voltage is reached, a
fiber is ejected.'*!> As it leaps toward the collector, the fiber may begin to whip.
This further reduces the diameter of the fiber, down to the nanoscale in some cases.
If a solution rather than a melt has been used as the precursor, the solvent should
evaporate before reaching the collector. Otherwise, a flattened fiber morphology
will be observed. With a standard flat plate collector, the deposited fibers will be
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TABLE 2.1

Key Parameters Affecting Electrospinning Processes
Polymer/Solution Process Parameters Environmental
Molecular weight Voltage Temperature
Solvent type Tip-to-collector distance Humidity
Concentration Flow rate

Viscosity Capillary diameter

Surface tension Collection technique

Electrical conductivity — Electric field

Additives

pH

randomly aligned. The key material and process parameters affecting fiber diameter
and morphology are listed in Table 2.1.

One of the most important aspects of tissue engineering is to introduce cells to a
biomaterial structure in order to provide a scaffold on which they can anchor, migrate,
and proliferate three-dimensionally. Cells binding to scaffolds with microscale archi-
tectures attach and spread according to the 3D architectures in question. Scaffolds
with nanoscale architectures have bigger surface areas for absorbing proteins and
present more binding sites to cell membrane receptors. The adsorbed proteins can
further change the conformations, exposing additional binding sites, expected to pro-
vide an edge over microscale architectures for tissue generation applications.'¢

Electrospinning generates loosely connected 3D porous mats with high porosity
and high surface area, which can mimic extracellular matrix structure and therefore
makes itself an excellent candidate for use in tissue engineering. This technique has
great potential for many tissues such as vessels,'”!8 bone,!*2° neural tissue,?"?? carti-
lage,?*?* and tendons/ligaments.? It is believed that fibers formed by electrospinning
have the ability to mimic, in a limited way, the natural extracellular matrix (ECM)
structure in terms of variability of fiber diameter, topology, texture, and mechanical
properties.' Natural ECM separates different tissues, forms a supportive meshwork
around cells, and provides anchorage to the cells. It is made up of proteins and gly-
cosaminoglycans (GAGs), which are carbohydrate polymers.

2.2.1.2 Collector Systems

Many factors can influence the formation of the fibrous structures obtained via elec-
trospinning including solution properties, spinning properties, and the collector system
used. Considerable effort has been spent on developing dynamic collector systems in
order to increase the control of the fiber architecture within electrospun materials.
Fiber alignment, in particular, is a key characteristic of an electrospun scaffold and
greatly determines the mechanical properties of the structure.?>?¢ Fiber alignment has
also been shown to be an important factor for delivering contact guidance cues to cells
when used in tissue engineering applications. Cells proliferate along the direction of
deposited fibers and aligned fibers have been shown to promote ECM deposition com-
pared to random fibers, increasing the mechanical properties of a tissue scaffold.>>>
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Increased fiber alignment is often achieved through the use of bespoke collectors,
such as metallic wire frames and rotating drums. Rotating collectors such as those shown
in Figure 2.1b have been widely used to form highly orientated fibrous sheets and tubular
scaffolds. Tubular scaffolds are often created with the view to developing tissue scaffolds
for blood vessel applications. Increased fiber alignment is achieved during the deposition
process due to the relative movement between the landing fiber and the rotating surface
of the drum. This movement applies tensile forces to the landing fibers, pulling them
into alignment. Matthews et al.”’ showed that at low rotational speeds of approximately
500 rpm deposited fibers still exhibit a randomly aligned nature upon deposition but at
rotational speeds above 4500 rpm fibers aligned with the axis of rotation of the drum.

2.2.1.3 Nanoyarns

Over the past decade, a number of approaches have been developed for the pro-
duction of highly orientated bundles of electrospun fibers referred to as electrospun
yarns or nanoyarns.?®28-3! Electrospun yarns offer the ability to create diverse tex-
tiles through fabric production techniques such as weaving, knitting, and embroidery
while retaining the inherent benefits that electrospun nanofibers offer. Nanoyarns are
ideal candidates for use in advanced applications as filtration devices, nanocompos-
ite materials, sensors, and biomedical devices.

Considerable focus has centered on the development of medical textiles with the
aim of producing cost-effective, mass-producible tissue scaffolds. Yarns are thought
to be superior to traditional electrospun membranes for this application due to the
increased control in mechanical and morphological properties offered along with
the potential to produce complex 3D structures. The highly aligned substructure of
yarns benefits cellular proliferation while multiscale porosity and permeability levels
have been shown to increase cellular infiltration rates compared to alternative scaf-
fold fabrication techniques.?®

Ko et al.?? investigated the production of poly(lactic acid) (PLA) and polyacry-
lonitrile (PAN) yarns containing single-walled carbon nanotubes (SWNTs). Here,
a system comprised of rollers and twisting electrodes shown in Figure 2.2a were
used to successfully gather and bundle PAN nanofibers with diameters ranging from
50-100 nm to form a continuous yarn. SWNTs were successfully embedded and ori-
entated within the fibers to provide reinforcement to the yarns. Continuous twisted
yarns were produced by Ali et al.** using the collection system shown in Figure 2.2b.
In this set-up, dual oppositely charged spinnerets were placed in front of a rotating
stainless steel funnel. Poly(vinylidene difluoride) (PVDF-HFP) was electrospun onto
the edge of the rotating funnel forming a nanofiber web. The web was subsequently
drawn off forming a hollow fiber cone that was collected on a rotating mandrel. It
was observed that by increasing the rotational speed of the funnel both fiber and yarn
diameters could be decreased. Additionally, increasing the rotational speed resulted
in higher twist angles within the yarns, which increased the tensile strength and elon-
gation to break of the yarns; however, at too high of a rotational speed a decrease in
tensile strength was observed while elongation to break continued to increase.

Other collection techniques have employed liquid reservoirs as collecting tar-
gets for electrospun yarns. Smit et al.>* produced nanoyarns from poly(vinyl acetate)
(PVA), PVDF-HFP and PAN by electrospinning the materials onto a still water basin.
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By lifting the deposited material off the surface of the water, the electrospun
membranes collapsed into a continuous fiber bundle, which was subsequently col-
lected on a rotating mandrel shown in Figure 2.2¢c. Further developments to this pro-
cess utilized dynamic liquid collection techniques to produce nanoyarns. Teo et al.*®
employed water vortices within a collector tank to induce self-bundling of deposited
electrospun materials. The vortex was formed within the collection tank by allowing
liquid to drain from an outlet located in the base of the tank while a recirculating
pump maintained a constant fluid height (Figure 2.2d). As the liquid drained, depos-
ited fibers were drawn through the aperture with the flowing water and wound onto
a mandrel. Wu et al.? showed that mouse fibroblast cultured on poly(iL-lactic-co-¢-
caprolactone) P(LLA-CL) nanoyarns created using this dynamic liquid technique
showed increased proliferation and infiltration rates compared to those cultured
on 2D P(LLA-CL) membranes. The cells exhibited elongated morphologies, grew
along the nanoyarns, and also bridged gaps between adjacent yarn segments. Further
studies by Wu et al.?” again showed with pig iliac endothelial cells (PIECs) and
MC3T3-El pre-osteoblastic cells that nanoyarns accelerated proliferation rates of
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FIGURE 2.2 (a) Continuous electrospinning of PLA and PAN yarns embedded with SWNTs.
(Reprinted from Ko, E. et al., Adv. Mater., 15(14), 1161, 2003. With permission.) (b) Electrospinning
of twisted PVDF-HFP yarns using rotating funnel. (Reprinted from Ali, U. et al., J. Text. Inst.,
103(1), 80, 2012. With permission.) (Continued)
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FIGURE 2.2 (Continued) (c) Electrospinning of yarn collected by water bath. (Reprinted
from Polymer, 46(8), Smit, E., Biittner, U., and Sanderson, R.D., Continuous yarns from elec-
trospun fibers, 2419-2423, Copyright 2005, with permission from Elsevier.) (d) Electrospinning
of yarn using dynamic liquid collection. (Reprinted from Polymer, 48(12), Teo, W.-E., Gopal,
R., Ramaseshan, R., Fujihara, K., and Ramakrishna, S., A dynamic liquid support system for
continuous electrospun yarn fabrication, 3400-3405, Copyright 2007, with permission from
Elsevier.)

the cells compared to those cultured on 2D membranes. After 7 days of culturing,
both PIECs and MC3T3-El penetrated the full depth of the nanoyarn scaffolds while
no apparent infiltration was seen on the conventional 2D scaffolds.

Nanoyarns show a promising future within the textile industry and may offer
the solution to developing commercially successful tissue engineering scaffolds.
Their properties provide the potential to bridge the gap between the nanoscale world
and conventional processing methods. Future research is expected to look toward
increasing the mechanical properties of these yarns and their manipulation into
3D structures for advanced tissue engineering applications.

2.2.2  Soub FREEFORM FABRICATION

Technologies originally conceived for rapid prototyping or additive manufacturing
offer the possibility of manufacturing predefined 3D shapes from a wide range of
precursor materials, including some that are appropriate as tissue engineering scaf-
folds. The chance to generate complex shapes, based on the geometry of a defect
at the site of an injury, or on the need to reconstruct an anatomical shape, is highly
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promising for tissue engineering. Perhaps more importantly, there may be the poten-
tial to reproduce anatomical microarchitecture, such as that of cancellous bone, for
example, or any desired porous microstructure with cell-sized features. The main
solid freeform fabrication technologies available are selective laser sintering, 3D
printing, fused deposition modeling, and stereo lithography.

2.2.2.1 Selective Laser Sintering

Selective laser sintering involves the use of laser energy to sinter geometric pat-
terns in successive layers of polymeric, metallic, or blended powders, creating a
solid part with the intended 3D form. The process is illustrated schematically in
Figure 2.3.38

In tissue engineering, this technology has been mainly directed toward the cre-
ation of bone scaffolds using biocompatible polymers, blends, or composites utilizing
PMMA, PCL, PVA, PHBYV, and PEEK. A common approach is to incorporate a bio-
ceramic such as particles of hydroxyapatite (HA) to form a biocomposite and access
the ensuing osteoconductive properties. Lee and Barlow first reported SLS process-
ing of HA that had been spray coated with PMMA before being infiltrated by an
inorganic phosphoric acid—based cement and heated to burn off the polymer result-
ing in porous bioceramic materials.?® Subsequent work elaborated the mechanical
and dimensional capabilities of this approach, including some early in vivo canine
studies,*® demonstrating biocompatibility and bone ingrowth. In order to avoid the
necessity for solvents, Tan et al. investigated the effect of the three main process
parameters on blends of PEEK and HA powders, obtaining composite structures
with up to 40 wt% HA, concluding that higher HA content compromised structural
integrity.¥ Since these scaffolds are intended to be polymer/ceramic composites,
with HA present to enhance bioactivity, no burning off of polymer was carried out.
Others have worked with poly(vinyl alcohol) (PVA),* which is not biodegradable,
as the polymer and many studies have utilized polycaprolactone (PCL),* which has
a slow degradation profile in vivo. PHB (poly(3-hydroxybuterate)), a biodegradable
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FIGURE 2.3 Schematic of the selective laser sintering process. (Reprinted from Bourell,
D.L. etal., CIRP Ann. Manuf. Technol., 60(1), 275, 2011. With permission.)
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polymer of natural origin, has also been used to create geometrically controlled scaf-
folds with square-shaped pores using SLS and characterized with respect to pore
area and compressive mechanical strength.** Powder layer thickness (PLT) had a
greater effect on scaffold properties than the laser scan spacing (SS) and lower values
of PLT or SS resulted in increased compressive mechanical properties. Eosoly et al.
created composites of poly-e-caprolactone and hydroxyapatite using SLS and studied
the effects of laser fill power, outlined laser power, scan spacing, and part orientation
on the accuracy and mechanical properties of the fabricated scaffolds.* Dimensional
accuracy was strongly dependent on manufacturing direction (orientation of struts
relative to the layering of the powder) and scan spacing. Further studies on the effects
of cell culture (MC 3T3 osteoblast-like cells) on the scaffold’s physical and mechani-
cal properties were then considered, with evidence of an initial loss of compressive
strength being subsequently reversed, and substantial morphological changes to the
scaffolds.*® Elastic moduli were unaffected, and u-CT analysis showed a smoothen-
ing of the scaffolds surfaces under cell culture conditions.*®

2.2.2.2 3D Printing

Three-dimensional printing typically involves printing a binder or a glue onto layers
of polymeric, ceramic, or metallic powder. Following the printing of one pattern, a
new powder layer of defined thickness is spread over the working area, and the print-
ing head traces out the cross-sectional pattern for the next layer (Figure 2.4).

This technology has been extensively explored with respect to bone tissue scaf-
fold applications, frequently employing calcium phosphate for its osteoconductive
properties and moderate strength.#’4% High temperatures can be used to bind the
printed structure post hoc through sintering, or binders can be used to facilitate a
low-temperature process (enabling the incorporation of bioactive molecules of natu-
ral origin).

Seitz et al. used 3D printing as part of a process chain to create sintered hydroxy-
apatite scaffolds with computer-controlled microarchitecture,® achieving inner-
channel dimensions down to 450 pm and wall structure thicknesses of 330 pm.
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FIGURE 2.4 3D Printing process chain used by Seitz et al. (Reprinted from Seitz, H. et al.,
J. Biomed. Mater. Res. B: Appl. Biomater., 74(2), 782, 2005. With permission.)
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Zhou et al. have considered the effects of a process and material parameters on 3D
printing of calcium sulfate with a water-based binder, including powder bed packing,
powder particle size, CaP:CaSO, ratio, and the type of CaP (HA or f-TCP).”® The
scaffolds containing HA showed, generally, better compressive strength than their
counterparts containing 3-TCP.

Inzana et al. have recently developed a low-temperature process with a phos-
phoric acid—based binder solution for printing scaffolds with calcium phosphate and
collagen.’! Binder concentration was adjusted to limit cytotoxicity and produced
scaffolds with microporosity in the 20-50 um range. The presence of collagen in
the binder solution significantly improved the scaffold’s flexural strength. In vivo
implantation in murine femoral defects showed evidence of new bone formation at
9 weeks, but no host—host bridging. Future incorporation of growth factors in this
process may enable full healing of critically sized defects.

2.2.2.3 Fused Deposition Modeling

Fused deposition modeling (FDM) is distinguished from the previous two technolo-
gies by the fact that the material is directly deposited by a nozzle under 3D control.
The feedstock polymer is usually in the form of a thin filament, which is melted
and deposited. This is a relatively simple process and very popular for general rapid
prototyping purposes. The process does not involve any solvent, chemical binders, or
curing reactions. It is a low-cost process but can be slow, potentially requiring days
to complete a large or complex structure.

FDM has been explored with respect to bone tissue engineering,”>> utilizing poly-
mers such as polycaprolactone,’® polypropylene,> polymethylmethacrylate,>* and incor-
porating additives such as hydroxyapatite,> tricalcium phosphate,> or bioactive glasses.*

2.2.3 HYDROGELS

2.2.3.1 Fundamental Principles

Hydrogels are soft, hydrated materials consisting of cross-linked networks of poly-
meric chains. These polymer networks swell to many times their dry weight in water
and exhibit rubber-like mechanical properties. The polymer networks may be formed
either through covalent bonds between chains, physical cross-linking assisted by
weak bonds such as hydrogen bonds, or by the formation of crystallites linking poly-
mer chains. Their structure makes them potentially suitable for use as soft tissue
scaffolds, but a limitation to their use in load-bearing applications has been their
poor mechanical strength relative to the native tissue. Hydrogels based on either
synthetic polymer chains, natural polymers, or composites have been extensively
studied in relation both as direct articular cartilage substitutes and as support sys-
tems for cell-based therapies. Some of the most common material platforms as well
as promising recent research advances are summarized in the following sections.
Many hydrogels share some of the physical characteristics of soft biological
tissues, which are also highly hydrated, such as high diffusivity and nonlinear
mechanical response characteristics under large strains. The key determinants of
hydrogel properties include the molecular structure of the repeat chains, the nature
and arrangement of the cross-linking, the water or fluid content, and any patterning
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or featuring at higher size scales. At the molecular level, hydrogel behavior is influ-
enced by interactions between functional groups on its chains and the surrounding
water molecules, affecting, for example, the conformations of the chain between
cross-links. Chain lengths between network junctions also affect behavior, particu-
larly mechanically, as would particulate reinforcement or the existence of interpen-
etrating networks of different polymers. Depending on the processing methods, gels
may incorporate features such as pores, channels, surface texturing, or even bespoke
3D structuring. The final functionality of a hydrogel scaffold will depend, therefore,
not only on the chemistry of the constituent polymers and additives but also on the
precise route by which the gel is fabricated.

2.2.3.2 Cryogelation Processes

Cryogelation, meaning the formation of gels via physical cross-links formed during
freezing and thawing cycles, is another promising technique for hydrogel scaffold
preparation.’”3® This technique is particularly associated with poly(vinyl alcohol),
usually referred to as PVA or PVOH, producing cryogels with many interesting
properties for scaffold applications.”-% In particular, the mechanical properties of
PVA gels mimic the classic soft tissue tensile response characteristic and can be tai-
lored through choice of the freezing and thawing rates and the number of cycles.5¢-70
Relatively high strengths and failure strains can be achieved, which is important for
load-bearing tissue applications, such as for cartilage or blood vessel scaffolds. The
mechanical properties of the gels arise from the microstructure, specifically crys-
tallites formed during the temperature cycles that act as physical cross-linking sites,
assisted by other physical cross-linking effects such as entanglement.”-’¢ Further
cycles applied after the first freeze—thaw cycle mainly induce secondary crystallites
in the amorphous region between the original cross-links, rather than introduce
new cross-link junctions.”! Crystals of the order of 28 A have been measured after
the first freeze—thaw cycle, increasing to 34 A after the third freeze—thaw cycles.”
Inter-crystallite distances of the order of 200 A have been detected.””

Since PVA cryogels are hydrophilic and do not therefore present ideal surfaces for
cell attachment, it is usually necessary to incorporate additives. Biomacromolecules
such as gelatin, chitosan, and bacterial cellulose have been incorporated in PVA
cryogels, leading to improved cell attachment without unduly compromising tissue-
like mechanical properties.®-6278

For cartilage applications, secure attachment of the scaffold or biomaterial to
bone is highly desirable. The PVA cryogelation process can be modified to pro-
duce gels with advantageous properties in this respect. For example, nanohydroxy-
apatite (nHAp), a bioactive substance found in bone, has also been incorporated in
PVA cryogels either directly or by in situ nHAp synthesis.”-8 The process can also
be modified to produce a functionally graded gel with multiple layers of different
compositions and with different freeze—thaw histories.?"-82 Compressive mechanical
properties and frictional properties, both key cartilage substitute requirements, can
be fine-tuned using these parameters.

The cryogelation process has also been combined with cell encapsulation to pro-
vide cell-laden scaffolds and gels for therapeutic purposes.t*3-33 The main difficulty
with such encapsulation processes is the narrow cell survival window combined with
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the appropriate temperature cycle rates for effective cryogelation. Qi et al. used a
freeze—thaw cryogelation protocol with PVA and pancreatic islets to produce mac-
roencapsulated islets for diabetes treatment.®3 More recently, as part of a vascular
tissue engineering study, carboxylated e-poly-L-lysine (COOH-PLL) in combination
with fetal bovine serum has been used with some success to retain vascular smooth
muscle cell viability in a PVA gelatin cryogelation process.t+63

2.2.3.3 Photopolymerization

Hydrogel cross-links can be chemical or physical in nature, where chemical cross-
linking involves the formation of covalent bonds to join chains. Photopolymerization
is suitable for cross-linking some polymers and involves the use of a visible or
ultraviolet light source, with or without the addition of a photoinitiator, to form the
covalent bonds. Forming gel networks from polymeric solutions using a light source
has many advantages. In particular, there is the opportunity to inject the biomaterial
in the form of a liquid precursor that can conform to adjacent cavities or structures,
followed by in vivo gelation after exposure to an endoscopic light source. In general,
photopolymerization may also open up the possibility of encapsulating cells sus-
pended in a solution, and so can be a route to delivering cell-laden scaffolds in vivo.

2.2.3.4 Double Network Hydrogels

One persistent issue with using many hydrogels in scaffold applications is lack of
mechanical strength.8* However, when prepared in a specific way, it is possible to
produce hydrogels with two coexisting networks that exhibit strength properties
significantly in excess of those associated with single network gels of either of the
constituent polymers.®> The original discovery of this effect showed strengths of
the order of 20 MPa for hydrogels of PAMPS, poly(2-acrylamido-2-methylpropane-
sulfonic acid), and polyacrylamide containing 60%—90% water, together with high
wear resistance due to their low coefficient of friction.

This strengthening effect is invoked when the molar ratio of the first to the second
network is of the order of a few to several tens, and if the first network is loosely
cross-linked but the second one highly cross-linked. Naturally, this phenomenon has
attracted the attention of researchers interested in the development of artificial car-
tilage and other load-bearing tissues. The two structural parameters that are crucial
in obtaining these high-strength gels are the molar ratio of the first to the second
network and the cross-linking densities.?> A dramatic improvement in the mechani-
cal strength of the gel is observed only when the molar ratio of the second network
to the first network is in the range of several tens. Another substantial increase in
strength is observed when the first network is highly cross-linked and the second is
loosely crosslinked.?>3¢ This allows collagen or agarose to be used as the first network
and synthetic polymers such as poly(2-hydroxylethyl methacrylate) (HEMA) and
poly(N,N'-dimethyl acrylamide) (PDMA Am), which are used in contact lenses, as the
second network. DN gels are produced simply by synthesizing the second network in
the presence of the first network. The first network is immersed into the synthesizing
medium containing the second network for 24 h until equilibrium is reached.

Several follow-up studies have attempted to explain the underlying mechanism
for the impressive strength of these hydrogels, but a clear understanding of the
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source of this strength has yet to emerge.3¢ Nevertheless, the possibility of such high-
performance hydrogels, achievable through very specific combinations of solution
and polymerization parameters, is likely to lead to new opportunities for application
of hydrogels in advanced biomaterials applications.3”$8

2.2.3.5 Vascularization of Scaffolds

Organ transplantation is often the only suitable treatment option for those with
advanced disease, but donor organ shortages persist. The development of tissue-
engineered artificial organs, such as livers, kidneys, hearts, and lungs, is therefore
widely recognized to be an important long-term clinical need. Organs typically have
considerable structural complexity at all size scales and require intricate vascular-
ization networks to facilitate delivery of oxygen and nutrients. They are therefore
inherently much more challenging to generate than simpler tissue structures. The
need to create complex architectures with biochemical and mechanical gradients,
compartmentalized cell encapsulation, and an interweaving vascular system has led
to the pursuit of hydrogel photopolymerization strategies evolved from 3D rapid pro-
totyping technologies.

2.2.3.6 3D Patterning and Prototyping of Hydrogels

A recent and comprehensive review of 3D hydrogel biofabrication strategies for
tissue engineering and regenerative medicine is provided by Bajaj et al.® Of par-
ticular interest are techniques available to selectively target regions of polymeric
solution with incident light, either through masking or controlled movement of a
light source (e.g., laser). These methods enable the creation of sophisticated hydrogel
structures featuring multicompartment cell-laden scaffolds. Figure 2.5 shows the
methodology of an early study to build a 3D PEG-based hydrogel/cell network, with
features as small as 50 pm containing cells.3*° In this way, it is possible to begin to
attempt to reproduce the complex architectures of tissues or organs.

Other exciting applications of photopolymerization are connected with digital
fabrication technologies such as stereolithography (SL) or two photon laser scanning
photolithography.

SL uses a directed laser to selectively traverse designated regions of powder or
liquid photopolymer in a layer-wise fashion and is capable of building 3D solid- or
gel-like structures. As discussed earlier, it has been widely used as a rapid pro-
totyping technology and has been extensively investigated with respect to both
solid- and gel-based tissue-engineered scaffold preparation. A drawback of this
approach, however, is the minimum feature size, which is dictated by the beam
width of the laser.

Multiphoton laser scanning photolithography can deliver scaffolds with lateral
features in the ~1 pm range, 5—6 pm axial range, but with depth of patterning limited
to approximately 1 mm. The 3D patterning capabilities of this approach have allowed
the Shoichet group to pattern controlled gradients of VEGF (vascular endothelial
growth factor) into pre-soaked agarose-based hydrogels that are then washed to flush
the unbound growth factor.”’-%* Guided migration of endothelial cells and formation
of tubules have been achieved, illustrating the high potential of this approach for
vascularization of thick scaffolds in the future.
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FIGURE 2.5 Process for formation of hydrogels microstructures containing living cells.
The apparatus is assembled, including a pretreated glass wafer with reactive methacrylate
groups on its surface, and a Teflon base with an inlet and outlet. Once the cells and prepoly-
mer solution are injected, the inlet and outlet are closed, and the unit is exposed to UV light.
The resulting patterned hydrogels containing cells are covalently bound to the glass wafer. At
this time, a thicker space can be used in conjunction with a new mask to add another layer
of cells. This process can be repeated several times. (With kind permission from Springer
Science+Business Media: Biomed. Microdev., Three-dimensional photopatterning of hydrogels
containing living cells, 4, 2002, 257, Liu, V.A. and Bhatia, S.N., Figure 2.1, Copyright 2002.)
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2.3 CELL SCAFFOLD INTERACTIONS AND TISSUE REGENERATION
2.3.1 CARDIOVASCULAR DISEASE

2.3.1.1 Small Diameter Blood Vessels

Cardiovascular disease (CVD) is a major health and economic burden throughout
the world, especially in most developed countries where it is the leading cause of
death. While great strides have been made in the development of devices and pro-
cedures for minimally invasive interventional cardiology, highly or totally occluded
arteries can be inaccessible for balloons and stents and require bypass graft surgery.
While synthetic grafts are available, and quite suitable for bypassing larger arteries,
autologous grafts (veins, arteries) are more successful for small diameter cases but
less readily available. Two key issues for small diameter vascular grafts are intimal
hyperplasia (IH) and thrombogenesis. Mechanically, it is crucial that bypass ves-
sels have compliance characteristics close to those of the native vessel. A pressing
clinical need therefore exists for implantable small diameter blood vessels (synthetic,
biological, or hybrid), with suitable compliance and anti-thrombogenicity properties.
Tissue engineering offers a possible route to creating such vessels, through con-
trolled generation of de novo vascular tissue in blood vessel form. In vascular tissue
engineering, bare or cell-seeded tissue-engineered constructs initially act as tem-
porary scaffolds, which either maintain cells in sifu or attract cells and induce neo-
vascularization. Over time the existing scaffold is remodeled such that it is altered
or replaced by the products of cells such as collagen, laminin, elastin, GAGs, or
fibronectin. The constructs undergo continuous remodeling and the ultimate goal
is for the scaffold and cells to reorganize into near-normal tissue. Encouraging cell
growth to an optimum level that minimizes the risk of thrombosis, while preventing
excessive IH, is the main goal in the development of any bypass graft or replacement
tissue-engineered vascular graft.

Vascular tissue engineering therefore poses a number of challenges, with key
issues including scaffold biocompatibility, compliance, thrombogenicity, and the
mechanical and biochemical cues that control proliferation of cells and deposition
of new extracellular matrix. From the extensive research to date, it is clearly evident
that cell behavior is not only influenced by the chemistry and/or mechanical proper-
ties of the scaffold materials but also the topological features of the biomaterial at
the micrometer and nanometer scale. Mechanical stimuli, such as the strain or shear
stress experienced by individual cells in porous scaffolds, are also critical and are
affected by structural features at these micro- and nano-size scales. Macroscopic
properties such as compliance and strength also have their origins in the structural
organization of the scaffold materials, and their microporous architectures.

2.3.1.2 Tissue Engineering of Blood Vessels

From the days of research on developing vascular grafts using materials that produce
minimal interaction with the inflowing blood and adjacent tissues, researchers have
come a long way to develop constructs at the nanoscale that interact with cells and cause
blood vessel formation. Conventional electrospinning produces randomly oriented
nanofibers; however, Mo and Weber** developed an aligned biodegradable PLLA-CL
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(75:25) nanofibrous scaffold using a rotating collector disk for collection of aligned
electrospun nanofibers. These aligned nanofibers were explored to fabricate tubular
scaffolds that could be used for engineering blood vessels. Their results demonstrated
that the nano-sized fibers mimic the dimensions of natural ECM, provide mechani-
cal properties comparable to human coronary artery, and form a well-defined archi-
tecture for smooth muscle cell adhesion and proliferation.”*-% Aligned fibers not only
offer structural integrity but also maintain vasoactivity as they provide the necessary
mechanical strength that is needed to sustain high pressure of the human circulatory
system. Xu et al.”¢ studied the response of endothelial cells along with smooth muscle
cells (SMCs) on the aligned nanofibers of PLLA-CL, and their results demonstrated
that both the cell types showed enhanced adhesion and proliferation rates on the nano-
fibrous scaffold. In addition, it was observed that the SMCs cytoskeleton organization
was along the direction of the nanofibers. These results suggested that aligned nanofi-
bers might provide for a good scaffolding system for vascular tissue engineering.

It is now established that there is a significant effect of nanoscale-textured surface
roughness on cell response in terms of cell adhesion and proliferation.’ It is also known
that cells attach and organize very well around fibers with diameters smaller than
them.”® Therefore, Ma et al.”° processed a conventional polymer, PET, into a nonwoven
nanofibrous mat by electrospinning and modified its surface by grafting gelatin. Their
study demonstrated enhanced spreading and proliferation of endothelial cells on the
modified PET nanofiber mats, while preserving their phenotype. Based on this study,
gelatin-modified PET nanofibers could be potential candidates for the engineering of
vascular grafts. Boland et al.!% developed electrospun micro- and nanofibrous scaf-
folds from natural polymers such as collagen and elastin with the goal of developing
constructs for vascular tissue engineering. Their results demonstrated that electrospun
collagen and elastin nanofibers were able to mimic the complex architecture required
of vascular constructs and were able to provide good mechanical properties that are
desired in the environment of the blood stream. Their study indicated that micro and
nanofibrous scaffolds synthesized from natural polymers such as collagen and elastin
could be useful in the engineering of artificial blood vessels.

Vatankhah et al.'”' fabricated a tubular composite scaffold using electrospinning
with biomechanical properties closely simulating those of native blood vessels. They
blended a hydrophilic and compliant polyurethane, namely tecophilic (TP) with gel-
atin (gel) at a weight ratio of 70:30. Furthermore, the hydrophilic properties of the
composite scaffold induced non-thrombogenicity while the incorporation of gelatin
molecules within the scaffold greatly improved the capacity of the scaffold to serve
as an adhesive substrate for vascular SMCs, in comparison to pure TP. The results
demonstrated gel’s potential feasibility toward functioning as a vascular graft.

A novel approach in treating vasospasm, a common postoperative complication
after vascular anastomosis, was presented by Zhu et al.l®> They developed highly
flexible and rapidly degradable papaverine-loaded electrospun fibrous membranes to
be wrapped around vascular suturing to prevent vasospasm. Poly-L-lactic acid/poly-
ethylene glycol (PLLA/PEG) electrospun fibers containing papaverine maintained a
high degree of flexibility and could withstand any folding, and are therefore suitable
for wrapping vascular suturing. A rapid release of papaverine, between 2 and 7 days,
was achieved by adjusting the proportions of PEG and PLLA. PLLA electrospun
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fibers containing 40% PEG (PLLA-40%) could control drug release and polymer
degradation most effectively during the first 2 weeks post operation. Testing using
an in vivo rabbit model showed that PLLA-40% fibrous membranes produced sig-
nificant antispasmodic effect without observable inflammation or hyperplasia, and
the fibrous membranes were ideally biodegradable, with no impact on regional blood
flow, pressure, vessel diameter, or surrounding tissue hyperplasia. The results con-
firmed that the fibrous membranes show the potential to greatly reduce postoperative
vasospasm and maintain regular vascular morphology during antispasmodic therapy.

2.3.2 MuUSCULOSKELETAL INJURY AND DISEASE

2.3.2.1 Bone

Loss or failure of bone as a result of injury or disease remains a common and serious
health issue despite much improved medical technology and practice. At present,
fracture nonunions and other bone defects are treated with bone grafting procedures,
such as allografting or autografting of cancellous bone or vascularized grafts of the
fibula and iliac crest. Autologous graft procedures require an additional surgical step
to harvest the graft, and there are obvious limitations to the supply of self-donated
tissue. Allografts, from donors, have intrinsic potential for disease transmission and
the possibility of rejection. Issues with bone volume maintenance can also arise with
donor grafts.

Natural bone is composed of a mineral phase and an organic phase. The mineral
phase is composed of hydroxyapatite, while the organic phase includes collagen and
proteoglycans. It is, in fact, a composite material. Major steps toward the development
of tissue-engineered bone grafts have been made over several years, yet many issues
remain to be overcome. A wide range of biomaterials have been considered for bone
tissue engineering scaffold development, from metals to high-performance synthetic
polymers. Composites of ceramics (such as hydroxyapatite) and natural or synthetic
polymers have been increasingly targeted. It is clear that bone scaffold biomaterials
need to be conducive to cell attachment and be safe for long-term implantation in the
body. A challenge has been to produce scaffolds combining the open porous architec-
ture of cancellous bone with the strength requirements associated with musculoskel-
etal loading. It is known that the behavior of cells (and specifically their differentiation
from progenitor cells to osteoblasts or chondrocytes) is dependent on the mechanical
stimuli that they experience. These stimuli are, in turn, dependent on scaffold prop-
erties as the microarchitecture of the bone tissue engineering scaffold determines
how musculoskeletal loads are translated into the deformations and forces applied to
attached cells. Precise control over the microporous architecture and the microme-
chanics of scaffolds is, therefore, necessary to optimize the performance of scaffolds.

2.3.2.2 Electrospun Scaffolds for Bone Tissue Engineering

The design of scaffolds for bone tissue engineering is based on the physical proper-
ties of bone tissue such as mechanical strength, pore size, porosity, hardness, and
overall 3D architecture. For bone tissue engineering, scaffolds with a pore size in
the range of 100-350 pm and porosity greater than 90% are preferred for better cell/
tissue in-growth and hence enhanced bone regeneration.>!%3
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Yoshimoto et al.'** developed nonwoven PCL scaffolds by electrospinning for bone
tissue engineering. To understand the influence of mesenchymal stem cells (MSCs)
on nanofibers, MSCs derived from bone marrow of neonatal rats were seeded on the
nanofibrous scaffold. The results indicated that the MSCs migrated inside the scaffold
and produced abundant extracellular matrix in the scaffold. In continuation to this
study, Shin et al. tested the PCL nanofibers along with MSCs in vivo in a rat model.
Their results demonstrated ECM formation throughout the scaffold along with miner-
alization and type I collagen synthesis.!% These studies demonstrated that PCL-based
nanofibrous scaffolds are potential candidates for bone tissue engineering.

PCL was further studied by Nedjari et al.'% They elaborated honeycomb nanofi-
brous scaffolds by electrospinning onto micropatterned collectors either with poly(e-
caprolactone) (PCL) or poly(p,L-lactic acid) (PLA). The unimodal distribution of fiber
diameters, observed for PLA, led to relatively flat scaffolds; on the other hand, the
bimodal distribution of PCL fiber diameters significantly increased the relief of the
scaffolds’ patterns due to the preferential deposition of the thick fiber portions on
the walls of the collector’s patterns via preferential electrostatic interaction. Finally,
a biological evaluation demonstrated the effect of the scaffolds’ relief on the spatial
organization of MG63 osteoblast-like cells. Mimicking hemi-osteons, cell gathering
was observed inside PCL honeycomb nests with a size ranging from 80 to 360 pm.

In another study, Ramay and Zhang used HA with p-tricalcium phosphate (B-TCP)
to develop biodegradable nanocomposite porous scaffolds.!”” B-TCP/HA scaffolds built
from HA nanofibers with 3-TCP as a matrix were used to fabricate porous scaffolds by
atechnique that integrated the gel casting technique with the polymer sponge method.!%®
The in vitro results demonstrated that incorporation of HA nanofibers as a second com-
ponent in B-TCP significantly increased the mechanical strength of the porous compos-
ite scaffolds. This study introduced nanocomposites with HA nanofibers as a promising
scaffolding system for load bearing applications such as bone tissue engineering.

On the other hand, natural polymers showed potential for bone regeneration. One
recent study conducted by Lai et al.' studied the growth and osteogenic differentiation
of human bone marrow mesenchymal stem cells (hMSCs) on nanofibrous membrane
scaffolds of chitosan (CS), silk fibroin (SF), and CS/SF blend prepared by electrospin-
ning. The morphology and physicochemical properties of all membrane scaffolds were
compared. The influence of CS and SF on cell proliferation was assessed by the MTS
assay, whereas osteogenic differentiation was determined from the Alizarin Red stain-
ing, alkaline phosphatase activity, and expression of osteogenic marker genes. CS and
SF nanofibers enhanced the osteogenic differentiation and proliferation of hMSCs,
respectively. Blending CS with SF retained the osteogenesis capacity of CS without
negatively influencing the cell proliferative effect of SF. By taking advantage of the
differentiation/proliferation cues from individual components, the electrospun CS/SF
composite nanofibrous membrane scaffold is suitable for bone tissue engineering.

2.3.2.3 Cartilage

Articular cartilage tissue has a limited capacity for repair due to the reduced avail-
ability of chondrocytes and complete absence of progenitor cells near the wound to
mediate the repair process. The chondrocytes available for repair are embedded in the
dense ECM of the articular surface, which restricts their mobility and hence limits
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their contribution to the wound healing process.!!” In addition, articular cartilage is
an avascular tissue, which further limits its capacity to self-regenerate. To provide a
solution to this problem, multiple surgical techniques have been developed, but with
limited success.!!! Therefore, tissue engineering as a potential approach to regenerate
cartilage tissue holds good promise. One of the methods of engineering cartilage tis-
sue is by 3D scaffolds combined with chondrocytes or progenitor cells.!'?

2.3.2.4 Electrospun Scaffolds for Cartilage Tissue Engineering

Li et al.'® developed PCL-based nanofibrous scaffolds by electrospinning. These
scaffolds were then seeded with fetal bovine chondrocytes (FBC) and studied for
their ability to maintain chondrocytes in a mature functional state. The results dem-
onstrated that FBCs seeded on the PCL nanofibers were able to maintain their func-
tional chondrocyte phenotype by expressing cartilage-specific extracellular matrix
genes, like aggrecan, collagen type II and IX, and cartilage oligomeric matrix pro-
tein. Further, FBCs exhibited a spindle or round shape on the nanofibrous scaffold
in contrast to a flat, well-spread morphology as seen when cultured on tissue culture
polystyrene. Another interesting finding from this study was that cells in serum-free
medium produced more sulfated proteoglycan-rich cartilaginous matrix when com-
pared with those cultured in monolayer on tissue culture polystyrene. These results
demonstrated that the bioactivity of FBCs depends on the architecture of the scaffold
and the composition of the culture medium. Hence, the PCL nanofibers show poten-
tial to be further explored as scaffolds for cartilage tissue engineering.

Nanofibrous PCL and adult bone marrow—derived MSCs were used to test whether
the PCL fibers will support in vitro MSCs chondrogenesis. The results indicated that
PCL nanofibers in the presence of a member of the transforming growth factor-f§ family
caused the differentiation of MSCs to chondrocytes that was comparable to that caused
by cell aggregates or pellets. However, since the PCL nanofibrous scaffolds possess
better mechanical properties than cell pellets, they show potential to be developed as a
scaffolding system for MSCs delivery and hence cartilage tissue engineering.

Another interesting approach for cartilage tissue engineering was presented
in the study conducted by Kisiday et al.''* They developed a self-assembling
peptide hydrogel scaffold using the peptide KDK-12 that had a sequence of
(AcN-KLDLKLDLKLDL-CNH?2) (where K is lysine, D is aspartic acid, and L is
leucine). This peptide was seeded with bovine chondrocytes and then allowed to self-
assemble into a hydrogel. The chondrocyte-seeded hydrogels were then studied for
their ability to support chondrocyte proliferation, ECM production, and phenotype
maintenance. Their results demonstrated that the chondrocytes were able to produce
cartilage-like ECM, which was rich in proteoglycan and type II collagen (pheno-
typic markers of chondrocytes). Further, the authors observed that the mechanical
properties continuously increased with time, which was indicative of the continuous
deposition of glycosaminoglycan-rich matrix by the chondrocytes. In addition, the
ability to design the peptide may offer advantages in controlling scaffold degrada-
tion, cell attachment, and growth factor delivery. Therefore, the self-assembling pep-
tide hydrogel scaffold may be a suitable candidate for cartilage tissue engineering.

Man et al.'> studied scaffolds that can both specifically enrich BMSCs and release
rhTGF-B1 to promote chondrogenic differentiation of the incorporated BMSCs.
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They first fabricated coaxial electrospun fibers using a polyvinyl pyrrolidone/
bovine serum albumin/rhTGF-p1 composite solution as the core fluid and poly(e-
caprolactone) solution as the sheath fluid. Structural analysis revealed that scaffold
fibers were relatively uniform with a diameter of 674.4 + 159.6 nm; the core-shell
structure of coaxial fibers was homogeneous and proteins were evenly distributed in
the core. Subsequently, the BMSC-specific affinity peptide E7 was conjugated to the
coaxial electrospun fibers to develop a co-delivery system of thTGF-p1 and E7. The
results of 'H nuclear magnetic resonance indicate that the conjugation between the
E7 and scaffolds was covalent. The rhTGF-f1 incorporated in E7-modified scaffolds
could maintain sustained release and bioactivity. Cell adhesion, spreading, and DNA
content analyses indicate that the E7 promoted BMSC initial adhesion, and that the
scaffolds containing both E7 and rhTGF-p1 (CBrhTE) were the most favorable for
BMSC survival. Meanwhile, CBrhTE scaffolds could promote the chondrogenic
differentiation ability of BMSCs. Overall, the CBrhTE scaffold could synchronously
improve all three of the basic components required for cartilage tissue engineering
in vitro, which paves the road for designing and building more efficient tissue scaf-
folds for cartilage repair.

2.3.2.5 Ligaments

Ligaments are bands of dense connective tissue responsible for joint movement and
stability. Ligament ruptures result in abnormal joint kinematics and often irrevers-
ible damage of the surrounding tissue, leading to tissue degenerative diseases, which
do not heal naturally and cannot be completely repaired by conventional clinical
methods."'%!7 New tissue engineering methods involving nanofibers have been suc-
cessfully employed to meet this challenge. In particular, aligned nanofibers enhanced
cell response and, hence, were explored as scaffolds for ligament tissue engineering.

2.3.2.6 Electrospun Scaffolds for Ligament Tissue Engineering

Lee et al. studied the effects of PU nanofiber alignment and direction of mechanical
stimuli on the ECM generation of human ligament (anterior cruciate) fibroblasts (HLF).>

Conventional electrospinning produces randomly oriented nanofibers; however, in
this study, aligned electrospun fibers were created using a rotating target. The fibers
were then seeded with HLFs to study the influence of alignment on HLF behavior. The
results demonstrated that HLFs were spindle shaped, oriented in the direction of nano-
fibers, and showed enhancement in the synthesis of ECM proteins (collagen) on aligned
nanofibers when compared with randomly oriented nanofibers. In addition, the authors
also studied the effect of direction of mechanical stimuli on the ECM produced by
HLFs. HLFs were seeded on parallel aligned, vertically aligned to the strain direction,
and randomly oriented PU nanofibers. The results demonstrated that HLFs were more
sensitive to strain in the longitudinal direction. Therefore, this study concluded that
aligned nanofibrous scaffolds showed promise for use in ligament tissue engineering.?

2.3.2.7 Skeletal Muscle Tissue Engineering

Skeletal muscles are responsible for voluntary movement of the body and once dam-
aged (by disease or trauma) are difficult to regenerate in adults.''® Moreover, even
if skeletal muscle tissue engineering is a challenging study area, it is an exciting
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alternative to surgical techniques for skeletal muscle regeneration. One such example
is the study conducted by Riboldi et al.!’® The authors have explored the use of elec-
trospun microfibers made from degradable polyester urethane (PEU) as scaffolds for
skeletal muscle tissue engineering. Based on their preliminary studies using primary
human satellite cells (biopsy from a 38-year-old female), C2C12 (murine myoblast
cell line), and L6 (rat myoblast cell line), their results indicated that the electrospun
microfibers of PEU showed satisfactory mechanical properties and encouraging cel-
lular response in terms of adhesion and differentiation. Based on these studies, the
electrospun microfibers of PEU show potential to be further explored as a scaffolding
system for skeletal muscle tissue engineering.

2.3.2.8 Electrospinning with Cells

Recent years have seen interest in approaches for directly generating fibers and scaf-
folds following a rising trend for their exploration in the health sciences. Compared
with traditional in vitro cell culture materials, 3D nanofibrous scaffolds provide a
superior environment for promoting cell functions. Since nanofibrous scaffolds have
nanometer pore sizes, cells are unable to penetrate on their own, incorporating them
into the scaffold fabrication would ensure better cell distribution.?® In this direc-
tion, Seil and Webster produced biodegradable and cytocompatible poly(DL-lactide-
co-glycolide) (PLGA) nanofibers using an electrospinning process. As a model cell
line, fibroblasts were periodically sprayed from a pump-action spray bottle onto the
developing scaffold. The viability of cells before and after spraying, and after incor-
poration into the scaffold, was compared. Results indicated that cell spraying and the
scaffold fabrication process did not significantly reduce cell viability. These findings,
thus, contribute to the understanding of how to produce more physiological relevant
cell-seeded nanofibrous scaffolds, an important element for the future of nanotech-
nology and tissue engineering.'?’ Bettahalli et al. evidenced another approach.'?! The
study presents the development of a multilayer tissue construct by rolling pre-seeded
electrospun sheets (prepared from poly(L-lactic acid) [PLLA] seeded with C2C12
pre-myoblast cells) around a porous multibore hollow fiber (HF) membrane and
its testing using a bioreactor. Important elements of the study were (1) the medium
permeating through the porous walls of multibore HF acted as an additional source
of nutrients and oxygen to the cells, which exerted low shear stress (controllable by
transmembrane pressure); (2) application of dynamic perfusion through the HF lumen
and around the 3D construct to achieve high cell proliferation and homogenous cell
distribution across the layers; and (3) cell migration occurred within the multilayer
construct (shown using pre-labeled C2C12 cells), illustrating the potential of using
this concept for developing thick and more complex tissues.

This technology’s unique ability is to immobilize multiple cell types with a wide
range of molecules simultaneously within a fiber during the scaffold generation pro-
cess. The technology has been shown to generate many cell-laden complex architec-
tures from true 3D sheets to those multicore vessels.'??> A novel study led by Ehler
and Jayasinghe showed for the first time the ability to immobilize primary cardiac
myocytes within these fibers, looking to develop the electrospinning technology for
creating 3D cardiac patches that could be used for repairing, replacing, and rejuvenat-
ing damaged, diseased, and/or aging cardiac tissues.'??
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2.4 COMPUTATIONAL MODELS FOR MECHANICAL
CHARACTERIZATION OF TISSUE ENGINEERING SCAFFOLDS

Computational modeling can play a significant role in the development of tissue-
engineered replacements. It offers a low-cost and ethically sound alternative to ani-
mal trials for testing the mechanical compatibility of load-bearing tissue-engineered
tissues such as bone, skeletal muscle, and blood vessels with that of the natural
host tissue. Computational models also offer the possibility of using stochastic
approaches to incorporate the inherent variability in host tissues and of developing
patient-specific scaffolds to suit various anatomies and tissue properties.

2.4.1 MEecHANOBIOLOGY: BONE TisSUE ENGINEERING

The idea that mechanical stimuli influence tissue growth and differentiation began with
Pauwels'? in 1960. Pauwels identified that physical factors cause stress and deformation
of the mesenchymal stem cells, and that different combinations of these stimuli could
determine different cell differentiation pathways in bone and cartilaginous tissues.
Since 1960, this concept has been adapted and further developed using computational
approaches to analyze patterns of bone and cartilage tissue differentiation during frac-
ture healing'>*!?> and more recently to predict the optimum scaffold properties to stimu-
late osteochondral defect repair'?® and induce bone regeneration'?’ (see Figure 2.6).

This concept of mechanoregulation of tissue types has lent itself well to mecha-
nobiological modeling whereby the use of finite element models, which characterize
the load induced in the tissue, can be used to direct cell growth and differentiation
and to investigate the required properties of a scaffold for successful bone tissue
engineering'?® (see Figure 2.7). For a more thorough review on the use of compu-
tational modeling for bone and cartilage tissue engineered, see articles by Checa
et al.'”? and Olivares and Lacroix.'3
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FIGURE 2.6 The mechanoregulation of tissue differentiation concept. (Reprinted from
J. Biomech., 38(7), Kelly, D.J. and Prendergast, P.J., Mechano-regulation of stem cell differ-
entiation and tissue regeneration in osteochondral defects, 1413-1422, Copyright 2005, with
permission from Elsevier.)
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While considerable advances have been made in bone and cartilage tissue engi-
neering using computational modeling approaches, highly deformable soft tissues
such as arteries and vascular scaffolds have been less well explored.

2.4.2 MECHANOBIOLOGY: VASCULAR TiSSUE ENGINEERING

In vascular tissue engineering, the mechanical properties of synthetic bypass grafts
have been strongly linked to the development of intimal hyperplasia, whereby the
compliance mismatch between the graft and the artery limits the long-term success
of the bypass procedure (see Figure 2.8).13!

While surface modifications and cell seeding can tackle thrombosis within vas-
cular grafts, to reduce the risk of intimal hyperplasia, the mechanical response of
small diameter tissue-engineered blood vessels (TEBVs) needs to be close to that of
native tissue to provide the optimum environment for vascular cells to grow without
inducing intimal hyperplasia.!3?

Numerical modeling tools, such as finite element modeling (FEM), enable engi-
neers to virtually design optimized scaffolds with the required microstructure and
stiffness to closely match the properties of a host vessel and support optimum cell
infiltration and growth. However, the fact that arteries are not merely mechanical
structures, but living tissue, introduces complexity into such models that cannot be
addressed by FEM alone. To successfully develop a tissue-engineered artery requires
a strong fundamental knowledge of cellular interactions with the local environment
and how these interactions, which span multiple length scales, contribute to overall
organ function.!??

The complex interplay between the ECM and supported cells (SMCs/MSCs)
lends itself well to multiscale mechanobiological models at the cell and tissue level.
Similar to granulation tissue in bone, SMC phenotype and growth has been dem-
onstrated to be controlled by cyclic strain amplitude such that low strain amplitude
promotes SMC proliferation (Figure 2.9).134
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FIGURE 2.8 Patency data reported based on compliance of various biological and pros-
thetic grafts. (From Sarkar, S. et al., Eur. J. Vasc. Endovasc. Surg., 31(6), 627, 2006.)
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FIGURE 2.9 Correlation analyses of proliferation data for (a) cyclic strain amplitude
and (b) mean cyclic strain. (With kind permission from Springer Science+Business Media:
Biomech. Model. Mechanobiol., Cyclic strain amplitude dictates the growth response of vas-
cular smooth muscle cells in vitro: Role in in-stent restenosis and inhibition with a sirolimus
drug-eluting stent, 12(4), 2013, 671, Colombo, A., Guha, S., Mackle, J.N., Cahill, P.A., and
Lally, C., Figure 5, Copyright 2013.)

SMCs also have the ability to synthesize and remodel collagen in response to
stretch.!® This therefore creates a dynamic environment within vascular conduits
whereby mechanical stimuli control cell activity and collagen synthesis, altering
scaffold architecture and compliance, and thus influencing cell growth. Using low
cyclic strain to encourage SMC growth and collagen fiber production and remodel-
ing in a decellularized construct could provide a means of generating a mechanically
and biologically compatible TEBV. While the mechanical properties of the vascular
conduit are critical for success of such a remodeling approach to a TEBV, quantify-
ing cell activity in response to the mechanical environment is also critical. Multiscale
modeling approaches can incorporate the cell-level activity and use insights into cell
growth and even differentiation to alter the macroscopic mechanical properties of a
scaffold. In addition, changes to the mechanical environment are critical for control-
ling cell activity. In the following section, the use of numerical modeling techniques,
such as finite element modeling and multiscale computational approaches in vascu-
lar tissue engineering, will be discussed in terms of their applicability for designing
and optimizing tissue engineering blood vessels, which are both mechanically and
biologically compatible with a host vessel.

2.4.2.1 Multiscale Vascular Mechanobiological Models

Since the mechanical properties of TEBVs are key to cell growth within the scaf-
fold and the performance of the scaffold itself as a viable bypass graft, scaffolds that
have shown significant potential include materials that are biologically and biome-
chanically similar to the native arterial tissue such as decellularized arteries and
veins. While the majority of decellularization protocols take from several days'3¢:13
to weeks,!*® this has implications for the mechanical properties of the arteries that
can degrade and alter over time.!** A short-term decellularization protocol for small
caliber porcine coronary arteries has now been developed and implemented to cre-
ate load-bearing decellularized scaffolds with mechanical properties close to that
of fresh arteries. While these scaffolds may offer significant potential as a viable
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scaffold that is mechanically compatible with a diseased vessel, their success needs
to be determined following cell seeding and implantation into the body.

Finite element modeling can be used to assess the mechanical environment
within the scaffold post implantation. Previous work by Zahedmanesh et al.'* out-
lined a method to assess the mechanical suitability of bacterial cellulose as a TEBV
scaffold, whereby the scaffold was tested in uniaxial extension tests, and data were
used to develop a constitutive model for the tissue that could be implemented into
a finite element model. While Zahedmanesh et al.'*° demonstrated the close match
between the compliance of this scaffold to that of natural scaffolds, the constitutive
model data could be used to generate a virtual anastomosis to a host vessel with a
range of different mechanical properties to test the degree of compliance mismatch
between the vessel and its potential influence on cell behavior. This influence on cell
behavior could be ascertained by looking at in vitro test results on the response of
vascular cells to mechanical stimuli’**!*! or by using numerical mechanobiological
models that can predict complex collective cell behavior from inputs on the growth
of individual cell groups.

Using a multiscale mechanobiological framework for vascular tissue engineering,
such as that presented in Zahedmanesh and Lally,'*> can provide key insights into the
optimum scaffold-host vessel combination to encourage scaffold repopulation with-
out the risk of excessive intimal hyperplasia. In these models, stresses or stains in
the scaffold, calculated within the finite element models, are used as the controlling
input to cell behavior in agent-based models (ABM) or lattice models. These cou-
pled FE-ABM models used a large strain hyperelastic material model to represent
the vascular scaffold in the simulations, and the strains within the scaffold dictated
the cell and ECM production based on data from in vitro cell experiments.'3+143-145
Realistic patterns of cell infiltration and cell and ECM growth could be predicted
using these state-of-the-art models. The strain environment, dictated by the scaffold
stiffness and pressure conditions, was found to be critical in terms of the degree of
intimal hyperplasia within the scaffold and provided critical insights into the opti-
mum scaffold properties for bypassing arteries (see Figure 2.10).14?

Mechanobiological models, using these cell- and tissue-based rules, can subse-
quently be used to provide vital insights into the optimum mechanical environment
for VSMCs, ECs, and even MSCs to encourage differentiation and repopulation
without excessive cell growth in a vascular conduit and also provide critical insights
into ECM production.'6

Models of this nature facilitate parameter variation studies, to investigate how
alterations in the initial properties of arterial scaffolds (e.g., scaffold architecture,
stiffness, porosity, cell seeding density, etc.), influence outcomes.!?® Directed by the
in silico models, cell seeded tubular scaffolds can be created with the optimum ini-
tial architecture and stiffness, and subjected to the optimum loading regime, to cre-
ate biologically and mechanically compatible TEBVs.

While considerable insights have already been gained from the use of mechano-
biological models for tissue engineering, these models could be further advanced.
The models could explicitly model the underlying collagen fiber architecture within
scaffolds and alterations within this architecture could be controlled by an empiri-
cally informed remodeling algorithm, similar to those used in soft tissue growth
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FIGURE 2.10 ECM synthesis and viable SMCs (a, ¢) TEBV under static pressure (100 mmHg)
and (b, d) TEBV under pulsatile pressure. (With kind permission from Springer Science+Business
Media: Biomech. Model. Mechanobiol., A multiscale mechanobiological modeling framework
using agent-based models and finite element analysis: Application to vascular tissue engineering,
11(3-4), 2012, 363, Zahedmanesh, H. and Lally, C., Figure 12, © 2012.)

and remodeling.'*>'*8 This would enable cells to alter the fiber network based on
experimentally established rules, thereby changing the mechanical environment and
further influencing cell growth and ECM production or degradation. In addition, as
computational capabilities improve, the possibility of virtually designing patient-
specific tissue-engineered materials will become real and the preclinical testing of
the long-term viability of these tissues could be fully explored before implantation.
For a more thorough exploration of computational modeling approaches in vascular
disease and tissue engineering, see Reference 151.

Undoubtedly, however, multiscale mechanobiological models, informed by well-
designed in vitro experiments, can enable significant advancements in the field of
regenerative medicine by providing a framework with which to determine the ideal
mechanical properties of an engineered tissue prior to in vivo implantation.

2.5 OUTLOOK AND FUTURE TRENDS

The development of enhanced tissue engineering scaffolds will require ongoing
development of the major fabrication processes outlined in this chapter. The need
is for scaffolds that provide the appropriate physical structure and biochemical cues
for tissue regeneration. This requires the fabrication of scaffolds with precisely
controlled and reproducible physical architecture, as well as associated mechani-
cal stimuli under loading, to regulate cell and tissue response. Future scaffolds
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should also aim to incorporate the functionality associated with moieties from the
macromolecular structures of native tissue components, again in a reproducible
fashion. The potential of nanoparticle delivery modes for growth factors and other
biochemical cues will also require continued exploration.

Alongside the advantages offered by electrospinning for certain, simpler, tissue
types, the potential for digitally controlled techniques for both solid and hydrogel
scaffold forms is clear. The ability to pattern internal networks of cell adhesion pep-
tides within a hydrogel block offers exciting possibilities for vascularization of such
scaffold with capillaries formed by endothelial cells. Such techniques, utilizing two
photon lithography, also have a significant potential for the creation of more complex
cell-laden organ structures.

Successful engineering of scaffolds also requires the parallel development of
modeling capabilities to explain, predict, and optimize the functionality of the sys-
tems under development. The techniques based on continuum mechanics and the
finite element method, combined with agent-based modeling, are being used to
investigate mechanobiological effects in tissue engineering scaffolds across multiple
scales. Such models will be invaluable in the optimization of future scaffold designs.
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3.1 NANOMATERIAL CELL INTERACTIONS
IN TISSUE ENGINEERING

The emergence of nanotechnology brought new ideas toward solutions of existing
problems in biomedical area. One of the biggest challenges was development of
scaffolds that can provide a better extracellular matrix (ECM) for cells in tis-
sue engineering. Although cells in our tissues generally vary in size between 5 and
20 um, it is known that they reside in their niche and their interactions with this
microenvironment are at submicron level. Besides, the perfect intracellular and
extracellular organizations at micron level are created by building blocks having
nanometer sizes. So, the nanoscience and nanotechnology have received more atten-
tion toward finding these molecules and their special roles on cell attachment.
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3.1.1 CeLl—NANOMATERIAL INTERACTIONS

ECM provides the immediate microenvironment of cells in vivo composed of a three-
dimensional complex and dynamic network of macromolecules (proteins, glycopro-
teins, proteoglycans, and other macromolecules), soluble and ECM-bound factors.
ECM has a hierarchical organization from nano to macro scale. Bone, for example,
is a composite structure composed of a matrix consisting of organic and inorganic
phases. Collagen type I constitutes main part of organic phase, and it is composed of
a macromolecule of 300 nm in length and 1.5 nm in diameter. The inorganic phase
of bone involves stacked nanohydroxyapatite crystals in a staggered manner, and it is
embedded in the collagenous matrix. The fundamental subunit of bone, called osteon,
consists of concentric layers, or lamellae of collagen fibers that surround a central
canal, named Haversian canal. The orientation of collagen fibers in each lamella is
parallel to each other in which collagen molecules are stacked in a staggered manner.

Mimicking functional in vivo structures is still one of the key challenges faced by
scientists in engineering tissues. It is now widely accepted that these nanostructures
have an important role in functioning of tissues. The fibrous structural elements
like collagen have a dimension in nanometer range; thereby it is not surprising that
nanomaterials, which mimic native ECM closely, cause positive cellular responses.

Considerable progress has been made from the days where ECM was considered
to be a static structural framework until recently. Although some of the mechanisms
responsible for the role of microenvironment on the behavior of cells have been
elucidated, there are still unknown mechanisms. To understand cell-nanomaterial
interactions and the role of nanomaterials in engineering tissues studying the extra-
cellular matrix is important. ECM is discussed in detail in the next section.

3.1.2 EXTRACELLULAR MATRIX

Apart from serving as a structural framework for cell adhesion, the important role
of ECM on differentiation of cells and engineering functional tissues has been well
documented by many studies (Jeon et al., 2013; Prodanov et al., 2013; Levett et al.,
2014; Pittrof et al., 2012). ECM supports the cells in vivo, and there is a continuous
bi-directional cross-talk between this structural framework and cells. Cells interact
with ECM mainly through integrins and also proteoglycan receptors. There are dif-
ferent types of cell-ECM interactions, namely, those (1) that are mediated by integ-
rin and proteoglycan receptors important for adhesion/de-adhesion processes taking
place during cell migration; (2) that are growth factor or cytokine receptor mediated
which affect cell proliferation, survival, induction, and maintenance of differentia-
tion; and (3) that are mediated by receptors responsible for the processes related with
apoptosis and epithelial-to-mesenchymal transitions.

Integrins are transmembrane cell surface receptors composed of o and f subunits.
They can bind to different types of ECM components and undergo bi-directional
signaling. These ECM—cell interactions play a key role in the regulation of cellu-
lar processes taking place during development and wound healing (Petreaca and
Martins-Green, 2007).
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ECM components have biochemical, structural, and functional diversity. Such
diversity renders tissue specific physical, biochemical, and biomechanical properties
to ECM (Gattazzo et al., 2014). Matrix stiffness, porosity, and topography are among
the physical properties that affect anchorage related functions (i.e., cell division, cell
polarity, and cell migration) (Hynes, 2009; Brown and Badylak, 2014). With changes
in composition and structure, the components in native ECM are arranged into
supramolecular structures like fibers and meshes creating different topographies.
The effect of topography on stem cell behavior has been also reported in several
studies (Park et al., 2007; Biggs et al., 2009; Jose et al., 2010; Schwartz and Chen,
2013). Biochemically, ECM interacts with cells either directly through receptors or
indirectly by noncanonical growth factor presentation to cells. Mechanical microen-
vironment of cells is also influential on cell behavior.

Understanding the cellular response to mechanical stimuli is critical for the suc-
cess of biomedical devices and tissue-engineered constructs. There are a variety of
physical signals that can make up the mechanical environment in the ECM. Among
these are tissue deformation-based strain or fluid flow, streaming potentials with ion
movement along the membranes, pressure changes, and the piezoelectric field effect
(You and Jacobs, 2005).

Biomechanical properties of ECM are also influential on cell behavior. Stiffness
is one of the important properties of ECM by which cells can sense their external
environment. The degree that ECM resists deformation is called matrix stiffness.
Homeostasis in stiffness in tissues should be maintained for proper functioning. It
is known that matrix stiffness plays an important role during tissue morphogenesis
and throughout life (Daley and Yamada, 2013). Additionally, in vitro studies revealed
that stiffness is one of the important factors determining the differentiation of stem
cells (Engler et al., 2006; Tse and Engler, 2011; Wang et al., 2012; Gershlak et al.,
2013). When cells detect an external mechanical signal, they convert this stimulus
into a chemical stimulus, which leads to a cellular response through activation of a
number of pathways. This process is called mechanotransduction. There are mainly
two mechanisms responsible for the detection of mechanical cues in the extracellular
matrix by the cells (You and Jacobs, 2005). The first mechanism involves the detec-
tion of mechanical signals through channels and receptors on the cell membranes,
which leads to transduction of mechanical forces into cells with the activation of
one or more signaling pathways. These events lead to further changes in cells like
cytoskeleton reorganization and focal adhesion complex formation (Figure 3.1). The
focal adhesion complexes (integrins, adaptors, signaling molecules) are physically
connected to cytoskeletal elements, nuclear matrix, and nuclear envelope, thereby
influencing the response of cells. Focal adhesion kinase (FAK) plays a key role in
integrin-mediated signaling, and its activation triggers extracellular signal regu-
lated kinase (ERK)/mitogen-activated protein kinase (MAPK) signaling pathway
(Salasznyk et al., 2007a,b), which upregulates gene transcription for cell cycling and
replication. The second mechanism involves the deformation of the cell membrane
by mechanical forces, which results with the activation of mechanosensitive ion
channels and/or receptors. Multiple cross-talks between different signaling pathways
take place during mechanical stimuli detection.
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FIGURE 3.1 Mechanotransduction events start at focal adhesion complex. The fibronec-
tin molecule presenting cell attachment sequences is recognized by integrin receptor, and it
starts the cascade events of signal transduction from cell membrane to nucleus mediated by
cytoskeleton proteins and associated messenger proteins as well as other intracellular mes-
senger proteins.

Different cells experience different mechanical environments. Mechanical micro-
environment of bone cells involves direct strain, pressure, shear stress, and stream-
ing potentials, whereas chondrocyte cells are subject to hydrostatic pressure and
compression. The ability of cells to respond to mechanical cues is very important
for their function. In vitro studies revealed that the cellular response to mechanical
forces differs among cell types. Cyclic pressurization of osteoblasts at 1 Hz resulted
with increased expression of early osteoblastic differentiation markers (Nagatomi
et al., 2001) and collagen synthesis for new bone formation (Nagatomi et al., 2003),
whereas this same mechanical stress did not have any effect on the endothelial cells
(Nagatomi et al., 2001). Endothelial cells are exposed to fluid flow shear stresses that
regulate the functions of these cells. Some prominent examples of cell types that
respond to fluid-induced shear stresses are chondrocytes and osteoblasts. In bone,
load-induced fluid flow of extracellular fluid takes place between mineralized matrix
spaces connected through long channels where osteocytes reside (You and Jacobs,
2005). In a recent study, Matsugaki et al. (2013) were able to establish anisotro-
pic bone matrix architecture in which osteoblasts were aligned in the direction of
continuous mechanical cyclic stretch applied during a long cultivation period. The
findings of this study also pointed the fact that mechanical environment decides the
organization of the bone matrix.

Well-orchestrated dynamic interplays between these properties ensure mainte-
nance of homeostasis, function of cells, and stem cell pool in the tissues. There
are several recent studies that have focused on the investigation of nanostruc-
tural cues together with fluid flow on the osteoblastic behavior (Salvi et al., 2010;
Prodanov et al., 2013). Salvi et al. investigated cellular response to fluid flow on
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nano-topographies and showed the positive synergistic effect of these two param-
eters on increasing mechanosensitivity of stem cells. Prodanov et al. have studied
the effect of combining parallel nano-grooved polystyrene surfaces with pulsed fluid
flow on the cell behavior (Prodanov et al., 2013). They showed that interstitial fluid
forces and structural cues contributed to the expression of bone-specific markers by
MC3T3-El osteoblast-like cells. These studies show that controlling more proper-
ties of ECM-like structures will bring us closer to functional engineered tissues.
Decellularized tissues and organs have been also used for reconstruction of com-
plex tissues and organs purposes in both preclinical and clinical trials (el-Kassaby
et al., 2008; Remlinger et al., 2010; Cebotari et al., 2011; Quinn et al., 2011; Brown
and Badylak, 2014). The rationale behind the use of decellularized matrices is that
they maintain 3D architecture and their composition has functional relevance to the
native tissue, thereby these inductive native scaffolds promote regeneration, func-
tioning, and integration of the engineered tissues. The decellularization of tissues
and their applications have been discussed in several reviews (Crapo et al., 2011;
Song and Ott, 2011; Cheng et al., 2014).

Another point that should be considered for the role of ECM on the fate of cells is
that ECM is degraded and remodeled, which is vital for normal tissue homeostasis.
ECM components when degraded and/or modified by the cells create new recogni-
tion sites. These cryptic peptides called matricryptins or matrikines (i.e., endostatin,
angiostatin, hyaluronic acid fragments, etc.) have been shown to affect several cel-
lular processes like angiogenesis, antiangiogenesis, chemotaxis, and adhesion with
mechanisms relying mainly on integrin, toll-like receptor, and scavenger receptor
signaling pathways (Davis et al., 2000; Davis, 2010). The activity and parent mol-
ecule of some cryptic peptides were discussed in a review of Brown and Badylak
(2014). One of the best-known matricryptic peptide that finds wide applications in
tissue engineering is the Arg-Gly-Asp peptide that is present mainly in fibronectin
and also in collagen, vitronectin, and osteopontin.

It is a well-accepted fact that mimicking complex ECM closely is crucial for
obtaining functional engineered tissues and organs. However, creating functional
tissues still remains a big challenge because there is a need for creation of the micro-
environment with the structural, biochemical, and temporal cues in the right con-
figuration, distribution, and concentration for cells.

3.1.3 UNDERSTANDING AND ENGINEERING STEM CELL NICHES

Stem cells are key cell sources for regenerative medicine and tissue engineering
applications. Today, it is known that all tissues have their own stem cell reservoir,
which decreases with age and in disease states. Stem cells are undifferentiated
cells capable of self-renewal and giving rise to daughter cells committed to a given
lineage (Weissman, 2000). Stem cells reside in a specific microenvironment called
“stem cell niche,” and this tissue-specific niche has the signal that allows stem cell
survival and maintenance of stem cell identity and stem cell pool. Supportive cells,
blood vessels, and nerves are present together with stem cells that are either active or
quiescent in these specialized microenvironments (Morrison and Spradling, 2008).
Apart from this, a balance between quiescence, self-renewal, and differentiation is
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dynamically regulated by these specialized niches. However, it should be noted that
not only ECM components have an influence on the fate of stem cells but cells also
produce and remodel their microenvironment. Cell-ECM interaction is reciprocal
(Petreaca and Martins-Green, 2007; Kurtz and Oh, 2012). As discussed earlier,
the properties of stem cell niche are important determinants of stem cell behav-
ior. Properties of stem cell niches and several tissues’ niches have been reviewed
in detail by several researchers (Lander et al., 2012; Gattazzo et al., 2014; Han
et al., 2014). Considerable efforts have been put to engineer physical microenvi-
ronments of stem cells. The development of scaffolds mimicking natural ECM of
cells combined with the presentation of chemical and physical cues in a spatio-
temporal manner has been a research and clinical goal in regenerative medicine
and tissue engineering. Studies on the effects of molecular gradients, mechanical
force gradients (Guvendiren and Burdick, 2013), and stiffness gradients have shown
the importance of creating a dynamically controllable ECM for successful engi-
neering of tissues and organs (Tse and Engler, 2011; Wang et al., 2012; Gershlak
et al., 2013). Nanoscale engineering approaches have been mainly under focus in
the recent years both for understanding the mechanisms of ECM—cell interactions
at healthy and diseased states (Pittrof et al., 2012; Prodanov et al., 2013) and also
mimicking ECM for regenerative medicine and tissue engineering applications
(Chen et al., 2011; Orlando et al., 2011; Levett et al., 2014). Nanomaterials, which
closely resemble in vivo ECM, are preferred in designing scaffolds for tissue engi-
neering applications. Many studies showed that the interaction of cells with nano-
materials starts a cross-talk through mechanotransduction, which is an important
regulator in the stem cell differentiation (Park et al., 2007; Namgung et al., 2011,
Wang et al., 2011). As pointed out by Han et al. (2014), most of the research con-
ducted for studying the effect of physical and biochemical microenvironment on
stem cell behavior is conducted with two-dimensional in vitro models, and there
are also recent studies reporting that mesenchymal stem cells behave differently
to matrix stiffness gradients when cultured in 2D (Tse and Engler, 2011) and 3D
in vitro physical niches (Jeon et al., 2013). However, cells in vivo have a 3D micro-
environment, so there is a need for research of stem cell behavior in 3D niches to
get further insight on cell-ECM interaction mechanisms. State of the art of dif-
ferent approaches for engineering ECM like structures using nanotechnology is
discussed in the following sections.

3.2 NANOBIOMATERIALS

Nanomaterials are defined as materials that have at least one dimension within the
nanometer range (<100 nm) and whose nanostructured features provide charac-
teristics important to the bulk property of the material. Among different forms of
nanomaterials used are nanotubes, nanofibers, nanocomposites, and nanophased and
nanostructured materials (Wan and Ying, 2010). With the recognition that the unique
physical and chemical characteristics of nanomaterials (e.g., polymer/ceramic or
carbon-based nanocomposites, nanophase ceramics, nanofibers, surfaces with topo-
graphical cues, etc.) exert a positive effect on cell response, research on their use for
regeneration of different tissues has increased enormously in the last decades.
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3.2.1 NANOFIBER BIOMATERIALS

It has been recognized that there are insoluble proteins, mainly collagen in the extra-
cellular matrices of cells in tissues, promoting not only cell attachment but also modu-
late their characteristic morphology and proliferation. Collagen as the major structural
protein in ECM and connective tissues has more than 16 types; but most of the collagen
in the body is type I, II, and IIT (Lodish et al., 2000). The 3D structure and composition
of collagen fibers is tissue type dependent. But the basic form of these structural pro-
teins found in most of the native cellular environments is “the fibrous structure” that
forms the protein “backbone” of ECM making its characteristic 3D form with desired
properties like porosity, hydrophilicity, mechanical strength, etc., together with soluble
molecules like multiadhesive matrix proteins (i.e., fibronectin, laminin) and proteogly-
cans or mineral components like hydroxyapatite. These components take special roles
in cell-matrix interactions. So, the use of nanofibers in scaffolding made possible the
development of ECM-like scaffolds for tissue engineering applications.

Nanofibers provide many advantages over solid scaffold structures: (1) the high
surface to volume ratio of the nanofibers that offers more specific contact surfaces
while enabling a well-organized pore network for both material transport and even
cell movement inside; (2) the diameter range of nanofibers can be changed for dif-
ferent tissues to match the degradation rate of polymer with expected lifetime of the
scaffold; and (3) the nanofibers can be aligned to obtain a directional attachment of
the cells, which is especially important in functionality of several cell types such as
muscle or nerve cells.

Many researchers have developed and investigated nanofibers from natural or
synthetic polymers toward this aim. Nanofibrous scaffolds can be produced by a
few methods: electrospinning, phase separation, and self-assembly (SA). While the
first method was more easily applicable to synthetic polymers, the last one was more
suitable for natural ones like proteins. Andric et al. (2011) prepared electrospun
PLLA and gelatin/PLLA nanofibers that are wrapped around PGA microfiber core
to mimic the unit structure of cortical bone tissue; osteon (Figure 3.2). After miner-
alizing these scaffolds in 10X simulated body fluid (SBF), they observed successful
results on cell attachment (mouse pre-osteoblastic cells, MC3T3). The fact that pro-
liferation on scaffolds during the 4-week period was not different for the two types of
nanofibers despite the presence of gelatin was explained with the loss of non-cross-
linked gelatin in aqueous environment. Although mineralized scaffolds showed less
proliferation than their unmineralized counterparts, the alkaline phosphatase (ALP)
activity of the cells for all scaffolds showed their functionality in scaffolds. So, by
mimicking the structural organization of bone tissue at nanoscale via electrospin-
ning method they achieved promising results.

Lee et al. (2013) proposed a new method based on (1) direct-write electrospinning
(DWES) for generation of lattice-patterned nanofibrous mats of PCL and (2) stacking
the mats into a 3D scaffold with organized pores and desired thickness. In order to show
the importance of interconnected and organized pore structure of nanofibrous scaffolds,
this new design was compared with scaffolds prepared by conventional electrospinning
and salt leaching methods using the same polymer. In accordance with their hypothesis,
there were more spreading and attachment of NIH3T3 cells on the new nanofibrous
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FIGURE 3.2 ESEM images of scaffold cross sections on day 28 of the degradation study:
(a) PLLA, (b) PLL-mineralized, (c) 10% gel/PLLA, and (d) 10% gel/PLLA mineralized.
(Reprinted from Mater. Sci. Eng. C, 31, Andric, T., Sampson, A.C., Freeman, J.W., Fabrication
and characterization of electrospun osteon mimicking scaffolds for bone tissue engineering,
2-8, Copyright (2011), with permission from Elsevier.)

scaffolds while they were mostly aggregated on the scaffold prepared by salt leaching
method. Cells on the proposed nanofibrous scaffold were also observed to secrete more
ECM than those on scaffolds prepared by the last two conventional methods. Besides,
many cells migrated toward inside of these DWES scaffolds, whereas only a few cells
or none did so in conventional electrospun and salt-leached scaffolds, respectively.

It was reported that endothelial cells had superior spreading morphology on
100-300 nm fibers than on 1200 nm fibers (Whited and Rylander, 2014). However,
the behavior of cells on different diameter fibers might vary for different types
of cells. Elastin or elastin-like polypeptides in scaffolds or their modifications
has been used in many scaffold researches (Daamena et al., 2007; Nivison-Smith
et al., 2010). Use of elastin-like peptides (ELPs) that contain amino acid repeat
sequence—VGVAPG—and cross-linking domains was suggested as useful alter-
native for elastin-derived proteins. Blit et al. (2012) developed aligned nanofibrous
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polyurethane (PCNU—polycarbonate urethane) scaffolds by electrospinning and
cross-linked ELP4 on the surface. They have also prepared polyurethane flat films
and random fiber electrospun scaffolds of the same polymer to evaluate the effect
of scaffold nanoarchitecture on cell-material interactions with smooth muscle cells
(SMC). Electrospun materials showed alignment and spreading of cells according
to the alignment of the fibers and highest coverage of the scaffold surfaces were
obtained by ELP4 cross-linked surfaces. Similarly, higher number of cells attached
to films with ELP4 besides cell alignment being promoted while no cell attachment
was seen in the only PCNU flat films. Cells on ELP4 cross-linked materials also
revealed a spindle-like morphology, actin filament organization, and expression of
markers suggesting their contractile phenotype. They have suggested that introduc-
tion of topographical cues associated with the polypeptides or ELP4-mediated cell
signaling mechanism might have determined this result. Similarly, Guex et al. (2012)
carried out a research on controlling substrate architecture and surface composi-
tion to promote muscle tissue development using PCL electrospun fibers. They have
investigated the effect of fiber diameter using micro -and nanofibrous substrates that
were either aligned or randomly oriented. The effect of surface composition was
also changed by plasma coating with ultrathin (about 12 nm) oxygen functionalized
hydrocarbon. They reported the similar effect of different sized, aligned fibers on
myoblast orientation along parallel fibers, suggesting that this factor is the main trig-
ger for spatial cell orientation. However, when random fibers were compared for fiber
size, nanofibrous substrates were mentioned to promote confined cellular organiza-
tion locally similar to confluent cell cultures on tissue culture plates. Ultrathin coat
was successful in terms of maintaining the fiber architecture and soft mechanical
properties while improving cell adhesion and growth.

3.2.2  SELF-ASSEMBLY MACROMOLECULES

Self-assembled (SA) macromolecules receive increasing attention in tissue engineer-
ing research as they offer an ECM-like nanofibrous environment. Macromolecules
that can assemble into ordered nanostructures by noncovalent-type forces in an
energy-driven or nondriven state are classified as self-assembling molecules (Mendes
etal., 2013a). These types of macromolecules have been increasingly used in building
nanofibrous TE substrates and in modulating cell differentiation by bioactive peptide
sequences or synthetic, mostly amphiphilic, molecules. In SA approach, the peptide
sequences that can self-assemble into nanofibers constitute the majority of that class
of SA macromolecules. In a modular approach, the amino acid sequences that create
physical assembly and the sequences that modulate cell adhesion and differentiation
are often used together by solid phase peptide synthesis (Cai and Heilshorn, 2014).
In nature, the SA process is often used to build nanoscale structures, which may pro-
vide strong structural materials as seen by assemblies of fibroin, collagen, and silk
fibroin (Table 3.1). These materials have already been in large scale of use in tissue
engineering applications as they are highly biocompatible materials and their SA
mechanism has been investigated and imitated in construction of nanoscale features
that can provide both physical and biological cues needed for cell differentiation
(Bai et al., 2013; Brown and Barker, 2014).
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TABLE 3.1

Potential Nano-Sized Building Blocks That Can Be Used in Tissue
Engineering

Nano Building Blocks

Biological Silk proteins:
Fibroin
Glycine :Alanine Glycine Alanine ¥ (a) (b)
Silk fibroin molecule repeating unit. Cocoons (a) and
reconstituted fibroin nanomesh produced by electrospinning on
metal grid (b).
Extracellular
macromolecules:
Collagen
Collagen assembly forming tendon (Courtesy of E.T. Baran.)
Synthetic Carbon nanotubes
Amphiphilic

peptides and
polymers

Inorganic Hydroxyapatite

Tlydroxyapatite z!as T 54 N 93y

Nanohydroxyapatite crystals
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One of the most important advantages of using SA peptide molecules as sub-
strate is that they can be decorated with bioactive sequences, such as cell adhe-
sion and stimulating factors. Besides having nanofibrillar structure, the presence of
active sequences stimulates cells in a similar way that ECM matrix does. The cyto-
compatibility of SA peptide—polymer conjugate (DGRFFF-PEG3000) containing
the RGD sequence as the cell attachment factor was evaluated by Castelletto et al.
(2013). They prepared B-sheet SA, core—shell fibril formation with a fibril width
of 73 + 1 nm and DGRFFF-PEG3000 films at low concentration. They observed
that these structures enhanced corneal fibroblast proliferation. Two potent cell adhe-
sion sequences, laminin and fibronectin sequences, were used in peptide-based SA
systems for corneal tissue engineering (Uzunalli et al., 2014). The nanofiber mesh
structure formed with laminin sequences supported corneal keratocyte cells com-
pared to the fibronectin mimetic nanofibers. The incorporation of neuronal apopto-
sis inhibitory protein sequence SKPPGTSS into SA peptide system (ac-(RADA)4)
is another rational approach in creating 3D cell culture matrix for nerve tissue
engineering (Koutsopoulos et al., 2013). This peptide matrix that forms nanofiber
gel performed better cell survival rates compared with collagen I and Matrigel®,
although initially this was lower in a shorter period. Likewise, the immobilization of
substance P (an 11-amino acid neuropeptide and engaged in innervation and direct
cellular contacts) with self-assembling RADA16-1I was studied for neural regenera-
tion in ischemic hind limb models (Kim et al., 2013). These bioactive peptides were
observed to self-assemble into 10 nm nanofibers within ischemic regions and attract
mesenchymal cells, which eventually resulted with angiogenesis.

Without requiring complex bioactive sequences in physical gels, the sole struc-
tural SA process can be sufficient to sustain certain cell types, such as chondrocytes.
In one such approach, an octapeptide sequence (FEFEFKFK)—-based gel system was
used to culture bovine chondrocytes (Mujeep et al., 2013). It was seen that the viabil-
ity of bovine chondrocytes was sustained in 3D culture and the chondrogenic marker
(collagen type II) expression was increased. Similarly, gel—cell constructs prepared
with a structural SA peptide HLT2 (VLTKVKTKVPPLPTKVEVKVLV-NH,) stim-
ulated glycosaminoglycan (GAG) and type II collagen production by chodrocytes
under static culture conditions (Sinthuvanich et al., 2012). Three-dimensional encap-
sulation into structural SA peptide gel can also be suitable environment for mechani-
cal stimulation of cells for enhanced tissue properties. This strategy was used for
stimulation of skeletal muscle cells in SPG-178 ((CH,CONH]-RLDLRLALRLDLR-
[CONH,]; R: arginine, L: leucine, D: aspartic acid, and A: alanine) peptide (Nagai
et al., 2012). The SA formed scaffold with peptide nanofibers, exhibiting a diameter
of 10 nm and a length of 500 nm was statically stretched during cell culture. A rapid
cytoplasmic phosphorylation of ERK proteins during stretching proved stimulation
of cells effectively by mechanical stimuli in nanofibrillar 3D environment.

SA tissue-engineered constructs were investigated as scaffold materials with
various mechanical properties to facilitate cell differentiation and tissue growth. In
one of such studies, SA macromolecules with variable stiffnesses were compared for
augmenting hippocampus neurons (Sur et al., 2013). It has become certain that the
soft peptide SA gels facilitated neuron polarity as cell retraction become favorable
in soft environment. Stevenson et al. (2013) also similarly investigated the effect
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of SA gel stiffness and the cell adhesion property on cell behavior by blending of
two SA peptide macromolecules. Especially, the matrices containing the RGD bind-
ing site (acetyl-GRGDSP-GG-FKFEFKFF-CONH,) (R, arginine; G, glycine; D,
aspartic acid; F, phenylalanine; E, glutamic acid; K, lysine) facilitated microvascu-
lar network (MVN) development while the SA matrix that present higher stiffness
inhibited MVN formation.

In addition, SA peptides can mimic mineralized tissue by simulating organic
part of the bone, which is constituted by highly organized collagen molecules that
nucleate hydroxyapatite (HA) nanocrystals hierarchically. In this way, Vines et al.
(2012) mixed hydroxyapatite nanoparticles (HANP, 100 nm) with a solution of pep-
tide amphiphiles incorporating a cell attachment factor (PA-RGDS) for constructing
bone mimetic tissue. Their transmission electron microscope examination proved the
formation of nanofibers at 8—10 nm in diameter and several microns in length around
HANP aggregates, forming a nanomatrix composite at a size of 100-200 nm. With
this matrix, it was observed that the osteogenic differentiation of human mesenchy-
mal stem cells was improved greatly by using the highest amount of HANP (66%).
In a more advanced study, Sargeant et al. designed peptide amphiphiles (PA, [GS(P)
EELLLAAA-C,]) by introducing sequences of phosphoserine to nucleate HA for-
mation in the culture medium (Sargeant et al., 2012). The PA nanofibers network
intensely aggregated nanocrystalline carbonated HA (approximately 100 nm in diam-
eter) after 7 days in calcium supplemented culture medium. Recently, self-assemblies
of peptide nanotubes (PNTs) have emerged with potential applications in biomedi-
cal field (Seabraa and Duran, 2013). An RGDSK modified rosette nanotube (RNT)
hydrogel was tested for cytocompatibility with bone cells (Zhang et al., 2009). Surface
modified surfaces with PNTs significantly increased osteoblast adhesion compared to
poly-L-lysine and collagen coating. This study is an indication of the stimulation of
cells by nanoscale features of RNTs together with cell adhesion properties.

3.2.3 INORGANIC AND ORGANIC NANOPARTICLES AND NANOTUBES

Carbon nanotubes, nano-sized calcium phosphates (CaP) and bioglasses are among
the inorganic nanomaterials, which find wide applications in the biomedical field
(Table 3.2).

Carbon nanotubes have unique molecular structure with carbon hexagons in tube
shape. Owing to their electrical, thermal, and mechanical properties, their use in
biomedical applications has increased in recent years (Saito, 2009). CNTs can be
single-walled (SWCNTs) or multi-walled (MWCNTSs) with corresponding diameters
between 0.8-2 and 2—-100 nm, respectively (De Volder et al., 2013). This diameter
range of CNTs, together with its flexible length scale, makes them suitable as a bio-
mimetic material of collagen fibers in the ECM of most of the tissues (Newman et al.,
2013). Properties like number of walls, length, diameter, chirality, and existence of
functional groups can be considered among the factors that may affect interactions
between cells/tissues and CNTs (Mwenifumbo et al., 2007). In vitro studies con-
ducted with SWNTs in composites with polymers showed their cytocompatibility
(Shi et al., 2008). Sitharaman et al. (2008) also investigated SWNT/polymer nano-
composites for bone tissue engineering in vivo. They have observed greater bone
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TABLE 3.2
Engineering Methods Used for Production of Nano-Sized Scaffolds

Techniques for Nano-Size Scaffold Production

Principle Nanostructure Morphology

Electrospinning Collection

Tolymer solution plate
ymer 5¢ i
Il | | 5 pe

. 1
L ttigh voltage source Syringe pump

of
of
LN

Ground

Electrospinning of polymers
through high voltage
Li[hography Photoresist _ o

Silicon replica
L R
exposure
casting
lEtching m

E l ll))ere)ﬁ:é and hPSC cells stained for phalloidin (green) and

e DAPI (blue) on 2 pm grating. Below: hPSC

Silicon custing E colonies on the 2 pm gratings (Chan et al.,
- Patterngrli rr;lmlymer 2013).

Lithography process used for
patterning polymers

Self-assembly

Stiff PA

(strong B-sheet, linear)

Soft PA

Spherical Tubular-Fibrillar (Weak B-sheet, branched)

CryoTEM images of both PAs in anaqueous
environment show long cylindrical
nanofibers formed by both PAs.

A schematic depicting the differences in
molecular arrangement within the stiff and
soft PA nanofibers (Sur et al., 2013).
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tissue in growth in defects containing nanocomposites at 12 weeks compared to
polymer scaffolds. They have suggested osteoconductivity and bioactivity of these
nanocomposites owing to the presence of carbon nanotubes.

CNTs were shown to absorb extracellular matrix and serum proteins. This poten-
tial of having more interactions with biological milieu was suggested to render them
bioactive and biocompatible. Therefore, various functionalization approaches were
studied for CNTs. Functional groups like carboxyl or alcohol can be added to the
walls or ends of the nanotubes (Hopley et al., 2014). Mu et al. (2009) showed that
carboxyl groups inhibited cell proliferation. It has been shown that this result was
due to cessation of the cell cycle by suppression of proliferation and differentiation-
associated Smad-dependent human bone morphogenetic proteins. Besides, lower
proliferative performance of MWCNTs was also correlated with low concentration
of fetal bovine serum (FBS) in culture medium (Akasaka et al., 2010). However,
Hopley et al. (2014) suggested that covalent bonding during carboxyl functionaliza-
tion lowers the cell death and toxicity of CNTs.

Pryzhkova et al. (2014) investigated the human pluripotent stem cell (hPSC)
behavior on unmodified and on UV/ozone-treated CNT arrays. Treatment rendered
CNTs hydrophilic and made them functionalized. They observed that hPSCs (upon
seeding as clumps on these CNT arrays) were unable to adhere to these hydrophilic
surfaces, and they expressed apoptotic markers. However, when the surfaces were
coated with Geltrex they supported survival and growth of the cells. Besides, hPSCs
were shown to be able to differentiate to all three embryonic germ layers on these
modified CNT arrays. They also showed spontaneous differentiation toward meso-
dermal lineage owing to physical characteristics of the CNTs.

CaPs have long been in use for biomedical applications and carbon nanotubes
now receive attention due to their properties. However, there is some toxicity concern
related with their use. CaPs receive much attention in many fields like nanomedicine,
orthopedics, and dentistry due to their compositional similarity to mineral phase of
bone, their tunable degradability, and bioactivity. Biocompatibility, osteoconductiv-
ity, and osteoinductivity are the properties that make these materials ideal for ortho-
pedic and dental applications. These properties of CaPs have been well-documented
in the literature with in vitro and in vivo findings (Bernstein et al., 2013; Chen et al.,
2013; Fricain et al., 2013; Abdal-hay et al., 2014; Kang et al., 2014). CaPs are also
used as delivery systems for growth factors and drugs for bone and dental tissue
engineering applications and related studies have been recently reviewed by Bose
and Tarafder (2012). There are different types of CaPs (monocalcium phosphate,
monohydrate [MCPM], dicalcium phosphates [DCP], tricalcium phosphates [TCP],
hydroxyapatites [HA]), which differ in their bioactivity and degradation rate. These
properties mainly depend on Ca/P ratio, crystallinity, and purity (Bose and Traffer,
2012). The osteoinductivity and osteoconductivity of CaPs differ, and this difference
is due to the different physical and chemical properties they possess. Hydroxyapatite
and B-TCP are the most widely used CaPs for tissue engineering applications. For
bone tissue engineering applications, CaPs are usually used together with polymers
for mimicking composite structure of bone.

There are many studies on the use of hydroxyapatite, especially nano-sized ones,
which have the closest stoichiometric Ca/P ratio (1.67) to bone. Recent findings
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have put forth the fact that nano-sized HA powders have improved sinterability
and enhanced densification that improves their mechanical properties (Han et al.,
2004; Chaudhry et al., 2011; Aminzure et al., 2013), as well as biological responses
(Lietal., 2011; Abdal-hay et al., 2014). CaPs and hydroxyapatites due to their brittle-
ness and composite structure of bone are used together with polymers to prepare
nanocomposite scaffolds for bone tissue engineering applications. One critical point
is the homogeneous distribution of these nanoparticles for obtaining good mechani-
cal properties. In a recent study, the researchers achieved vertically aligned hydroxy-
apatite plates on electrospun nylon fibers using hydrothermal conditions. With this
orientation of HA, the mechanical properties and cellular responses in terms of
attachment, proliferation, and osteoblastic differentiation were improved.

However, there are many reports stating that amorphous CaPs (Combes and Rey,
2010; Chai et al., 2012; Hild et al., 2012) as well as CaP-rich mineralized scaffolds
have higher osteoinductivity effect as compared to hydroxyapatite-incorporated
matrices (Osathanon et al., 2008; Kang et al., 2014). Under physiological conditions
where there is a dynamic environment, amorphous materials like CaPs have higher
solubility, thereby higher activity compared to crystalline materials.

For tissue engineering applications, cells are cultivated in osteogenic medium
after seeding onto scaffolds for obtaining bone-like tissues. A very recent study by
Kang et al. (2014) reported the osteogenic differentiation of human-induced pluripo-
tent stem cells (hiPSCs) in cell culture media devoid of osteoinductive soluble fac-
tors using inherent material-based cues on mineralized gelatin methacrylate-based
scaffolds. This study showed that scaffolds do not provide only structural framework
for adhesion, proliferation but could also provide tissue-specific functions such as
directing stem cell differentiation.

Organic nanoparticles constitute a promising group of nanobiomaterials for use
in tissue engineering as they offer biodegradability and availability of functional
groups that can be conjugated by bioactive molecules for further targeting and drug
loading (Table 3.1). Organic nanoparticulate systems, however, are mostly aimed
on the treatment of specific diseases by controlled release of drugs. Nevertheless,
nanoparticles also find application in tissue engineering as they can be used as car-
riers for various growth factors intended for augmentation of tissue regeneration
in situ. The controlled release of these bioactive factors over prolonged time from
such systems provides continuous stimulation of cells.

Especially, the submicron size particles with encapsulated growth factors have
enabled significant advantages in skin regeneration because of their ready absorp-
tion by surrounding cells after topical administration. For example, recombinant
human endothelial growth factor-loaded solid lipid nanoparticle (mean size 332 nm)
preparation, which was indented for restoration of the inflammatory process and
re-epithelization of full-thickness wound in db/db mice animal model, showed a
high cellular uptake (Gainza et al., 2014). This nanoparticle system significantly
improved healing by restoring inflammation, providing re-epithelization and clos-
ing the wound. In another study, negatively charged low-molecular-weight heparin
(fragmin) and electropositive protamine were complexed into water-insoluble micro/
nanoparticles (0.1-3 pm in diameter) in which platelet-rich plasma (PRP) contain-
ing high levels of various GFs was encapsulated for repair in a split-thickness skin
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graft (Takabayashi et al., 2015). Nanoparticle-PRP system was reported to stimulate
epithelialization and angiogenesis of wound effectively compared to particle-free
formulation and control group. In a similar study, electropositive and RGD pep-
tide functionalized chitosan and electronegative chondroitin sulfate were complexed
into nanoparticles with a net positive charge (150-200 nm range, 20 mV) for use in
wound healing by promoting adhesion and migration of skin cells (Hansson et al.,
2012). Human dermal fibroblasts were adhered on the surface effectively by their cell
area that was increased three times due to the enhanced cell-nanoparticle interaction
and stimulation of cells by RGD sequence. In addition, growth factor encapsulated
nanoparticles also showed their potency in tissue regeneration for other types of tis-
sues. 2-N,6-O-sulfated chitosan (SCS) nanoparticles loaded with bone morphogenic
protein-2 (BMP-2) have been recently applied into gelatin scaffolds for bone regen-
eration and angiogenesis in critically sized rabbit radius defects (Cao et al., 2014).
The BMP-2 loaded nanoparticle carrier, which provided 3 weeks of BMP-2 release
profile, stimulated peripheral and new vessel formation and accelerated healing of
defects in 8 weeks.

Organic nanoparticles and stem cells can be applied to defect site simultaneously
to provide synergic healing of the defect and restoration of the tissue. In such a study,
the effect of the administration of both IL-1Ra loaded nanoparticles and mesenchy-
mal stem cell was tested for the treatment of acute liver failure (Xiao et al., 2013). For
this purpose, IL-1Ra loaded chitosan nanoparticles were conjugated with lactose for
targeting liver cells before injection via portal vein of swine animal models; while
stem cells were transplanted into liver tissue. They reported that the animal group
that received nanoparticle-IL-1Ra showed significant improvement in inflammation,
liver function, and transplanted hepatocytes proliferation was significantly higher
compared with control groups. For cardiac repair, Zhu et al. proposed hypoxia-reg-
ulated vascular endothelial growth factor (VEGF) gene delivery by hyperbranched
polyamidoamine (h-PAMAM) dendrimer (150 nm mean size) and skeletal myoblast
(SkM) transplantation (Zhu et al., 2013). The gene carrier system was shown to be
relatively nontoxic in vitro. It resulted in high transfection efficiency and modulated
SkMs to express hVEGF165 for 18 days under hypoxia. Consequently, the group
reported that intramyocardial transplantation of the transfected SkMs decreased the
infarct size and increased blood vessel formation in C57/BL6 mice model. Stem cell
commitment by gene transfection strategy was applied for bone tissue engineering
as well by utilizing polyethylenimine cationized nanoparticle based on the polysac-
charide from Angelica sinensis (ASP) (Deng et al., 2013). The complexation of cat-
ionic polymer with plasmid encoding transforming growth factor-beta 1 (TGF-p1)
resulted in spherical nanoscaled particles (ranging from 20 to 50 nm), and this was
used to transfect bone marrow and human umbilical cord mesenchymal stem cells.
Similarly, the nanoparticles formed by complexion of low-molecular-weight prot-
amine and miRNA encoding anti-osteogenic factors (30—50 nm in diameter) was
used to transfect human mesenchymal stem cells (hMSCs) to promote osteoblastic
differentiation (Suh et al., 2013). The elevated level of alkaline phosphatase activity
and increased Alizarin red S staining of synthesized mineral tissue suggested an
effective osteogenic differentiation of hMSCs by interfering with negative regulators
of this pathway upon transfection with nanoparticle-miRNA system.
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3.3 ENGINEERING METHODS

For scaffold development, both top-down (electrospinning, freeze drying) and
bottom-up (self-assembly, nanoimprinting, etc.) approaches are being used.
Traditional tissue engineering applications mainly used top-down approach. For this
approach, cells are seeded on top of a porous scaffold. The idea is that cells will
populate the scaffold with time. A bottom-up approach is based on the assembly
or directed assembly of the scaffolds from smaller components and cells can be
incorporated into the scaffold during this process. Most of the scaffold processing
methods used have been adapted from the methods that are used in many engi-
neering applications (i.e., fiber-based techniques, which is used in applications like
filtration, composite fabrication, microfluidics, etc.). In recent years, for scaffolding
ECM-like structures are under focus. In this section, we will discuss main methods
for fabrication of scaffolds with nanoscale features for different tissue engineering
applications.

3.3.1 ELECTROSPINNING

Electrospinning (ES) is a method where nanofibers could be produced with homog-
enous diameters in the desired size range and free of beads (unextended polymer
regions) by adjusting the parameters related with polymer solution, electrospinning
system, and ambient environmental conditions. Related with polymer solution, con-
centration and molecular weight of the polymer, type of the polymer and solvents
used, could be counted as the main determinants of electrospinnability and properties
of final form (Sun et al., 2014). The difficulty in electrospinning of the biopolymers
(like collagen, fibroin, chitosan, hyaluronan, etc.) compared to synthetic ones are well
documented by many researchers. Maeda et al. (2014) mentioned the difficulty of elec-
trospinning biopolymers alone and, therefore, used PEO (polyethylene oxide) together
with chitosan to obtain nanofibers with this method. They also reported that as the
molecular weight of PEO increases, the minimum concentration required for elec-
trospinnability decreases. Based on the same problem, they also did not incorporate
hyaluronic acid (an important component of ECM) into electrospinning solution but
combined coating and electrospinning methods to develop chitosan/hyaluronic acid
polyelectrolyte complex nanofibers. Electrospun chitosan/PEO (polyethylene oxide)
nanofiber mats were coated with hyaluronic acid after removal of PEO. However,
fiber diameters were observed to increase during removal of PEO from the nanofibers.
Recently, co-electrospinning has gained interest to obtain composite fiber struc-
tures in different forms like core—shell structures. In this method, two solutions can
be fed through different coaxial capillary channels to obtain structures like poly-
mer core shell fibers, hollow polymer core shell fibers, or hollow fibers containing
ceramics. Besides, this method might also be applied to load special components
like drugs, growth factors, or cells into electrospun fibers (Braghirolli et al., 2014).
Another recent approach for safe incorporation of cells and bioactive agents
into electrospinning media is defined as “green electrospinning” that uses water as
diluents in suspension or emulsion electrospinning. This method, thus, reduces the
use of organic solvents (Pal et al., 2014). In the study by Pal and coauthors, uneven
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surfaced meshes of PCL were produced by this method using PVA in the emulsions.
The efficiency of uneven surfaced PCL meshes produced by this method was com-
pared with uniform surfaced PCL meshes prepared by solution electrospinning for
cell attachment and proliferation. They concluded that the formation of uneven sur-
faces on meshes significantly improved cell proliferation as compared to PCL alone as
well as in comparison with unwashed form of the emulsion electrospun fiber meshes.

3.3.2  SELF-ASSEMBLY

The SA of macromolecules is a unique way of forming biocompatible nanostruc-
tures by using chemical and physical triggers. Moreover, it would be advantegeous
if SA macromolecules can be triggered into insoluble nanostructures by physiologi-
cal ionic strength and pH if living cells are intended to be encapsulated or in situ
application is desired with injectable systems (Mendes et al., 2013b). A variety of
external chemical and physical triggers may be used to stimulate intermolecular
assembly by weak forces such as electrostatic, hydrophobic, hydrogen bonds, and
van der Waals interactions. Especially, amino acids (aas), which can form all the
aforementioned forces due to the different pendant groups of 20 different types of
aas, are ideal monomers in building macromolecular SA components. Fine control
over the strength and directionality of these forces are the utmost important features
of the SA systems, which defines the geometry of nanostructures (Aida et al., 2012).

a-Helical secondary structure is one of the common units that is used by SA
macromolecules to conform into fibrous structures, which is essential for creating
ECM-like substrates. Helix-forming heptad repeat sequences adopted from well-
known a-helix structures (such as leucine zipper and tropoelastin domains) are usu-
ally modified to increase stability of the constructs formed (Zimenkov et al., 2004).
For example, leucine zipper peptide containing the six natural heptad sequences
was used in SA construction and an amino acid is modified by the introduction of
a cysteine residue by site-directed mutagenesis to enable covalent S—S bonds for
stable scaffold formation for tissue engineering applications (Huang et al., 2014).
f-Sheet formation is another common secondary structure unit formed between pep-
tide strands that are stabilized through rich hydrogen bonds. For example, the syn-
thesized octapeptide, FEFEFKFK, was shown to self-assemble in solution and form
fB-sheet-rich nanofibers (Mujeep et al., 2013). f-Sheet-based SA formation, however,
can give rise to various structural forms depending on pH and the presence of ioniz-
able groups in the secondary structure of macromolecule. Elgersma et al. showed
that amyloidogenic aggregate mimetic Ab(16-22) peptides (Lys-Leu-Val-Phe-Phe-
Ala-Glu-OH) can show various shapes such as lamellar sheet, helical tape, PNT, or
their mix depending on particular pH value (Elgersma et al., 2014).

SA molecules are designed so that they can be triggered by environmental signals,
such as pH, ionic strength, and chelating ions to prevent premature gelation before
their application. Ionic SA peptides are the ideal group that can form hydrogels upon
changes in pH and ionic strength. Peptide P-4 (H;CO-QQRFEWEFEQQ-NH,)
was constructed to form p-sheet at low pH, which turns into liquid state at high pH
by the deprotonation of the glutamic acid side chains (Carrick et al., 2007). The
peptide amphiphile (PA) molecules, which contain both hydrophobic alkyl tail and
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a hydrophilic peptide molecule on their structure, is another SA peptide groups that
can be triggered with ionizable groups. The SA of PA molecules can be triggered by
pH change or oppositely charged molecules like DNA, heparin or soluble ions, and
B-sheet formation is achieved when these factors neutralize charged residues in PA
molecule (Toksoz et al., 2011).

3.3.3 NANOIMPRINTING

Over the last decade, there have been comprehensive developments in studies
focused on cell behavior and stem cell differentiation on micro- and nanoscale geo-
metrical patterns, thanks to lithographical methods, which were initially developed
for microelectronic industry. By those fabrications techniques, it has become pos-
sible to process biomaterials’ surfaces with predefined micro/nanoscale features by
the replication of physical patterns on silicon wafer into silicone elastomers, which is
known as soft lithography. It has been becoming much clearer that the biochemical
cues are changing cell morphology by modulating their cytoskeleton with the use
of micro/nanopatterned surface platforms that have micron and nanoscale topogra-
phies, which, in turn, leads to transduction of mechanical signals into cell nucleus by
so-called mechanotransduction events (Figure 3.1). Besides, it has been well charac-
terized that constraining cell morphologies into certain dimensions by using these
cues may become an important strategy to direct stem cell lineage into a target phe-
notype (Seo et al., 2011).

The use of stem cells has provided significant promises and huge potentials in
regenerative medicine as they can differentiate into target cell lineages by use of
topographical cues. One of the first observations of spread area—dependent stem
cell differentiation was by Chen et al. They reported the mesenchymal human stem
cells differentiated when these cells were constrained on small and large cell adhe-
sion islands provided by microcontact printing of fibronectin (McBeath et al., 2004).
It was shown clearly that cells tend to flatten and spread on large islands and dif-
ferentiate into osteogenic lineage while constraining them into a cell size by rela-
tively smaller islands forced these cells into adipogenic lineage. By a recent study,
it was also shown that 350 nm surface patterns induced human dental pulp stem
cells into adipogenic lineage rather than osteogenic one without requiring specific
culture media (Kim et al., 2014). The effect of cell shape on lineage development
of stem cells was further shown by another recent study in which the effect of cell
aspect ratio (the ratio of cell length to cell width), achieved by elongating (long rect-
angle) and expanding (square) micro-islands, on bone marrow—derived mesenchy-
mal stem cells on their differentiation into osteogenic and adipogenic lineages (Yao
et al., 2013). The higher aspect ratio of cells on long adhesive micro-islands with or
without differentiation media stimulated them into osteogenic differentiation. This
outcome was positively related with the cell cytoskeleton tension while it was nega-
tively related with adipogenesis.

On the other hand, micro- and nanofabrication techniques have not been inte-
grated into tissue engineering applications of many tissue types adequately because
of the limitations of micro-/nanofabrication tools to 2D and smooth surfaces.
Nevertheless, for thin and layered tissues that require anisotropic alignment of cells
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and ECM, nanopatterned biomaterials have become an important tool. Koo et al.
cultured primary human keratocytes on chitosan and polydimethylsiloxane (PDMS)
that were surface patterned with anisotropic topography of gratings in various widths
and pitches varying between 350 nm and 20 pm for the construction of cornea tissue
that requires orthogonal layers or lamellae of collagen for optimum light penetration
(Koo et al., 2011). Experimental results showed that the sub-micrometer size gratings
encouraged keratocyte alignment, cellular elongation capacity, and the alignment of
deposited collagen I in the direction of patterns. Teo et al. (2012) also showed that
the micro- and nanoscale pillars and wells guided bovine corneal endothelial cell
(BCEC) by creating a monolayer, which resembled the natural corneal endothelium.

The nanogrove type of patterns is especially shown to be an ideal substrate
for orienting dermal cells and their deposited matrix molecules. With this strat-
egy, micron and submicron grooves (nearly 0.5 pm) with variable spacing ratios
(LI:1, 1:2, and 1:5) were tested for their effect on dermal wound healing process.
The researchers measured fibroblast migration and alignment of synthesized extra-
cellular matrix proteins, which is an essential function for fibroblasts in order to
mimic well-organized natural dermis (Kim et al., 2012). The grooves of 1:2 spacing
ratio resulted in higher wound healing efficiency in respect to migration speed and
the grooves were detected to affect the orientation of ECM fibers and the length of the
formed fiber bundles. Similarly, Clement et al. (2013) investigated human keratino-
cytes’ proliferation capacity and laminin deposition in microgrooves (50 to 400 pm),
which were made of collagen gel matrix for dermal-epidermal regeneration. It was
demonstrated that the keratinocytes proliferated more in narrower channels (50 pm)
while laminin secretion, which is an indication of wound re-epithelialization, was
profound in larger channels.

In terms of cell alignment and contact guidance, nerve is one of the most potent
tissues that can harness the potentials of micro- and nano-printed surfaces. Chan
et al. (2013) used groove-ridge patterns to differentiate hPSC. Neural differentiation
by the use of 2 pm gratings suggested that the physical topography was the dominant
factor in neural differentiation of hPSC even without biochemical differentiation
agents provided in culture medium. Pan et al. (2013) found similar results when
various micro- and nano groove-ridge surfaces (width: 350 nm/2 pm/5 pm, height:
300 nm) were used for the differentiation of human-induced pluripotent stem cells.
Very distinctly, the 350 nm width grating surface induced more enhanced upregula-
tion of neuronal markers with or without pre-neuronal induction by using growth
factor—enriched media.

3.4 CONCLUSIONS AND FUTURE TRENDS

The cascade events of mechanotransduction that starts by the interaction of trans-
membrane adhesion receptors with natural ECM is the physiological mechanism
that needs to be imitated for the application of nanoscale biomaterials in tissue
engineering through guiding cells by physical and biochemical cues. Therefore, this
mechanism becomes a key strategy to guide cells and changes the lineage by either
spontaneously formed nanoscale entities or by custom-designed nanoscale motifs
on biomaterials. Although the potentials of nanofabrication techniques have not
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been fully harnessed yet to engineer the complex and hierarchical structure of ECM
for engineering tissues, there are big advancements in ECM-like scaffolds toward
engineering tissues. Bottom-up techniques that use small engineered materials to
build complex structures is a promising strategy to solve the limitations associated
with micro/nanofabrication techniques. Mineralized nanofibrous scaffolds also hold
promise for engineering different tissues. In future, we can envision that mimicking
microarchitecture of natural tissues by fine processing and creation of ECM-like
nanofibrous structures can solve some of the challenges encountered in engineering
of constructs with the aim of achieving complex organization of different cell types
in customized 3D environment.
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Abstract: Tissue engineering has emerged to create artificial tissues and organs
to mimic, repair, or replace damaged or injured tissues and organs using combi-
nations of cells, biomaterials, and biologically active molecules. A major chal-
lenge in tissue engineering is to control the cellular behavior in the scaffold in
three dimensions in a desired fashion to help the growth of engineered tissues
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in a controlled way. The ability to control the cell-surface interface spatially
and temporally will make it possible to direct and control cell behavior. The
recent advances in micro- and nano-fabrication technologies and microfluidic
platforms have made it easy to engineer, manipulate, and modify cell-surface
interface within the complex cell microenvironmental architecture. However,
our understanding and ability to dynamically control the cellular behavior and
the cell-surface interface has still remained limited. In this chapter, we focus
on the recent advances in engineering cell-surface interface for cell-based bio-
sensors and tissue engineering, with particular attention on surface chemistry,
microfabrication, microfluidics, and dynamic aspects of the cell-surface inter-
face modifications.

Keywords: Micro-nanopatterning, focal adhesions, cell-surface interface,
biosensors, tissue engineering, extracellular matrix

4.1 INTRODUCTION

Tissue engineering is a rapidly growing field with enormous prospects for the devel-
opment of artificial tissues and organs for the replacement or repair of diseased or
damaged body parts (Barthes et al. 2014). These engineered tissues are usually
developed by seeding or encapsulating living cells in three dimensional (3D) scaf-
folds and growing such constructs in controlled environments that mimic native
body environments (Arghya et al. 2014; Hasan et al. 2014a,c). In tissue-engineered
constructs of bone, tooth, heart, lungs, bladder, blood vessels, nerves, or any other
organ, the cells need to reside in and perform essential cellular functions of adhe-
sion, spreading, growth, differentiation, and proliferation in a 3D environment while
averting acute immune responses (Goodman et al. 2009). The interaction between
cells and the surrounding surfaces is therefore fundamental in tissue engineering as
the biophysical and biochemical cues surrounding the cell-surface interface play a
significant role in adhesion, spreading, proliferation, and migration of cells in the
scaffolds. In addition, the extracellular cues including growth factors, cytokines,
physical and chemical interactions with extracellular matrix (ECM), and chemo-
kines significantly influence cellular processes such as morphogenesis, differentia-
tion, tissue development, functionality, apoptosis, and regeneration (Ahmed et al.
2006). A major challenge in tissue engineering is understanding and controlling the
cellular interaction with the ECM. The ability to engineer the cellular microenviron-
ment will help in complete understanding of how cells receive and perceive informa-
tion from their microenvironment (Ventre et al. 2012).

The cell-based biosensors, on the other hand, are another growing field that have
found a plethora of applications, including early disease detection, environmental
monitoring, pathogen testing, drug monitoring, and cell-biomaterial interactions
monitoring (Edmondson et al. 2014). However, its success largely depends on a
deeper understanding of cell-surface interaction for different chemical composi-
tion, mechanical properties, and topography of materials. Cell-based biosensors
are becoming increasingly popular as they can sense specific biological molecules
within the cellular microenvironment in real time at very low concentration levels
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through ultrasensitive optical, electrochemical, or acoustic sensing systems (Hasan
et al. 2014b). Their advantages include miniature size, high specificity, high sensitiv-
ity, and shorter response time.

Fundamental questions such as how cells respond to the nanotexture of their
surroundings or the dynamically changing microenvironment, and the mecha-
nisms involved in such processes need to be better understood (Mendes 2013).
Microfabrication technology and, particularly, microfluidic platforms have arisen as
effective tools to overcome these challenges and help in answering the fundamental
questions in tissue engineering and cell-based biosensors. Because these technolo-
gies offer precise control over multiple characteristics of the cellular microenviron-
ment such as fluid flow, chemical gradients, and localized ECM. Microenvironmental
cues such as the mechanical properties, chemical properties, and topographic fea-
tures can also be easily manipulated using microfluidic platforms (Paul et al. 2014).

Numerous research groups are currently working on understanding the cell—
material interface, with the aim to clarify the principles that govern cell-material
cross-talk. In this chapter, we review the recent progress in understanding cell—
surface interfaces for applications in tissue engineering and cell-based biosensors.

4.2 BIOLOGY OF CELL-SURFACE INTERFACE

Cells are naturally responsive to their surroundings. They respond to environmental
features at a range of scale from macro down to molecular. Cell-surface interac-
tions are mediated by the cell membrane. They interact with the surrounding surface
interface primarily through proteins by the formation of focal points that join the
cells’ actin cytoskeleton to extracellular binding sites. Thus, it is critical to under-
stand the structure and composition of cell membranes and recognize which mol-
ecules comprise the membrane and how they are arranged (Boyle 2008).

4.2.1 StRUCTURE AND COMPOSITION OF CELL MEMBRANE

Cell membrane separates the cells’ interior from the extracellular environment.
The basic functions of cell membranes are the protection of cells from the surround-
ings and controlling permeability of ions and organic molecules in and out of the cells
(Boyle 2008). In various cellular processes such as cell signaling, ion conductivity,
cell adhesion and attachment with extracellular structures, cell membrane plays an
active role to give shape to the cells by anchoring the cytoskeleton and to form tis-
sues by attaching the extracellular matrix and other cells. Cell membrane is basically
composed of a double layer of phospholipids (glycolipids in plants) to which proteins
are bound in various forms. A number of models have been proposed for the structure
of the cell membrane including the “fluid mosaic” model (Singer and Nicolson 1972),
where the double layer of phospholipids is described as the basic structure of cell
membrane.

The three classes of amphipathic lipids such as phospholipids, glycolipids, and
sterols are the major lipids in the composition of cell membrane. The protein recep-
tors or the exposed proteins (such as antigens) on the cell membrane are the important
components for cell-cell interactions and communications since they are exposed to
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the extracellular environment. The types and amounts of proteins in the membrane
are highly variable. For example, the amount of protein in myelin membrane is less
than 25% of the total membrane mass, whereas that in membranes that are involved
in ATP production (i.e., the membrane of mitochondria or chloroplast) is about 75%.
The cell membrane proteins have wide varieties in their structures and lipid bilayer
association, which potentially influence their diverse properties and functionality
(Boyle 2008), Figure 4.1a. The relative dimensions, concentrations, and chemistries
of all membrane components can vary drastically depending on cell type, disease
state, and life cycle.

4.2.2 STRUCTURE AND COMPOSITION OF EXTRACELLULAR MATRIX

The ECM is the noncellular component within all tissues and organs that provides
important physical scaffolding and initiates essential biochemical processes and pro-
vides biomechanical strength as required for tissue differentiation, morphogenesis,
and homeostasis (Jarveldinen et al. 2009). The modeling of the ECM governs the
cell movement within the organism and guides them as the body grows, develops,
and repairs itself (Boyle 2008). Fundamentally, ECM comprises of proteins, poly-
saccharides, and water (Frantz et al. 2010). It is constantly remodeled, thereby alter-
ing the mechanical and biochemical properties such as tensile strength, compressive
strength, growth factor gradients, and local composition. It also maintains water
retention and extracellular homeostasis by buffering action, binds with growth fac-
tors, thereby interacting with cell-surface receptors, and offers the essential mor-
phological arrangement and physiological functions to induce signal transduction
and control gene transcription in cells. These properties of ECM can vary greatly
from one tissue to another, one physiological state to other state, or even within one
tissue (Frantz et al. 2010).

The ECM proteins include collagen, elastin, fibronectin, laminin, and tenascin
(Jarveldinen et al. 2009; Schaefer and Schaefer 2010). Nevertheless, among all of
the fibrous proteins, collagen is the most abundant one consisting about 30% of the
total protein mass. Collagens regulate cell adhesion, provide tensile strength, support
migration, and direct tissue development (Rozario and DeSimone 2010). Elastin is
another essential protein that gives recoiling ability to the tissues that go through a
repeated stretch (Lucero and Kagan 2006). Fibronectin is also an essential protein
that plays a crucial role in cell attachment, functioning, and migration during cellular
development, tumor metastasis, and cardiovascular diseases (Rozario and DeSimone
2010). Elastins are covered by fibrillins (which are glycoprotein microfibrils) that
provide integrity to elastin (Wise and Weiss 2009).

Similar to fibronectin, the tenascin (another ECM protein) exhibits pleiotropic
behavior of the cells such as fibroblast migration in wound healing (Tucker and
Chiquet-Ehrismann 2009). The expression pattern of tenascins are complex, espe-
cially the rate of tenascin production significantly changes during embryogenesis.
The tenascins also have the ability to modulate cell proliferation, differentiation,
migration, and apoptosis. Tenascins are expressed in a variety of pathological condi-
tions but not in normal adult tissues. For example, the tenascin-C appears in wound
healing and in a condition such as tumor growth (Bosman and Stamenkovic 2003).
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FIGURE 4.1 Schematic representation of cell-surface interface: (a) microstructure of cell
surface and (b) an interplay between actin cytoskeleton and focal adhesion. (Reproduced by
permission from Macmillan Publishers Ltd. Nat. Chem., Mager, M.D., LaPointe, V., and
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Laminins, a major component of basement membrane, controls cell adhesion,
migration, and differentiation. They exert their effects mainly through integrins and
act as a mediator of the interaction between the ECM and the cells (Tucker and
Chiquet-Ehrismann 2009). Some of the interactions provide specific functions, for
example, laminin 1 induces differentiation in epithelial cells, whereas laminin 2 pro-
motes neurite outgrowth from neural cells. On the other hand, laminin 5 is involved
in cell adhesion and migration, although this function is dependent on the proteolytic
processing of laminins by matrix metalloproteinases (MMPs) or plasmin. Moreover,
vascular membrane represents laminin 5 and 10 both of which mediate adhesion of
leukocytes, platelets, and endothelial cells.

The integrins are the type of proteins that provide mechanical stability and conti-
nuity in between inside and outside of the cells by linking the actin-filament system
of cytoskeleton through a variety of linker proteins such as a-actinin, talin, pax-
illin, and vinculin. Moreover, integrin—ligand interaction triggers profound effects
on cell proliferation, survival, and maintains the structure and functional proper-
ties of cytoskeleton. It also has direct influence on gene transcription (Bosman and
Stamenkovic 2003).

Proteoglycans are mainly composed of glycosaminoglycans (GAG) that cova-
lently link to a specific protein (except hyaluronic acid) (Iozzo and Murdoch 1996;
Schaefer and Schaefer 2010). Proteoglycans can be divided into three main fami-
lies such as cell-surface proteoglycans, small leucine-rich proteoglycans, and
molecular proteoglycans. In composition of proteoglycans, GAGs are unbranched
polysaccharide chains on the protein core composed of repeating units of disac-
charide (such as D-glucuronic or L-iduronic acid, sulfated N-acetylglucosamine or
N-acetylgalactosamine and galactose [-4-N-acetylglucosamine-f1, 3-galactose-p1])
that can be divided further into sulfated (heparan sulfate, chondroitin sulfate, and
keratan sulfate) and nonsulfated (hyaluronic acid) GAGs (Schaefer and Schaefer
2010). These components have extended conformation with hydrophilic properties
that is essentially required for hydrogel formation and provides ECM the ability to
perform potential functions such as cushioning in joint movements.

4.2.3 FocAL ADHESION

Focal adhesions are the integrin-based adhesion complexes on cell surfaces (Geiger
et al. 2009), that can be defined as junctions of integrin adhesion, cellular signal-
ing, and actin cytoskeleton. They are modified by the cells as required based on the
alterations in physical force and chemical composition of their ECM environment
(Wozniak et al. 2004), Figure 4.1b. At first, the polymerization of actin fibers and the
contractility of myosin II fibers exert a force (step 1) that affect the vinculin, tali, etc.,
mechanoresponsive proteins, the integrin receptor modules, the PI30CAS, and focal
adhesion kinase signaling modules, and the coreceptor module such as sydecan 4.
These mechanoresponsive components and modules form a mechanoresponsive net-
work that retrospectively affect the actin cytoskeleton (step 2) based on the exerted
force and its interaction with the extracellular matrix as well as with the entire sys-
tem. Eventually, the GTPase-activating proteins and guanine nucleotide-exchange
factors that govern the activation or inhibition of small G proteins, such as Rho and
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Rac (step 3), will be activated. Actin polymerization and actomyosin contractility are
affected by the G proteins through proteins that regulate the cytoskeleton (step 4),
thus fine-tuning the force-generating machinery (step 5).

Focal adhesions involve diverse components such as scaffolding molecules,
enzymes (e.g., kinases, phosphatases, proteases, and lipases) and GTPase. Depending
on the size, composition, and subcellular localization, focal adhesions can be of dif-
ferent types such as focal complexes, focal adhesions, fibrillar adhesions, and 3D
matrix adhesions. Focal complexes are also known as small focal adhesions, which
converge at the periphery of migrating or spreading cells and are controlled by Rac
and cell division control protein 42 (CDC42) (Nobes and Hall 1995). The focal adhe-
sions are localized both at central region and cellular periphery in association with
the stress fibers’ ends in cells cultured on 2D rigid surfaces. The entirely defined
subsets of focal complexes and focal adhesions have not been determined yet, and
hence, it is unclear which components of focal adhesions differentiate them from the
focal complexes (Zamir and Geiger 2001). On the other hand, the fibrillar adhesions
initiate as an extended part of focal adhesions and contain tensin and a5p1 integrin,
whereas the 3D matrix adhesions are observed in fibroblasts when adhering to the
fibronectin matrices (Cukierman et al. 2001, 2002) and collagen gels (Tamariz and
Grinnell 2002) derived from 3D cell surface.

Focal adhesion kinase (FAK) is the key signaling component of focal adhesions
that can be activated by numerous stimuli and acts as an integrator or biosensor to
regulate cell motility. FAK localizes through the C-terminal focal adhesion target-
ing (FAT) domain to the focal adhesions (Hildebrand et al. 1993). This localization
is very sensitive because FAK mutants that fail to localize to focal adhesions can
cause disability of FAK substrates phosphorylation in response to cellular adhesion
(Shen and Schaller 1999). Therefore, FAK is a crucial cellular signaling component
that can influence cytoskeleton, regulation of cell movement, and structures of cell
adhesion sites (Mitra et al. 2005).

4.3 ENGINEERING THE CELL-SURFACE INTERFACE

Given the importance of cell-surface interface for modulating cells function within
their associated ECM, engineering surfaces for regulating the cell-material inter-
actions are important in the success of engineered artificial tissues and implants.
The roughness and topographical cues, the surface chemistry and wettability, and
the bioactive coating are among the most important approaches to regulate protein
adsorption, cell interaction, and the host responses (Han et al. 2014). Similar to the
in vivo environment, the increasing evidence within in vitro environment indicates
that cell-surface interactions, maintaining cell phenotype and behavior, may occur
at multiple length scales; from nano to micro (Hasan and Lange 2007; Hasan et al.
2010). Hence, the substrates with engineered structures at nano-micro scales is ben-
eficial for understanding the principles of cellular response to different matrix cues
(Ranella et al. 2010). The engineered micro and nano patterns have been attractive for
diverse applications such as engineering the artificial tissues, designing biosensors,
and investigating the cellular biology as discussed later (Lim and Donahue 2007)
(see Section 4.4).
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4.3.1 NANO-MICROPATTERNING ON SURFACE FOR
CONTROLLED CELL—SURFACE INTERACTION

In nano-micropatterning, cell surface interaction is regulated mainly by textured
surfaces without considerable involvement of biomolecules (Figure 4.2a through d).
A commonly used technique for nano-micropatterning of the proteins on resistant
materials’ surfaces is soft lithography (Kane et al. 1999), which can be grouped
mainly to families of photolithography (Figure 4.2a), micromolding (Figure 4.2b),
and microcontact printing (mCP) (Figure 4.2¢). Photolithography usually involves a
photomask while in micromolding a transfer mold is prepared by casting and curing
an elastomeric polymer solution on a master mold, which is then used as a template
for imprinting the micropatterns to a flat hydrogel. In microcontact printing, an elas-
tomeric stamp formed by microstructured molding is inked with the desired proteins
or molecules and transferred to the substrate. The nonstamped areas are then back
filled with second biomolecule.

Using the indirect approach of cell attachment, the cells are attached to patterns
on gold (and silver)-coated samples where the samples are coated with hydrophobic
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FIGURE 4.2 Techniques for engineering cell-surface interface: (a) photolithography (From
Paul, A. etal., Adv. Drug Deliv., 2014, in press), (b) micromolding techniques as basic meth-
ods for micro-nanotopographical patterning (From Paul, A. et al., Adv. Drug Deliv., 71, 115,
2014), (c) microcontact printing involving double replication and subsequent lift-off is used
for making protein gradient. C2C12 myoblast cell on a DNG of RGD peptides (From Ricoult,
S.G. et al., Small, 9(19), 3308, 2013), (d) patterned cocultures of ES cells with fibroblasts
(From Khadembhosseini, A. et al., Biomaterials, 25(17), 3583, 2004). (Continued)
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ferent widths and depths. (f) Chemistry-based surface modification techniques including the
generation of reactive groups at the surface by covalent linkage, noncovalent deposition of
multilayer polymers, or anchoring polymers and/or proteins into a shrinking polymer surface
through solvent exchange. (Place, E.S., George, J.H., Williams, C.K., and Stevens, M.M.,
Synthetic polymer scaffolds for tissue engineering, Chem. Soc. Rev., 38(4), 1139-1151, 2009.
Reproduced by permission of The Royal Society of Chemistry.) (Continued)
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alkanethiolates and functionalized through the adsorption of fibronectin. In this
case, the nonstamped area is passivated with the adsorption of molecules like
ethylene—glycol-terminated thiols (Singhvi et al. 1994; Mrksich et al. 1997). The
cell-surface interface can also be modulated by deposition of biotinylated poly-
lactid—poly(ethylene glycol) (PLA-PEG) films on substrates followed by printing
avidin on the substrates as the stable technique of patterning different biotinylated
proteins such as carboxylic acid derivatized poly(ethylene terephthalate) (Yang et al.
2000). For direct approach of cell patterning, the molecules such as ECM proteins
or synthetic peptides such as bovine serum albumin (BSA), immunoglobulins, and
NgCAM are physiosorbed on the surface followed by attaching cells using fibronec-
tin as the ink. Negative patterning is the other strategy of regulating cell-surface
interface used for cell-based sensors where cell-repellent materials such as octa-
decyltricholorosilane (OTS) are stamped onto substrate (Bernard et al. 1998) to form
cell-free areas. The attachment of cells on cell-friendly areas is used to identify toxic
agents or drugs in a high-throughput platform. This method provides a biomimetic
environment with sufficient stimulating cues. Due to the nanoscale (4-250 nm) size
of basement membranes of various tissues comprising pores and fibers (Flemming
et al. 1999), nanopatterning is more biomimetic than micropatterning to affect the
cell behavior for some specific cell types.

Various nanopatterning techniques have been developed including electron-beam
lithography, nanoimprinting, nanoshaving, and dip-pen lithography to form patterns
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as small as tens of nanometer (Yasin et al. 2001). While some of these techniques,
such as nanoimprint lithography technique, indirectly transfers patterns from a nano-
structured mold to the substrate (Hoff et al. 2004), others such as dip-pen lithography
using functionalized atomic force microscope tips or nanopipetting using a focused
ion beam microscope directly create nanoscale patterns on the surface (Lee et al.
2002; Bruckbauer et al. 2004). For proper cell adhesion, a spacing of 10 nm to sev-
eral hundred nanometers between adjacent nano/microfeatures has been suggested
(Massia and Hubbell 1991). The scale of topography also affects the cell alignment.
Generally, increasing the groove depth increases the cell alignment, while the groove
width or pitch behaves inversely (Walboomers et al. 1999). The effect of groove depth
on cell alignment was more pronounced compared to that of pattern pitch in case of
human corneal epithelial cells patterned on ridges (Teixeira et al. 2003).

In addition to the scale of topography, the pattern of topography, for example, iso-
tropic or anisotropic has also been shown to be important for cell function. In anisotro-
pic topographies such as grooves and ridges, the alignment of cells and their associated
cytoskeleton along the anisotropic direction has been observed for different cell types,
irrespective of the micro- or nanoscale size of the pattern (Den Braber et al. 1998;
Walboomers et al. 2000). It is still not clear how the cells respond to the pure topo-
graphic modifications as the only sites for integrin binding in these systems is the
serum proteins adsorbed from the cell-culture media. While it is a nonspecific bind-
ing of proteins, it is hypothesized that the surface topography may induce directional
protein adsorption through wetting of hydrophobic surfaces causing local protein con-
centration (Taborelli et al. 1997; Lim et al. 2005; Wilson et al. 2005). The enhanced
cell response to high-surface energy of rough substrates may also be due to the advan-
tage of the high surface-area-to-volume ratio of the structured substrates that increases
the contact area of the cell membrane with the substrate (Ranella et al. 2010).

4.3.2 ExpLOITING SURFACE CHEMISTRY FOR CONTROLLED
CELL—SURFACE INTERACTION

Despite the significant progress in engineering the surfaces using topography altera-
tion, it is challenging to accurately guide the cell growth, differentiation, and fate
only by these physical cues. Cell adhesion to different adsorbed proteins also medi-
ates the adhesion to the surface. The aim is to selectively modify the surface and
decorate it with integrin-binding peptides (RGD), purified ECM protein (fibronectin
or collagen), a mixture of purified ECM proteins (matrigel or geltrex), and nonfoul-
ing agents to control cell adhesion or repulsion over the surface. However, these
proteins may show nonspecific binding to the surface that may change the protein
conformation and make the interaction nonfunctional due to hiding the active sites
of proteins (Keselowsky et al. 2003). Surface chemistry can, therefore, play a critical
role to control the protein patterning through adjusting the protein orientation and
conformation on the surface.

Prior to patterning the proteins, surface chemistry using several different tech-
niques has been exploited to selectively pattern self-assembled monolayers (SAMs)
on the surface using different terminating functional groups (e.g., OH, CH,, Br,
COOH, CH=CH,, NH,, SH) that can further result in different compositions of
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absorbed proteins (Figure 4.2f and g) (Scotchford et al. 2002; Faucheux et al. 2004;
Humpbhries et al. 2006). The methyl- and hydroxyl-surfaces, for instance, are the
hydrophobic and hydrophilic functional groups, respectively, while amino- and
carboxyl-groups represent negatively and positively charged surfaces, respectively.
These surface chemistries control focal adhesion composition and signaling of cells
and hence modulate the phenotype and function of cells (Neff et al. 1999), whereby
the level of adhesion influences cell proliferation and differentiation.

In addition to the regular techniques of surface chemistry control, several advanced
surface modification strategies have been developed that respond to external stimuli
and induce direct cell adhesion or repulsion. For instance, poly(N-isopropyl acryl-
amide) (pNIPAAm) is a thermo-responsive polymer that dehydrates at temperatures
above its lower critical solution temperature (LCST) in water and turns to its hydrated
mode at temperatures below its LCST. This property was exploited to regulate on/off
adhesion of cells to the surface proteins (Kanazawa et al. 1997). The patterns of
pNIPAAm were grafted on polystyrene, while seeding cells over this surface before
and after the temperature alteration provides a coculture of two cell types (Yamato
et al. 2001). These types of advanced surface chemistries assist to answer basic bio-
logical questions in the context of cell—cell interaction and enable the development of
novel artificial tissues made of multiple configurations of cell sheets, including single
or multiple cell layers, for the purpose of tissue regeneration or repair (Yang et al.
2005). For instance, a layer of endothelial cells recovered from thermo-responsive
surface, without using enzymatic detachment, has been grown on a sheet of hepa-
tocytes in order to investigate the interaction of hepatocytes with nonparenchymal
cells (Harimoto et al. 2002). Similar surface chemistry was applied to the surface of
implanted material to induce cell adhesion and spreading (Roach et al. 2007), though
for implanted materials, the surface modification has been carried out using a variety
of different methods such as self-assembled layers, surface chemical gradients, and
surface-active bulk additives (Ratner et al. 2004; Stevens and George 2005).

4.3.3 Bioactive COATING

Although surface chemistry indirectly regulates protein absorption onto substrates, a
more direct method to influence cell attachment is to functionalize the surfaces with
bioactive peptides and amino acids that bind specifically to integrin receptors. These
bioactive molecules present a different functionality with respect to the underlying
monolayer. These molecules are either patterned on a SAM or deposited on a pat-
terned SAM of nonfouling materials through grafting or physisorption (Ferretti et al.
2000). In this regard, PEG layers, phospholipid surfaces, and saccharide surfaces are
known as the inert materials, resistant to cell attachment, and therefore, have been
used as nonfouling materials to investigate cell-specific interaction of different pep-
tides and their spacing patterns on cell function (Holland et al. 1998). Then, the foul-
ing materials have been themselves covalently immobilized to different substrates
under various surface chemistry protocols.

A large list of bioactive amino acid sequences have been used to promote and
mediate cell-specific adhesion and function, as reviewed by Shin et al. (2003).
Arginine—glycine—aspartic acid (or RGD) is the most widely used bioactive
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oligopeptide with great flexibility for surface modification. It has been applied to
a number of different surfaces to activate the surface for improved cell adhesion.
The combination of nonfouling PEG (99%)—RGD (1%) minimized protein adsorp-
tion, while promoting cell-specific adhesion via the RGD sites (VandeVondele et al.
2003). Other known bioactive molecules are derived from natural ECM proteins
(e.g., collagen, fibronectin, laminin) or synthetic peptides (e.g., REDV, and KRSR),
which can also play significant roles to surface bioactivities and modulate cell
behavior.

In advanced forms of bioactive coating, the interplay of several bioactive cues on
cell response was investigated by the development of strip assays, where the line pat-
terns of different biomolecules are juxtaposed. These patterns can be created with
vacuum pumps, microfluidics, microcontact printing, or by combining microcontact
printing and microfluidics (Weschenfelder et al. 2013). Moreover, the microfluidic gra-
dient generators, novel microcontact printing, laser-assisted adsorption by photobleach-
ing, and colloid lithography have been employed to form nanodot gradients of proteins
and biomolecules in order to investigate how cells respond to the gradient of bioactive
materials (Toetsch et al. 2009; Li and Lin 2011; Dupin et al. 2013; Roy et al. 2013). A
more advanced application of these patterns is to sequentially pattern biofouling and
nonfouling molecules to enable coculturing of different cell types such as hepatocytes,
fibroblasts, and stem cells with the aim of making more physiologically relevant organs
patterned on 2D platforms (Yousaf et al. 2001; Khademhosseini et al. 2004).

4.4 IMPLICATIONS OF REGULATING THE
CELL-SURFACE INTERFACE

All the aforementioned developments of engineered surfaces have implications in
characterizing the cell response to a combination of various micro—nano patterns of
surface topography, proteins, and biomolecules. However, the long-term goals are to
fabricate engineered surfaces for artificial tissues mimicking the features of natural
tissue environment as well as cell-based biosensors in such a way that cells perform
their functions as in their physiological milieu (Lim and Donahue 2007).

4.4.1 CeL-Basep BIOSENSORS

In cell-based biosensors, the living cells are used as sensing elements to detect the
function of biologically active analytes and biochemical compounds with high sen-
sitivity and rapid response. These sensors have been applied in diverse fields such as
environmental and pharmaceutical screening, and biomedicine. Cell-based assays
are promising in drug discovery screening (Bhadriraju and Chen 2002; Schwenk
et al. 2002). These sensors have also been tested to investigate basic biological
aspects of cell functions such as effects of different combinatorial matrices of ECMs
on the growth, differentiation, and fate of stem cells (Flaim et al. 2005). The advan-
tage of these biosensors in comparison with other biosensors is that these sensors
react to the changes in different environmental conditions such as toxins, pathogens,
and pH (Figure 4.3a) (Falconnet et al. 2006).
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FIGURE 4.3 TImplication of cell-surface interaction for biosensors and tissue engineering
applications: (a) chemical modifications for cell-based biosensors. (Reproduced with permis-
sion from Liu, Q., Wu, C., Cai, H., Hu. N., Zhou, J., and Wang, P., Cell-based biosensors and
their application in biomedicine, Chem. Rev., 114, 6423—6461. Copyright 2014 American
Chemical Society.) (b) Selective release of the RGD peptide from a monolayer presenting
the O-silyl hydroquinone by electrochemical oxidation. (Mendes, P.M., Stimuli-responsive
surfaces for bio-applications, Chem. Soc. Rev., 37(11), 2512-2529. Reproduced by permission
of The Royal Society of Chemistry.) (Continued)
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FIGURE 4.3 (Continued) Implication of cell-surface interaction for biosensors and tissue engi-
neering applications: (c) Smooth muscle cells cultured on temperature-responsive dishes harvested
as intact sheets by simple temperature reduction. Multiple cell sheets were stacked and transplanted
using homotypic layering of cell sheets, for creating 3D myocardial tissues. (From Biomaterials,
26(33), Yang, J., Yamato, M., Kohno, C., Nishimoto, A., Sekine, H., Fukai, F,, and Okano, T.,
Cell sheet engineering: Recreating tissues without biodegradable scaffolds, 6415-6422, Copyright
2005, with permission from Elsevier.) (d) PCL-RGD grafts explanted after 4 weeks exhibited mini-
mal thrombocity effect compared to the PCL grafts. The PCL graft was occluded and caused severe
thrombocity filling up the entire lumen. (From Biomaterials, 33(10), Zheng, W., Wang, Z., Song,
L., Zhao, Q., Zhang, J., Li, D., Wang, S., Han, J., Zheng, X.-L., and Yang, Z., Endothelialization
and patency of RGD-functionalized vascular grafts in a rabbit carotid artery model, 28802891,
Copyright 2012, with permission from Elsevier.)
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To present high-performance cell-based assays, nonspecific interactions between
the cell media and surface should be first suppressed in order to assure unbiased
experimental results. This can be achieved by nonfouling surfaces reducing non-
specific adsorption of biomolecules from cell media. Several native molecules such
as agarose, mannitol, and albumin have been used to treat the substrate in order
to reduce the protein adsorption (Luk et al. 2000), but because of limited stabil-
ity, synthetic materials are now playing an essential role to modulate cell-surface
interface in biosensors (Ratner and Bryant 2004). Poly(ethylene glycol) (PEG) as
the known material has been widely used mainly in the form of copolymers such as
(PLL-g-PEG) or PEG-PPO-PEG for making protein-resistant surfaces (Neff et al.
1999; Kenausis et al. 2000). The other types of protein/repellent surfaces are the lipid
bilayers, polyelectrolyte multilayers deposited by the layer-by-layer (LbL) technique
and smart polymers (Andersson et al. 2003; Shaikh Mohammed et al. 2004). Smart
polymers such as poly(N-isopropylacrylamide) (p-NIPAAm), a thermo-responsive
polymer, were used in cell-sheet engineering to enable controlled cell removal under
a desired temperature (Yamato et al. 2003). The type of protein resistant material is
also dependent on the substrate material underneath in a way that some are versatile
to be used with different substrates such as PLL-g-PEG, while the others may need
specific substrates such as in gold—thiol-based chemistry.

In recent models of cell-based biosensors, advanced cell-surface interfacing has
been utilized. RGD peptide ligands and ECM protein fibronectin are copatterned
over a nonfouling monolayer. The cells attached and evenly distributed across the
regions of fibronectin and RGD peptide. Once the underlying gold layer is stimulated
by an environmental factor, the cells are selectively released from the RGD region.
In its advanced form, by using patterned surfaces with two different electroactive
stimulator of RGD ligands in response to either reductive or oxidative potentials,
the sensor has been used to selectively trigger the release of cells from the surface.
The detection of cell release from specific region of surface due to the environ-
mental reductive or oxidative agents can be used as a smart cell-based biosensor
(Figure 4.3b) (Mendes 2008).

4.4.2 TissuE ENGINEERING

Tissue engineering, mentioned earlier as the major application of engineered sur-
faces, is the science of regenerating functional tissues or organs using a combination
of live cells, biomimetic matrices, specific growth factors, and external biophysical
cues. Tissue engineering will enormously benefit from the ability to engineer and
precisely control the cell-surface interface around the cellular microenvironment
(Goodman et al. 2009). The regulation of cell-surface interface will specifically ren-
der biomaterials suitable for specific target tissues and organs and will influence the
cellular behavior such as differentiation of stem cells into desired specific cell phe-
notypes in the engineered tissue. The nanotexture and composition of the scaffolds
as well as the incorporation of macromolecules and ligands direct cellular processes
and thus, carefully engineering the cell-surface interface of scaffolds yields a bio-
mimetic engineered tissue or organ. Regulating the spatial arrangement of ligands,
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their density and conformation, the ligand solubility, and surface adsorption of pep-
tides are the widely used techniques to modulate the cells’ response in biomateri-
als within engineered tissues (Krijgsman et al. 2002; Hsu et al. 2004; Wilson et al.
2005). For instance, the vascular grafts and heart valves need to demonstrate suf-
ficient shape recovery during the pulsation movement and also require to withstand
against the high flow rate and pressure generated from blood flow. Cell-surface
regulation in this regard can be achieved by coating the scaffold materials with suit-
able proteins such as laminin, vitronectin, and fibronectin (Santhosh Kumar and
Krishnan 2001; Xue and Greisler 2003). This surface enhancement assisted in con-
trolling the composition of the graft (made of collagen, elastin [Boland et al. 2004]
and PLGA [Stitzel et al. 2006]) to match the construction of the tissue engineered
artery (Williamson et al. 2006). In addition, these tissues need the ability to resist
thrombosis. In native vascular and valvular tissues, the endothelium has the ability
to prevent thrombosis. To do so in a engineered tissue, the cell-surface interface can
be controlled by incorporating endothelium derived RGD macromolecules to induce
endothelialization of vascular graft surfaces prior to implantations (Figure 4.3c and
d) (Zheng et al. 2012). For synthesis of cartilage tissue, the incorporation of chitosan
into electrospun nanofibrous scaffolds assisted in seeding of chondrocytes cells and
formation of cartilage (chondrogenesis) (Subramanian et al. 2003). For an inner-
vated tissue made of nanofibrous scaffolds, the modulation of cell-surface interface
was used to covalently bind neuroactive D5 peptides to the surface and enhance the
neuron adhesion, promote neurites extension, and further assist in the formation of
innervated tissue (Ahmed et al. 2006).

4.5 DYNAMIC ASPECTS OF CELL MICROENVIRONMENT

The three-dimensional native ECM microenvironments continuously undergo
remodeling. This dynamic process continues within the highly heterogeneous cel-
lular space (Tibbitt and Anseth 2012; Paul et al. 2014). Components that make up
the ECM have unique biophysical and biochemical properties (Liu 2010; Lu et al.
2012). The interactions between each of these ECM components with cells as well
as cell—cell interactions are responsible for the formation of dynamic cellular micro-
environment. For example, cells continually create, rearrange, realign, and break
down ECM components that affect its properties. However, this is not a one-way
progression but rather a two-way process where changes in the ECM can ultimately
regulate cell behavior (Lu et al. 2012). Currently, there is still a large void in the
detailed understanding of the highly dynamic and complex ECM microenvironment.
Building platforms with the ability to dissect each of the biochemical and biophysi-
cal cues and to assess in-depth the role of spatial and temporal control signal is para-
mount to the development of biosensors or tissue engineered scaffolds. In addition,
other processes such as cancer progression and cell migration in general can play
vital roles in the spatiotemporal control of cell microenvironment and go beyond
where their understanding can lend a hand in how disease treatment is sought.
Therefore, taken all together, it is important to discuss the dynamic nature of the cell
microenvironment, which is covered in this section.
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4.5.1 CELL SIGNALING

Within the cellular microenvironment, numerous signaling molecules are present;
these include biomolecules like cytokines and neurotransmitters to smaller mol-
ecules like hormones and ligands. All of these signaling processes are prone to
dynamic changes and variations (Ashton-Beaucage and Therrien 2010). One exam-
ple is integrin-mediated signaling, which represents a major cell signaling process
often responsible for cell adhesion that induces the formation of focal adhesion struc-
tures consisting of a complex protein assembly. Predominately in the early stages of
development, tissue morphogenesis is guided by integrins as they are responsible
for determining the binding sites of ECM to cell. Additionally, integrin signaling
can modulate, through transmembrane protein kinases pathways, cell migration and
binding. One common receptor family that plays an important role in this pathway
is receptor tyrosine kinases (RTK), which are high-affinity receptors for growth fac-
tors, cytokines, and hormones. These RTKs have been identified as underlying play-
ers in the signal transduction from an extracellular signal to the nucleus inducing a
transcriptional activity (Ashton-Beaucage and Therrien 2010). However, there are
other nonintegrin-based processes that are responsible for cellular dynamics that
include other adhesion receptor families including cadherins, selectins, and others
like laminin-binding proteins. Therefore, many of the biochemical and spatial data
that cells convey are mediated through cytoskeletal interactions, determining what
specific activity a cell should undertake as well as when and how.

Other biochemistry-based cell dynamics are controlled through the presence or
absence of growth factors. Within the ECM, several soluble and matrix bound growth
factors are present, controlling cell behavior through their cell-surface receptor
interactions. These growth factor/receptor pair interactions are often present as con-
centration gradients that can play a significant role in the developmental processes,
providing a pattern and direction for cell motion and activity (Kim et al. 2011).

Several studies have addressed the question of what role signaling molecules play
when either integrated at the cell-surface interface or functionalized within bio-
materials. It is evident that cell behavior significantly changes in response to the
presence of bioactive compounds such as cytokines and growth factors as mentioned
in Section 4.3.3. These biochemical cues are becoming a standard addition in the
design of successful disease models and treatment strategies. For example, vascular-
ization, represented in the formation of new blood vessels, is effected by the presence
of growth factors such as FGF-2 and VEGF. Alternatively, others have reported on
the regeneration of neurons by the addition of nerve growth factor within biomateri-
als. Another group has utilized cytokine immobilization on thin films to retain cer-
tain stem cell phenotypes in order to improve overall cell proliferation and viability.
For increasing mesenchymal stem cell attachment and spreading, EGF was utilized
on functionalized biomaterials (Mieszawska and Kaplan 2010). Others have shown
that integration of bone bioactive motifs such as bone morphogenetic protein 2- or
the osteopontin integration into scaffolds can result in in vitro bone formation after
28 days of culture (Mitchell et al. 2010). These examples clearly show that the cell—
surface interface modified through biomolecular interactions is an important factor
with which signaling and ultimately cell fate and behavior can be controlled.
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4.5.2 TissuUE REMODELING

As a result of interactions between different cells and tissues, either among each
other or with their neighboring microenvironment, reshaping of the ECM compo-
sition takes place. This process leads to alteration in ECM configuration followed
by formation of functional tissues and organs, giving rise to specific architectures
and characteristics. Several architectural and structural components of the ECM
organization that defines the position of the cells within the ECM such as inter-
cellular spacing, cell shape, and 3D cell position can also have regulatory effects
on cell behavior. For instance, cell cycle of mammary epithelial cells has been
correlated to ECM organization, where it was suggested as a suppressor of apop-
tosis, indicating there is a cellular response to ECM signaling. Similarly, tyro-
sine kinases have been implicated in structure-dependent ECM signaling, again
indicating several ECM organizational factors could determine cellular response
(Lukashev and Werb 1998).

Therefore, examining the interplay of the cell-surface interface and stimuli
response within tissue-engineered models could provide a better understanding of
the many processes at hand. The bioactive polymer network of engineered con-
structs should allow cell response to secreted signals providing insight into pro-
teolytic remodeling, spatiotemporal control of cell adhesion, proteolytic matrix
degradation, and guiding stem cell fate decision for generation of specific cell types
and more complex architectures such as within innervated tissues (Figure 4.4a)
(Lutolf and Hubbell 2005). One example of such an approach is the development
of photocrosslinkable cell-laden hydrogels based on biomaterials such as PEG
derivatives, gelatin and alginate. These and similar biomaterials have been shown
to be able to mimic aspects of the natural ECM, particularly in their ability to be
functionalized with bioactive signals to allow controlling cell phenotype and tissue
formation (Mann et al. 2001).

4.5.3 DyNamic CoNTrOL OF CELL MICROENVIRONMENT USING MICROFLUIDICS

Microfluidics has the advantage of making microarrays containing multiple cell
types (Paguirigan and Beebe 2009). The cells can also be cultured in both 2D and
3D microenvironment through droplet-based microfluidic systems (Meyvantsson
et al. 2008). In their 3D model of cell-based arrays, the biomaterial surface needs to
be modulated to provide biomimetic microenvironment for controlling cell function-
ing (Xu et al. 2011). The integration of the arrays with microfluidic platforms also
makes the system automated, under controlled loading, by significantly reducing
the cost of reagents and cells (Xu et al. 2011). Researchers have designed cell-laden
matrices in 3D space, many of which also change over time (so-called 4D biology)
and mimic functions of human tissues and organs in vitro (Tibbitt and Anseth 2012).
Pioneering work by Bissell and colleagues revealed that mammary epithelial cells
formed a normal acinus structure when encapsulated in a 3D material but aber-
rantly displayed cancerous phenotypes when cultured on a 2D substrate (Petersen
et al. 1992). Other examples revealed that the materials-based presentation and timed
removal of the peptide RGDs can enhance differentiation of mesenchymal stem cells
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FIGURE 4.4 Dynamic aspects of cell microenvironment for cell signaling and tissue remod-
eling: (a) intricate reciprocal molecular interactions between cells and the surroundings to
regulate the dynamic behavior of individual cells in multicellular tissues. Specific binding of
signaling cues with cell-surface receptors induces intracellular signaling pathways regulat-
ing gene expression, cell phenotype, tissue formation, homeostasis, and tissue regeneration.
(Reprinted with permission from Macmillan Publishers Ltd. Nat. Biotechnol., Lutolf, M.P.
and Hubbell, J.A., Synthetic biomaterials as instructive extracellular microenvironments for
morphogenesis in tissue engineering, 23(1), 47-55, Copyright 2005.) (Continued)
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FIGURE 4.4 (Continued) Dynamic aspects of cell microenvironment for cell signaling
and tissue remodeling: (b) A microfluidic device for dynamically controlling concentration
gradient of the desired biomolecular cues such as IL-8. Top view and isometric view of the
microfluidic device representing the gradient generating portion and observation portion,
respectively. Neutrophil is exposed to IL-8 gradient, resulting in cell migration in response
to linear increase in IL-8 concentration (0-50 ng/mL). (Reprinted with permission from
Macmillan Publishers Ltd. Nat. Biotechnol., Li Jeon, N., Baskaran, H., Dertinger, S.K.W.,,
Whitesides, G.M., De Water, L\V,, and Toner, M., Neutrophil chemotaxis in linear and
complex gradients of interleukin-8 formed in a microfabricated device, 20(8), 826-830,
Copyright 2002.)

into chondrocytes (Salinas and Anseth 2008; Kloxin et al. 2009). Thus the spatial
and temporal control of microenvironment is crucial to engineer the tissue construct.
The synergistic effects of chemical factor gradients, cell—cell interactions, mechani-
cal sensing, and coordinated cell movements in tissue formation can be achieved
through various microscale and microfluidic technologies as briefly discussed in
Section 4.3. Adding to the advantages of microfluidics for making patterns of mul-
tiple cell types, they offer novel platforms for precise control and variation of cellular
microenvironments in dynamic, automated, and reproducible ways. In the context of
tissue engineering, they enable specific manipulation of environmental cues (attach-
ment matrices containing self-assembling proteins, and gel-based substances), and
cell shape and density. Moreover, mechanical (Jiang et al. 2013), chemical, and topo-
graphic properties can be precisely controlled (Unger et al. 2000; Gu et al. 2004;
Mosadegh et al. 2007; Moon et al. 2009; Shamloo and Heilshorn 2010; Nikkhah
et al. 2012) in a high throughput and automated platforms (Paul et al. 2014). Gilmore
et al. captured and preserved rotavirus double-layered particles (DLPs) in a liquid
environment contained in a microfluidic chamber by implementing an affinity cap-
ture technique (Gilmore et al. 2013). In another study, a gradient-based microfluidic
device was used to infect the cells at many different concentrations of a virus simul-
taneously within a single channel by controlling laminar flow and diffusion (Walker
et al. 2004). Gradients established by laminar flow and diffusion have been used in
many other studies as well (Jeon et al. 2000; Dertinger et al. 2001, 2002; Li Jeon
et al. 2002) (Figure 4.4b).

Xu et al. (2012) monitored the infection process of cells by a recombinant virus
in situ in real time using a trilayer microfluidic device. They also used gradient-based
microfluidic chip with a tree-like concentration gradient to conduct drug screen-
ing assays. Na et al. (2006) used micropatterning to create patterns of cell adhesive
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and repellant areas, thereby forming plaques with controlled number of cells with
defined shapes and sizes. Microfluidic platforms have also been used as bioreactors
containing independent chambers for production, preservation, and transduction of
viruses or biomolecular compounds on a single device (Vu et al. 2007).

Challenges remain in long-term dynamical cell culturing and controlling the cell
microenvironments temporally and spatially despite the substantial advances made.
Future research might focus on the use of biochemical and mechanical stimuli for
investigating cryptic biomolecular signals in various biomaterials similar to that in
native ECM molecules (Lutolf and Hubbell 2005). The use of stimuli-responsive
linkers, protecting groups and exposing mechanisms, will also be helpful in dynami-
cally modulating the cellular microenvironment.

4.6 CONCLUSION AND FUTURE DIRECTIONS

Nanotechnology and nanofabrication techniques are allowing a better insight of
cell-surface interface and parameters driving cell behavior and biology. The con-
tinuous advancements in the field of cell-surface interface will not only enhance
fundamental biological studies, but it will have significant improvements in the field
of tissue engineering via manufacturing synthetic substrates with controlled proper-
ties. There has been a growing interest in continuous real-time monitoring of cellular
interaction with the ECM, which will give better insight on how to design and fabri-
cate biomaterial interfaces for optimal results.

There are already biosensors showing great sensitivity and sensibility, but their
challenge is in their size and integration with microfluidic platforms. Miniaturizing
of these biosensors will increase their sensitivity and sensibility capabilities and
allow the observation of interactions that may not have been noticed or fully under-
stood yet. This knowledge when gained will offer great opportunities in the enhance-
ment of engineering bioactive interfaces of biomaterials. The use of the few protein
receptors in binding schemes on biomaterial surfaces has yielded significant results
in cell adhesion already, and the incorporation of many other receptor classes offers
great prospects for cell-specific surface design.

Further studies are required to increase our understanding of how artificial ECM
interface topography influences the behavior among different cell types and how
signal transduction pathways that initiated from cell attachment sites govern gene
expression and ultimately cell behavior. Such studies will enhance our knowledge on
how cells incorporate biophysical signals from their surrounding microenvironment.
Without doubt, future research will move toward detailed analysis of cell functions
and surface interface using expanding sets of more advanced and precise nanoscale
tools. It is expected that the advancements in nanotechnology techniques will take us
to the ultimate goal of fully understanding and mapping the structure and function
of a living cell. Proper understanding and ability to control the cell-surface interface
have massive applications in tissue engineering, cell-based biosensors, and regenera-
tive medicine.

Although numerous studies have provided valuable insights of cell-surface inter-
face in tissue engineering and cell-based biosensors, there are still many challenges
and questions that need to be addressed. Further studies are required to enhance our
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understanding of how substrate topography influences the behavior among differ-
ent cell types, and how signal transduction pathways initiated from cell attachment
sites govern gene expression and ultimately cell behavior. Such studies will enhance
our knowledge on how cells incorporate biophysical signals from their surrounding
microenvironment.
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5.1 INTRODUCTION

Tissues are composed of multiple cell types that are organized into a functional group.
In addition to the cellular composition of the tissue, the organization of these cells is vital
for the tissues to perform their intended function [1,2]. For example, as with all other vital
organs in the human system, the unique architecture of the liver tissue, which is com-
posed of hepatocytes on the apical and basolateral surfaces, sinusoidal endothelial cells
(ECs), and Kupffer cells within the perisinusoidal space, is key to its functionality [3].
Therefore, recapitulating the tissue architecture in vitro is very important for many bio-
medical applications, including tissue engineering and stem cell research [4,5].

Recapitulating cellular interactions and cell microenvironments have been shown
to be effective in controlling the cell shape [6], organization [7,8], phenotype [9,10],
and function [11,12]. Patterning of cell-interacting proteins is a widely used and versa-
tile way of patterning cells and cell microenvironments in vitro. These cell-interacting
proteins are often cell-adhesive proteins such as extracellular matrix (ECM) proteins,
and recently, peptides derived from these proteins have been used toward the same
end [13-16]. To micropattern cell-interacting proteins or peptides, microfabrication
techniques that are mostly based on photolithography were borrowed from integrated
circuit industry and have been modified and exploited extensively. When applying
these fabrication techniques to cells and biomolecules, several additional factors such
as denaturation of the proteins, toxicity to cells, biocompatibility, and robustness in
cell culture conditions should be considered [16—18]. Over the years, photolithogra-
phy techniques have paved the way to soft lithography techniques [19-21] and more
recently computer-based direct write techniques [63—65].

In this chapter, we discuss various surface micropatterning techniques for gen-
erating protein patterns and their application in stem cell culture and tissue engi-
neering. We also look into factors influencing patterned protein adhesion on
substrates, surface—protein interactions, and their role in guiding target cell behavior.
Micropatterning proteins and cells may not exactly create all the in vivo conditions,
but the ability to manipulate the shape and distribution of the cells can give insight
into cell responses under biomimetic conditions. As we will see in later sections,
with broadening of the applications of microfabrication techniques, the techniques
themselves have undergone vast modifications, to better adapt for bioengineering
applications.

5.2 SURFACE ENGINEERING

In vitro cell culture can benefit from modifying the surfaces of the substrates or
materials that the cells are grown on. These modifications can include tuning the
substrate stiffness or addition of ECM proteins for controlling cell adhesion, pro-
liferation, phenotype and function, and often achieved by altering the physical and
biochemical characteristics of the surface to help improve the functionality and
compatibility of the original material, usually by creating a biomimetic microen-
vironment [18]. Surface modifications not only can enhance biocompatibility of the
materials but also can be used to promote cell recruitment to the site of repair, pro-
moting regeneration. For example, a polymeric surface can be functionalized with
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a layer of ECM protein such as fibronectin or the functional peptide group derived
from it (arginine—glycine—aspartate [RGD]), which can enhance cell attachment,
viability, and function [22,23].

However, protein transfer onto substrates is not a straightforward process and a
number of physical and chemical factors influence the degree of protein attachment
to the surface.

5.2.1 SURFACE—PROTEIN INTERACTIONS

Protein molecules are polymeric chains consisting of amino acid subunits, which
have pendant groups some of which are capable of gaining or losing charge depend-
ing on the surrounding environment [23-25]. The mechanism of protein adhesion
can be categorized into physiosorption or noncovalent interaction, and chemisorp-
tion or covalent interactions. Conformation of protein molecule on adhesion deter-
mines its activity, that is, strength of interaction and stability. Physiosorption refers
to attachment of proteins mainly through physical force of interactions, such as van
der Waals interactions, electrostatic forces, and hydrophobic—hydrophobic interac-
tions. It is characterized by a conformational change upon binding, which is influ-
enced by the pH, ionic strength, and temperature of the environment. Therefore,
the choice of substrate and buffer used for protein transfer are important criteria for
maintenance of stability and activity of the protein after adsorption. Figure 5.1A
through C illustrates the mechanism of protein physiosorption and the influence of
physical characteristics of the substrate [25].

Proteins form aggregates in solution, which then deposit onto the surface and
eventually spread out as seen in Figure 5.1A [25]. Rabe et al. used Forster reso-
nance energy transfer (FRET) technique to investigate the cluster formation in pro-
tein solution and its interaction with the substrate on deposition. Protein adhesion
requires specific surface affinity to surface charge and wettability (Figure 5.1B and
C) [25]. Physiosorption-based protein transfer is convenient to employ, requiring no
special equipment and can be used on most surfaces for cell culture such as glass
slides, polystyrene dishes, or other polymeric surfaces.

At the same time, protein attachment through physiosorption can be unstable
since no chemical bonds are formed but rather the adhesion strength is determined
by the difference in surface charges and properties. Another characteristic of this
technique is that adsorbed protein molecule can be easily displaced by another with
higher affinity to the substrate. Removal of protein from surface is known as elution
and can also be caused by thermodynamic fluctuations such as structurally disori-
ented protein attachment causing collision with other molecules in the solution [25].
This occurs due to breakage of hydrogen bonds and electrostatic interactions that
had initially bond the protein to the surface. Over the years, various researchers have
investigated protein—substrate interactions at their interface and developed kinetic
models that predict the mechanism of protein adhesion [26].

On the other hand, chemisorption is driven by a chemical reaction between
the adsorbate and the substrate at the interface [27]. Chemical linkages are estab-
lished between the biomolecule and the substrate through ionic or covalent bonds,
depending on the reactive species on the adsorbate and the surface. Hence, unlike
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FIGURE 5.1 (A) FRET imaging illustrates protein adsorption and spreading on the surface.
(B) Mechanism of protein adhesion relative to substrate hydrophobicity. (C) Schematic rep-
resentation of change in orientation of surface-adsorbed protein. (From Rabe, M. et al., Adv.
Colloid Interf. Sci., 162(1-2), 87, 2011.)

physiosorption, usually additional substrate treatments are required to function-
alize the substrate. The most common application of chemisorption for protein
transfer is the formation of self-assembled monolayers (SAMs) (see Section 5.3.3).
SAMs are formed by chemisorption of thiols (RS—H) onto gold surfaces forming
Au-SR bonds [28,29]. The “R” side chain is then free to form covalent bonds with
the desired protein molecule. Figure 5.2B shows chemisorption of bovine serum
albumin (BSA) after functionalization of wafer [28]. The fabrication process is
described in Section 5.3.

5.2.2 PROTEINS—CELL INTERACTIONS

Cell attachment onto the surface occurs in sequential steps that involve (1) cell
attachment to ECM proteins, (2) formation of membrane or filopodial extensions,
(3) extension of the cell membrane, and (4) formation and contraction of stress fibers
that aids cell migration and proliferation [30]. Interaction of cells with respective
ECM and surface attachment occurs through a specialized heterodimeric trans-
membrane unit called the integrin complex. The complex consists of two subunits
o and P, which self-associates to form up to 24 distinct known o combinations with
distinct binding characteristics (Figure 5.3A). The subunits bind to specific motifs
within the surface proteins, for example, the receptor domain motif of the fibronectin
complex composed of three amino acids arginine—glycine—aspartate (RGD) [30-33].
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FIGURE 5.2 (A) Illustration of physiosorption and chemisorption interaction of proteins
and surface. (Adapted from Aili, D. and Stevens, M.M., Chem. Soc. Rev., 39, 3358, 2010.) (B)
Schematic representation of the chemical functionalization of a silicon wafer and binding of
bovine serum albumin. Top row: schematic representation of the chemical functionalization of
a silicon wafer with (3-aminopropyltrimethoxy) silane (APTMS), followed by glutaraldehyde
(b) and chemisorption of BSA from solution (c); bottom row: protein patterning was achieved
by dewetting a polystyrene (PS) film (d). Gray ovals represent chemisorbed BSA molecules.
(From Lim, S.K. et al., Soft Matter, 9(9), 2598, 2013.)
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Res. A, 96(1), 261, 2011, Copyright Creative Commons Attribution License.) (C) Intercellular
interactions.



Protein Micropatterning Techniques for Tissue Engineering 115

The surface receptor—integrin interactions create dynamic changes at the basement
membrane causing cytoskeletal rearrangement, tension, and formation of stress fibers
[34,35]. This also causes an internal conformation change mediated by RhoGTPase
and thereby activating RhoA-mediated GTPase signaling cascade. The adhesion
molecules are intermediary participants in other signaling pathways within the cell,
therefore, cell behavior including cell size [34,35], proliferation, and function [36,37]
are greatly affected by them. While mechanical cues from the ECM are transmitted
through this complex to the cell, another transmembrane receptor complex family
called the cadherins mediates interactions with neighboring cells (Figure 5.3B) [33].

5.2.3 NONFOULING TREATMENT

For selective patterning of proteins and cells, surface modifications are necessary
to avoid nonspecific interactions between the surface and the ambient proteins that
cells usually reside in (i.e., cell culture media). Researchers have proposed a variety
of techniques over the years for selective protein patterning. These include inactiva-
tion or complete removal of adsorbed proteins and inhibition of initial adsorption of
proteins through use of masked regions [41,42,68].

The importance of nonfouling treatment can be best evidenced in immunohis-
tochemistry; a technique that is based on highly specific, protein ligand-receptor
interactions and where nonspecific attachments would yield false results. In immu-
nochemistry, BSA has been commonly used to “block” nonspecific protein domains
until a molecule with higher affinity for the substrate displaces it [38]. BSA readily
sticks to surfaces and other molecules and moreover, it does not have an integrin-
binding site, hence it is a favorable choice to deter unwanted, random cell attachment.

In protein patterning, commonly used molecules for creating nonfouling sites on
a substrate are BSA, Pluronic-F127, poly(ethylene glycol) (PEG), and its derivatives.
Pluronics are triblock copolymer surfactants with a polymer chain of poly(ethylene
oxide)—poly(propylene oxide)—poly(ethylene oxide) repeating units. They adhere to
highly hydrophobic surfaces and can deter further adsorption of proteins. Another
commonly used blocking agent is PEG grafted poly-L-lysine (PLL-g-PEG), a cationic
polymer. This requires treatment of target surface with plasma in the presence of pres-
surized air for 30-60 s, which results in deposition of a uniform layer of negative
ions on the surface, making it highly adhesive to the cationic PLL-g-PEG polymers.
The factors governing resistance to protein binding by PEG-grafted polymers and
related quantitative information have been reviewed and investigated in detail [38,40].
It has been concluded that a combination of factors, namely, high hydrophilicity, large
molecular size, and lack of protein binding sites prevent protein attachment.

5.3 TECHNIQUES FOR PROTEIN PATTERNING

In the following section, we will briefly cover some of the common techniques used
for micropatterning proteins, especially those that have found wide application in
stem cell and tissue engineering research. These include micropatterning SAMs,
microcontact printing (LCP), microfluidic printing, stencil-based patterning, and
direct-write techniques [39,43].
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5.3.1 PHOTOLITHOGRAPHY: LIGHT-BASED PATTERNING

Photolithography is the classic technique for microfabricating structures and the
starting point of most microfabrication technologies. This technique was initially
used in the semiconductor industry for patterning microchips and eventually applied
to biological problems. A schematic of this process is represented in Figure 5.4A
[44,45]. The basic principle of photopatterning is to use focused light energy to pat-
tern photosensitive polymers called photoresist. Subsequent chemical treatment
called “developing,” dissolves out the unreacted regions of the photoresist, leaving
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BN NN . - Mask
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FIGURE 5.4 (A) Schematic of steps involved in photolithography. (From Khaleel, H.R.
et al., Design, fabrication, and testing of flexible antennas, in: Kishk, A., ed., Advancement in
Microstrip Antennas with Recent Applications, InTech, 2013, pp. 363-383.) (Continued)
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FIGURE 5.4 (Continued) (B) Schematic of protein patterning through deep UV (185 nm)
exposure. (From Azioune, A. et al., Microtubules: In Vivo, 97, 133, 2010.)

behind defined patterns, which can be used directly or subjected to further treatment
to attain the desired surface properties such as increased hydrophilicity through
plasma treatment [45].

The chemicals used throughout this process are generally organic solvents or strong
acids or bases, which can readily denature proteins. Therefore, this technique is not
very suitable for direct protein patterning. But over the years, advancement in photoli-
thography has enabled use of other approaches based on similar principles. For exam-
ple, deep UV (185 nm) is a direct patterning technique suitable for patterning proteins
on glass substrates. As seen in the work by Azioune et al., a PLL-g-PEG-coated glass
coverslip is exposed to deep UV light through a chrome mask to selectively oxidize the
surface, which is then followed by fibronectin treatment that results in selective attach-
ment of fibronectin [46].

Alternatively, photosensitive proteins can be used directly, instead of a photoresist.
David Tirrell’s group synthesized photosensitive amino acid para-azido-phenylalanine
(pN;Phe) in a bacterium (Escherichia coli) and then incorporated it into ECM pro-
teins such as elastin and fibronectin. Exposure to UV light (~365 nm) causes the
formation of highly reactive nitrogen groups by the azidophenyl group, which then
cross-links with the protein molecules [45]. The major drawback of this technique
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is that the generation of such genetically engineered proteins is costly and time con-
suming. This has given way to alternative techniques that is based on protein photo-
bleaching, which is the photochemical depletion of a dye or fluoropore. In the study
by Belisle et al., fluorescein-tagged biotin-coated substrate was illuminated through
a spatial filter, which acts as a mask, using a high-energy laser, resulting in selective
photobleaching of the protein. The photobleaching process resulted in the genera-
tion of free radicals, which then aided attachment of other organic molecules such
as fluoropore-tagged streptavidin, which bound to unexposed biotin molecules and
aided visualization of the patterned proteins. Additionally, biotinylated proteins or
antibodies can interact and bind with streptavidin [47].

5.3.2 SOFT LITHOGRAPHY

Pioneered by George Whitesides’ group, soft lithography is a group of pattern-
ing techniques that uses an elastomeric polymer such as poly(dimethylsiloxane)
(PDMS) [19-24]. PDMS is used to generate a pattern or form a device through
replica molding from a microfabricated master. The master is fabricated by pho-
tolithography as described in the previous section. Soft lithography can be divided
into three major classes depending on the mode of material transfer onto the sub-
strate: (1) microstamping or microcontact printing, (2) microfluidic patterning, and
(3) PDMS stencils.

5.3.2.1 Microcontact Printing

PCP is one of the most common methods for protein and cell micropatterning. It is
relatively inexpensive and does not require any complex equipment while produc-
ing submicron-level patterns with high fidelity. pCP is performed by “inking” a
polymer stamp and placing it in contact with a surface such as glass or tissue
culture plastic, and transferring the “ink” to the desired substrate with pressure
application [48]. The polymer stamp will have a relief pattern consisting of the
desired micropattern shape and layout. The process itself is similar to conventional
stamping with ink and paper; however, the ink can be a variety of polymers includ-
ing dendrimers, DNA, and proteins. For cellular micropatterning, an ECM protein
such as fibronectin may be stamped to promote cell attachment only to the stamped
region. In brief, a silicon wafer master is fabricated with a relief pattern through
photolithography. The PDMS pre-polymer and curing agent are mixed, degassed,
and poured into the master. After curing in an oven, the stamps are peeled off and
cut into desired shapes. Stamps are inked by covering the patterned surface with
the ink solution. After aspirating the ink solution and briefly rinsing, the stamp is
quickly dried under a stream of nitrogen gas. Finally, a micropattern is obtained
by pressing the stamp against a suitable surface. A schematic of the process is
illustrated in Figure 5.5 [48].

Material selection plays an important role in the success of pCP. Materials that
are too stiff will not make conformal contact with slightly rough surfaces, causing
incomplete patterns or no pattern transfer at all. On the other hand, materials that
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FIGURE 5.5 Schematic of microcontact printing. (From Kaufmann, T. and Ravoo, B.J.,
Polym. Chem., 1, 371, 2010.)

are too compliant will cause the relief patterns to collapse or the spaces in between
patterns will sag under load, preventing transfer of especially submicron-level pat-
terns. Additionally, the surface wettability of the stamp plays an important role in
ink physiosorption and transfer. The most common material used for pCP is PDMS,
though other materials such as poly(ether-block-ester), polyolefin elastomers, or even
hydrogels such as agarose have been used [48]. PDMS stamps offer easy fabrication
through thermal curing, are relatively inexpensive and easy to acquire, and have a
suitable stiffness range for u.CP down to submicron-level patterns. One of the limita-
tions of PDMS, is its highly hydrophobic nature. This makes it difficult to ink with
polar molecules such as proteins and DNA, resulting in incomplete pattern transfer.
To resolve this issue, the protein incubation period may be increased or the surface
of the PDMS stamp can be modified to increase hydrophilicity using techniques such
as surface oxidation of the stamp by oxygen plasma treatment or chemical treatments
of the substrate surface with silanes [48-50].

Microcontact printing can also be used for selective patterning for various types
of molecules using a single multilayered stamp (Figure 5.6) [49]. Fabrication of
multilayered stamps follows a similar procedure as described earlier, except in this
case the photoresist-coated silicon wafer has features of multiple heights. Curing
PDMS prepolymer against the patterned photoresist master generates the PDMS
stamp with varying layers of relief features. Each discrete layer could be brought
into contact individually by adjusting the vertical pressure applied on the stamp
[49]. The larger the applied pressure on the stamp, the greater is the area of contact
between the stamp and the substrate, and proteins from deeper levels are trans-
ferred. One of the major drawbacks of this technique is that PDMS stamps deform
over time, hence it becomes difficult to align the features on top of each other when
several layers of patterns are required. To overcome this, the stamps could be made
more rigid by either increasing the cross-linking or providing a solid glass support
as base [48].
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FIGURE 5.6 Multilayered stamp and formation of multiple protein patterns. (A) 3D struc-
ture of the pattern and (B) cross-sections of the patterns. (From Tien, J. et al., Fabrication of
aligned microstructures with a single elastomeric stamp, Proc. Natl. Acad. Sci. USA, 994),
1758-1762, Copyright 2002 National Academy of Sciences, U.S.A.)

5.3.2.2 Microfluidics-Based Patterning

Another commonly used soft lithography technique that is rapidly gaining attention,
especially for tissue engineering applications, is microfluidics-based protein pattern-
ing. Fabrication of these devices follows the same procedure as that of fabrication
of PDMS molds for microcontact printing, except that the PDMS mold here is fab-
ricated to form channels [51-54]. PDMS microchannels are attached to the desired
surface, and filled with the desired polymer “ink,” resulting in micropatterns on the
substrate in the shape of the microchannels (Figure 5.7) [52,54]. The advantage of
microfluidic patterning is that it allows proteins to be deposited while in the fluid
phase, avoiding some of the issues encountered with drying of proteins during pCP.
Since this technique circumvents the drying of proteins, the proteins remain more
stable and are not denatured.

On the other hand, this technique is not devoid of any limitations; and protein loss
to the walls of the device is a common occurrence. Owing to the micron-scale of these
devices, they have high surface to volume ratio, and thus protein loss is a significant
factor. Filling the channels made out of hydrophobic PDMS with hydrophilic solutions,
such as a protein solution, through capillary action is the next challenge (Figure 5.8)
[54]. This can be overcome by exposing the devices to oxygen plasma treatment, which
makes it highly hydrophilic, resulting in smooth flow of hydrophilic solutions. Another
major challenge is that protein flow within the channel is determined by the size of the
channels. Channels with lower depths pose high resistance to fluid flow. In such cases,
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FIGURE 5.8 Depletion of proteins in small microchannels. (From Delamarche, E. et al.,
J. Am. Chem. Soc., 120, 500, 1998.)

protein exchange proves difficult as the fluids cannot be flushed out easily for further
treatments. At the same time, long exposure to solvent-based proteins causes swelling
up of the channels. Since the polymer used for these devices is elastomeric PDMS, as
in the case of fabricated stamps, the integrity of the microfabricated channels is less
and is prone to buckling. Hence, careful consideration of these parameters are required
during the design of these microfluidic channels.

5.3.2.3 Stencil-Based Patterning
This is one of the simplest ways of protein patterning. The idea behind this technique
is borrowed from art making, where a thin material with holes (called “stencils”) is
used to deposit paint (or protein solution in this case) within predefined patterns.
The stencils serve as masks during processes such as protein deposition, cell attach-
ments, and other surface modifications [19,21]. In its earliest applications, stencils
were made of thin metal foils and used to block nonspecific deposition of metal
vapors such as palladium. However, metal foils cannot form perfect conformal con-
tact with the substrate and are not suitable for depositing materials in solution such
as proteins [58]. Alternative approaches have been developed that use more elastic
materials as stencils such as thin PDMS [56] or Parylene membranes [57,59]. The
PDMS thin films remain a popular choice owing to their ease and low cost of fabri-
cation. They also form better seals on contact with the substrate, hence gaining an
advantage over other techniques.

The fabrication of PDMS stencils is similar to the fabrication of features described
in Section 5.3.2.1, except in this case we fabricate “holes” instead of features. A SU8
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mold with features is fabricated initially and then casted using PDMS, which then
has to be excluded from the top of the features to form holes. The exclusion process
can be carried out in three ways. In one of the ways, the master wafer can be spin
coated with PDMS where the thickness of the film is determined by the spin speed
and spin time [56]. Though this method is the easiest one to fabricate stencils, it can
sometimes result in uneven PDMS stencils, owing to the formation of menisci or
bubbles between the feature walls and PDMS. Another convenient way of exclusion
is to cover the PDMS-filled master with a hard flat surface that forms a bridge across
the features. The cover has to be hard enough not to sag in between the features and
yet soft enough to form good conformal contact. Thin Mylar film supported by hard
glass substrate is a preferred choice for cover, as after curing treatment the PDMS
film can be easily peeled off the Mylar sheet (Figure 5.9) [14,57].

The last method is referred to as “microfluidic molding” or “capillary filling,”
which basically involves tightly capping the master with a cover and then filling
the microchamber with PDMS pre-polymer [14,56]. In a study by Master et al., a
UV-curable pre-polymer was used as the stencil material and fabricated similarly as
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FIGURE 5.9 (A) Stencil fabrication through exclusion molding. (From Hsu, C.H. et al., Lab
Chip, 4(5), 420, 2004.) (Continued)
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FIGURE 5.9 (Continued) (B) Phase-contrast imaging of thin PDMS stenciled, single cell
within a stencil hole. (From Hardelauf, H. et al., Lab Chip, 11, 2763, 2011.)

shown in Figure 5.10. They also showed that stencil could be used for the deposition
of both single and multiple proteins. To achieve patterning of multiple proteins, sten-
cils are stacked up in layers and each protein deposition is followed by treatment with
antifouling agent before the first stencil layer is removed. Incubation with antifoul-
ing agent ensures that secondary deposition of proteins in same area does not occur
unless driven by specific interaction. As seen in Figure 5.10A and B, two stencil
layers with 30 and 600 pm diameter holes were used to pattern BSA-AlexaFluor™
488 and BSA-AlexaFluor™ 555, respectively. At the same time, Figure 5.10C shows
patterning of varied concentration of BSA. This was also achieved as a two-step
process but with a single layer. First, only the upper half was treated with a low-
concentration BSA (1 pg/mL) for 20 min, followed by passivation with Pluronic, and
then followed by treatments of the entire surface with a higher BSA concentration
(10 pg/mL) until saturation [55].
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Though stencils provide a convenient way to selectively mask regions during protein
adsorption and cell attachment, they are prone to deformation during use. Moreover,
fabrication of holes is not as easy as fabrication of features as they are subject to tear and
failure of formation of holes. This has been replaced by the use of parylene-C stencils,
which are more resistant to wear and can be reused multiple times [56,59].

5.3.3  SELF-ASSEMBLED MONOLAYERS

Some organic molecules undergo spontaneous chemisorption as a uniform monolayer
of “self-assembled” molecules upon contact with a specific surface [12]. In order to
minimize surface energy, the molecules adhere as densely packed, crystalline layer
of single-molecule thickness, hence they are commonly referred to as SAMs. They
are bifunctional organic molecules and bind to the surface through one end while
the other remains free, enabling further functionalization. SAMs had been predomi-
nantly used for solid surface-liquid interactions, especially for studying molecular
interaction at the interface and the effect of surface wettability.
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FIGURE 5.10 (A) Stencil fabrication through capillary filling and protein patterning; and
(B) cells confined within pattern. (Continued)
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FIGURE 5.10 (Continued) (C) gradient protein patterning. (From Masters, T. et al., PLoS
ONE, 7(8), e44261, 2012, Copyright Creative Commons Attribution License.)

Based on ease of synthesis, two commonly used SAMs are alkanethiols (CH;-
(CH,),-1-SH, n > 9) that bind to metals such as gold (Au) or silver (Ag) through their
sulfur end, and the alkanesilanes, that bind to silicon or oxidized surfaces through
reaction of silane/siloxane group with hydroxyl group of the surface (Figure 5.11) [12].
The use of SAMs for micropatterning proteins is appealing because it provides the
ability to control the structure and interfacial properties of the surface at the molecu-
lar level. The functional end of the SAM molecule, for example, an alkanethiol, can
be varied as needed to selectively control protein adhesiveness. For example, an
oligo(ethylene glycol) end terminal group is highly protein resistant, leading to the
formation of “inert surfaces.” Depending on the end functional group, proteins can
either directly bind to the SAM molecules or through a cross-linker. For example,
glutaraldehyde is a commonly used cross-linking molecule that can bind to an amine
group on both ends, so it acts as a linker, binding the amine group of aminosilane
and the target protein [28,29].

Micropatterning SAMs can be carried out with a similar strategy as pattern-
ing proteins. Four major strategies commonly used are photolithography, micro-
contact printing, selective modification/removal, and finally selective formation of
SAMs [12,28,29]. Selective removal or modification is carried out through ablation
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FIGURE 5.11 SAM binding on surface. (From Love, J. et al., Chem. Rev., 105(4), 1103, 2005.)

with exposure to laser beam, degradation on exposure to electron beam, electro-
chemical desorption, mechanical shear with the aid of atomic force microscope
(AFM), or through oxygen plasma etching through a patterned mask [13]. Selective
formation of SAMs occurs on chemical interaction of SAM molecules with a pre-
existing pattern. For example, alkanethiol SAM formation on a gold micropattern
substrate over a glass substrate is a commonly used procedure [60—62].

5.3.4 Direct WRITE TECHNIQUES

Direct write technology is one of the recent developments, a novel approach for fab-
rication of electronic and sensor devices of sizes ranging from micro to nano scales
[63—67]. Recent advancements include the adaptation of this technique to biological
applications, especially for stem cell and tissue engineering research. These fabrica-
tion methods employ a computer-controlled stage that translates the signals from
the system. In response, a pattern generating stage (such as an inkjet printer) or the
substrate itself is moved creating “prints” or “patterns” of controlled architecture
and composition [63,64]. In the following section, three of the most commonly used
direct write techniques—laser-based printing [65—-68], inkjet printing [69—77], and
the AFM-based lithography (or dip pen lithography) [77-83], are reviewed.

5.3.4.1 Laser-Based Patterning

Laser-based printing is a form of noncontact patterning technique where a laser is
used to guide and deposit protein particles onto target solid surfaces [64,65]. The
ability to capture and guide target proteins or particles depends on its refractive index
relative to its surrounding and also the strength of the optical force. A higher refrac-
tive index of the particle coupled with strong applied optical force can easily guide
it steadily along the light path for deposition onto the target surface. This technique
can also be applied for a variety of organic and inorganic particles in both gas and
liquid phases and sometimes used for directly patterning the cells in culture medium
[65,67]. Odde et al. have used a laser-guided technique for manipulation of particles
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and cells, and found that in contrast to optical trapping, which uses high numerical
aperture to axially trap the target particle in three dimension, low-numerical aper-
ture laser provides a weak force that guides (or pushes) the target particle axially
(Figure 5.12A and B) [65,66]. Hence, this way, multiple particles can be targeted
simultaneously. Moreover, hollow optical fibers are sometimes coupled to the light
source, allowing for transmission of high-intensity beam over a distance of 1 cm.

In addition to particle guidance, laser beams are also used to pattern proteins
through selective removal of surface molecules. In a recent work by Heinz et al.,
exposing poly-L-lysine-poly(ethyleneglycol) (PLL-PEG) and polystyrene (PS)-
coated glass coverslips to laser pulses of defined power causes selective ablation of
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FIGURE 5.13 (A) Schematic of laser inactivation patterning of proteins and (B) examples of
laser patterning on different substrate materials: (a) silicon, (b) quartz, (c) glass, (d) polystyrene,
(e) poly(dimethylsiloxane) (PDMS). (From Heinz, W.F. et al., Lab Chip, 11(19), 3336, 2011.)

the molecules. As seen in the schematic representation, the substrate is coated with
a protein to be patterned and is mounted on a xyz translation stage. The stage is then
moved in a predetermined pattern and speed. Exposure to focused UV laser causes
denaturation or removal of the protein and a desired pattern of functional protein is
formed [68] (Figure 5.13).

5.3.4.2 Inkjet Printing

Inkjet printing is a form of noncontact patterning technique that is based on the work-
ing principle of a desktop printer, where numerical data from a computer are trans-
lated to printing patterns on substrates with ink drops, or in this case, protein solutions
[69] or sometimes cell suspensions [73]. This idea was first devised for biological
applications in the early 1990s for printing DNA arrays [71] and proteins, especially
ECM proteins [69,72]. Since then, this process has grown as a versatile technique for
direct writing on two-dimensional surfaces, owing to its ability to accurately predict
the placement of predetermined quantity of the particle. The physical parameters that
determine printability are viscosity, density, surface tension, and nozzle diameter of
the printing system. Printing is possible only within a defined range of rheological and
surface tension properties [69]. This process is classified into two broad categories,
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FIGURE 5.14 Schematic illustration of working of (A) thermal inkjet technology; (B) piezo
inkjet technology; and (C) valve inkjet technology. (From Romanov, V. et al., Analyst, 139,
1303, 2014.)

continuous inkjet printing (CI1J) and drop on demand inkjet printing (DIJ). In the
ClJ, a liquid is forced under pressure through a small orifice, resulting in a jet stream
of droplets. These droplets are electrically charged on generation and can be conve-
niently steered in flight by an electric field. On the other hand, in DIJ ink is contained
in a reservoir chamber and drops are generated only when required by propagation
of a pressure pulse within the filled chamber. Inkjet emission can be brought about
through three mechanism and are commonly referred to as (1) piezo actuation [75],
valve jet [76], and thermal inkjet [77] (Figure 5.14A through C) [77]. As the name-
sake, in thermal inkjet, ejection of droplet occurs due to sudden change in chamber
pressure brought about by rapid heating. While in the piezo-actuation-based system,
a pressure change is induced by volumetric change in the ink reservoir. Finally, in
the valve jet ejection system that may also be classified as “demand inkjet printing,”
a reservoir valve is opened and closed through a computer control [77].

Depending on the means of droplet generation, inkjet printers can be categorized
into three other categories as piezoelectric, thermal, and electrostatic inkjet printers.
The difference among these lie in their operating temperature range, throughput,
reproducibility, precision, printable viscosity, and versatility [69,77].

5.3.4.3 Dip-Pen Lithography

Another direct write protein micropatterning technique is dip-pen lithography, a
type of scanning probe lithography where an AFM tip is used for patterning pro-
teins [78—83]. The AFM tip consists of a cantilever with a micron-sized conical
probe at the end, which is used to “write” on the surface just like writing with an
ink pen. As seen in the figure, the molecular protein solution (ink solution) is trans-
ferred from the tip of the probe onto the surface of the substrate via capillary forces
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(Figure 5.15A and B) [77,79]. This form of patterning technique can be used to fab-
ricate up to nanoscale features on different substrates as long as the surfaces are
smooth. Otherwise, an additional step of surface smoothing is required [78]. This is
comparable to the texture of the paper influencing the resolution and convenience of
conventional writing by hand with an ink pen.

DPL is a powerful patterning technique compared to traditional AFM lithography
and can pattern molecules down to the scale of 5 nm [80,81]. However, this resolu-
tion is easily affected by environmental factors. For example, increasing the relative
humidity disturbs the size of the water meniscus bridging the tip and the substrate
and thereby reducing the effective resolution. Another factor to consider is the speed
of tip movement, which has to be slow enough for uniform transfer of the ink [78].
Moreover, a single dot is transferred at a time sequentially, which causes the pattern-
ing process to be slow. A recent advancement of this technique is the development of
parallel dip-pen nanolithography with multiple arrays of cantilevers [82,83].
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5.4 NEED FOR MICROPATTERNING

5.4.1 BioMIMICRY

As a part of a highly structured architecture within the organs and tissues, the cells
are in constant physical and biochemical interaction with their microenvironment
(Figure 5.16). The cell microenvironment composed of the ECM and neighboring
cells impose boundary conditions, such as stress, that influence its shape, polarity, and
function [84,85]. In addition, the biochemical composition along with the stiffness of
the microenvironment guides the adhesion of the cells onto the matrix and thereby
affecting intracellular signal cascades. These signaling pathways regulate cytoskel-
etal remodeling, subsequently affecting migration and differentiation behavior of the
cells [86]. Therefore, the composition and properties of the microenvironment are
crucial for cellular function.

When cultured in regular Petri dishes, the cells are exposed to macroscale, homog-
enous and static environment, which fails to simulate the in vivo conditions. Unlike
traditional cell culture, micropatterning methods provide the ability to control and
manipulate specific microenvironmental cues according to the desired conditions.
This procedure allows construction of tissue-like conditions through fabrication of
culture substrates with microscopic features that promote cell adhesion and function
[22,93].

5.4.2 MobuLATioN oF CELL BEHAVIOR

In vivo, localized patterns arise due to variety of stimuli that includes gradients of
diffusible factors, mechanical forces, and biochemical signals from neighboring cells
and adhesion to ECM. Micropatterning methods allow for developing both homoge-
neous and heterogeneous microenvironments as needed [88,89]. For example, vary-
ing the size of the micropatterned proteins determines the amount of adhesive protein
molecules available for interaction, which in turn influences the strength of signaling
cascade and eventually the formation of stress fibers [90,91]. In vivo, ECM is not
homogenous and large areas of the cells may remain unattached to any substrate.
Mimicking ECM heterogeneity, Therey et al. micropatterned irregular geom-
etries such as V- and T-shaped micropatterns. Despite the noncontinuity, the cells
were able to remodel their actin bundles and form large Rho-A-dependent stress
fibers over the nonadhesive regions (Figure 5.17) [85]. This gave unique insight
into migration behavior of the cells. Not all cells have similar shape, neither all tis-
sues have similar architecture. Muscle cells and fibroblasts have slightly elongated
shape as compared to other cells such as hepatocytes. The shape of the micropat-
tern also determines the shape of the cells in vitro [87,88]. In a study carried out by
Levina et al., it was shown that anisotropic cell adhesion within the pattern led to an
anisotropic cellular organization of actin filaments. Stress fibers were found to align
along the long axis of the cells for mesenchymal cells, fibroblasts, and muscle cells.
Though cell spreading along the short axis was limited, some cells compensated for
it through further elongation along the long axis, creating more focal adhesion [6].
This was especially true for epithelial cells while the fibroblasts retained a fixed cell
length irrespective of the shape of the micropattern. Interestingly, other studies have
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found a correlation between shape of the cells and contractility. In elongated mes-
enchymal cells, high levels of myosin-II were observed on actin stress fibers, which
resulted in increased cell contractility [90,99]. In contrast, elongation of vascular
smooth muscle cells and endothelial cells resulted in reduction of F-actin content,
cytoskeletal stiffness, and thus contractility [2].

5.4.3 GuIDING STEM CELL BEHAVIOR USING MICROPATTERNED PROTEINS

Many environmental cues within a stem cell niche play an important role in main-
taining the stem cells in quiescent state, as well as directing their commitment
to different lineages. In this section, we review how micropatterns provide cues
that contribute to regulation of stem cell differentiation into various cell lineages.
Culturing stem cells on micropatterned proteins and its effect on cell shape and
function with respect to stem cell behavior has been extensively investigated.
Various studies have demonstrated that aside from biochemical cues, the shape
and size of micropattern regulates commitment of stem cells [90-96]. In one of the
earlier studies by McBeath et al., influence of cell shape as a regulatory factor for
determining commitment of human mesenchymal stem cells (hMSCs) was stud-
ied [97]. In their work, fibronectin islands of different sizes were microcontact-
printed on PDMS substrates surrounded by regions of nonadhesive Pluronic-F108.
They found that commitment to adipogenesis was favored in case of high-density
cell population and in smaller patterns, while osteogenic commitment was pre-
ferred for cells seeded on larger areas. In high-density culture, cell adhesion and
spreading on the substrate was limited, cell-cell interactions and paracrine signal-
ing was observed to increase, and cells attained a nonelongated, rounded shape
[97]. Therefore, by mimicking the in vivo microenvironment of the adipocytes,
hMSCs showed adipogenic cell features such as a rounded, spherical shape, which
is also functionally important as it allows for maximal lipid storage. On the other
hand, hMSCs seeded on larger surfaces at lower densities attained a more elon-
gated shape, and this is functionally important as elongated cell shape facilitates
osteoblast matrix deposition during bone remodeling. RhoA GTPase is the central
regulator of contractility in many cells and was found in higher concentration in
well-spread osteogenic cells than unspread cells (Figure 5.18) [93,97]. Irrespective
of the culture media used, higher RhoA and Rho-kinase (ROCK) activity was
shown to induce osteogenic differentiation. RhoA activity effects ROCK-mediated
cytoskeletal tension, thereby resulting in increased or decreased cell contractility.
Thus, protein micropatterning enabled investigation of the effect of cell shape on
cytoskeletal tension and RhoA signaling, and eventually on stem cell fate.

Micropatterned protein patterns of different size and shape generation of localized
adhesion cues, which stimulates signaling cascades, that regulates cytoskeletal remod-
eling, gene expression, and cell differentiation, various studies have been conducted
and leads to were reviewed recently [2]. Irrespective of the cell type, cytoskeletal
remodeling, in turn, defines the shape of the cell, contractility, polarity, cell division,
and migration pattern, and eventually the tissue architecture, which is usually crucial
for its function [87,93].
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Adhesion to ECM proteins defines the spatial distribution of the cell that acts
as key mechanical stimulation defining not only the shape of the cell but also
providing directional cues during asymmetric cell division. Spatial distribution
of cell adhesion defines polarization of actin and microtubule network espe-
cially during cell division [84]. Asymmetric adhesion cues results in dynamic
remodeling of actin network and microtubules, which plays a significant role
during cell division, consequently resulting in asymmetric positioning of cyto-
kinetic plane. This asymmetry generates daughter cells with distinct fates owing
to their unequal sizes and adhesion-associated factors. Micropatterning asym-
metric and symmetric geometries can also provide a controlled microenviron-
ment to identify the underlying mechanisms during occurrence of biased DNA
segregation (Figure 5.19A) [98]. Biased DNA segregation is a mitotic event in
which the chromatid carrying the original template DNA strands and the template
copies are segregated unequally (or in a biased manner). The factors influencing
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biased segregation are still largely under investigation, and this behavior has been
observed in several cells including tumor cells. In a recent study, Freida et al. took
advantage of micropatterned proteins to investigate the role of geometric cues on
biased DNA segregation in human bone marrow stem cells. Cell division is dif-
ficult to be monitored directly in vivo and through traditional in vitro culturing,
thus it is difficult to distinguish between random and biased segregation. In this
study, a singular chromatid was marked through EdU labeling for tracking seg-
regation pattern [98]. On symmetric micropatterns, random segregation of sister
chromatids to the daughter cells was observed while for cells cultured on asym-
metric micropatterns the segregation was biased. It can be concluded that spatial
distribution of cell adhesion regulates biased chromatid segregation. However,
this, in turn, also depends on the cell type as the mesenchymal cells exhibited
more sensitivity for this behavior unlike the more robust fibroblast cells [98].

5.4.4 PATTERNED CO-CULTURE SYSTEMS FOR TiSSUE ENGINEERING

The focus of tissue engineering research is to produce artificial tissues or whole
organs for clinical applications, drug testing, and disease models [4,15]. Many tis-
sues have a heterogeneous cell composition, meaning they are composed of several
different cell types with a specific phenotype. In vivo, cell-cell interactions occur
through direct cell contact or indirectly through exchange of soluble factors, and
these interactions play an important role in regulation of individual cell responses.
During traditional in vitro culture, this interaction is lost through the isolation,
digestion, and selection steps carried out to obtain a purified population of a target
cell type. Initial in vitro co-cultures involved simpler culture systems where two or
more cell types were co-cultured randomly. Though these experiments presented a
brief insight into heterotypic cell-cell interactions, it was limited by lack of control
over degree of cell-cell contact and spatial distribution of each cell type. Therefore,
using micropatterned proteins to create co-cultures with more control over the cel-
lular distribution has enabled better understanding of in vitro cell-cell interactions.

For example, co-culturing hepatocytes with fibroblasts was shown to greatly
improve liver-specific function, that was influenced by the density of each cell type
as well as the proximity of the hepatocytes to the fibroblasts [100—102]. In one of the
earlier studies, patterned collagen strips were fabricated using photolithography and
seeded with hepatocytes [101]. After washing, hepatocytes remained attached to these
adhesive collagen strips and regions in between left unoccupied, where the second
cell type, fibroblasts, was attached after a second cell seeding. Though this technique
provided some control over the localization of the cells, the fidelity was not very
high as adhesion of second cell type over the initially seeded cells was a problem.
Furthermore, the system was not capable of any temporal control. In later studies, to
overcome these shortcomings, a micromechanical co-culture system, which provided
dynamic control over the cell—cell interaction, was developed (Figure 5.20) [102].

In this set-up, microfabricated silicon-based two interlocking parts were coated
with fibronectin and seeded with two different cell types and manually manip-
ulated to control the interlocking distance between these two parts temporally
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FIGURE 5.20 Micromechanical device for culturing two different cell types: hepatocytes
and fibroblasts. Microfabricated silicon parts can be fully separated (left) or locked together
in contact mode with comb fingers to mimic close proximity (center), or slightly separated
to allow a controlled gap between neighboring cells (right) and cells are cultured on top
surfaces of the comb fingers (inset) (A). (B and C) Bright-field images of hepatocytes (darker
cells) and 3T3 fibroblasts cultured on the comb fingers. (D) Devices place within a standard
12-well plate for long term culture. (From Hui, E.E. and Bhatia, S.N., Micromechanical con-
trol of cell-cell interactions, Proc. Natl. Acad. Sci. USA, 104(14), 5722-5726, Copyright 2007
National Academy of Sciences, U.S.A.)

during the culture. This device design allowed for dynamic control of cell interac-
tion through control of proximity of the two cell types with respect to each other.

As described in Section 5.3.2.2, a multilayered stamp can be used to sequentially
microcontact print multiple proteins for creating co-culture systems (Figure 5.21A)
[49]. Similarly, other soft lithography techniques such as microfluidics-based pat-
terning and stencil-based patterning can be used to create patterned co-cultures.
When applying microfluidic-based strategies, multiple isolated channels can be con-
tained in a bi-layered device and hence allowing patterning of multiple types of
proteins and cells (Figure 5.21B) [53]. As an alternative, microfabricated parylene
membranes can be used as multilayered stencils to seed each layer with a different
cell-type sequentially (Figure 5.21C) [59]. In another study, Fukuda et al. used a
stencil-based approach and a combination of three major ECM components: hyal-
uronic acid (HA), fibronectin (FN), and collagen to create patterned co-cultures
(Figure 5.22A through C) [103]. HA was spin coated on bare glass to form a thin
layer over which a PDMS mold with holes was placed tightly. Due to the capil-
lary action, spin-coated HA was receded from the void spaces exposing bare glass
on which FN coating was carried out. The hepatocytes were seeded on these FN
islands, followed by seeding of 3T3 cells on collagen, which was coated on the HA.
Micropatterned protein systems developed for co-cultures hold significant potential
for investigating cell—cell and cell-microenvironment interactions, and for engineer-
ing multicellular tissues.
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FIGURE 5.22 (A) Schematic of patterning co-cultures with use of stencils; (B) endothelial
cells (cell type 1); (C) 3T3 cells (red) and AML cells. (From Fukuda, J. et al., Biomaterials,
27(8), 1479, 2006; Khademhosseini, A. and B.G. Chung, Microscale technologies for tis-
sue engineering, In: Life Science Systems and Applications Workshop, 2009 (LiSSA 2009),
IEEE/NIH, 2009, pp. 56-57.)

5.5 CONCLUSION

Microfabrication is a general term that defines manufacturing miniature devices
and control systems with micrometer resolution. With the advancements in bio-
medical engineering and the microfabrication technologies, these techniques
have been adapted for biomedical applications ranging from tissue engineering
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to drug screening and toxicology assays. As we have seen throughout the chap-
ter, the physical and biochemical cues from the cellular microenvironment that
emerge the through interaction of the cells with other cells and the ECM result
in dynamic regulation of the cell behavior. Using micropatterning techniques
to mimic this microenvironmental factors for directing cell behavior has given
important insights in cellular physiology and cell response with respect to vari-
ous microenvironmental factors, as well as for creating biomimetic tissue con-
structs toward tissue replacement or regeneration and for directing stem cell
differentiation.

ACKNOWLEDGMENTS

This material is based upon work supported by the National Science Foundation
under Grant No. 1530884.

REFERENCES

1. Khademhosseini, A. and B.G. Chung, Microscale technologies for tissue engineering.
in: I .55 2009). [EEE/NIH,
2009, pp. 56-57.

2. Thery, M., Micropatterning as a tool to decipher cell morphogenesis and functions.
e, 2010. 123(Pt 24): 4201-4213.

3. Smedsrgd, B. et al., Cell biology of liver endothelial and Kupffer cells. Guz, 1994.
35(11): 1509-1516.

4. William, D., Benefit and risk in tissue engineering. ifsisishadsy 2004. 7(5): 24-29.

5. Van Blitterswijk, C.A., Tissue assembly and organization: Developmental mechanisms
in microfabricated tissues, jiinanmiamilg. 2009. 30(28): 4851-4858.

6. Levina, E. et al., Cytoskeletal control of fibroblast length: Experiments with linear
strips of substrate. J Cell Sci, 2001. 114(Pt 23): 4335-4341.

7. Gallego-Perez, D. et al., High throughput assembly of spatially controlled 3D cell clus-
ters on a micro/nanoplatform. gl 2010. 10(6): 775-782.

8. Liu, J. and Z. Gartner, Directing the assembly of spatially organized multicomponent
tissues from the bottom up. jinnia. 2012. 22(12): 683-691.

9. Liu, W., Mechanical regulation of cellular phenotype: Implications for vascular tissue

regeneration. e 2012. 95(2): 215-222.

10. Kamei, K. et al., Phenotypic and transcriptional modulation of human pluripotent stem
cells induced by nano/microfabrication materials. || N | | I IEGNGEEE 2013 2(2):
287-291.

11. Li, N., A. Tourovskaia, and A. Folch, Biology on a chip: Microfabrication for studying
the behavior of cultured cells. | . 2003. 31(5-6): 423-488.

12. Love, J. et al., Self-assembled monolayers of thiolates on metals as a form of nanotech-
nology. (ekiciilgy 2005. 105(4): 1103-1169.

13. Folch, A. and M. Toner, Microengineering of cellular interactions.
Lug, 2000. 2: 227-256.

14. Zhang, S., L. Yan, M. Altman, M. Lissle, H. Nugent, F. Frankel, D.A. Lauffenburger,
G.M. Whitesides, and A. Rich. Biological surface engineering: a simple system for cell
pattern formation. jieusskeateds. 1999. 20(13): 1213-1220.

15. Chung, B., L. Kang, and A. Khademhosseini, Micro- and nanoscale technologies for

tissue engineering and drug discovery applications. || EGEGEzTGTGTNG 2007

2(12): 1653-1668.


http://www.crcnetbase.com/action/showLinks?crossref=10.1517%2F17460441.2.12.1653
http://www.crcnetbase.com/action/showLinks?crossref=10.1109%2FLISSA.2009.4906708
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.biomaterials.2009.06.037
http://www.crcnetbase.com/action/showLinks?crossref=10.1021%2Fcr0300789
http://www.crcnetbase.com/action/showLinks?crossref=10.1093%2Fcvr%2Fcvs168
http://www.crcnetbase.com/action/showLinks?crossref=10.1242%2Fjcs.075150
http://www.crcnetbase.com/action/showLinks?crossref=10.1146%2Fannurev.bioeng.2.1.227
http://www.crcnetbase.com/action/showLinks?crossref=10.1146%2Fannurev.bioeng.2.1.227
http://www.crcnetbase.com/action/showLinks?crossref=10.1136%2Fgut.35.11.1509
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2Fadhm.201200283
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2Fb919475d
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS0142-9612%2899%2900014-9
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS1369-7021%2804%2900232-9
http://www.crcnetbase.com/action/showLinks?crossref=10.1615%2FCritRevBiomedEng.v31.i56.20
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.tcb.2012.09.004

Protein Micropatterning Techniques for Tissue Engineering 143

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Fischer, T. and H. Hess, Materials chemistry challenges in the design of hybrid bion-
anodevices: Supporting protein function within artificial environments. gyt
2007. 17(10): 943-951.

Cavalcanti-Adam, E.A. et al., Cell adhesion and response to synthetic nanopatterned envi-
ronments by steering receptor clustering and spatial location. ZESEL 2008. 2(5): 276-285.
Lim, J.Y. and H.J. Donahue, Cell sensing and response to micro- and nanostructured
surfaces produced by chemical and topographic patterning. decmbsig. 2007. 13(8):
1879-1891.

Kane, R.S. et al., Patterning proteins and cells using soft lithography. ikl
1999. 20(23-24): 2363-2376.

Liu, WW., Z.L. Chen, and X.Y. Jiang, Methods for cell micropatterning on two-
dimensional surfaces and their applications in biology. [N, 2009. 37(7):
943-949.

Qin, D., Y. Xia, and G.M. Whitesides, Soft lithography for micro- and nanoscale pat-
terning. pisinkigias 2010. 5(3): 491-502.

von der Mark, K. et al., Nanoscale engineering of biomimetic surfaces: Cues from the
extracellular matrix. (e 2010. 339(1): 131-153.

Aili, D. and M.M. Stevens, Bioresponsive peptide—inorganic hybrid nanomaterials.
sesieeniiay. 2010. 39: 3358-3370

Tan, J.L. et al., Simple approach to micropattern cells on common culture substrates by
tuning substrate wettability. duiitakgg 2004. 10(5-6): 865-872.

Rabe, M., D. Verdes, and S. Seeger, Understanding protein adsorption phenomena at
solid surfaces. | NEEENEM. 2011. 162(1-2): 87-106.

Brusatori, M.A. and P.R. Van Tassel, A kinetic model of protein adsorption/surface-
induced transition kinetics evaluated by the scaled particle theory. N
1999. 219(2): 333-338.

Lim, S.K., S. Perrier, and C. Neto, Patterned chemisorption of proteins by thin polymer
film dewetting. Sedaldabbes 2013. 9(9): 2598-2602.

Ostuni, E. et al., Using self-assembled monolayers to pattern ECM proteins and cells on
substrates. | EEEEENEE. 2009. 522: 183-194.

Ostuni, E., L. Yan, and G.M. Whitesides, The interaction of proteins and cells with self-
assembled monolayers of alkanethiolates on gold and silver. )
1999. 15(1): 3-30.

Huttenlocher, A. and A.R. Horwitz, Integrins in cell migration. |HEEEEG_————
Bessssstelised. 2011. 3(9): a005074.

Hoffmann, M. and U.S. Schwarz, A kinetic model for RNA-interference of focal adhe-
sions. ifmesiis. 2013. 7: 2

Condic, M.L. and P.C. Letourneau, Ligand-induced changes in integrin expression
regulate neuronal adhesion and neurite outgrowth. Mgt 1997. 389(6653): 852—-856.
Shekaran, A. and A.J. Garcia, Extracellular matrix-mimetic adhesive biomaterials for
bone repair. | NG 2011. 96(1): 261-272.

Wary, K.K., Recognizing scientific excellence in the biology of cell adhesion, Cgll
It 2005, 3: 7. doi:10.1186/1478-811X-3-7.

Cox, E.A., S.K. Sastry, and A. Huttenlocher, Integrin-mediated adhesion regulates cell
polarity and membrane protrusion through the Rho family of GTPases. jfinitainimall
2001. 12(2): 265-277.

Chen, C.S. et al., Geometric control of cell life and death. Sgigugg. 1997. 276(5317):
1425-1428.

Chen, C.S. et al., Micropatterned surfaces for control of cell shape, position, and func-
tion. i 1098. 14(3): 356-363.

Alamdari, O.G. et al., Micropatterning of ECM proteins on glass substrates to regulate
cell attachment and proliferation. Avicenna J Med Biotechnol, 2013. 5(4): 234-240.


http://www.crcnetbase.com/action/showLinks?crossref=10.1101%2Fcshperspect.a005074
http://www.crcnetbase.com/action/showLinks?crossref=10.1101%2Fcshperspect.a005074
http://www.crcnetbase.com/action/showLinks?crossref=10.1186%2F1478-811X-3-7
http://www.crcnetbase.com/action/showLinks?crossref=10.1186%2F1478-811X-3-7
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS0142-9612%2899%2900165-9
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2Fb919461b
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2Fc3sm27241a
http://www.crcnetbase.com/action/showLinks?crossref=10.1186%2F1752-0509-7-2
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2Fb615278c
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS1872-2040%2808%2960113-9
http://www.crcnetbase.com/action/showLinks?crossref=10.1091%2Fmbc.12.2.265
http://www.crcnetbase.com/action/showLinks?crossref=10.1089%2F1076327041348365
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2F978-1-59745-413-1_12
http://www.crcnetbase.com/action/showLinks?crossref=10.1038%2F39878
http://www.crcnetbase.com/action/showLinks?crossref=10.2976%2F1.2976662
http://www.crcnetbase.com/action/showLinks?crossref=10.1038%2Fnprot.2009.234
http://www.crcnetbase.com/action/showLinks?crossref=10.1126%2Fscience.276.5317.1425
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.cis.2010.12.007
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS0927-7765%2899%2900004-1
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2Fjbm.a.32979
http://www.crcnetbase.com/action/showLinks?crossref=10.1089%2Ften.2006.0154
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2Fs00441-009-0896-5
http://www.crcnetbase.com/action/showLinks?crossref=10.1021%2Fbp980031m
http://www.crcnetbase.com/action/showLinks?crossref=10.1006%2Fjcis.1999.6496

144

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Cell and Material Interface

Thakar, R.G. et al., Cell-shape regulation of smooth muscle cell proliferation. Rigiakasiel,
2009. 96(8): 3423-3432.

Falconnet, D. et al., Surface engineering approaches to micropattern surfaces for cell-
based assays. jisilisisisds 20006. 27(16): 3044-3063.

Mandal, K., M. Balland, and L. Bureau, Thermoresponsive micropatterned substrates
for single cell studies. Sigalhsl. 2012. 7(5): €37548.

Otsuka, H., Nanofabrication of nonfouling surfaces for micropatterning of cell and
microtissue. ddaddaidgs 2010. 15(8): 5525-5546.

Fink, J. et al., Comparative study and improvement of current cell micro-patterning
techniques. oghualig, 2007. 7(6): 672—680.

H.R. Khaleel, Al-Rizzo, H.M., and Abbosh, A.L., Design, fabrication, and testing of
flexible antennas. In: Advancement in Microstrip Antennas with Recent Applications,
Kishk, A. (ed.), InTech, 2013, pp. 363-383.

Carrico, 1.S. et al., Lithographic patterning of photoreactive cell-adhesive proteins.

it 2007. 129(16): 4874—4875.

Azioune, A. et al., Protein micropatterns: A direct printing protocol using deep UVs.
. 2010. 97: 133-146.

Belisle, J.M., D. Kunik, and S. Costantino, Rapid multicomponent optical protein pat-
terning. gl 2009. 9(24): 3580-3585.

Kaufmann, T. and B.J. Ravoo, Stamps, inks and substrates: Polymers in microcontact
printing. ipsdiiintabsid. 2010. 1(4): 371-387.

Tien, J., C. Nelson, and C. Chen, Fabrication of aligned microstructures with a single
elastomeric stamp. || N NN, 2002. 99(4): 1758-1762.

Tan, J.L., J. Tien, and C.S. Chen, Microcontact printing of proteins on mixed self-
assembled monolayers. agdbadiads 2002. 18(2): 519-523.

Hsu, C.H., C. Chen, and A. Folch, “Microcanals” for micropipette access to single cells
in microfluidic environments. Lghahig 2004. 4(5): 420-424.

Englert, D.L., M.D. Manson, and A. Jayaraman, Investigation of bacterial chemotaxis
in flow-based microfluidic devices. Jiginiiigias. 2010. 5: 864-872.

Chiu, D. et al., Patterned deposition of cells and proteins onto surfaces by using three-
dimensional microfluidic systems. || | || E I, 2000. 97(6): 2408-2413.
Delamarche, E. et al., Microfluidic networks for chemical patterning of sub-
strates: Design and application to bioassays. jininiiisiias. 1998. 120: 500-508.
Masters, T. et al., Easy fabrication of thin membranes with through holes. Application
to protein patterning. jintabadl. 2012. 7(8): 44261.

Folch, A. et al., Microfabricated elastomeric stencils for micropatterning cell cultures.
. 2000. 52(2): 346-353.

Hardelauf, H. et al., High fidelity neuronal networks formed by plasma masking with a
bilayer membrane: Analysis of neurodegenerative and neuroprotective processes. Lgb
Chip, 2011. 11: 2763-2771.

Carter, S., Haptotactic islands: A method of confining single cells to study individual
cell reactions and clone formation. jmieskiniieg 1967. 48: 189-193.

Wright, D. et al., Reusable, reversibly sealable parylene membranes for cell and protein
patterning. | NNEREEEEEEENEENNN. 2008. 85(2): 530-538.

Jinno, S. et al., Microfabricated multilayer parylene-C stencils for the generation of
patterned dynamic co-cultures. | NEESG——. 2008. 86(1): 278-288.

Chen, C.S. et al., Using self-assembled monolayers to pattern ECM proteins and cells
on substrates. Methods Mol Biol, 2000. 139: 209-219.

Mrksich, M. et al., Using microcontact printing to pattern the attachment of mamma-
lian cells to self-assembled monolayers of alkanethiolates on transparent films of gold
and silver. insinieebleg 1997. 235(2): 305-313.


http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2F1097-4636%28200011%2952%3A2%3C346%3A%3AAID-JBM14%3E3.0.CO%3B2-H
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2Fjbm.a.32030
http://www.crcnetbase.com/action/showLinks?crossref=10.1021%2Fja070200b
http://www.crcnetbase.com/action/showLinks?crossref=10.1073%2Fpnas.042493399
http://www.crcnetbase.com/action/showLinks?crossref=10.1073%2Fpnas.040562297
http://www.crcnetbase.com/action/showLinks?crossref=10.3390%2Fmolecules15085525
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2Fc1lc20257j
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2Fc1lc20257j
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS0091-679X%2810%2997008-8
http://www.crcnetbase.com/action/showLinks?crossref=10.1021%2Fla011351%2B
http://www.crcnetbase.com/action/showLinks?crossref=10.1021%2Fja973071f
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.bpj.2008.11.074
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2Fb618545b
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2F0014-4827%2867%2990298-4
http://www.crcnetbase.com/action/showLinks?crossref=10.1006%2Fexcr.1997.3668
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2Fb911967a
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2Fb404956j
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.biomaterials.2005.12.024
http://www.crcnetbase.com/action/showLinks?crossref=10.1371%2Fjournal.pone.0044261
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2Fjbm.a.31281
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2Fb9py00281b
http://www.crcnetbase.com/action/showLinks?crossref=10.1038%2Fnprot.2010.18
http://www.crcnetbase.com/action/showLinks?crossref=10.1371%2Fjournal.pone.0037548

Protein Micropatterning Techniques for Tissue Engineering 145

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

Hon, K.K.B., L. Li, and I.M. Hutchings, Direct writing technology—Advances and
developments. || |GGG 2008 572): 601-620.

Tasoglu, S. and U. Demirci, Bioprinting for stem cell research. [ .
2013. 31(1): 10-19.

Barron, J.A. et al., Biological laser printing of genetically modified Escherichia coli
for biosensor applications. | NN 2004. 20: 246-252.

Odde, D.J. and M.J. Renn, Laser-guided direct writing of living cells. Rigigaliad
Bigeug. 2000. 67(3): 312-318.

Schiele, N.R. et al., Laser-based direct-write techniques for cell printing. |
2010. 2(3): 032001.

Heinz, W.E., M. Hoh, and J.H. Hoh, Laser inactivation protein patterning of cell culture
microenvironments. aghuelig. 2011. 11(19): 3336-3346.

Delaney, J.T., P.J. Smith, and U.S. Schubert, Inkjet printing of proteins. il
2009. 5(24): 4866—-48717.

Derby, B., Bioprinting: Inkjet printing proteins and hybrid cell-containing materials
and structures. juifntemiiay. 2008. 18(47): 5717-5721

Goldmann, T. and J. Gonzalez, DNA-printing: Utilization of a standard inkjet printer
for the transfer of nucleic acids to solid supports. —, 2000.
42(3): 105-110.

McWillian, 1., M.C. Kwan, and D. Hall, Inkjet printing for the production of protein
microarrays. | RN 2011. 785: 345-361.

Roth, E.A. et al., Inkjet printing for high-throughput cell patterning. St
2004. 25(17): 3707-3715.

Fujita, S. et al., Development of super-dense transfected cell microarrays generated by
piezoelectric inkjet printing. ke, 2012. 13: 77-80.

Kim, J.D., J.S. Choi, B.S. Kim, Y.C. Choi, and Y.W. Cho. Piezoelectric inkjet print-
ing of polymers: Stem cell patterning on polymer substrates. Baluags 2010. 51(10):
2147-2154.

Setti, L. et al., Thermal inkjet technology for the microdeposition of biological mole-
cules as a viable route for the realization of biosensors. diugdagdd. 2004. 37: 1559-1570.
Romanov, V. et al., A critical comparison of protein microarray fabrication technolo-
gies. dualugs. 2014. 139: 1303.

Piner, R.D. et al., “Dip-Pen” nanolithography. Sgiggg, 1999. 283(5402): 661-663.
Salaita, K., Y. Wang, and C.A. Mirkin, Applications of dip-pen nanolithography. Nat
Riesieskaed 2007. 2(3): 145-155.

Lee, K.B. et al., Protein nanoarrays generated by dip-pen nanolithography. Sgigkeg.
2002. 295(5560): 1702-1705.

Wilson, D.L. et al., Surface organization and nanopatterning of collagen by dip-pen
nanolithography. | NNREHHNE. 2001. 98(24): 13660-13664.

Bullen, D. et al., Parallel dip-pen nanolithography with arrays of individually address-
able cantilevers. iy 2004. 84(5): 789-791.

Brown, K.A. et al., A cantilever-free approach to dot-matrix nanoprinting. sk
deinasbiing. 2013. 110(32): 12921-12924.

Pouthas, F. et al., In migrating cells, the Golgi complex and the position of the centro-
some depend on geometrical constraints of the substratum. Jeeglltad, 2008. 121(Pt 14):
2406-2414.

Thery, M. et al., Anisotropy of cell adhesive microenvironment governs cell inter-
nal organization and orientation of polarity. || N | |N REINEEEE. 2006. 103(52):
19771-19776.

Gomez, EW. et al., Tissue geometry patterns epithelial-mesenchymal transition via
intercellular mechanotransduction. J Cell Biochem, 2010. 110(1): 44-51.


http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS0165-022X%2899%2900049-4
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.polymer.2010.03.038
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.tibtech.2012.10.005
http://www.crcnetbase.com/action/showLinks?crossref=10.1038%2Fnnano.2007.39
http://www.crcnetbase.com/action/showLinks?crossref=10.1038%2Fnnano.2007.39
http://www.crcnetbase.com/action/showLinks?crossref=10.1073%2Fpnas.1311994110
http://www.crcnetbase.com/action/showLinks?crossref=10.1073%2Fpnas.1311994110
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2Fc1lc20204a
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2F978-1-61779-286-1_23
http://www.crcnetbase.com/action/showLinks?crossref=10.1081%2FAL-120037587
http://www.crcnetbase.com/action/showLinks?crossref=10.1126%2Fscience.1067172
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.bios.2004.01.011
http://www.crcnetbase.com/action/showLinks?crossref=10.1242%2Fjcs.026849
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2Fb909878j
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.biomaterials.2003.10.052
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2Fc3an01577g
http://www.crcnetbase.com/action/showLinks?crossref=10.1073%2Fpnas.241323198
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2F%28SICI%291097-0290%2820000205%2967%3A3%3C312%3A%3AAID-BIT7%3E3.0.CO%3B2-F
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2F%28SICI%291097-0290%2820000205%2967%3A3%3C312%3A%3AAID-BIT7%3E3.0.CO%3B2-F
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2Fb807560c
http://www.crcnetbase.com/action/showLinks?crossref=10.1073%2Fpnas.0609267103
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2FC2LC40709D
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.cirp.2008.09.006
http://www.crcnetbase.com/action/showLinks?crossref=10.1126%2Fscience.283.5402.661
http://www.crcnetbase.com/action/showLinks?crossref=10.1063%2F1.1644317
http://www.crcnetbase.com/action/showLinks?crossref=10.1088%2F1758-5082%2F2%2F3%2F032001

146

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Cell and Material Interface

Roca-Cusachs, P. et al., Micropatterning of single endothelial cell shape reveals a tight
coupling between nuclear volume in G1 and proliferation. Sigidkasd. 2008. 94(12):
4984-4995.

Gomes, S. et al., Natural and genetically engineered proteins for tissue engineering.
esbeieniy. 2012. 37(1): 1-17.

Engel, E. et al., Nanotechnology in regenerative medicine: The materials side. Lzguds
Risieekial, 2008. 26(1): 39-47.

Vallenius, T., Actin stress fibre subtypes in mesenchymal-migrating cells. (gigkiniiad.
2013. 3: 130001.

Vignaud, T. et al., Reprogramming cell shape with laser nano-patterning. JuefegllSai.
2012. 125(Pt 9): 2134-2140.

Kshitiz, A.J. et al., Micro- and nanoengineering for stem cell biology: The promise
with a caution. Trends Biotechnol, 29(8). August 2011: 399-408.

Kilian, K.A. et al., Geometric cues for directing the differentiation of mesenchymal
stem cells. | RN 2010. 107(11): 4872—4877.

Ruiz, S.A. and C.S. Chen, Emergence of patterned stem cell differentiation within mul-
ticellular structures. sigiintmgds. 2008. 26(11): 2921-2927.

Huang, N.F. and S. Li, Regulation of the matrix microenvironment for stem cell engi-
neering and regenerative medicine. e . 2011. 39(4): 1201-1214.

Watt, EM., Stem cell fate and patterning in mammalian epidermis. [N
Dey, 2001. 11(4): 410-417.

McBeath, R. et al., Cell shape, cytoskeletal tension, and RhoA regulate stem cell lin-
eage commitment. jmmekensfmed. 2004. 6(4): 483-495.

Freida, D. et al., Human bone marrow mesenchymal stem cells regulate biased DNA
segregation in response to cell adhesion asymmetry. ellel2eg. 2013. 5(3): 601-610.
Thery, M. et al., Cell distribution of stress fibres in response to the geometry of the
adhesive environment. |, 2006. 63: 341-355.

Kaji, H. et al., Engineering systems for the generation of patterned co-cultures for con-

trolling cell-cell interactions. || N NN 2011. 1810(3): 239-250.

Bhatia, S. et al., Microfabrication of hepatocyte/fibroblast co-cultures: Role of homo-
typic cell interactions. |, 1°98. 14(3): 378-387.

Hui, E.E. and S.N. Bhatia, Micromechanical control of cell-cell interactions. Siaeeiiedd
ieisbasbiind. 2007. 104(14): 5722-5726.

Fukuda, J. et al., Micropatterned cell co-cultures using layer-by-layer deposition of
extracellular matrix components. jisusskaniads. 2006. 27(8): 1479-1486.


http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS1534-5807%2804%2900075-9
http://www.crcnetbase.com/action/showLinks?crossref=10.1098%2Frsob.130001
http://www.crcnetbase.com/action/showLinks?crossref=10.1634%2Fstemcells.2008-0432
http://www.crcnetbase.com/action/showLinks?crossref=10.1073%2Fpnas.0608660104
http://www.crcnetbase.com/action/showLinks?crossref=10.1073%2Fpnas.0608660104
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.celrep.2013.09.019
http://www.crcnetbase.com/action/showLinks?crossref=10.1529%2Fbiophysj.107.116863
http://www.crcnetbase.com/action/showLinks?crossref=10.1242%2Fjcs.104901
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2Fs10439-011-0297-2
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.biomaterials.2005.09.015
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2Fcm.20126
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.progpolymsci.2011.07.003
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.bbagen.2010.07.002
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS0959-437X%2800%2900211-2
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS0959-437X%2800%2900211-2
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.tibtech.2007.10.005
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.tibtech.2007.10.005
http://www.crcnetbase.com/action/showLinks?crossref=10.1073%2Fpnas.0903269107
http://www.crcnetbase.com/action/showLinks?crossref=10.1021%2Fbp980036j

Cell-Scaffold
Interfaces in Skin
Tissue Engineering

Beste Kinikoglu

CONTENTS

6.1 INErOAUCHION ..ottt ettt 147

6.2 Chemical Properties of the Cell-Scaffold Interface in Skin Tissue
ENZINEETING.....eoviitiitiiitiietctctetetee ettt 149
6.2.1 Biopolymer Chemistry at the Cell-Scaffold Interface.........c.......... 149
6.2.2 Protein Immobilization at the Cell-Scaffold Interface..................... 152

6.2.3 Hydrophobicity/Hydrophilicity at the Cell-Scaffold Interface......... 153
6.3 Physical Properties of the Cell-Scaffold Interface in Skin Tissue

ENZINEETING.....eoviitiitiiiieietcctetete ettt 155
6.3.1 Porosity and Pore Size at the Cell-Scaffold Interface..........c..c..c..... 155
6.3.2 Nanoscale Topography at the Cell-Scaffold Interface.................... 156
6.4 CONCIUSION ..ottt ettt ettt s ee s 158
RELEIEIICES ... ettt ettt s 159

6.1 INTRODUCTION

Skin tissue engineering is based on almost 40 years of research since the first culture
of keratinocytes on feeder layers and their use as epidermal sheets for burn treat-
ment was realized (Rheinwald and Green, 1975). Over the past 40 years, our knowl-
edge of cell biology and wound healing increased significantly and great efforts have
been made to create substitutes that mimic human skin. Skin is the largest organ in
humans and serves as a protective barrier at the interface between the human body
and the surrounding environment (Groeber et al., 2011). It protects the underlying
organs against pathogenic microbial agents, mechanical disturbances, and UV radia-
tion; it also prevents loss of body fluid and plays a very important role in immune
defense and thermoregulation (Bottcher-Haberzeth et al., 2010). Skin is basically
composed of two layers: a stratified epidermis and an underlying dense connective
tissue, that is, dermis. The two are attached to each other at the basement membrane
region. Skin comprises several different cell types. Keratinocytes are the most com-
mon cell type in the epidermis and form the surface barrier layer. Melanocytes are
found in the lower layer of the epidermis and provide skin color. Fibroblasts form the
lower dermal layer and provide strength and resilience (MacNeil, 2007).

147
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The predominant function of tissue-engineered skin is to restore barrier function
to patients in whom this has been severely compromised, as in the cases of burns,
soft tissue traumas, skin necrosis, scars, congenital giant nevus, and skin tumors.
Methods for tissue-engineering skin include

1. Cells delivered on their own

2. Cells delivered within 2D or 3D biomaterials

3. Biomaterials for replacement of the skin’s dermal layer (both with and with-
out cells)

4. Biomaterials/scaffolds to support the replacement of both the epidermis and
dermis (MacNeil, 2008)

For the treatment of deep wounds such as full-thickness burns, where the epidermis
and all of the dermis is lost, it is necessary to replace both epidermal and dermal
layers of the skin. For such cases, the tissue-engineered skin substitute should be full
thickness, comprising both layers. For the reconstruction of such full-thickness skin
equivalents, a 3D dermal scaffold is required to support the growth of fibroblasts and
synthesis of new extracellular matrix (ECM). The general approach in full-thickness
skin tissue engineering is first to design a suitable biocompatible, porous 3D scaf-
fold with good mechanical properties. This scaffold is then seeded with fibroblasts,
where they synthesize several types of collagen, glycoproteins, glycosaminoglycans
of human ECM, and thus induce a remodeling of the initial matrix (Berthod et al.,
1993). The resulting living dermal equivalent could be used either to prepare the
wound for epidermalization in the treatment of burns, or as a bioactive tissue releas-
ing growth factors in the treatment of chronic wounds (Damour et al., 1994; Braye
et al., 2001). This dermal equivalent is epidermalized by keratinocytes to obtain a
full-thickness skin equivalent. The culture of keratinocytes on top of the dermal
equivalent and at an air-liquid interface gives rise to a fully differentiated stratified
epidermis. The air-liquid interface mimics the in vivo environment and is achieved
by placing the skin equivalents on semipermeable membranes such that the keratino-
cytes are directly exposed to air and ambient oxygen concentration, while the under-
lying dermis is in contact with the nutrient medium absorbed by the membrane. This
configuration promotes epidermal differentiation. The quality of the dermal equiva-
lent determines the quality of the multistratified epidermis (Auxenfans et al., 2009),
and the quality of the former is very much dependent on the scaffold. The scaffold
aims to mimic the natural ECM by providing volume and sites for cell attachment,
proliferation, migration, and synthesis of new ECM. Like the natural ECM itself,
the scaffold modulates the phenotype of different cell types involved, their gene
expression, changes at proteome of the seeded cells, and function of the seeded cells
(Kamel et al., 2013).

At the cell-scaffold interface, both an appropriate physical and a chemical envi-
ronment profoundly affect the overall behavior of the engineered tissue (Mata et al.,
2007). Cellular behavior and subsequent tissue development at the cell-scaffold
interface involve adhesion, motility, proliferation, differentiation, and functional
maturity (Johnson, 2014). In skin tissue engineering, the physicochemical prop-
erties of the cell-scaffold interface, such as surface biochemistry, nature of the
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biopolymer, protein immobilization, hydrophilicity/hydrophobicity, surface charge,
surface topography, porosity, three-dimensionality, and mechanical properties, all
influence cellular response (Johnson, 2014). Therefore, it is crucial to control and
engineer the cell-scaffold interface by investigating the physicochemical proper-
ties that would enhance specific and desirable cell behaviors. The anticipated out-
come of this research would be the development of a bioactive soft tissue scaffold
for skin tissue engineering. This chapter will discuss physicochemical parameters
that influence cell behavior at the cell-scaffold interface and current approaches and
technologies used to modify this interface to enhance the cellular response in tissue
engineering of skin.

6.2 CHEMICAL PROPERTIES OF THE CELL-SCAFFOLD
INTERFACE IN SKIN TISSUE ENGINEERING

6.2.1 BiorOLYMER CHEMISTRY AT THE CELL—SCAFFOLD INTERFACE

The nature of a polymer surface has important consequences for cell function and
significant implications for soft tissue engineering. Bulk chemistry of the scaffold is
an important parameter in determining the biocompatibility of the scaffold. It can
control cytotoxicity, as most skin tissue engineering scaffolds are made of biode-
gradable polymers and must eventually release the by-products of their degradation.
For treatment of deep skin defects, autografts are still the gold standard (Priya et al.,
2008). Therefore, skin tissue engineers aim to develop cultured skin substitutes that
match the quality of auto skin grafts.

Scaffolds used in the construction of such skin substitutes can be broadly
grouped as natural scaffolds and synthetic scaffolds according to the origin of the
polymeric material used. Natural scaffolds are either cadaver or animal derived
de-epithelialized acellular matrices or they are mostly constructed using natu-
ral polymers extracted from animals. Natural polymers have the advantage of
responding to the environment via degradation and remodeling through the action
of the enzymes. They are also generally nontoxic, even at high concentrations (Dang
and Leong, 2006). The first artificial dermis was made using collagen (Yannas and
Burke, 1980), and the majority of biomaterials in clinical use for skin regeneration
today are based on natural or extracted collagen (MacNeil, 2008).

Collagen has been the material of choice for skin tissue engineering scaffolds due
to its high biocompatibility and biodegradability. In addition, it is adhesive, fibrous,
cohesive, and can be used in combination with other materials. On the other hand, it
might be antigenic through telopeptides, though it is possible to remove these small
telopeptides proteolytically before use (Glowacki and Mizuno, 2008). Collagen is
the most abundant protein in all animals, being the predominant component of the
ECM (Shoulders and Rainers, 2009). One-third of total protein in humans and three-
quarters of the dry weight of skin is collagen. The source of collagen, bovine, avian,
or porcine, used in dermal scaffold construction, does not affect the behavior of
human dermal fibroblasts seeded in the scaffold or the mechanical properties of the
resulting dermal equivalent (Parenteau-Bareil et al., 2011). Other natural polymers
used to construct dermal scaffolds are hyaluronic acid, chondroitin sulfate, gelatin,
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elastin, chitosan, silk, and fibronectin. Plant extracts have recently emerged as a
new class of biomaterials for skin tissue engineering scaffolds, promoting human
dermal fibroblast growth and epidermal differentiation of adipose-derived stem
cells (Jin et al., 2013). Synthetic scaffolds have also been widely investigated for
skin tissue engineering, mainly to improve the mechanical stability of the scaffold
against enzymatic degradation. Currently, nonwoven polygalactic acid scaffolds
(Dermagraft and Transcyte) are in clinical use for skin replacement. Others, such
as poly(e-caprolactone) (PCL), poly(glycolic acid) (PGA), poly(ethyleneglycol-
terephthalate) (PEGT), poly (butylene terephthalate) (PBT), poly(ethylene oxide)
(PEO), and poly(ethylene glycol) (PEG), are being evaluated in vitro and in vivo.
These scaffolds are mostly in the form of highly porous solid foams, which will be
discussed later in this chapter.

Hydrogels are insoluble hydrophilic polymeric networks having high water con-
tent and soft tissue like mechanical properties that make them highly attractive
scaffolds. For example, dimethylaminoethyl methacrylate:methacrylic acid hydro-
gels were shown to promote wound healing and reduce wound contraction, a sig-
nificant complication in burn wound healing (Bullock et al., 2010). In another study,
application of pullulan-collagen hydrogels to murine excisional wounds resulted in
improved early cutaneous wound healing (Wong et al., 2011).

A relatively new and advanced class of polymers for tissue engineering applica-
tions is “recombinant polymers,” which are proteins designed using recombinant
DNA technology and contain desired peptide sequences. They can be shaped into
3D scaffolds, thin films, or fibers. Elastin-like recombinant polymers (ELRs) form
a subclass of these biocompatible protein-based polymers, especially suitable for
soft tissue engineering. They are composed of the pentapeptide repeat Val-Pro-
Gly-Xaa-Gly (VPGXG), which is derived from the hydrophobic domain of tropo-
elastin and where X represents any natural or modified amino acid, except proline
(Chilkoti et al., 2006). Elastin-like recombinant protein fiber mats were shown to
support adhesion and proliferation of normal human skin fibroblasts (Rnjak et al.,
2009; Machado et al., 2013). Moreover, it is possible to enrich these polypeptides
with short peptides having specific bioactivity, which are easily inserted into the
polymer sequence. The first active peptides inserted in the polymer chain were
the well-known general-purpose cell adhesion tripeptide RGD (R = L-arginine,
G = glycine and D = L-aspartic acid) and the REDV (E = L-glutamic acid and
V = L-valine), which is specific to endothelial cells. The resulting bioactivated
(VPGVQ) derivatives, especially those based on RGD, showed a high capacity to
promote cell attachment (Rodriguez-Cabello et al., 2007). Previous studies showed
that the addition of ELR containing RGD sequences to a collagen-based scaffold
significantly increased the proliferation of both oral fibroblasts and keratinocytes,
and the thickness of the epithelium formed by the latter in a 3D tissue equivalent
(Figure 6.1) (Kinikoglu et al., 2011a,b). In these studies, an ELR engineered to
contain the cell adhesion sequence RGD was blended with collagen type I isolated
from rat tails. The mixture was either freeze-dried or electrospun to obtain a
3D porous scaffold that was cross-linked by dehydrothermal treatment (DHT) to
increase its mechanical stability. Control scaffolds were prepared in the same way
except for the addition of ELR. The scaffolds were seeded with primary human
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Oral mucosal equivalent based on Oral mucosal equivalent based on
ELR-collagen scaffold control collagen scaffold

(b) (d)

FIGURE 6.1 Influence of the ELR on the thickness of the reconstructed epithelium and on
the expression of keratin 13. (a) Oral mucosal equivalent based on the ELR-collagen elec-
trospun scaffold had a thick epithelium containing a high number of proliferative basal cells
Ki67 positive (b), (c) in the control collagen electrospun scaffold the epithelium was thin,
containing a few cell layers, and a few proliferative basal cells Ki67 positive (d). Keratin 13
was expressed strongly in both. Immunolabeling is shown in green, cell nuclei in red. Scale
bars = 50 pm. (From Kinikoglu, B. et al., J. Mater. Sci. Mater. Med., 22(6), 1541, June 2011a.
With permission.)

oral fibroblasts and cultured for 3 weeks under submerged conditions. During this
period, fibroblasts migrated through the thickness of the scaffold, proliferated,
and filled the pores of the scaffold with newly synthesized ECM, such as collagen
type I, which was detected by using transmission electron microscopy (TEM).
At the end of 3 weeks, primary human oral epithelial cells were seeded on top,
lifted to an air-liquid interface where they proliferated, formed a well-organized
and continuous basement membrane expressing laminin 332 and a multistratified
epithelium expressing keratin 13. The epithelium formed on scaffolds containing
ELR was thicker compared to the controls and all of its basal cells were in prolif-
erative stage as in native tissues, shown by immunostaining against Ki67, marker
of proliferative cells. Normally, these basal epithelial cells lose their proliferative
capacity during in vitro culture (Tomakidi et al., 1998). However, in the tissue
equivalent based on the ELR-containing scaffold, the basal cells retained their
proliferative capacity after 6 weeks of in vitro culture, suggesting that the epithe-
lium would still be able to self-renew when transplanted in vivo. These studies
have shown the promise of bioengineered polymers such as ELRs as scaffolds for
soft tissue engineering.
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6.2.2 PROTEIN IMMOBILIZATION AT THE CELL—SCAFFOLD INTERFACE

Polymeric scaffolds can be made more suitable for cell attachment and growth by
surface modification. Various peptide sequences derived from ECM molecules such
as vitronectin, laminin, collagen, and fibrinogen have also been used to mediate cell
attachment (LeBaron and Athanisou, 2000). Among these, laminin 332 (formerly
termed laminin 5) is of special interest for skin tissue engineering since it is the
major component of the basement membrane of skin, synthesized by keratinocytes
for attachment. Its interaction with integrins plays important roles in the adhesion,
proliferation, and migration of skin cells (Tsuruta et al., 2008). Recently, it was
shown that dermal scaffolds tethered with laminin 332 o3 promoted cell adhesion,
migration, and proliferation, and they enhanced wound healing in vivo (Damodaran
et al., 2013).

Peptides and proteins are not the only molecules to promote cell attachment on
scaffold surfaces. Mammalian cells have considerable amount of carbohydrates on
their surfaces, which can act as ligands for lectins on different mammalian cell types
(Atala and Lanza, 2002). This interaction between carbohydrates and their lectin
receptors regulates cell migration and attachment to each other. For example, hepa-
rin-coated polystyrene surfaces showed higher or comparable growth rate for fibro-
blasts than fibronectin-coated and gelatin-coated surfaces, retaining the bioactivity
of molecules such as heparin-binding fibroblast growth factor 2 (FGF-2) (Ishihara
et al., 2000).

Collagen is the major component of the skin dermis, and collagen type I is known
to contain both RGD and DGEA (aspartic acid—glycine—glutamic acid—alanine)
sequences known to interact with integrins. Therefore, it has been investigated as a
coating material for dermal scaffolds. Gautam and colleagues modified the surface
of PCL/gelatin dermal scaffolds by collagen type I immobilization on the surface
of the scaffold (Gautam et al., 2014). Mouse fibroblasts seeded on these scaffolds
showed good attachment, high proliferation and viability. Likewise, coating of PCL/
collagen nanofibrous matrices with a thin layer of type I collagen gel significantly
stimulated skin keratinocyte adhesion, proliferation, and migration by regulating the
activation and distribution of integrin 1 and the downstream effectors of Racl and
Cdc42, facilitating the deposition of laminin-332, and promoting the expression of
active MMPs (MMP-2 and 9) (Fu et al., 2014). Gelatin coating of poly(3-hydroxybu-
tyric acid) (PHB) scaffolds also supported the growth of human skin fibroblasts and
keratinocytes (Nagiah et al., 2013).

Certain short amino acid sequences, identified by analysis of active fragments of
ECM molecules, appear to bind to receptors on cell surfaces and mediate cell adhe-
sion. A large number of ECM proteins (fibronectin, collagen, vitronectin, thrombo-
spondin, tenascin, laminin, and entactin) contain the RGD sequence (Lanza et al.,
2014). Since RGD sequence is very critical for the adhesion of many cell types to
ECM, researchers have examined the addition of this peptide to tissue engineering
scaffolds. RGD grafting enhances the adhesion of both human skin fibroblasts and
skin keratinocytes to substrates in vitro (VandeVondele et al., 2003; Wang et al.,
2006). In vivo, its addition into a polymeric scaffold was shown to enhance the rate
and the quality of dermal wound healing with an increase in cellularity and ECM
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organization compared to controls (Waldeck et al., 2007). In another study, RGD-
conjugated multifunctional peptide fibrils promoted human dermal fibroblast spread-
ing with well-organized actin stress fibers and focal contacts (Ohga et al., 2009).

6.2.3 HyproprHOBICITY/HYDROPHILICITY AT THE CELL—SCAFFOLD INTERFACE

The surface hydrophobicity/hydrophilicity is well known as a key factor to govern
cell response. On hydrophilic surfaces, cells generally show good spreading, prolif-
eration, and differentiation (Chang and Wang, 2011). In skin tissue engineering, sev-
eral approaches were tested in order to increase the hydrophilicity of the scaffold at
the cell-scaffold interface. For example, the surface hydrophilicity of the poly(lactic
acid) scaffolds was enhanced by the addition of 10% hydrophilic PEG (Hendrick
and Frey, 2014). The structural morphology of the resulting PEGylated scaffolds
was preserved. The surface hydrophobicity can be assessed by measuring contact
angle through water spread of a sessile droplet on a surface. The lower the contact
angle, the more hydrophilic the surface is. Fibroblasts were found to have maximum
adhesion when contact angles were between 60° and 80° (Tamada and Ikada, 1993;
Wei et al., 2009). An ideal dermal scaffold should possess moderately hydrophilic
surface that would improve the initial adhesion and growth of keratinocytes and
fibroblasts (Lee and Kim, 2013). To study the effect of hydrophilicity on cell adhe-
sion, growth, and collagen synthesis, rat skin fibroblasts were seeded onto the sur-
faces of 13 different polymeric materials (Tamada and Ikada, 1994). These surfaces
had varying surface energies ranging from very hydrophobic to very hydrophilic.
Surface energy derives from the bonding potential of molecules at a surface and
closely linked with surface hydrophobicity. The group found out that cell adhesion
occurred on all surfaces except a few very hydrophobic ones, and the higher rates of
collagen synthesis were observed on the most hydrophobic surfaces. Collagen syn-
thesis is an essential function of skin fibroblasts and tissue engineers are interested
in promotion of such cell-specific functions. It should be noted that cell proliferation
was not affected by the hydrophilicity of the substrate (Lanza et al., 2014). However,
migration of the surface-attached fibroblasts was found to be dependent on surface
chemistry (Saltzman et al., 1991).

Several methods have been used to increase the scaffold surface hydrophilicity.
For example, modification of PS or PET by radiofrequency plasma deposition was
shown to enhance attachment and spreading of fibroblasts (Chinn et al., 1989). In
another study, the anhydrous ammonia plasma treatment of a PLA dermal scaffold
increased the surface hydrophilicity and the attachment of human skin fibroblasts
with a 99% cell seeding efficiency (Yang et al., 2002). A similar positive effect on
the adhesion and growth of HaCaT (human adult low calcium high temperature)
keratinocytes was observed when the nanofibrous polymeric scaffolds were treated
with oxygen plasma (Bacakova et al., 2014). Addition of hydrophilic macromol-
ecules was also used as a means to increase the surface hydrophilicity of the dermal
scaffolds. These molecules can transform the current biodegradable polymers used
in biomedical applications into hydrophilic ones, causing the suppression of non-
specific protein adsorption on the polymer surface. The subsequent covalent attach-
ment of cell-adhesion—-mediating peptides to the hydrophilic surface promotes
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FIGURE 6.2 Fibroblast adhesion on RGDS-modified fibers. (a) Optical microscope
image of human dermal fibroblasts after 24 h in cell culture on electrospun and GRGDS-
functionalized PLGA/sP(EO-stat-PO) fibers. (b) A magnification of one cell. (c) Fluorescence
microscope image (nuclei blue, actin filaments red) of human dermal fibroblasts after 24 h
in cell culture on GRGDS-functionalized PLGA/sP(EO-stat-PO) fibers. (d) SEM image of a
single cell on GRGDS-functionalized PLGA/sP(EO-stat-PO) fibers. (From Grafahrend, D.
et al., Nat. Mater., 10, 67, 2011. With permission.)

specific bioactivation and enables adhesion of cells through exclusive recognition
of the immobilized binding motifs (Figure 6.2) (Grafahrend et al., 2011). For exam-
ple, when chitosan was incorporated into a PCL scaffold, its hydrophilicity signifi-
cantly increased, resulting in good fibroblast attachment and proliferation, making
it suitable for skin tissue engineering (Shalumon et al., 2011). Likewise, addition of
hyaluronan transformed the PCL fibers into hydrophilic ones, thus enhancing the
infiltration and proliferation of human skin fibroblasts in vitro and enhancing tissue
in-growth in vivo (Li et al., 2012).

Like surface hydrophobicity, surface charge was also shown to influence the
behavior of cells. In fact, tissue culture polystyrene surfaces used for cell culture are
obtained by the surface treatment of polystyrene by glow discharge or exposure to
chemicals such as sulfuric acid so that the number of charged groups at the surface
increases and so does the number of cells attached to that surface. Surface charge
is important for skin tissue engineering. Human dermal fibroblasts were observed
to adhere, spread, and proliferate better on cationic surfaces compared to neutral



Cell-Scaffold Interfaces in Skin Tissue Engineering 155

base surface (De Rosa et al., 2004). In addition, the presence of cationic charges
on cell adhesion—resistant neutral surface increased the synthesis of collagen I and
III, the release of their metabolites, and the expression of their mRNA by dermal
fibroblasts. Interestingly, the scarce collagen deposits on neutral poly(hydroxyethyl
methacrylate) (pHEMA) polymer consisted, for the most part, of collagen I while
collagen III was present only in trace amounts probably due to the secretion of
metalloproteinase-2 by nonadherent fibroblasts. These findings indicate that surface
charge and hydrophilicity should be considered when designing the cell-scaffold
interface for skin tissue engineering applications.

6.3 PHYSICAL PROPERTIES OF THE CELL-SCAFFOLD
INTERFACE IN SKIN TISSUE ENGINEERING

6.3.1 Porosity AND PORE Size AT THE CELL—SCAFFOLD INTERFACE

Porosity is an important property of a dermal scaffold that should possess an opti-
mum pore size and distribution to allow fibroblast infiltration and proliferation,
and also cell communication and medium perfusion. High-porosity scaffolds were
reported to support active dermal fibroblast migration and infiltration into the scaf-
fold. A dermal scaffold suitable for intrinsic vascularization must have a high poros-
ity (>40%—-60%) and an interconnected pore structure (Will et al., 2008). Cellular
infiltration is particularly of importance and pore size, porosity, and pore intercon-
nectivity dictate the extent of cellular infiltration and tissue in-growth into the scaf-
fold. They influence a range of cellular processes and are crucial for diffusion of
nutrients, metabolites, and waste products. Dermal substitute scaffolds are expected
to promote dermal fibroblast adhesion, growth, and infiltration as the presence of
fibroblasts in dermal substitutes accelerates and enhances dermal and epidermal
regeneration (Rnjak-Kovacina and Weiss, 2011).

For different cell types, there are suitable pore sizes to accommodate their bio-
logical activity. It was reported that the scaffold pore size should be in the range of
20-150 um for optimal skin regeneration (Maquet and Jerome, 1997). Likewise,
O’Brien and colleagues have shown that the critical pore size range of collagen-based
dermal scaffolds allowing optimal cellular activity and simultaneous blocking of
wound contraction was between 20 and 120 pm (O’Brien et al., 2005). Furthermore,
considering skin regeneration and wound healing, a porosity >90% was found to
be ideal for dermal tissue engineering (Wang et al., 2013). Compared to nonporous
scaffolds or sham wounds, dermal scaffolds with adequate porosity induced acceler-
ated wound closure and stimulated regeneration of healthy dermal tissue, evidenced
by a more normal-appearing matrix architecture, blood vessel in-growth, and hair
follicle development (Bonvallet et al., 2014).

Scaffold porosity can be analyzed qualitatively by using low-voltage (1.3 kV) scan-
ning electron microscopy (SEM) and quantitatively by using mercury intrusion poro-
simetry (MIP) to determine pore size distribution, specific pore area, median pore
diameter, and porosity (Atala and Lanza, 2002; Kinikoglu et al., 2011b). Porosity can
be introduced into polymeric scaffolds by phase separation, freeze-drying, salt leach-
ing, and a variety of other methods. It is now possible to make porous, biodegradable
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scaffolds with controlled pore size and architectures and oriented pores (Saltzman, 2004).
Freeze-drying of aqueous solutions of natural biopolymers such as collagen has been
reported for the production of well-defined porous matrices, pore sizes and orienta-
tion, achieved by the controlled growth of ice crystals during the freeze-drying pro-
cess (Chen et al., 2002). In this process, the solution to be frozen contains the polymer
such as collagen and the solvent; freezing traps the polymer in the spaces between
the growing ice crystals and forms a continuous interpenetrating network of ice and
the polymer. A reduction in the chamber pressure causes the ice to sublimate, leaving
behind the polymer as a highly porous foam (Figure 6.3). Freezing temperature, sol-
ute and polymer concentration were shown to strongly influence the porous structure
of the scaffold obtained by freeze-drying. Freezing of a collagen solution in a —20°C
freezer resulted in larger pore sizes than fast freezing using a mixture of dry ice and
ethanol (—80°C), and the most rapid freezing procedure, using liquid nitrogen, lead
to the smallest pores (—196°C) (Faraj et al., 2007). When the freezing temperature
was kept constant, and the collagen was dissolved either in water or in acetic acid, it
was observed that the morphology of a scaffold from a collagen suspension in water
displayed more thin thread-like structures than a scaffold from a collagen suspension
in diluted acetic acid. The walls of the pores and lamellaec were more compact and
smoother in the diluted acetic acid scaffold (Faraj et al., 2007). The same authors
showed that the addition of ethanol (2.8%) in a collagen solution resulted in closed
surfaced foams. Solute concentration was also shown to influence the pore size in
scaffolds produced by freeze-drying. An inverse relationship was found between col-
lagen concentration and pore size (Madaghiele et al., 2008).

Electrospinning is another technique to create relatively porous, fibrous scaffolds
(Figure 6.3); however, it should be noted that cells cultured on electrospun scaffolds
may not always penetrate into the scaffold and may accumulate at the surface due to
short distances between the fibers of these scaffolds. But even this may be accept-
able because the cells may receive nutrients and growth cues from the 3D structure,
whereas the cells on 2D surfaces do not have this opportunity (Nisbet et al., 2009).
Besides, it is possible to increase the porosity of these electrospun scaffolds, whereas
it is not possible to do it on 2D scaffolds. Two techniques were used in skin tissue
engineering to increase the pore size of the electrospun scaffolds for better infiltra-
tion of dermal fibroblasts: increasing the fiber diameter, which leads to greater pore
size, up to 11.8 um for gelatin fibers (Powell and Boyce, 2008) and 27.9 pum for tro-
poelastin fibers (Rnjak-Kovacina et al., 2011); and the use of a rotating mandrel col-
lector, which increased the pore size of PLGA fibers up to 132 um (Zhu et al., 2008).
It was possible to increase the fiber diameter of synthetic human elastin scaffolds by
increasing the flow rate (from 1 to 3 mL/h), which resulted in greater average pore
size and more than two-fold increase of overall scaffold porosity (Rnjak-Kovacina
et al,, 2011).

6.3.2 NANOSCALE TOPOGRAPHY AT THE CELL—SCAFFOLD INTERFACE

Cells cultured in 3D environments behave differently than those cultured in a 2D
environment, adopting more in vivo like morphologies. The architecture affects the
cell-receptor ligation, intercellular signaling, cell migration, and also the diffusion
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FIGURE 6.3 (a) Scanning electron microscopic (SEM) analysis of an electrospun, porous
collagen-based dermal scaffold (a), and a freeze-dried, porous collagen-based dermal scaf-
fold (b). (c) Histological analysis of a tissue-engineered skin based on a freeze-dried, porous
collagen-based scaffold. Cell nuclei were stained in blue by hematoxylin, cytoplasm in pink
by phloxine, and extracellular matrix of connective tissue in orange/yellow by saffron. In the
tissue-engineered skin, fibroblasts seeded into the porous, collagen-based foam migrated into
foam, proliferated, and finally populated the foam. The pores were filled with newly synthesized
extracellular matrix. Keratinocytes formed a keratinized, pluristratified epithelium on the sur-
face, completely differentiated with a stratum corneum.

and adhesion of proteins, growth factors, and enzymes needed for cell survival and
function (Nisbet et al., 2009). The 3D fibrous scaffolds composed of nanoscale mul-
tifibrils prepared with the aim of mimicking the supramolecular architecture and
the biological functions of the natural ECM as much as possible have attracted a
great deal of attention in skin tissue engineering. They have shown great potential
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to mimic skin ECM (which has fibers in the range of 10-50 nm) in both morphol-
ogy and composition, and many studies using fibrous, electrospun dermal scaffolds
have yielded promising results. Interfiber distances between 5 and 10 um appear to
yield the most favorable skin substitute in vitro, demonstrating high cell viability,
optimal cell organization, and good barrier formation (Powell and Boyce, 2008).
Fibroblasts appear to respond more to surface topography compared to keratino-
cytes. Fibroblasts, unlike keratinocytes, were observed to orient on grooved sur-
faces, particularly when the texture dimensions were 1-8 um (Brunette, 1986; Dunn
and Brown, 1986).

The fibrous electrospun scaffolds used in the construction of skin equivalents
were found to be superior to freeze-dried foams in terms of cellular organiza-
tion and reduced wound contraction (Powell and Boyce, 2008). These advantages
are expected to lead to reduced morbidity in patients treated with fibrous skin
substitutes. Another study pointed out that collagen nanofibrous matrices were
very effective as wound-healing accelerators in early-stage wound repair (Rho
et al., 2006). The authors reported that cross-linked collagen nanofibers coated
with ECM proteins, particularly type I collagen, might be a good candidate for
skin tissue engineering applications, such as wound dressings and dermal scaf-
folds. Combination of collagen with PCL (70:30) yielded biocompatible dermal
scaffolds with good tensile strength that degraded within 3—4 weeks post implan-
tation, which is an optimal time frame for degradation and wound healing in vivo
(Bonvallet et al., 2014). Other noncollagenous nanofibrous materials were also
shown to be effective as skin substitutes. Indeed, high cell attachment and spread-
ing of human oral keratinocytes and fibroblasts were observed on nanofibrous chi-
tin scaffolds, and the cellular response was even higher when the scaffold was
treated with collagen type I (Noh et al., 2006). PLGA-PLLA electrospun scaffolds
were able to support keratinocyte, fibroblast, and endothelial cell growth, and ECM
production (Blackwood et al., 2008). Nanofibrous scaffolds based on collagen/silk
fibroin, carboxyethyl chitosan/poly(vinyl alcohol), gelatin, PLGA/chitosan, and
poly(e-caprolactone) were also found to promote keratinocyte and/or fibroblast
attachment and proliferation, indicating the potential of nanofibrous mats as future
wound dressings for skin regeneration.

6.4 CONCLUSION

Skin tissue engineering is a maturing field, and there is still room for improvement. It
has been shown that the cell-scaffold interface plays an important role in regulating
cell behavior and affecting the overall behavior of the tissue-engineered skin. The
physicochemical properties of the cell-scaffold interface, such as surface biochemistry,
nature of the biopolymer, protein immobilization, hydrophilicity/hydrophobicity,
surface charge, surface topography, porosity, three-dimensionality, and mechanical
properties have been shown to influence cellular response. Therefore, in the future,
it will be important to design new biodegradable scaffolds by engineering and
controlling this interface to enhance specific and desirable cell behavior and also
rapid vascularization, which is a major challenge for the tissue engineering of skin.
Tissue-engineered skin models have improved over the years by the incorporation of
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different cell types such as fibroblasts, keratinocytes, melanocytes, Langerhans cells,
endothelial cells, and stem cells. For the future, advanced biomaterials and scaffolds
interacting specifically with each cell type and a 3D environment that mimics the
ECM will be a core challenge and a prerequisite for the organization of living cells
to functional skin tissue that would be useful for the treatment of burns and chronic
wounds.
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7.1 INTRODUCTION

Nature governs whether biological material will decay or die. The structure and
function of living organelles and cells can change and be lost with time, which is a
matter of concern for the researchers studying these systems. Several attempts have
been made to stop the biological clock since ancient times, which was successfully
achieved by controlling temperature and water content.

Refrigeration is one of the everyday life processes that have been extensively used
because it provides us the means for slowing the rate of deterioration of perishable
goods. Removal of water from various biological materials paves another way for
arresting biological degradation, which initiates again by the addition of water.

The pioneering work in this field was conducted in 1949 by Polge and coworkers,
who stored fowl semen in a freezer by adding glycerol as cryoprotectant.! Afterward,
many successful experiments were carried out, such as cryopreservation of bull sper-
matozoa,” plant cultures,’ plant callus,* and human embryos for in vitro fertilization
programs.’

The application of low-temperature preservation to living organisms has revo-
lutionized several areas of biotechnology such as plant and animal breeding. The
most interesting feature of cryopreservation is that both prokaryotic and eukaryotic
cells can be cryopreserved at temperatures down to —200°C, which is a remarkable
milestone for structural and molecular biologists. The most important ingredient
required to achieve this goal is a cryoprotectant (CPA).

In the context of tissue cultures, simple preservation techniques like refrig-
eration cause limited shell life, high risk of contamination, and genetic drift.
Therefore, cryopreservation has become indispensable in biological, medical, and
agricultural research fields, and in the clinical practice of reproductive medicine.
In the era of microbial contaminations, natural disasters, or alteration of genetic
expressions in the latter generations, cryopreservation of sperm and embryos
helps to maintain a backup of the microorganisms proliferating on animals, thus
saving significant space and resources that could be used to better manage the
microorganisms currently used for research. Moreover, it is an important tool to
preserve strains that are not currently being used but could have potent applica-
tions in the future.

7.2 FATE OF CELLS AT ULTRA-LOW TEMPERATURE

ow can a man who’s warm understand one who’s freezing?
H ho’ derstand ho’s f ?

Alexander Solzhenistyn

Life is acomplex process that happens in water. When the temperature is below —0.6°C,
biological water under isotonic conditions becomes thermodynamically unstable and
tends to be in the crystalline state. Since biological systems are almost entirely made
of water, the water—ice phase transition in these systems is a subject of great interest
for cryopreservation. In particular, what are the effects of extremely low temperatures
on cells?
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7.3 BIOPHYSICAL ASPECTS OF ICE FORMATION

When biological systems are cooled to temperatures below the equilibrium melting
point, ice begins to form in the extracellular medium. This extracellular ice plays an
important role in the cryopreservation process because it alters the chemical envi-
ronment of the cells, exerts mechanical constraints, and leads to the development of
ice inside the cells.® The formation of extracellular ice has synergistic effect on the
unfrozen fraction composition in the extracellular solution. Dropping temperature
leads to an increase in the solute concentration in the extracellular solution, which is
a driving force for the diffusion of solutes into and water flux out of the cell. At low
temperature, the plasma membrane, which is more permeable to water than to the
solute, behaves like a semipermeable membrane in time scale of cryopreservation.’
Cells respond to this by releasing water via osmosis and undergo dehydration during
freezing, the kinetic model of which was first given by Mazur.?

Solidification of the external medium can cause cell deformation because the ice
matrix surrounding the cell acts as a mechanical constraint. During freezing, this
mechanical force squeezes the cells into the channels of unfrozen liquid between
ice crystals. Rapatz et al.” have directly measured the width of the unfrozen liquid
channels between ice crystals and observed that channels’ diameters decrease with
temperature and the cells present in the channels get deformed as the channel width
reaches the cell dimensions.

Besides these two processes, another effect of extracellular ice onto cells is the
initiation of ice formation inside the cells. It has been experimentally proven that
extracellular ice catalyzes the intracellular ice formation.!'®!! Toner'® proposed that
ice is formed inside the cells by nucleation on intracellular catalytic sites.

Since the cytoplasmic supercooling and diffusion constant of intracellular water
depend on the instantaneous properties of the intracellular solution, the dynamics
of ice formation inside the cells are highly affected by the corresponding dehydra-
tion process.® The fate of the cellular water during cryopreservation depends on the
relative magnitudes of water transport and rate of nucleation. When cells are cooled
slowly, the rate of water coming out of the cells is relatively fast, thus preventing
intracellular ice formation and favoring cell dehydration. At rapid cooling rates,
exosmosis of water is slow in comparison of intracellular water being supercooled,
thus resulting in intracellular ice formation.

7.4 CORRELATION BETWEEN CRYOINJURY AND THE TWO
PHENOMENA OCCURRING DURING FREEZING

Injury occurring because of intracellular ice formation during rapid cooling is
believed to be due to mechanical forces.!? Possible sites of injury are the plasma
membrane'? and the membrane of intracellular organelles.™

Cell dehydration during slow cooling is also a source of cell damage."> Lovelock'
reported that hypertonic solutions cause denaturation of lipoproteins, which leads
to hemolysis in red blood cells (RBC). Other theories proposed cell shrinkage as a
response toward highly concentrated extracellular solution.
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The two approaches used for cryopreservation are slow-rate freezing and vitrifi-
cation. The core objective of the two methods is to minimize cryoinjury, intracellular
ice formation, and dehydration.

Slow-rate freezing involves the pre-equilibration of cells in cryoprotectant solutions
followed by slow cooling at the rate required for the particular type of cell being used.
However, during the whole process, care must be taken to prevent intracellular ice for-
mation. This complete process requires special equipment and takes 3—6 h to complete.

Vitrification is the conversion of liquid into glass. In this approach, an attempt is
made to prevent ice formation throughout the entire sample. This process avoids the
damaging effects of intra- and extracellular ice formation.

7.5 COOLING RATES

There are various factors affecting the efficiency of cryopreservation. One of the prin-
cipal factors is the rate of freezing, which should be optimum. The relation between
cell survival and cooling rate shows an inverted U-shaped curve (Figure 7.1). Each
system has an optimum cooling rate, the efficiency of which is greatly affected by
whether the rate of cooling is too fast or too slow.!”!¥ When the rate of cooling is very
slow, there is minimal intracellular ice formation, which implies a high degree of cell
dehydration. On the other hand, at very high cooling rates, rapid water flow through
the membrane can result in rough pressure distribution across the membrane' in sud-
den change in size and shape of the membrane.?®

7.6 SLOW COOLING

When cells are frozen/cooled at slow rate (controlled rate), formation of extracel-
lular ice takes place first, followed by a differential water gradient across the cell
membrane, which results in the movement of intracellular water to the outside.
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FIGURE 7.1 Plot of the survival percent versus the cooling rate for different cell types of
cells. (From Mazur, P., Cryobiology, 14, 251, 1977.)
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This has an important cryoprotective effect because it reduces the amount of
water available to form ice. This process reduces the amount of water inside the
cells, which could potentially form ice, thereby protecting the cells. Intracellular
ice formation is lethal for cells and is the most important cause for cell death
during cryopreservation. As the system is further cooled down, no further crys-
tallization of ice is observed due to a tremendous increase in the viscosity of the
unfrozen fraction (solutes), which turns into an amorphous solid lacking any ice
crystals. On the other hand, slow cooling results in the increase of the solution
effect, which can be damaging to the cells. The amount and rate at which water
is lost from the inside of the cells depends on cell permeability; tolerance toward
fast cooling is better for more permeable cells than for less permeable cells.!>?!
Interestingly, there is interplay between ice crystal formation and solution effects
on cell damage.

Generally, a cooling rate of 1°C/min is preferred. However, there are exceptions
to this requirement such as for yeast,’>?* liver,”* and higher plant cells,” which
shrink or become plasmolyzed when the rate of cooling is 1°C/min, but when the
rate is increased to about 200°C/min or more, these cells remain in their normal
state. In the case of yeast, shrinkage is the result of water loss and not of solutes
loss26-27; therefore, in these cells, water content is an estimate of the volume of the
cell. However, faster cooling rates render the cells unable to maintain equilibrium
with the extracellular solution due to the inability of water to leave the cells, which
causes intracellular ice formation to preserve the equilibrium (Figure 7.2).

-2°C

FIGURE 7.2 Schematics of the physical events occurring in cells during freezing. (From
Mazur, P., Cryobiology, 14, 251, 1977.)
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7.7 CRYOPROTECTIVE ADDITIVES

CPAs are additives provided to cells before freezing to enhance post-thaw survival.®8
CPA can be divided into two different groups®*3°:

1. Low-molecular-weight CPAs such as glycerol, ethylene (propylene) glycol,
and dimethyl sulfoxide (DMSO), which can penetrate the cell membrane.

2. Non-cell-membrane-penetrating CPAs that usually do not enter inside the
cells, like polymers such as polyvinyl propyliodone, hydroxyl ethyl starch
(HES), and various sugars.

7.8 HISTORY OF CPAs

Ever since the discovery of the role of glycerol in cryopreservation by Polge et al.
in 1949, the use of CPAs has become common practice. Lovelock and Bishop?! later
found that the protective property shown by glycerol is due to its nontoxicity, high solu-
bility in aqueous electrolyte solutions, and its ability to permeate living cells. However,
he found that glycerol is impermeable to bovine red blood cells and proposed DMSO
as an alternative solute with greater permeability to living cells and exerting protective
action against the freezing damage to human and bovine red blood cells. This CPA
gained considerable attention globally and was mentioned as miracle compound. In
the same period, Garzon et al.> and Knorpp et al.3 independently proposed HES as a
cryoprotectant for erythrocytes.?* Thereafter, HES continued to be used as the CPA for
RBCs,*-% granulocytes, cultured hamster cells,?” and pancreatic islets.38%

7.9 PROBLEMS ASSOCIATED WITH CURRENT CPAs

The cryoprotective properties of glycerol are relatively weak and DMSO, which is
considered the most effective CPA, shows high cytotoxicity*® and disturbs the differ-
entiation of neuron-like cells,* cardiac myocytes,*> and granulocytes.*> When DMSO
is used at low concentrations, it can decrease the membrane thickness and induce
temporary water pores, while, when it is used at higher concentrations, it causes the
disintegration of the bilayer structure of the lipid membrane.** Therefore, after thaw-
ing, it is necessary to remove it. In the current scenario, the most efficient cryopreser-
vation technique, which is being used worldwide in cell banks, is 10% DMSO in the
presence of fetal bovine serum (FBS). Importantly, it has been reported that post-thaw
survival of cells decreases without the addition of FBS to the cryopreserving solu-
tion.*>4¢ Indeed, it is the interplay between FBS and DMSO at the appropriate ratio
that makes DMSO a potent cryoprotectant. However, the pit hole of this technique is
that animal-derived proteins should be avoided for clinical usage due to high risk of
infection. Therefore, these issues stimulated the development of new CPAs.

710 POLYAMPHOLYTES AS NEWER LOW-TOXIC CPAs

In 2009, Matsumura and Hyon*’ developed polyampholytes based on poly-L-lysine
with an appropriate ratio of amino and carboxyl groups as a new CPA (COOH-
PLL) (Figure 7.3a), which is a nonpenetrating CPA and shows very low cytotoxicity.
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FIGURE 7.3 Cryoprotective property of carboxylated poly-L-lysine (PLL). (a) Schematic
representation of the reaction of PLL succinylation. (b) L929 cells were cryopreserved using
10% DMSO and 7.5% (w/w) PLL at different ratios of COOH. Cell viability immediately
(white bars), and 6 h (gray bars) after thawing at 37°C. Data are expressed as mean + standard
deviation (SD) for three independent experiments (n = 5). ***p < 0.001 vs. 10% DMSO for
the corresponding time period (0 or 6 h). (From Matsumura, K. and Hyon, S.H., Biomaterials,
30, 4842, 2009.)

COOH-PLL shows high cryopreservation efficiency without the addition of any other
CPAs. The authors reported that L929 cells were cryopreserved using 7.5% COOH-
PLL as the sole CPA and in the absence of animal-derived proteins. Moreover,
COOH-PLL shows high post-thaw survival efficiency when used at 7% or more
compared with 10% DMSO (Figure 7.3b). In addition, compared with DMSO, cell
attachment efficiency is higher with COOH-PLL than with 10% DMSO.

The development of this CPA opened the gateways toward new strategies of cryo-
preservation. Recently, Matsumura et al.*® showed that the period of cryopreserva-
tion using COOH-PLL was not restricted to 1 week by successfully cryopreserving
human bone marrow cells (hBMSCs) for up to 24 months. This result showed that
this novel CPA did not alter the phenotypic characteristics and proliferative ability of
the cells following thawing after cryopreservation for 24 months.

711  SYNTHETIC POLYAMPHOLYTES: AN APPROACH TOWARD
SOLVING THE MYSTERY BEHIND THE MECHANISM
OF CRYOPROTECTION BY POLYAMPHOLYTES

Using reversible addition-fragmentation chain transfer (RAFT), Rajan et al.®
synthesized polyampholytes, which exhibit cryoprotective properties and show
relationship between their cryoprotective properties and cell membrane protection.
The authors reported on a copolymer synthesized at 1:1 ratio of methacrylic acid
(MAA) to 2-(dimethylamino)ethyl methacrylate (DMAEMA), which showed the
highest cell viability compared with copolymers synthesized at 2:3 and 3:2 ratios.
In order to elucidate the cryoprotection mechanism, the authors introduced different
hydrophobic and hydrophilic moieties in the polymer. They found that the cell viabil-
ity after cryopreservation with hydrophilic and hydrophobic polyampholyte solutions
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at the same polymer concentration (10%) was higher in the case of hydrophobic polymer.
They also varied the molecular weight of the polymers through RAFT polymerization
and found that the protective properties of these CPAs were related to water absorption,
which depends on the molecular weight of the compound. Thus, careful control of the
molecular weight using RAFT polymerization may be an effective tool for the develop-
ment of polyampholyte CPAs. The authors also found that synthetic CPAs protected the
cell membrane during cryopreservation, whose effect was enhanced by the introduction
of hydrophobic moieties.*” However, the cryoprotection mechanism of theses CPAs is
still not clear and needs to be further investigated in the future.

712 CELL ENCAPSULATION AND CRYOPROTECTIVE HYDROGELS

Successful application of hydrogels in tissue engineering is due in part to the pos-
sibility of encapsulating cells without adversely affecting their viability. Most of the
connective tissues in our body are composed of tissue-specific cells encapsulated within
a specific extracellular matrix (ECM), which has a complex function-orientated
structure.>

Vrana et al. reported that a poly(vinyl alcohol) cryogel containing many cross-
linking points encapsulated vascular endothelial cells and smooth muscle cells
through physical hydrogel formation via crystallization during freezing.’! In that
report, the authors found that cells could be stored for the desired period using the
cryogelation process, during which gelation proceeds after thawing occurs. When
this cryogel is used to encapsulate cells in a freezing process, CPAs must be added
to avoid freezing damage to the cells.

Since CPAs are generally cytotoxic,’?* they need to be removed after thawing.
However, their complete removal from hydrogels is challenging. However, since
hydrogels are the material of choice for various applications in regenerative medi-
cine because of their unique properties like biocompatibility, flexible methods of
synthesis, range of constituents, and desirable physical characteristics, if hydro-
gels having cryoprotective properties could be developed, then the problem of CPA
removal would be solved. Moreover, tissue engineering applications in regenerative
medicines could be successful if further advances could be made in low-temperature
preservation. To produce tissue-engineered products off-the-shelf, cryopreservation
of cells containing constructs is in high demand. Therefore, hydrogels with cryopro-
tective properties could be a good alternative for the storage of cell-based systems.
Jain et al.>* reported for the first time on the successful cryopreservation of cells
encapsulated in a hydrogel having its own cryoprotective properties. The authors
prepared dextran-based polyampholytes with cryoprotective properties, and in situ
hydrogelation was performed using Cu-free click chemistry. In their report, they
prepared a polyampholyte based on azide-amino-dextran, which shows excellent
cryoprotective properties and performs better than DMSO (Figure 7.4). The gelation
was achieved by mixing polyampholyte and dibenzylcyclooctyne-substituted dex-
tran (DBCO-Dex) via click chemistry. This biocompatible hydrogel showed >90%
viability after thawing. This system could be used for biomedical therapeutic appli-
cations, for example, stem cells cryopreserved with azide-Dex-polyampholyte can
be mixed with DBCO-Dex immediately after thawing for injection into defect sites
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FIGURE 7.4 Schematic image of in situ cell-encapsulated hydrogel having cryoprotec-
tive properties. (From Jain, M., Rajan, R., Hyon, S.H., and Matsumura, K., Hydrogelation of
dextran-based polyampholytes with cryoprotective properties via click chemistry, Biomater.
Sci., 2, 308-317, 2014. Reproduced with permission from The Royal Society of Chemistry.)

to form a scaffold for cell growth and tissue repair. This system does not require any
pretreatment of the stem cells before injection, making cell maintenance, harvesting,
and mixing with hydrogel-forming media unnecessary. Using this system, the stem
cells could be preserved until just before usage and could be injected just after thaw-
ing without washing out the cryoprotectant.>*

713  VITRIFICATION

7.13.1  PRINCIPLE OF VITRIFICATION

The word vitrification originated from the Latin word vifreum, which means glass.
Vitrification refers to the process of transformation of any substance into a glassy
state, involves cooling at very fast rate, and causes enormous increase in viscosity.

Rapid cooling leads to the formation of amorphous ice, that is, water molecules
lacking long-range order unlike in crystalline ice. As such, during the process of
vitrification, water transforms directly to a glassy state, thereby preventing crystal-
lization because the rate of freezing is so high that water molecules do not have
time to form ice crystals. In vitrification, the viscosity of the intracellular fluid is
elevated to such an extent that molecules get arrested and cease to behave as a liquid.
By averting mechanical damage caused by ice crystals and resisting the change in
salt concentration, vitrification prevents major damages to cells. Vitrification and
freezing are not entirely different because the crystalline and vitreous phases often
coexist. Indeed, during standard cryopreservation using controlled freezing of cells,
a fragment of the system also undergoes vitrification.

Although vitrification studies had been performed since the nineteenth century
when Tammann vitrified the molecules of carbon compounds in 1898,% one of the
earliest studies on the use of vitrification in biological applications was carried
out by Luyet in 1937, who is sometimes referred to as the founder of cryobiology.
Luyet tried to vitrify living matter without the addition of any CPA and identified
the prospective of attaining structurally immobile states for cryopreservation by
rapid cooling.>®

Vitrification has been shown to provide effective preservation for a number of
cells, including monocytes, ova, early embryos, and pancreatic islets.’’-°
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Matsumura et al.®® successfully vitrified human induced pluripotent (iPS) cells
using COOH-PLL. The development of an efficient method to cryopreserve stem
cells is very important because iPS cells enable the production of disease- and
patient-specific pluripotent stem cells for cell therapy applications without using
human oocytes or embryos.®%> The authors developed a vitrification solution com-
prising ethylene glycol (EG) and sucrose as well as COOH-PLL, and found that this
solution inhibited devitrification. Cells retained their pluripotency when frozen and
warmed on a relatively large scale in cryovials. In addition, this vitrification solution
does not require DMSO or serum proteins.

The process of vitrification involves exposure to very high concentration of CPA
and subsequent cooling in liquid nitrogen. At the initial stage of conventional freez-
ing, low concentration (15%-20% w/v) of CPA is used because it will reach very
high values once ice starts to grow at very low temperatures and most of the water
is frozen. However, in the process of vitrification, the initial concentration of CPA is
very high because there is no change in its value as the temperature is decreased; in
fact, at very low temperatures, the concentration remains the same because the glassy
state is obtained without any ice formation. While thawing, the whole sequence of
vitrification is reversed.

7.13.2  VITRIFICATION OF OOCYTES

Oocytes are immature egg cells such as female gametocytes or germ cells, which are
involved in the reproduction process. Oocyte matures during the menstrual cycle and
develops into an ovum by the process of oogenesis.

The preservation of oocytes is of utmost importance for humans® because
it is one of the most useful methods among assisted reproductive techniques
(ART). A woman’s capacity to reproduce is limited and is related to the num-
ber of oocytes she had at birth.54% Women undergoing chemotherapy for cancer
treatment®® or suffering from other malignant diseases risk accelerated atre-
sia, which could cause infertility due to ovarian insufficiency. Therefore, it is
always advisable for those women before undergoing such treatments to cryo-
preserve their oocytes, which can be fertilized after recovery. Moreover, it is
equally important for working women and women who have difficulty in finding
a suitable partner to postpone child bearing by cryopreserving their oocytes at
early age, when they have a sufficient amount and can later opt to fertilize them
according to their needs.

While the first reported sperm (semen) cryopreservation was performed in 1776
by the Italian physiologist Spallanzani, 5’8 it took a long time for the cryopreserva-
tion of female eggs (oocytes) because they are more difficult to cryopreserve. Slow
cooling of oocytes leads to both intracellular and extracellular crystallization of ice,
which is fatal to cells. Moreover, slow cooling could result in chilling injury, to
which oocytes are very sensitive.-7!

The first successful study on the cryopreservation of human oocytes, which lead
to pregnancy was done by Chen,”> who used DMSO as a cryoprotectant. They cryo-
preserved 40 oocytes, and 80% of these survived freezing and thawing and retained
their morphology. Out of the 40 oocytes, 30 were inseminated and 83% maintained
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their ability to be fertilized. Since then, numerous research centers worldwide have
published reports on successful pregnancies after cryopreservation.”>”7 However,
the clinical efficiency remained very low, that is, 2%—4%,’® probably due to poor
survival, fertilization, and development of the cryopreserved oocytes.”” Many reports
on animals showed that vitrification was used at both the germinal vesicle stage and
metaphase 11 stage.80:8!

Hunter et al.%? attempted vitrification of human oocytes using mixed CPAs and
achieved survival rate of 65% and fertilization rate of 45%. EG has been frequently
used for the vitrification of oocytes because of its low toxicity and ability to perme-
ate cells.3081.83

Recently, Zhang et al. developed a novel ejector-based droplet vitrification sys-
tem to continuously cryopreserve oocytes in nanoliter droplets.3* The droplet-based
vitrification technique helps in achieving higher cooling and warming rates than
other techniques due to the enhanced heat transfer of a droplet in the absence of a
carrier, which reduces the likelihood of ice formation and the need for high CPA
concentrations.®>8 The employment of this technology overcame one of the primary
problems with conventional vitrification methods, that is, inability to control the
freezing volume. This system can limit and control the droplet volumes encapsulat-
ing the vitrified oocytes.

Watanabe et al.8” used COOH-PLL for the vitrification of mouse oocytes to pro-
duce alive offspring. Their study revealed that the employment of COOH-PLL alone
for the vitrification of oocytes resulted in very low survival rate, probably because
of the low permeability of COOH-PLL, which they showed by confocal laser scan-
ning microscopy using fluorescein isothiocyanate (FITC)-labeled COOH-PLL.
The authors observed that the developmental ability of the oocytes in vitro was
very high when a solution of EG and COOH-PLL was used. Vitrification of oocytes
in presence of the E20P10 group (10% EG + 5% COOH-PLL as the equilibration
medium and 20% EG + 10% COOH-PLL as the vitrification medium) showed a sig-
nificant improvement in the in vivo development, which was due to the decrease in
the invisible damage by vitrification as a result of using COOH-PLL and decreasing
the amount of EG. This may result in the increase of the in vivo developmental abil-
ity beyond the blastocyst stage. A potential justification is that COOH-PLL controls
the rapid increase of osmolality. Hence, the use of the combined solution of COOH-
PLL and other CPA such as EG is very effective for oocyte vitrification. Moreover,
there are many advantages of using COOH-PLL such as its low cytotoxicity even
up to a concentration of 20%.%8

7.13.3  VITRIFICATION OF TisSUE-ENGINEERED CONSTRUCTS

The success of tissue engineering applications in regenerative medicine requires
further advances in low-temperature preservation. Preservation of tissues and tissue
engineering products is one of the most important techniques for the clinical and
industrial application of tissue engineering. However, cryopreservation of regenerated
tissues including cell sheets and cell constructs is not easy compared with the cryo-
preservation of cell suspensions. Moreover, conventional freezing methods destroy the
membranous structures of cultured sheets during the freezing and thawing process.
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Cryopreservation of cell-containing constructs is in high demand for tissue engineer-
ing applications such as producing off-the-shelf tissue-engineered products.

Kuleshova and Hutmacher reviewed the studies on the vitrification of tissue-
engineered constructs for preservation.? In the case of cartilage tissue, isolated chon-
drocytes could be cryopreserved using the slow-cooling method with cell survival
rates as high as 93%.%° In contrast, chondrocytes embedded in their ECM were quite
difficult to preserve using the slow-cooling method, with cell death of 80%—100%.70-?
The findings of Pegg and coworkers pointed out the need to establish vitrification
protocols for cartilage tissue to avoid ice formation.?>-** The vitrification approach has
been successfully applied to the cryopreservation of cartilage grafts using a mixture
of DMSO, formamide, and 1,2-propanediol.”>* Song et al. have demonstrated that
rabbit cartilage could be preserved by vitrification with >80% cell viability.> In vivo
studies of the cartilage preserved with different approaches demonstrated that the
vitrified grafts performed considerably better than the frozen grafts, but did not differ
from the fresh control sample.’®

7.13.4  VITRIFICATION OF TissUE-ENGINEERED BONE

Studies of preservation of tissue-engineered bone using the slow-cooling method in
alcohol bath showed limited success.”” Low cell viability (about 50%) after freez-
ing was obtained for the mineralized constructs in poly(lactide-co-glycolyde) films.
Fahy et al. reported that osteoblast-seeded hydroxyapatite scaffolds were vitrified in
the vitrification solution called Vg (i.e., 1,2-propandial and ethylene glycol) with ice
brockers. The ice brocker inhibited ice recrystallization and maintained the solution
amorphous state at lower cooling and warming rates, leading to the success of vitri-
fication of osteoblast-hydroxyapatite complexes.”®

Cao’s group reported on the vitrification of tissue-engineered bone composed of
osteoinduced canine bone marrow mesenchymal stem cells (¢cBMSCs) and partially
demineralized bone matrix scaffold in DMSO containing vitrification solution.”” In
that report, cell viability, proliferative ability, alkaline phosphatase expression, and
osteocalcin deposition after vitrification in VS442 (40% DMSO, 40% EuroCollins
solution, 20% culture medium) was higher than that in a commercially available
vitrification solution (i.e., VS55) (Figure 7.5).

7.13.5  VITRIFICATION OF TisSUE-ENGINEERED INTESTINE

Tissue-engineered intestine has been studied to recover the short bowel syndrome,
which is highly morbid and mortal and results from the loss of intestinal tissue. In
the past decades, many attempts have been performed to freeze intestinal tissues,
but the results were unsatisfactory. Intestinal tissue engineering requires healthy
epithelial and mesenchymal cellular contributions, but whole-organ preservation is
neither feasible nor clinically relevant. Instead, isolating organoid units (OU), which
are multicellular clusters including intestinal epithelial and mesenchymal progenitor
cells, from healthy margin of resected bowel for tissue-engineered small intestine
generation may be the key technique.'®® Grikscheit et al. reported for the first time
on the successful cryopreservation of murine and human OU using vitrification,
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FIGURE 7.5 In vitro cellular activity and osteogenic potential of tissue-engineered bone
(TEB) after 7 days or 3 months of vitrification. (a) Cellular number measurements were
obtained at days 1, 3, 5, 7, 9, 11, 13, and 15 post thawing. Numerous viable cells were found
in the VS442 groups compared to those found in the VS55 groups (p < 0.05). No significant
difference in cell number was found between the 7-day groups and 3-month groups (p > 0.05;
the error bars indicate the standard deviation [SD] for n = 4) both treated with VS442. TEB
osteogenic differentiation was evaluated by measuring the expression of alkaline phosphatase
(ALP) (b) and the release of osteocalcin (OCN) (c) at days 1, 3, 5, 7, 9, 11, 13, and 15 post
thawing. Significantly increased osteogenesis was found in the VS442 groups compared to
that found in the VS55 groups. No significant difference in osteogenesis was detected between
the 7-day groups and 3-month groups (p > 0.05; the error bars indicate the standard deviation
[SD] for n =4). (Reproduced from Yin, H. et al., Cryobiology, 59, 180, 2009. With permission.)
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FIGURE 7.6 Human tissue-engineered small intestine (TESI) generated from vitrified
organoid units (OU). (a) Hematoxylin and eosin staining showing a basic epithelial layer.
(b) Immunofluorescence staining for f-2-microglobulin confirming the human origin of the
TESI construct. Immunofiuorescence staining for villin (c) and mucin 2 (d) showing the pres-
ence of differentiated enterocytes and goblet cells. 4',6-Diamidino-2-phenylindole (DAPI) stains
all the nuclei in blue. Scale bars = 50 pm. (From Spurrier, R. et al., J. Surg. Res., 190, 399, 2014.)

which resulted in >90% viability. The OU were grown in vitro and generated tissue-
engineered intestine from cryopreserved human cells (Figure 7.6). Vitrification may
play a key role in the preservation of progenitor cells, which are necessary for tissue
engineering-based therapies.

7.13.6  VITRIFICATION OF TissUE-ENGINEERED BLOOD VESSELS

Cryopreservation of blood vessel and valves using the slow-cooling method showed
unsatisfactory results after implantation.!”! Considering that the structure of the ves-
sels is quite important for successful implantation, injury in the vascular endothelial
cell layer, which causes severe problems leading to thrombus formation, should be
avoided. Fractures in the blood vessels during cryopreservation and vitrification have
been associated with the cooling rate and thermal nonuniformity in the samples.
Pegg et al. performed the slow-warming method at less than 50°C/min down to
—100°C, and subsequent thawing was rapidly carried out to prevent devitrification.!?
The method could prevent the fracturing in the vascular tissues.
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FIGURE 7.7 Ultimate tensile strength (n = 31 fresh, n = 31 frozen, and n = 42 vitrified) and
modulus of elasticity (n = 60 fresh, n = 60 frozen, and n = 84 vitrified) of fresh, frozen, and vitri-
fied engineered blood vessel constructs. (From Elder, E. et al., Transpl. Proc., 37, 4625, 2005.)

Collagen-based tissue-engineered blood vessels were used to study vitrification
for the first time. The vessel vitrified with DMSO, formamide, and propylene glycol
showed good ice formation inhibition but low (39%) viability.'3

When tissue-engineered blood vessels were prepared using a polyglycolic acid
mesh sewn into a cylindrical construct, positive results were obtained through vit-
rification. Metabolic and apoptosis assays revealed that the vitrified blood vessels,
which showed no ice formation, had similar viability to that of the fresh control.!%

Maintenance of the biomechanical properties after preservation is also impor-
tant for the application of tissue-engineered blood vessels. The ultimate tensile
strength of collagen-based blood vessels increase after both slow freezing and
vitrification.!** Freezing has been shown to affect the matrix structure of col-
lagen gels, specifically by increasing the void area and porosity of the matrix
(Figure 7.7). Another study showed that human native blood vessels after vitrifi-
cation showed no significant difference in their viscoelastic properties compared
with fresh specimens, whereas slow freezing increased the tensile strength and
elasticity of the vessels, probably because of the disruption of the ECM of the
vessel by extracellular ice formation, which caused poor function of the cryopre-
served blood vessels.

7.13.7  VITRIFICATION OF ENCAPSULATED TissUE-ENGINEERED CELL CONSTRUCTS

Vitrification of microencapsulated hepatocytes was studied as a model for cell-matrix
complex preservation by the Kuleshova group.!® They used rat hepatocytes encapsu-
lated with collagen hydrogels and vitrified with EG and sucrose—based vitrification
solution. It was found that microencapsulated hepatocytes could be completely
preserved without damage to their integrity, and migration was also observed. Pig
hepatocytes, which are more similar to those of human, were also vitrified well even
though they are smaller and more sensitive than rat hepatocytes.

Zhang et al. reported that water in small (100 pm) alginate microcapsules is preferen-
tially vitrified over water in the bulk solution using 10% or higher DMSO with a cooling
rate of 100°C/min.'% The preferential vitrification of water in small microcapsules was



178 Cell and Material Interface

found to significantly increase the viability of cells in a small quartz micro capillary,
suggesting that the small alginate microcapsule is a good system for preserving cells.
In a study by the Sambanis group,'’’ recombinant insulin-secreting C2C12 myo-
blasts were encapsulated in oxidized RGD-alginate and cryopreserved with slow
cooling or vitrification. As a quality control for the preservation procedures, the
metabolic activity and insulin secretion levels were assessed 3 days after thawing
of the myoblasts containing samples. The results showed that vitrified cells have
lower metabolic activity than freshly prepared myoblasts. On the other hand, no
differences in the metabolic activity were observed between the freshly prepared
myoblasts and cells cryopreserved using the slow-cooling technique. In addition, the
insulin secretion rate was fully maintained in the slowly cooled samples. Therefore,
the authors concluded that the conventional slow freezing is more appropriate for
cryopreservation of C2C12 cells encapsulated in a partially oxidized RGD-alginate
matrix. Interestingly, in stark contrast with these results, Murua et al.!'®® showed that
freezing of transfected C2C12 cells encapsulated in alginate-poly-L-lysine-alginate
beads decreased by 42% in erythropoietin secretion compared to a fresh control.

7.13.8 VITRIFICATION OF CHONDROCYTE CELL SHEETS

Various cell sheets have been investigated in the field of regenerative medicine as
a potential treatment for various lesions.!>!1% For example, Okano et al. developed
a method for preparing various types of cell sheets using temperature-responsive
polymer-immobilized culture dishes."!! Cryopreservation of cell sheets would sim-
plify the coordination of transplantation timing and would also allow to stock cell
sheets for tissue banking or repeating treatments. An indispensable prerequisite for
cryopreservation methods is to maintain the integrity of the membranous structure
of the cell sheet. However, this is challenging and, although the viability of the cells
comprising the sheets can be maintained, damage to the integrity of the sheet often
occurs.'? Maehara et al. reported on the development of an effective vitrification
method that does not impair either the macro- or microstructures of cell sheets, and
thereby possesses significant potential for applications related to clinical cell sheet
therapy.'3 In this study, cell sheets were vitrified in liquid nitrogen vapor, rather
than by direct immersion in liquid nitrogen, using COOH-PLL in the vitrification
solution.

Recently, Vorontsov et al.'"* studied COOH-PLL for its antifreeze effect on the
growth of ice crystals. They investigated the crystallization of ice in the presence
of COOH-PLL by carrying out free-growth experiments of ice crystals in solutions
at various COOH-PLL concentrations. They used a growth cell (Figure 7.8a) and
different degrees of supercooling to reveal the characteristics and mechanism of its
antifreeze effect. The results revealed that ice crystals adopt a dendritic morphology
in the presence of COOH-PLL and that the presence of COOH-PLL results in hys-
teresis of growth rates and depression of the freezing point. In addition, the analysis
of the inhibitory effect of COOH-PLL on crystal growth using the Gibbs—Thomson
law and the Langmuir’s adsorption isotherm suggested that the adsorption of large
biological molecules has a non-steady-state character and occurs at a slower rate than
does the process of embedding of crystal growth units (Figure 7.8b).
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FIGURE 7.8 (a) Schematic of the cell growth: 1, growth chamber containing water or car-
boxyl poly-L-lysine (COOH-PLL) solution; 2, triple glass window; 3, Peltier elements; 4, heat
reservoir with circulating water; 5, capillary holder; 6, tube with water or COOH-PLL solu-
tion; 7, inlet for cold spray; 8, seed crystal; 9, capillary; 10, thermistor. (b) Morphology of ice
crystals at different supercooling temperatures (AT) and concentrations of COOH-PLL (Ccp).
(From Vorontsov, D. et al., J. Phys. Chem. B, 118, 10240, 2014.)

The usage of COOH-PLL for the stabilization of the glassy state during vitri-
fication has been also described by Maehara et al., who vitrified a cell sheet in a
solution containing 20% DMSO, 20% EG, 0.5 M sucrose, and 10% COOH-PLL.!!3
In particular, they coated the cell sheet with a viscous vitrification solution contain-
ing permeable and nonpermeable CPAs before vitrification in liquid nitrogen vapor,
thereby preventing fracturing of the fragile cell sheet after vitrification and rewarm-
ing. Both the macro- and microstructures of the vitrified cell sheets were maintained
without damage or loss of major components. Cell survival in the vitrified sheets was
comparable to that in nonvitrified samples.

In the conventional slow-freezing method, cultured cell sheets are frozen in the
presence of a relatively low concentration of a CPA.""? Thus, extra- and intracellu-
lar ice crystal formation is inevitable during freezing, which destroys the cell sheet
structure and decreases cell viability.""? In contrast, with the vitrification method, a
solution containing a high concentration of a CPA is rapidly cooled to achieve the
transition from the liquid phase to the solid phase (amorphous) without ice crystal
formation.'’> Therefore, cell sheets could be sealed in a glassy state maintaining their
macro- and microstructures and retaining high cell viability (Figure 7.9).

This also has critical influence on the maintenance of the membranous structure
of the cell sheet during vitrification. In preliminary experiments, in which cell sheets
were vitrified by direct immersion in liquid nitrogen, all the sheets cracked. Very
likely, direct immersion in liquid nitrogen has a more drastic impact on the mem-
brane integrity than does the immersion in nitrogen gas, therefore resulting in the
disruption of the cell sheet structure.
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FIGURE 7.9 The macro- and microstructures of triple-layered rabbit chondrocyte sheets
after vitrification. (a—e) Morphological appearance of chondrocyte sheets after vitrification
and rewarming. (al—e2) Scanning electron microscopic images of the surfaces of cell sheets
recovered after vitrification and rewarming. (al—el) Magnification, x300; scale bar = 50 pm.
(a2—e2) Magnification, x2000, scale bar = 10 pm. The surfaces (al—e2) are irregular, featuring
pavement-like cell populations (arrowheads in al—el indicate three representative cells) and
well-developed extracellular matrices with dense fibrous structure (*). The microstructures of
the cell sheets vitrified by any of the methods described in this review were similar to those
of the nonvitrified control samples. (From Maehara, M. et al., BMC Biotechnol., 13, 58, 2013.)

The immersion in liquid nitrogen vapor technique enables vitrification of cell
sheets using minimum amounts of vitrification solution. Interestingly, the technique
was employed to produce vitrified chondrocyte cell sheets, which retained their nor-
mal characteristics upon thawing.

This cryopreservation technology may open new avenues to the industrializa-
tion of tissue engineering applications by facilitating long-term storage of tissue-
engineered constructs.

714 CONCLUSION

The field of cryopreservation has advanced greatly in the last two centuries, espe-
cially in the past 50-60 years. A plethora of new technologies and methods have
emerged, and cryopreservation no longer remains a science fiction fantasy. It has
evolved since when it was performed using only cooling to now that it involves vari-
ous intricacies and new advanced technologies have surfaced to make it more effi-
cient. Cryopreservation of cells has minimized the need to culture them for a long
time, which could make the cells prone to genetic drift. Culturing the cells for a long
time may also lead to cell contamination. Therefore, with the advancement of cryo-
preservation technology, cells can be preserved for a very long time and restored to
their original state whenever required. This technology has really helped in various
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cellular studies of different dreadful diseases and for the testing of new drugs or drug
delivery vehicles because it is now easy to store cell banks.

Especially, cryopreservation (vitrification) of tissues and tissue-engineered con-
structs must become the fundamental technology for the commercialization and
industrialization of tissue engineering. It will change the lives of thousands of people
who need to regenerate some tissues due to injury and disease. With the advance-
ment in technology, post-thaw survival efficiency of these cells, tissues, and tissue-
engineered constructs is very high and, thus, a great success rate has been achieved.

Although this field has seen tremendous development in the last six decades, many
studies need to be further explored. Cryopreservation (vitrification) requires storage
at very low temperature for a long time and transportation at ultra-low temperatures.
Therefore, it leads to damages caused by ice crystal formation if the samples are to
be stored above their glass transition temperatures. Another major concern is the high
concentration of CPAs involved in the vitrification methods, which could be potentially
toxic during the process of thawing because the cells may be exposed to these high
concentrations at higher temperatures than in those used with the freezing methods
of cryopreservation. Therefore, there is a pressing need to develop new cryoprotective
agents for cells and to develop new techniques and methods for cryopreservation.
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Abstract: Recent advancements in microengineering technologies have
enabled creating biomimetic in vitro tissue substitutes for the repair and regen-
eration of injured myocardium. In this chapter, we will broadly overview the
applications of micropatterning techniques in cardiac tissue engineering.
We will first describe the cellular organization, microarchitecture, and the
fundamentals of cell-matrix interactions within the native myocardium. Our
discussion will be followed by a brief presentation on the use of natural and
synthetic biomaterials in cardiac regeneration. Then, we will highlight the
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recent reports on the development of two- (2D) and three- (3D) dimensional
micropatterned cardiac tissue constructs. This chapter will be concluded with
a brief summary on the effects of electrical and mechanical stimulation on
structural and functional properties of engineered cardiac tissues.

Keywords: Micropatterning, topographical cues, biomaterials, electrical and
mechanical stimulation, cardiac tissue engineering

8.1 INTRODUCTION

Across different tissues in human body, cells are surrounded by an intricate mesh-
work known as “extracellular matrix” (ECM) (Hay 1991; Alberts et al. 2007; Frantz
et al. 2010). The ECM is composed of complex macromolecules such as proteins and
polysaccharides organized in a highly ordered fashion along with bioactive molecules
such as growth factors and cytokines (Alberts et al. 2007; Frantz et al. 2010). Various
compositions of the macromolecules within the ECM structure impart a broad range
of mechanical properties in different tissues (Alberts et al. 2007; Frantz et al. 2010).
For instance, the ECM in bone tissue is composed of collagenous proteins providing
a microenvironment with high mechanical strength (Clarke 2008), while the ECM
in the myocardial tissue mainly embodies collagen to impart sufficient elasticity to
support contractile properties of the cardiac cells (Gupta and Grande-Allen 2006;
Shamhart and Meszaros 2010). In addition to providing mechanical support to its
respective tissue, the ECM induces a set of biophysical and biochemical cues to
regulate cell functions (Dalby et al. 2007; Park et al. 2007b; Huang and Li 2011;
Nikkhah et al. 2012a). In particular, the presence of various molecules with well-
defined organization, along with the topography of the ECM, directs cell growth,
differentiation, migration, and intracellular signal transduction pathways (Hay 1991;
Kane et al. 1999; Frantz et al. 2010; Song et al. 2011; Nikkhah et al. 2012a). Due to
the unique role of the ECM in regulating cellular functions, replicating its topog-
raphy and composition is paramount for the development of native like engineered
tissue constructs (Nikkhah et al. 2012a).

The emergence of micro- and nanofabrication technologies in the past few
years has enabled researchers to create platforms with precise geometrical fea-
tures resembling the native in vivo cellular microenvironment (Khademhosseini
et al. 2006; Chung et al. 2007; Murtuza et al. 2009; Dvir et al. 2011b; Nikkhah
et al. 2012a; Zorlutuna et al. 2012). These technologies have been successfully
adopted by biologists and bioengineers for a wide range of applications from tis-
sue engineering to biosensors design and fundamental biological studies (Park
and Shuler 2003; Khademhosseini et al. 2006; Park et al. 2007a; Gillette et al.
2008; Atala et al. 2012). In particular, photolithography techniques adapted
from the semiconductor industry have gained significant attention to fabricate
scalable topographical features using advanced biomaterials such as hydrogels
(Khademhosseini et al. 2006; Nikkhah et al. 2012a). Using these techniques,
it is possible to develop well-ordered structures (e.g., grooves, pillars, ridges)
with precisely defined geometrical dimensions to control cell-substrate interac-
tions (Bettinger et al. 2009; Nikkhah et al. 2012a). Alternatively, soft lithography
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techniques such as microcontact printing and microfluidic patterning have been
successfully employed to create 2D patterned features of ECM proteins to gen-
erate geometrically defined arrangement of cells (Xia and Whitesides 1998;
Whitesides et al. 2001).

In the past decade, microfabrication techniques have found significant applica-
tions in numerous aspects of tissue engineering in general (Khademhosseini et al.
2006) and cardiovascular tissue engineering in particular (Khademhosseini et al.
2007; Zhang et al. 2011; Iyer et al. 2012; Nikkhah et al. 2012b; Annabi et al. 2013;
Camci-Unal et al. 2014). These techniques have enabled the development of in vitro
bioengineered cardiac tissue substitutes to mimic the anisotropic architecture of
native myocardium for regenerative medicine applications and fundamental biologi-
cal studies (Bursac et al. 2002; Kim et al. 2010; Zhang et al. 2011). Furthermore,
using these technologies, it is possible to generate physiologically relevant cardiac-
related disease models for high throughput drug screening (Natarajan et al. 2011;
Agarwal et al. 2013b). This chapter covers the applications of micropatterning tech-
niques to control cell-biomaterial interactions for cardiac tissue engineering. We
will briefly discuss cellular organization and the architecture of native myocardium,
followed by an overview on the application of various types of biomaterials in car-
diac tissue engineering. Lastly, we will highlight the recent use of microengineering
technology, micropatterning techniques in particular, to develop highly organized
cardiac tissue constructs.

8.2 NATIVE CARDIAC TISSUE

8.2.1 Major CeLL Types WITHIN THE NATIVE CARDIAC TisSUE

There are three main cell types embedded within the native myocardium: car-
diomyocytes, cardiac fibroblasts, and endothelial cells (Severs 2000; Iyer et al.
2009; Fleischer and Dvir 2013). Cardiomyocytes are well distributed through-
out the heart, but those that beat fastest and determine the natural frequency
of cardiac muscle are known as pacemaker cells (Mark and Strasser 1966). In
the human heart, these cells are located in the sinoatrial node (Malmivuo and
Plonsey 1995). Cardiomyocytes have active machinery of myofibrils that under
the effect of propagating electrical impulses lead to their contraction and relax-
ation (Nag 1980). These cells act coherently with each other through intracel-
lular junctions (e.g., gap junctions), thus forming a 3D syncytium (Radisic et al.
2007). Among noncardiomyocytes, cardiac fibroblast and endothelial cells are
the other most abundant cells within the myocardial tissue (Radisic et al. 2007).
Cardiac fibroblast cells are crucial for ECM synthesis and degradation within
the myocardium (Souders et al. 2009; Castaldo et al. 2013). Furthermore, they
are involved in cardiac tissue remodeling in response to numerous biophysical/
biochemical signals and to various diseased states (Souders et al. 2009; Castaldo
et al. 2013). On the other hand, endothelial cells are mainly responsible for the
formation of blood vessels and capillaries for oxygen supply, and also for waste
removal throughout the tissue similar to other organs (Radisic et al. 2007). The
paracrine signaling between the endothelial cells and cardiomyocytes has been
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shown to significantly influence the functional properties such as contractility
and rhythmicity of the myocardial tissue (Ramaciotti et al. 1992; Brutsaert 2003;
Narmoneva et al. 2004).

8.2.2 MvyocarpiaL ECM

The myocardial ECM has a well-defined anisotropic structure, composed of major
proteins such as collagen, elastin, vitronectin, fibronectin, laminin etc. (Castaldo
et al. 2013). Various composition of these proteins notably influence the charac-
teristics of the matrix within healthy and diseased states and contribute to the
contractile capacity of the heart (Engler et al. 2008; Marsano et al. 2010; Castaldo
et al. 2013). For instance, collagen is the main load-bearing protein that trans-
mits the force generated by the cardiomyocytes in systole phase while imparting
the passive stiffness within the diastole phase. Collagen also prevents the dilation
and edema of the muscle over a long period of time (Chen et al. 2008; Godier-
Furnemont and Vunjak-Novakovic 2013). Different types of collagen that have
been identified in myocardial ECM consist of collagen type I, III, IV, and VI
Collagen type I comprise around 85% of the fibrillar collagen, affecting the over-
all rigidity of the heart muscle. Alternatively, collagen type III modulates matrix
elasticity (Chen et al. 2008; Engler et al. 2008; Marsano et al. 2010). Topography of
the cardiac muscle can also be attributed to the folded and highly ordered structure
of its components maintained by disulphide and hydrophobic bonds (Wang and
Carrier 2011). Overall, the stiffness and the architecture of the myocardial tissue
provide the necessary signaling cues to support cardiac cells’ phenotype and func-
tions (Tandon et al. 2013).

8.2.3 IMpacT OF CELLULAR ORGANIZATION ON CARDIAC TissUE FUNCTIONS

The interaction of cardiac cells with the anisotropic structure of myocardium is
paramount for regulation of the tissue properties such as synchronous contractility
(Au et al. 2007, 2009; Feinberg et al. 2007; Zhang et al. 2012). In particular, cellular
organization and the orientation of the actin fibers, through a process known as
contact guidance, significantly influence the contractile force generated through-
out the tissue (Au et al. 2007, 2009; Zhang et al. 2012). For instance, in a study
by Kim et al., it was shown that nonaligned cardiomyocytes generate 65%—85%
less contractile force in comparison to highly organized cells that exhibit rod-like
morphologies (Kim et al. 2008). In this regard, cardiac tissue remodeling due to a
diseased state (e.g., arrhythmia) can affect the ECM composition (e.g., excessive
collagen deposition) and consequently lead to poor cellular organization and tissue
contractility (Baig et al. 1998; Biernacka and Frangogiannis 2011). Intracellular cal-
cium dynamics, which is a crucial factor during systole and diastole phases, get also
altered due to the changes in cellular alignment (Yin et al. 2004). Equivalently, it
has been shown that junctional markers such as N-cadherin and connexin 43, which
are responsible for mechanical and electrical signal propagations, are significantly
influenced by cellular organization (Patel et al. 2011). These markers, in particular,
which regulate synchronous beating and contraction of the cells, will be highly
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expressed when cells are properly aligned within the tissue matrix (Patel et al.
2011). Therefore, well-ordered arrangement of cardiac cells is essential for viable
structural integrity and proper functioning of the myocardium in a healthy state.

8.3 BIOMATERIALS IN CARDIAC REGENERATION

Ventricular-specific cardiomyocytes within the adult mammalian heart exhibit sig-
nificantly limited self-regenerative capacity (Bergmann et al. 2009). Myocardial
infarction often results in a significant cell loss within the infarcted region and
ultimately leads to catastrophic heart failure (Segers and Lee 2008). In the past
few years, significant amount of efforts have been devoted to exploit efficient thera-
peutic strategies to induce long-term myocardial regeneration. These approaches
span from stem cell-based transplantation to tissue engineering strategies (Soonpaa
etal. 1994; Orlic et al. 2001; Zimmermann et al. 2002a; Nugent and Edelman 2003;
Eschenhagen and Zimmermann 2005; Nelson et al. 2009; Wang et al. 2010b; Tous
et al. 2011; Yamada et al. 2013). The common goal of these approaches is to main-
tain structural integrity of the injured myocardium and to restore native-like tis-
sue functionalities (Zimmermann et al. 2002a; Nugent and Edelman 2003; Nelson
et al. 2009; Wang et al. 2010b; Tous et al. 2011; Yamada et al. 2013). Despite mar-
ginal clinical success, there are still numerous challenges to induce efficient cardiac
regeneration. Stem cell-based therapies are particularly appealing as incorporation
of stem/progenitor cells within the infarcted region of the myocardium initiates the
regeneration process with minimum risk of unfavorable tissue remodeling (Segers
and Lee 2008). However, the success of stem cell-based transplantation has been
notably hindered due to significant cell loss, poor integration with the host tissue,
and the lack of control over cellular distribution upon transplantation (Zhang et al.
2001; Chen et al. 2008). As a potential remedy to these shortcomings, a number
of recent strategies have proposed the use of natural and synthetic biomaterials to
improve cellular engraftment, survival, and differentiation (Segers and Lee 2011).
Alternatively, purely injectable biomaterials have also shown great promises, as
bulking agents, to inhibit global remodeling of injured myocardium and to allevi-
ate the stress distribution within the scar tissue upon infarction (Tous et al. 2011).
Injected biomaterials could potentially align along the native ECM of the infarcted
zone and integrate with the defected regions (Tous et al. 2011). On the other hand,
the ultimate goal of cardiac tissue engineering is to recapitulate the architectural
complexities of native myocardium and develop biomimetic in vitro constructs for
the repair and the regeneration of the injured myocardium (Vunjak-Novakovic et al.
2010; Zhang et al. 2011). An ideal cardiac tissue substitute should exhibit proper
contractility, mechanical robustness, and contain appropriate signaling cues for cel-
lular assembly and vascular formation (Vunjak-Novakovic et al. 2010; Camci-Unal
et al. 2014).

The success of stem cell-based transplantation and tissue engineering strat-
egies for cardiac repair and regeneration is highly dependent on the selection
of appropriate scaffolding biomaterials with enhanced biomechanical/biologi-
cal properties (Vunjak-Novakovic et al. 2010; Camci-Unal et al. 2014). In par-
ticular, the selected biomaterial should be biocompatible and exhibit suitable
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mechanical strength while supporting cyclic contraction of the cardiac cells
(Walsh 2005; Camci-Unal et al. 2014; Lanza et al. 2014). Biomaterials can be
obtained naturally by either using cardiac tissue ECM (decellularized matrix)
(Wainwright et al. 2010; Duan et al. 2011) or can be chemically synthesized
(Chen et al. 2008). Natural biomaterials such as collagen are considered to
be suitable candidates for cardiac regeneration since they are biocompatible
in nature and induce different signals to cells through surface receptor inter-
actions (Vunjak-Novakovic et al. 2010). Furthermore, these materials can be
patterned using microcontact printing or micromolding techniques to provide
sufficient anisotropy for generation of cardiac organoids (Kofidis et al. 2002;
Zimmermann et al. 2002b; Black et al. 2009; Chiu et al. 2012). To date, numer-
ous natural biomaterials such as collagen and matrigel (Zimmermann et al.
2002b; Chiu et al. 2012; Simpson and Dudley 2013), hyaluronic acid (Yoon
et al. 2009; Ifkovits et al. 2010), gelatin (Li et al. 1999, 2000), chitosan (Fujita
et al. 2005; Karp et al. 2006), alginate (Amir et al. 2009; Zieber et al. 2014),
laminin (McDevitt et al. 2002), elastin (Annabi et al. 2013), fibrin (Birla et al.
2005; Black et al. 2009), cellulose-based scaffolds (Entcheva et al. 2004), plant
origin polysaccharide (Venugopal et al. 2013), silk fibroin (Yang et al. 2009;
Patra et al. 2012), as well as self-assembling peptides (Davis et al. 2006; Hsieh
et al. 2006; Soler-Botija et al. 2014) have been used for cardiac regeneration. For
instance, in a study by Li et al., fetal rat ventricular cells were seeded on com-
mercial gelatin-based foams (Gelfoam®) and implanted onto rats at scarred area
(Li et al. 1999). Seven days after implantation, it was found that the cells on the
implanted graft were beating, and the density of cardiomyocytes in the area was
higher than initial seeding density (Li et al. 1999). In another study, artificial
myocardial tissue was created by seeding cardiomyocytes on collagen scaffold.
The cells started beating by 36 h of culture and maintained contractility for
12 weeks in vitro (Kofidis et al. 2002). Similarly, Zimmermann et al. created
an engineered heart tissue using collagen type I seeded with neonatal rat car-
diomyocytes. Their findings demonstrated that the engineered tissue exhibited
synchronous contractility (Zimmermann et al. 2002b). Self-assembling pep-
tides integrated with heparin-binding domain sequences have also been shown
to be suitable candidates to generate nanofibrous scaffolds under physiological
conditions and induce enhanced cardiac functions along with sustained delivery
of angiogenic growth factors (Guo et al. 2012).

In a recent work, Patra et al. used silk protein fibroin obtained from Antheraea
mylitta as a potentially suitable biomaterial to develop cardiac patches. Their find-
ings demonstrated enhanced cardiomyocytes attachment, spreading, and synchro-
nous contraction on the silk fibroin similar to fibronectin-coated substrates (Patra
et al. 2012). In a similar study, Yang et al. fabricated hybrid cardiac patches using
chitosan or hyaluronic acid microparticles, incorporated with silk fibroin, to study
the cardiomyogenic differentiation of rat mesenchymal stem cell (MSCs) (Yang et al.
2009). Higher expressions of cardiac-specific genes (Gata4, Nkx2.5) and proteins
(cardiotin, connexin 43) were observed within the hybrid patches as compared to
the scaffolds made of only silk fibroin (Yang et al. 2009). Although natural bio-
materials have numerous advantages, they suffer from poor mechanical properties
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(Kofidis et al. 2007; Chen et al. 2008). Furthermore, their degradation rate may not
be optimal to develop engineered cardiac tissue substitutes to allow for sufficient
ECM deposition (Chen et al. 2008). Therefore, researchers have tried to overcome
these limitations by developing synthetic biomaterials.

Biodegradable synthetic polymers have had extensive use in medical field for
numerous applications including the development of patches and scaffolds for cel-
lular transplantation and myocardial repair (Chen et al. 2008). In particular, vari-
ous synthetic polymers such as poly(ethylene glycol) (Jongpaiboonkit et al. 2008;
Kraehenbuehl et al. 2008), polyglycolic acid (PGA) (Solan et al. 2003), poly(lactic-
co-glycolic acid) (PLGA) (Ayaz et al. 2014), poly-glycolide-co-caprolactone
(PGCL) (Piao et al. 2007), poly(L-lactic acid) (PLLA) (Zong et al. 2005; Caspi
et al. 2007), and its copolymers with PLGA (Zong et al. 2005; Caspi et al. 2007),
poly(glycerol-sebacate) (PGS) (Engelmayr et al. 2008; Radisic et al. 2008b), poly-
N-isopropylacrylamide (PNIPAAm), and their copolymers (Naito et al. 2004;
Miyagawa et al. 2005; Wang et al. 2010a), polyurethane (Rockwood et al. 2008),
and polycaprolactone (PCL) (Shin et al. 2004; Soler-Botija et al. 2014) have been
widely utilized in cardiac regeneration. For instance, in a study by Piao et al., PGCL
scaffolds were seeded with bone marrow—derived mononuclear cells (BMMNC)
for the treatment of myocardial infarction in animal model (Piao et al. 2007). The
developed scaffolds were found to be biocompatible while promoting vascular for-
mation as well as the migration of BMMNC:s into the epicardial region (Piao et al.
2007). Another study by Fujimoto et al. utilized NIPAAm-based polymer as a
temperature-responsive biomaterial for cardiac repair (Fujimoto et al. 2009). This
polymer was used in conjunction with hydroxyl methacrylate-poly(trimethylene
carbonate) and acrylic acid to be injected into the myocardial infarcted areas in
a rat model. The injected hydrogel resulted in a thicker left ventricular wall and
enhanced capillary density and contractility compared to the control condition
(injection of phosphate buffered saline [PBS]) (Fujimoto et al. 2009). Similarly
in another study, PNIPAAm-based dishes were used to generate monolayers of
adipose tissue-derived mesenchymal stem cells. The engineered cell sheets were
subsequently transplanted on the infarcted region of the rat heart for efficient car-
diac regeneration (Miyahara et al. 2006).

With the advancements in cardiac tissue engineering, there has been an
increasing demand toward the development of innovative biomaterials, which
can respond to the microenvironmental cues and provide sufficient signaling
to the surrounding cells for rapid regeneration of the injured tissue (Sakiyama-
Elbert and Hubbell 2001). Particularly, composite biomaterials have been pro-
posed to address these needs (Ozawa et al. 2004; Kharaziha et al. 2013, 2014,
McGann et al. 2013; Qazi et al. 2014). For instance, the blends of natural and
synthetic polymers such as copolymers made of gelatin with PCL, PLA, and
PGS are among the examples of composite biomaterials that have been widely
used for cardiac regeneration (Ozawa et al. 2004; Ifkovits et al. 2009; Kharaziha
etal. 2013). Hybrid biomaterials incorporated with nanoparticles, such as carbon
nanotubes (CNTs) (Shin et al. 2013; Kharaziha et al. 2014), gold nanoparticles
(GNPs) (Dvir et al. 2011a), and graphene oxide (GO) (Shin et al. 2014), also belong
to the emerging class of innovative biomaterials for cardiac tissue engineering.
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For instance, Shin et al. embedded CNTs within photocrosslinkable gelatin meth-
acrylate (GelMA) hydrogel to develop functional cardiac patches. Incorporation
of CNTs significantly enhanced the electrical conductivity and mechanical
robustness of the hybrid hydrogel and ultimately improved electrophysiological
functionalities of cardiomyocytes. In a similar study, an electrically conductive
cardiac patch was developed via integration of gold nanowires within alginate
hydrogel. The developed constructs significantly enhanced protein expression,
alignment, and synchronous contraction of cardiac cells (Dvir et al. 2011a).
Oxygen-releasing materials are also considered to be suitable candidates that
provide the cardiac cells with sufficient oxygen to maintain their viability and
functionality (Oh et al. 2009).

In the following section, we will focus our attention toward the integration of
microengineering technology and biomaterials, as a potentially powerful approach,
to develop 2D and 3D micropatterned cardiac tissue constructs.

8.4 MICROPATTERNING TECHNIQUES IN
CARDIAC TISSUE ENGINEERING

8.4.1 MICROFABRICATED 2D IN ViTRO MODELS

To date, numerous studies have utilized 2D in vitro cardiac tissue models for vari-
ous applications ranging from fundamental biological studies (e.g., cell-substrate
interactions) to regenerative medicine, disease modeling, and drug screening
(Bursac et al. 2002; McDevitt et al. 2002, 2003; Khademhosseini et al. 2007,
Cimetta et al. 2009; Alford et al. 2010; Bray et al. 2010; Thery 2010; Natarajan
et al. 2011; Feinberg et al. 2012, 2013; Grosberg et al. 2012; Kuo et al. 2012;
Serena et al. 2012; Shim et al. 2012; Agarwal et al. 2013a; Yasukawa et al. 2013;
Salick et al. 2014). The 2D models are mainly engineered through micropattern-
ing of ECM proteins using soft lithography techniques such as microcontact print-
ing and microfluidic patterning (Zhang et al. 2011; Folch 2012). Microcontact
printing is a well-respected technique where the proteins of interest can be eas-
ily transferred from a microfabricated rubber stamp to the desired areas of the
substrate, which comes in contact with the stamp (Xia and Whitesides 1998;
Whitesides et al. 2001). Stamps with various geometrical features are usually
fabricated in PDMS using soft lithography techniques. The transfer of the desired
proteins on the substrate is mainly governed due to differences in the hydrophilic-
ity of the surfaces (Xia and Whitesides 1998; Whitesides et al. 2001). In a recent
study by Salick et al., PDMS stamps with different aspect ratios (width/length
ratio) were used to pattern fibronectin and matrigel on glass slides (Salick et al.
2014). Human embryonic stem cell-differentiated cardiomyocytes (hESC-CMs)
were seeded on the patterned features, and the effect of constructs’ aspect ratio
on sarcomere alignment was investigated. Based on the findings of this study,
the width of the constructs had a pronounced effect on sarcomere alignment as
compared to the aspect ratio (Salick et al. 2014). Furthermore, it was shown that
that constructs with a width in the range of 30—80 pm notably enhanced sarco-
mere alignment (Figure 8.1A) (Salick et al. 2014). Similarly, this technique was
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FIGURE 8.1 Application of 2D micropatterning techniques in cardiac tissue engineering:
(A) micropatterned matrigel-fibronectin features with different aspect ratios seeded with
hESC-CMs; (a) phase contrast images of the patterned cardiac cells, (b) confocal images
demonstrating sarcomere organization (green stain) and nuclei (blue) orientation across dif-
ferent widths. (Adapted from Biomaterials, 35(15), Salick, M.R., Napiwocki, B.N., Sha, J.,
Knight, G.T., Chindhy, S.A., Kamp, T.J., Ashton, R.S., and Crone, W.C., Micropattern width
dependent sarcomere development in human ESC-derived cardiomyocytes, 4454-4464,
Copyright 2014, with permission from Elsevier.) (B) Microcontact printed lanes of laminin
demonstrating the actin cytoskeleton (red) and nuclei (blue) organization of aligned car-
diomyocytes across patterns with variable width. Inset images show laminin-printed lanes.
(McDevitt, T.C., Angello, J.C., Whitney, M.L., Reinecke, H., Hauschka, S.D., Murry,
C.E., and Stayton, P.S.: In vitro generation of differentiated cardiac myofibers on micropat-
terned laminin surfaces. Journal of Biomedical Materials Research. 2002. 60(3). 472—479.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Adapted with permission.)

successfully employed by McDevitt et al., where laminin was micropatterned on
nonadhesive polystyrene surfaces to study the effect of geometrical constraint
of laminin lanes (width) on synchronous beating of neonatal cardiomyocytes
(McDevitt et al. 2002). According to this study, narrower laminin lanes with
15-20 pm width, resulted in aligned and bipolar cell—cell junctions similar to
native myocardium (Figure 8.1B) (McDevitt et al. 2002). Although microcontact
printing on 2D surfaces has been widely accepted as an efficient technique for
the patterning of cardiac cells (Bursac et al. 2002; Cimetta et al. 2009; Bray et al.
2010; Thery 2010; Feinberg et al. 2012; Grosberg et al. 2012; Kuo et al. 2012;
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Yasukawa et al. 2013; Salick et al. 2014), there are several disadvantages associ-
ated with this approach. Some limitations include denaturation of patterned pro-
teins, necessity of using multiple stamps to pattern several proteins onto the same
substrate, stamp deformation etc. (Perl et al. 2009; Zhang et al. 2011; Folch 2012).
Another popular technique for 2D micropatterning is microfluidic patterning that
addresses some of the limitations of microcontact printing (Folch 2012; Wang
et al. 2014). The advantages of microfluidic patterning are delivery of proteins
on the selective areas of the substrate in their natural form and thus preserving
them from denaturation (Folch 2012). This technique utilizes the microchannels
formed when a fabricated PDMS stamp comes into contact with the substrate.
The proteins to be patterned are then delivered, with a fluidic carrier, to the areas
of substrate that do not come into contact with the PDMS stamp (Folch 2012).
Khademhosseini et al. successfully employed microfluidic patterning technique
to pattern hyaluronic acid onto glass substrates and generate contractile cardiac
constructs (Khademhosseini et al. 2007). They showed successful alignment of
neonatal rat cardiomyocytes along with the patterns layout. Interestingly, the pat-
terned cells were detached from the substrate and formed contractile organoids
after 3 days of culture (Khademhosseini et al. 2007). The use of electrical field in
microfluidic systems has been also suggested to develop highly organized cellular
constructs mimicking the anisotropy of the native cardiac tissue (Yang and Zhang
2007). For instance, in a study by Yang et al., dielectrophoresis in a microfluidic
device was used to induce cellular alignment along the direction of electrical
field. The results of this study demonstrated successful cellular orientation in
between the electrodes (Yang and Zhang 2007). Similar to microcontact printing,
microfluidic patterning also suffers from many limitations such as buckling of
the PDMS stamp and leakage of ECM proteins from microfluidic channels (Folch
2012).

Overall, microcontact printing and microfluidic patterning techniques have both
shown great potential as simple and efficient approaches to form highly organized
cardiac constructs to study fundamental biological questions regarding cardiac cells
and ECM interactions (Bursac et al. 2002; Cimetta et al. 2009; Bray et al. 2010;
Thery 2010; Feinberg et al. 2012; Grosberg et al. 2012; Kuo et al. 2012; Yasukawa
et al. 2013; Salick et al. 2014). However, many of the geometrical cues, which modu-
late native-like cellular functionalities, are missing on 2D patterned surfaces. For
instance, the lack of third dimension in these approaches significantly influences
cellular phenotype and function (Thery 2010). Therefore, in the past few years, there
has been tremendous efforts to engineer physiologically relevant cardiac tissue mod-
els using 3D topographical surfaces or micropatterned hydrogels. These approaches
are summarized in the following section.

8.4.2 MIicrOFABRICATED 3D Tissue CONSTRUCTS

3D tissue constructs, fabricated using polymeric biomaterials, provide a more realistic
microenvironment compared to 2D models for various tissue engineering applica-
tions (Khademhosseini et al. 2006; Thery 2010; Zorlutuna et al. 2012; Camci-Unal
et al. 2014). To date, 3D microfabricated models such as surface topographies,
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micropatterned hydrogel constructs, and microengineered polymeric biomaterials
have been utilized to impart necessary biophysical cues to control cardiac cells phe-
notype, cytoskeletal organization, and contractility (Deutsch et al. 2000; Bursac et al.
2002; Entcheva and Bien 2003; Motlagh et al. 2003; Yin et al. 2004; Au et al. 2007,
Arai et al. 2008; Engelmayr et al. 2008; Kajzar et al. 2008; Guillemette et al. 2010;
Luna et al. 2011; Patel et al. 2011; Zhang et al. 2012; Annabi et al. 2013; Kolewe et al.
2013; Rao et al. 2013; Wang et al. 2013; Yu et al. 2013; Bian et al. 2014a,b; Chen et al.
2014; Rodriguez et al. 2014). Different topographical features can be fashioned in
polymeric or rigid biomaterials (e.g., silicon) using photolithography and micromold-
ing techniques (Bettinger et al. 2009; Folch 2012; Nikkhah et al. 2012a). Patterned
substrates can be etched to generate 3D surface topographies with the desired geo-
metrical features to proceed with biological studies (Bettinger et al. 2009; Nikkhah
et al. 2012a). On the other hand, patterned or etched substrates can be used as master
molds to replicate the features in polymeric biomaterials (e.g., PDMS) using micro-
molding techniques (Xia and Whitesides 1998). For instance, in an early study by
Desai group, microtextured surfaces in silicone including, two distinct designs of
microposts (micropegged features) and microgrooves coated with laminin, were fab-
ricated for cardiac tissue engineering (Deutsch et al. 2000). The goal of this study was
to develop a physiologically relevant cell culture substrate that can enhance cardiac
cell attachment and alignment. Cardiac cells oriented, bridged the gaps, and attached
to the end points of the pegged features. Alternatively, the cells on microgrooved
features aligned along the direction of the grooves. Overall, cellular attachment was
higher on the micropegs as compared to flats surfaces (control) (Deutsch et al. 2000).
In another study by Luna et al., a nonphotolithographic technique was used to gener-
ate parallel wrinkles in the range of nano- and microscale on a PDMS substrate to
study cardiac cell organization and protein marker expression (Luna et al. 2011). In
this approach, a layer of metal (gold palladium) was first deposited on a pre-stressed
polystyrene sheet to generate wrinkles. Thereafter, the wrinkled substrates were used
as molds to cast PDMS. Seeding of neonatal mouse cardiomyocytes and hESC-CMs
resulted in the formation of highly organized cellular constructs on the wrinkled sur-
faces. Further analysis confirmed the orientation of N-cadherin as well as connexin
43 along the major axis of the wrinkles (Luna et al. 2011). Rodriguez et al. fabricated
an array of patterned microposts to quantify passive tension, twitch force and the
frequency of spontaneous beating of human induced pluripotent stem cells derived
cardiomyocytes (hiPSC-CMs) (Rodriguez et al. 2014). The elastomeric microposts
were fabricated in PDMS using soft lithography technique. The microposts were then
stamped with different ECM proteins such as collagen type IV, fibronectin, and lam-
inin to enhance cellular attachment. The findings of this study demonstrated that
microposts coated with laminin resulted in enhanced cellular attachment with higher
spreading as compared to collagen and fibronectin-coated substrates. This platform
was reported to be versatile to measure the contractility of the cardiac cells in healthy,
diseased, differentiated, and undifferentiated states. However, a major limitation of
this study was the lack of cellular alignment on the micropost array (Rodriguez et al.
2014). In a similar context, Rao et al. studied the effects of fibronectin coated PDMS
microgrooves on calcium cycling of hiPSC-CMs. Comparing to flat substrates (con-
trol condition), the cells exhibited enhanced alignment and sarcomere organization
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FIGURE 8.2 Tllustrative examples for 3D scaffolds for cardiac tissue engineering. (A)
Microgrooved PDMS structures seeded with hiPSC-CM; (a) immunostained hiPSC-CM on
(a) flat and (b) structured PDMS substrates demonstrating the expression of cardiac specific
and nuclei markers, (c—e) representative traces of Ca?* release from sarcoplasmic reticulum in
response to caffeine for (c) adult rat heart, cells seeded on (d) unstructured, and (e) structured
PDMS substrates. (Adapted from Biomaterials, 34(10), Rao, C., Prodromakis, T., Kolker, L.,
Chaudhry, U.A.R., Trantidou, T., Sridhar, A., Weekes, C. et al., The effect of microgrooved cul-
ture substrates on calcium cycling of cardiac myocytes derived from human induced pluripotent
stem cells, 2399-2411, Copyright 2013, with permission from Elsevier.) (B) Honeycomb struc-
ture fabricated in PGS; (a) representative images showing the honeycomb structure of collagen
fibers in native cardiac tissue, (b) microfabricated accordion-like honeycomb structure, and (c)
confocal images demonstrating actin cytoskeleton (green) organization and cellular alignment.
(Adapted with permission from Macmillan Publishers Ltd. Nature Materials, Engelmayr, G.C.,
Jr., Cheng, M., Bettinger, C.J., Borenstein, J.T., Langer, R., and Freed, L.E., Accordion-like
honeycombs for tissue engineering of cardiac anisotropy, 7(12), 1003—1010, Copyright 2008.)

on the microgrooved features. Furthermore, improved Ca?* cycling, in response to
caffeine, was observed on structured surfaces (Figure 8.2A) (Rao et al. 2013). In
another interesting study by Engelmayr et al., accordion-like honeycomb structures
were fabricated to provide a biomimetic microenvironment for cardiac tissue engi-
neering (Engelmayr et al. 2008). The rationale behind the development of such struc-
tures was the honeycomb architecture of collagen fibers surrounding cardiomyocytes
within the native myocardial tissue. These structures were fabricated using microab-
lation technique through orienting two square-shaped pores at 45° on a PGS scaffold.
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The microfabricated 3D scaffolds exhibited excellent anisotropic mechanical proper-
ties matching the native cardiac tissue. Seeding neonatal rat cardiomyocytes on the
developed scaffolds, resulted in enhanced cellular orientation and directional contrac-
tile properties (Figure 8.2B) (Engelmayr et al. 2008).

Hydrogels are favorable biomaterials with attractive properties for cardiac tissue
engineering applications (Dvir et al. 2011a; Zorlutuna et al. 2012; Shin et al. 2013;
Camci-Unal et al. 2014). Hydrogels exhibit high water content, tunable mechanical
properties (e.g., stiffness), and structural architecture (e.g., porosity) while provid-
ing a 3D native microenvironment to support cellular growth and assembly (Peppas
et al. 2006). To date, several studies have used micropatterned hydrogel constructs
to provide biomimetic topographical anisotropy for cardiac tissue engineering (Karp
et al. 2006; Iyer et al. 2009; Aubin et al. 2010; Al-Haque et al. 2012; Chiu et al. 2012;
Agarwal et al. 2013a; Annabi et al. 2013; Zhang et al. 2013). For instance, in a recent
study by Annabi et al., methacrylated tropoelastin (MeTro) hydrogel, with suitable
resilience, was used to develop micropatterned cardiac patches (Annabi et al. 2013).
Patterns of 20 x 20 pm (width x spacing) and 50 x 50 pm channels were formed,
using replica molding technique, and subsequently, photocrosslinked through UV
exposure. Unpatterned MeTro and micropatterned GeIMA hydrogel were used as
controls. The findings of this study demonstrated that neonatal rat cardiomyocytes
exhibited higher cellular attachment, elongation as well as cardiac marker expression
(troponin I, connexin 43, sarcomeric o actinin) on micropatterned MeTro features
as compared to control conditions. Furthermore, micropatterned MeTro substrates
significantly promoted the spontaneous contractility of the cardiac cells for a long
period of culture time (2 weeks) (Figure 8.3A) (Annabi et al. 2013). In another study,
Zhang et al. studied functional and structural maturation of hESC-CMs on micropa-
tterned fibrinogen and matrigel hydrogels (Zhang et al. 2013). The differentiated
cardiac cells were encapsulated in the hydrogel solution and poured over the PDMS
micromold, to polymerize at 37°C. Within 2 weeks of culture, cardiac cells reorga-
nized, with aligned actin fibers, along the patterned layouts. In addition, the cells
expressed high levels of sarcomeric « actinin, N-cadherin, troponin-T, and connexin
43 along with enhanced conduction velocity (action potential propagation) within
the 3D micropatterned hydrogel patches as compared to 2D monolayer substrates
(Figure 8.3B) (Zhang et al. 2013).

Electrospun and filamentous scaffolds have also been widely used in cardiac tis-
sue engineering (Soliman et al. 2010; Orlova et al. 2011; Hsiao et al. 2013; Kharaziha
et al. 2013; Venugopal et al. 2013; Ayaz et al. 2014; Kharaziha et al. 2014; Lin et al.
2014; Ma et al. 2014). However, the discussion of these studies is out of the scope of
this book chapter.

8.4.3 ErrecT OF ELECTRICAL AND MECHANICAL STIMULATION
ON MICROFABRICATED CARDIAC TISSUES

In addition to structural and topographical cues, electrical and mechanical stimulation
enhance the maturity and functionality of engineered cardiac tissues (Zimmermann
et al. 2006; Hsiao et al. 2013; Hirt et al. 2014; Miklas et al. 2014). Cells grown on
scaffolds have to be stimulated via either electrical signals (Radisic et al. 2004) or
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FIGURE 8.3 Representative examples of 3D micropatterned hydrogels for cardiac tissue
engineering. (A) micropatterned MeTro hydrogels: (a) phase contrast images showing the pat-
terned layouts with variable dimensions and (b) confocal images of cardiac-specific markers
on patterned and unpatterned substrate. (Annabi, N., Tsang, K., Mithieux, S.M., Nikkhah,
M., Ameri, A., Khademhosseini, A., and Weiss, A.S.: Highly elastic micropatterned hydro-
gel for engineering functional cardiac tissue. Advanced Functional Materials. 2013. 23(39).
4950-4959. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Adapted with permission.)
(B) Fibrin-based cardiac tissue patch; (a) representative image of the patch, (b) elliptical
pores within the patch, and (c) densely aligned cells with highly organized actin cytoskeleton
fibers embedded within the patch. (Adapted from Biomaterials, 34(23), Zhang, D., Shadrin,
LY., Lam, J., Xian, H.-Q., Snodgrass, H.R., and Bursac, N., Tissue-engineered cardiac patch
for advanced functional maturation of human ESC-derived cardiomyocytes, 5813-5820,
Copyright 2013, with permission from Elsevier.)

mechanical stimulation (Zimmermann et al. 2002b) to achieve optimal conditions
similar to those in the native heart. Particularly, electrical stimulation results in the
alignment of cardiac fibers, promotes cellular differentiation, and enhances contrac-
tile properties of the tissue (Radisic et al. 2004, Zimmermann et al. 2004; Radisic
et al. 2007, 2008a; Kreutziger and Murry 2011; Annabi et al. 2013; Park et al. 2014).
In this regard, numerous studies have incorporated the effects of electrical stimula-
tion on micropatterned scaffolds (Tandon et al. 2009; Alford et al. 2010; Boudou et al.
2012; Chiu et al. 2012; Annabi et al. 2013; Thavandiran et al. 2013; Park et al. 2014).
For instance, Park et al. utilized microfabricated PGS scaffold to study the individual
and combined effects of insulin like growth factor (IGF-1) and electrical stimulation
on maturation of engineered cardiac tissues (Park et al. 2014). PGS scaffolds, with
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excellent mechanical and biodegradability properties, were fabricated with rectan-
gular shape pores using photolithography and micromolding techniques. Neonatal
cardiac cells were then seeded on the scaffolds under four different conditions includ-
ing IGF-1 only, electrical stimulation only, with IGF-1 and electrical stimulation, and
without electrical stimulation and IGF-1. Monophasic electrical stimulations, with
5 V/em amplitude and 1 Hz frequency for duration of 2 ms were used to induce con-
tractility within the engineered tissue constructs. Electrical stimulation enhanced
the orientation of tissue like bundles, parallel to the electrical field, and significantly
improved the expression of matrix metalloprotease-2 (MMP-2). The presence of
IGF-1 reduced the excitation threshold, while the integration of IGF-1 and electrical
stimulation further promoted the expression of cardiac gap junction markers (con-
nexin 43) and sarcomere organization (Park et al. 2014). In another study, Chiu et al.
studied the combined effects of topographical cues and electrical stimulation on
the engineered cardiac tissues fabricated in collagen-chitosan hydrogels (Chiu et al.
2012). The topographical features were composed of microgrooves with the width in
the range of 10 um, 20 um, and 100 pm. A custom-made bioreactor system was used
to induce 2.5 V/cm biphasic electrical pulses with 1 Hz frequency on the engineered
tissue constructs seeded with neonatal rat cardiomyocytes. Cardiac cells reorganized
along the major axis of the microgrooved features upon 6 days of culture, while cel-
lular alignment significantly reduced the electrical stimulation threshold. Specifically,
10 pm width microgrooves resulted in the formation of complete contractile tissues
comprised of mature gap junctions while the presence of electrical stimulation pro-
moted cellular density (Chiu et al. 2012). Au et al. also investigated the combinatorial
effects of electrical field stimulation and surface topography on cardiomyocyte orga-
nization on polyvinyl substrates consisting of V-shaped grooves of 13 pm width and
700 nm high. Their findings demonstrated the topographical cues and electrical field
stimulation resulted in enhanced cellular elongation and alignment along the direc-
tion of microgrooves (Au et al. 2007).

Similar to electrical stimulation, a number of other studies have utilized mechani-
cal stimulation to enhance the maturity and functionalities of engineered cardiac tis-
sues (Zimmermann et al. 2002b; Shachar et al. 2012; Zhang et al. 2012; Miklas et al.
2014). Zimmermann and Eschenhagen performed numerous studies on this subject
using cardiac tissues fabricated in collagen and matrigel (Eschenhagen et al. 1997,
Fink et al. 2000; Zimmermann et al. 2002a,b, 2006). Their findings demonstrated
that mechanical stimulation could lead to enhanced cardiomyocyte organization with
increased mitochondrial density and improved length of myofilaments. They further
concluded that under the effect of mechanical stimulation, highly differentiated car-
diac muscle syncytium will be developed with contractile and electrophysiological
characteristics similar to the native myocardium (Fink et al. 2000; Zimmermann
et al. 2002b, 2006). In another study by Miklas et al., a custom-made bioreactor
setup was used to simultaneously induce electrical and mechanical stimulations on
patterned cardiac tissues (Miklas et al. 2014). The bioreactor design consisted of
eight individual microwells fabricated in PDMS. Each microwell had two end posts
acting as fixation points to the tissue along with two electrodes for electrical stimu-
lation. Mechanical stimulation (5% cyclic stretch) was induced using a pneumati-
cally actuated stretching setup while electrical stimulation was generated through
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paired carbon electrodes within each chamber. Neonatal rat cardiomyocytes were
encapsulated in collagen type I hydrogel and then injected within each microwell
for subsequent experimental analysis. Following cell culture for 3 days, electrical
and mechanical stimulation in individual and combinatorial settings were applied to
the micro-tissues for duration of 3 days. Cyclic mechanical stretch in combination
with electrical stimulation significantly enhanced sarcomere and troponin-T expres-
sion throughout the tissues as compared to individualized stimulation conditions.
Furthermore, the contractility of the microtissues was promoted in the presence of
coupled electrical and mechanical stimulations (Miklas et al. 2014).

8.5 CONCLUSION AND PERSPECTIVES

Cardiac tissue engineering is a growing field due to its significant promises for the
regeneration and repair of injured heart. This field has recently gained a unique focus
for specific applications in organ-on-chip and disease modeling aspects. Despite
significant progresses from both biological and engineering standpoints, there are
still numerous difficulties in creating engineered tissue substitutes that can be safely
transplanted in patients. A major challenge is the access to the optimal cell sources
to successfully perform the required in vitro studies prior to clinical assessments. In
this regard, a large number of previously reported studies have relied on the use of
animal derived cells. Although the use of stem cells such as human iPSCs (Nelson
et al. 2009; Yamada et al. 2013) has gained significant attention for cardiac regen-
eration, the homogeneous differentiation of these cells toward ventricular-specific
cardiac lineage is still a major challenge. Furthermore, there is an unmet need for
the development of a new generation of biomaterials with optimal degradability,
electrical conductivity, robust elasticity, and angiogenic properties. Lastly, the design
of improved bioreactor systems are crucially required to induce tunable regimes of
electrical and mechanical stimulations to the engineered cardiac tissues in presence
of a perfusion system.

ABBREVIATIONS

3D Three-dimensional

2D Two-dimensional

BMMNC Bone marrow—derived mononuclear cells
CMs Cardiomyocytes

CNT Carbon nanotube

ECM Extracellular matrix

GelMA Gelatin methacrylate
GNPs Gold nanoparticles

GO Graphene oxide

HA Hyaluronic acid

hESC Human embryonic stem cell
IGF Insulin like growth factor
iPSCs Induced pluripotent stem cells

MeTro Methacrylated tropoelastin
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MMP-2 Matrix metalloprotease-2

MSC Mesenchymal stem cell

PANI Polyaniline

PCL Polycaprolactone

PDMS Polydimethylsiloxane

PEG Polyethylene glycol

PGCL Poly-glycolide-co-caprolactone
PGS Poly(glycerol-sebacate)

PLA Poly(lactic acid)

PLGA Poly(lactic-co-glycolic acid)
PLLA Poly(L-lactide acid)

PLN Phospholamban

PNIPAAm Poly-N-isopropylacrylamide
RLP Resilin-like polypeptide
uv Ultraviolet
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9.1 INTRODUCTION

9.1.1 WHAT ARE POLYSACCHARIDES?

Polysaccharides are long carbohydrate molecules that contain repeated monosaccha-
ride units joined together by means of glycosidic bonds.! Polysaccharides are pres-
ent in a variety of living beings such as in algae as alginate, in plants as pectin and
cellulose, in microbes as dextran and xanthan gum, and in animals as chitosan and
heparin.? They may be classified according to their charge: cationic (e.g., chitosan),
anionic (e.g., hyaluronic acid, heparin, and alginate), and nonionic (e.g., dextran)."?

Polysaccharides may be classified by their function*> and their composition.®’ For
instance, structural polysaccharides (e.g., cellulose and chitin) provide protection,
support, and shape to cells, tissues, organs, and organisms; storage polysaccharides
(e.g., starch and dextran) serve as a means to store carbohydrates*3; and hydrophilic
polysaccharides (e.g., hyaluronan) prevent cell dehydration.® They can be classified
according to their composition as homopolysaccharides—composed of a monosaccha-
ride unit (e.g., cellulose, starch, and glycogen)—and heteropolysaccharides composed
of two or more monosaccharide units.®’ An important class of heteropolysaccharides
are glycosaminoglycans that are molecules of high molecular weight formed from two
or more different types of monosaccharide units, linked by O-glycosidic bond such as
hyaluronic acid, heparin, and chondroitin sulfate.” Glycosaminoglycans (GAGs) are a
crucial component of native extracellular matrix (ECM).

9.1.2 WHAT Is THE RoLE OF POLYSACCHARIDES IN THE ECM?

The ECM provides structural support to cells, serves as a reservoir of signaling mol-
ecules, and provides biochemical, mechanical, and physical cues that dictate cellular
behavior (Figure 9.1).!1%!" One of the major components of native ECM is glycosami-
noglycans. GAGs carry out a variety of biological functions in the ECM, for example,
hyaluronan interacts with diverse proteins or proteoglycans to organize the ECM and
to maintain tissue homeostasis.® Its physical and mechanical properties help maintain
tissue hydration and lubrication, and contribute to solute diffusion through the extracel-
lular space.® Binding of hyaluronan (HA) with cell surface receptors activates various
signaling pathways, which regulate cell function, tissue development, inflammation,
wound healing, tumor progression, and metastasis.® Polysaccharides enable cellular
interactions including cell fate, cell motility, and cell apoptosis.'> They form noncova-
lent bioadhesion or react with functional molecules.? Heparin, a highly sulfated GAG,
serves as a reservoir for multiple growth factors—such as the transforming growth fac-
tor Bl (TGFp1) superfamily—protecting them from degradation and enhancing their
biological activity.!* Thus, polysaccharides are ideal candidates for the design of bioma-
terials to be used in regenerative medicine and tissue engineering.

9.1.3 WHyY ARE THEY USEFUL AS BIOMATERIALS?

Polysaccharides are biocompatible, biodegradable, abundant in nature, and chemi-
cally modifiable, and they are involved in living systems processes."!* They have
the ability to mimic the ECM while offering temporary mechanical support.'?
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FIGURE 9.1 The surrounding extracellular matrix (ECM) is a complex environment that
provides crucial signals, which control cellular behavior. The polysaccharides known as gly-
cosaminoglycans (GAGs) are a main component of the ECM. GAGs provide structural support
to cells, act as reservoir for growth factors, are involved in hydration, and more. (Reprinted by
permission from Macmillan Publishers Ltd. Nature Biotechnology, Lutolf, M. P. and Hubbell,
J. A., Synthetic biomaterials as instructive extracellular microenvironments for morphogen-
esis in tissue engineering, 23, 47-55, copyright 2005.)

Polysaccharide-based scaffolds have shown to be structures that support cellular
attachment and growth while facilitating their organization and possibly differen-
tiation toward a highly ordered biomimetic construct.'>'7 Also, they present bio-
logical properties that enhance tissue repair. For instance, dextran demonstrated
to promote the neovascularization of third-degree burn wounds'® and chitosan
allowed neovasculature formation in damaged heart tissue by increasing vessel
density and improving cellular microenvironment, thus preserving cardiac func-
tion.!” Most natural polysaccharides have groups such as hydroxyl, carboxyl, and
amino groups, which allow their chemical modifications in a simple manner.!?
In regenerative medicine and tissue engineering, a wide variety of polysaccha-
rides have been used in the design of biomaterials including chitosan (CHI),?
alginate (ALG),?" hyaluronan (HA),?? pullulan,?® dextran (DEX),?* and agarose.?
Polysaccharide-based biomaterials have been designed using different methods
and with different geometries such as thin films, nanofibers, and hydrogels.? This
chapter will explore recent work on a number of polysaccharide-based biomateri-
als and their interactions with cells from different tissues.
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9.2 POLYSACCHARIDE-BASED COATINGS

Polysaccharides are ideal biomacromolecules to generate surface coatings, par-
ticularly coatings based on the layer-by-layer (LbL) assembly. The LbL method,
first established by Decher,?¢ involves the sequential adsorption of molecules with
complementary interactions (ionic, hydrogen bonding, hydrophobic/hydrophilic,
etc.) onto a substrate. A number of polysaccharide-based LbL films have been
designed—due to the polyelectrolyte nature of many polysaccharides—as matrix
mimetic materials to investigate cell/material interactions.®?”?® The versatility of
engineering polysaccharide-based coatings via the LbL method is that they can be
applied to any charged substrate regardless of geometry, they are capable of act-
ing as reservoirs for drugs or biomacromolecules, their mechanical and physical
properties (e.g., stiffness, porosity) are easily tuned, and mild aqueous solutions
are used during assembly. Polysaccharide-based polyelectolyte multilayered films
constructed using the LbL. method are often engineered using chitosan or chitin as
the polycation and/or glycosaminoglycans such as HA, alginate, modified dextran,
and cellulose as the polyanions. This section highlights recent achievements on
polysaccharide-based LbL films used to investigate various cellular processes such
as adhesion and differentiation.

9.2.1 CeLLULAR ADHESION ON LbL FiLms

LbL films constructed using polysaccharides have demonstrated poor cellular adhe-
sion to various mammalian cell types.?*-3* In order to improve cellular adhesion, vari-
ous approaches have been proposed. Several investigators include a final layer of ECM
proteins to improve adhesion.?3!3 Groth and colleagues observed an enhancement
in osteoblast cell adhesion when CHI/HEP (chitosan/heparin) or PEI/HEP (polyethyl-
eneimine/heparin) LbL films were terminated with a layer of serum or fibronectin.?*3!
Fibronectin also was used to enhance the adhesion of endothelial cells on films com-
posed of PLL (poly-L-lysine) and sulfated dextran.** Kipper and colleagues have also
investigated CHI/HEP films on a number of substrates.’*3* They observed that the
composition of the final layer greatly affects cell adhesion, where poor adhesion was
observed on CHI-ending films as compared to HEP-ending films.** CHI/HEP films
on flat surfaces such as tissue culture polystyrene and titanium required the addition
of fibronectin to improve cell adhesion.>® However, CHI/HEP films constructed on
denaturalized bone does not require further addition of fibronectin for suitable cell
adhesion.’* This behavior highlights the influence of the underlying substrate on the
control of cellular adhesion by polysaccharide-based LbL films.

Interestingly, when polysaccharides are incorporated onto synthetic polymeric
LbL films an improvement in cell adhesion is observed. The team of Liefeith et al.
prepared polypeptide films composed of PLL/PGA (poly glutamic acid) that con-
tained a final layer of either heparin or chondroitin sulfate (CS). They noticed that
PLL/PGA films with an outer layer of CS improved cell adhesion while when the
outer layer was HEP the adhesion was drastically decreased.® The same group fur-
ther investigated the rescuing effect of cell adhesion by the polypeptides in the pres-
ence of polysaccharides. Cellular adhesion decreases with increasing polysaccharide
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content, which enables them to generate patterned substrates of a PLL/CS film that
is low cell adhesive with patterns of PGA to create cell adhesive regions.
Another approach to enhance cellular adhesion on polysaccharide-based LbL
films is their chemical modification with adhesive molecules. Alves et al. designed
LbL films of a modified hyaluronan containing dopamine—an adhesive amino acid
presented on mussel proteins.’’ The films prepared using chitosan and dopamine-
hyaluronan exhibited an dramatic enhancement on osteoblastic and fibroblastic cell
adhesion, proliferation, and viability as compared to chitosan/hyaluronan films.?’
Another commonly used adhesive molecule is the peptide sequence arginine—glycine—
aspartic acid (RGD). LbL films have been constructed using chitosan and an elastin-
like recombinamer containing RGD (ELR-RGD).*® An osteoblast cell adhesion test
revealed an enhanced adhesion on the ELR-RGD films compared to the chitosan end-
ing films and to a scrambled RDG sequence (CHI/ELR-RDG).?® In fact, these films
have also been used to investigate cellular uptake of micro-capsules (CHI/ELR-RGD
and CHI/ELR-RDG) prepared via the LbL method.* These capsules were loaded with
a fluorescently labeled ovalbumin that shifts from red to green as it is being degraded
(Figure 9.2). The internalization of these ovalbumin-containing capsules was followed
via fluorescence microscopy, and it was observed that the cells are able to internal-
ize both types of capsules, but the bioavailability of ovalbumin was higher on the

. 75\5\ i Noninternalized
-—— @] ~ — microcapsule

_2\_:>\”~ .\7 (iii) Degraded
\/
(@)

FIGURE 9.2 Scheme (a) depicts the various degradation stages that an ovalbumin under-
goes. Representative microscopy images of (CHI/ELR-RGD) and (CHI/ELR-RDG) micro-
capsules loaded with ovalbumin incubated with hMSCs after 3 h (b and d) or 72 h (c and e) of
incubation. The nucleus is stained with DAPIL. (Continued)
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FIGURE 9.2 (Continued) In (b), the arrow points to a bright green spot (seen as bright gray).
A shift from red/orange (dark gray spots on d and e) to green/yellow (as observed in ¢ as bright
gray spots) indicates a transition between fully intact ovalbumin to degraded ovalbumin. Refer
to original manuscript for color version of the images. (Reprinted from Acta Biomaterialia, 10,
Costa, R.R., Girotti, A., Santos, M., Javier Arias, F., Mano, J.F., and Carlos Rodriguez-Cabello
J.; Cellular uptake of multilayered capsules produced with natural and genetically engineered
biomimetic macromolecules, 2653-2662, Copyright 2014, with permission from Elsevier.)

CHI/ELR-RGD capsules.* Various cellular/material interactions are enhanced when
chemically modified polysaccharides are used as a component of LbL films.

Other approaches include the chemical cross-linking of the films to improve cell
adhesion. On hyaluronan containing films, Picart et al. employed the EDC (1-ethyl-
3-[3-dimethylaminopropyl]carbodiimide hydrochloride) chemistry to increase the
stiffness of the films. They observed an enhancement on myoblast cell attachment
on the stiffer films.?>4° They also employed the EDC chemistry on CHI/HA films
and observed an enhancement in myoblast adhesion, although not as pronounced
as PLL/HA films.*! They observe formation of F-actin stress fibers and vinculin
plaques only on the stiff films.#* The flexibility of adjusting film stiffness to con-
trol cellular adhesion is desirable to investigate the decoupling between mechanical
cues and biochemical cues to control cell adhesion. For example, on soft PLL/HA
films (which are naturally cytophobic) an enhancement on myoblast cell adhesion is
observed with the inclusion of the growth factor BMP-2.4

Combining LbL with microfluidics a gradient of EDC was generated yielding a
gradient in stiffness from 600 to 200 kPa.*® Cells attached on such stiffness gradi-
ent in a graded fashion, where cell number and cell area decreased with decreasing
stiffness.* Another approach for cross-linking to enhance adhesion was proposed by
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Labat et al., whereas chondroitin sulfate (CS) containing films were cross-linked using
genipin.** Cellular adhesion and proliferation was enhanced on genipin cross-linked
CS/PLL films; however, this enhancement was not dependent on genipin concentra-
tion.** Genipin cross-linking improves cellular adhesion on various polysaccharide-
based films including CHI/HA and CHI/ALG systems.* Photo-cross-linking has also
been used to modulate LbL film stiffness where a modified photoreactive hyaluronan
was used to generate photo-cross-linkable films.*¢ Cellular adhesion was enhanced on
the photo-cross-linked films as compared to non-cross-linked films.4¢

9.2.2 CEeLLULAR DIFrereNTIATION ON LbL Fitms

LbL films of controlled stiffness are able to modulate cellular differentiation.
Hyaluronan containing LbL films with various degree of cross-linking (using EDC
chemistry) was evaluated by Picart et al. with regard to myoblast differentiation.
The differentiation of skeletal muscle cells was greatly enhanced on the stiffer
(higher cross-linked) LbL films as noticed by the larger amount of well-defined
myotubes formed.? A dependence of differentiation on degree of cross-linking was
observed on osteoblasts seeded on genipin cross-linked chondroitin sulfate contain-
ing LbL films.** The early osteogenic marker ALP and calcium mineral deposition
increased with higher degree of cross-linking.**

LbL films can be deposited to substrates with controllable stiffness and micropat-
terning. Polydimethylsiloxane (PDMS) substrate of tunable stiffness were coated with
a CS/PLL LbL film to investigate osteoblast differentiation.*” Osteblast differentiation
was enhanced on the stiffer PDMS substrate with CS-ending films.*” Microgrooved
PDMS was also coated with PLL/HA films of tunable stiffness to control myoblast
differentiation and aligment.*® Suitable conditions for myoblast differentiation (i.e.,
well-aligned myotubes) were on stiff films with microgrooves of 5-10 pm.*8

Polysaccharide-based LbL films also serve as reservoir for growth factors that are
known to modulate cellular differentiation. This is due to the specific interactions
between polysaccharides and growth factors that make LbL films an efficient deliv-
ery vehicle. Several growth factors have been successfully incorporated onto poly-
saccharide-based LbL coatings including BMP-2,4 BMP-7,>° FGF-2,3%! VEGF,>?
TGF-p3,> SDF-1a,>* and aFGF.> However, more focus has been dedicated to BMPs,
as they are the only clinically approved growth factors. Hammond et al. developed a
chitosan containing tetralayer LbL system for the continuous delivery of BMP-2,36-58
The tetralayer system successfully delivers optimal doses of BMP-2 modulating
osteogenic differentiation and promoting bone tissue formation.’%-33

Picart and colleagues have extensively used polysaccharide-based LbL films to
deliver BMP-242:49:30.59-61 apnd recently BMP-7.° They observed that the amount of
incorporated and released BMP-2 can be tuned with the degree of cross-linking and
with the selection of polysaccharide (HA vs. HEP), and that osteogenic differentia-
tion was enhanced when BMP-2 is delivered from the LbL films as opposed to in
solution at optimal dosages.* Scaffolds currently used in the clinic were coated with
LbL films to deliver BMP-2. Both ceramic granules® and titanium implants® were
successfully coated with hyaluronan containing LbL films for delivery of BMP-2.
In vivo results showed that bone regeneration was superior on implants coated
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FIGURE 9.3 Differentiation of myoblasts on BMP-7 gradients. Overview image (top row)
and representative images (center row) of ALP staining confirms osteogenic differentiation,
while immunofluorescent imaging (bottom row) reveals a decrease of troponin T (myotube
marker) positive cells with increasing BMP-7 concentration. Top and center row images:
ALP (dark stain) and bottom images: ALP (black), troponin T (bright white), and actin
(gray). (Reprinted from Biomaterials, 35, Almodévar, J., Guillot, R., Monge, C., Vollaire, J.,
Selimovi¢, S., Coll, J.-L., Khademhosseini, A., and Picart, C., Spatial patterning of BMP-2
and BMP-7 on biopolymeric films and the guidance of muscle cell fate, 3975-3985, Copyright
2014, with permission from Elsevier.)

with the LbL film containing BMP-2 as compared to BMP-2 delivery in solution.>¢!
Microfluidics was combined with polysaccharide-based LbL films to spatially
arrange BMP-2 and BMP-7 on an ECM mimetic surface generating matrix-bound
growth factor gradients.’® Differentiation of myoblasts seeded on these BMP gra-
dients was modulated, whereas on high BMP concentrations high ALP activity—
indicating osteogenic differentiation—is observed, decreasing with decreasing BMP
concentration (Figure 9.3). However, at a certain BMP concentration expression of
myogenic markers is noticed, and it increases with decreasing BMP concentration to
the point were fully developed myotubes are observed.>°

9.2.3 LbL Fitms oF OTHER POLYSACCHARIDES

Polysaccharide-based LbL films are typically constructed using the negatively
charged glycosaminoglycans (heparin, chondroitin sulfate, hyaluronan, keratin
sulfate, dermatan sulfate, etc.) and other natural polysaccharides that also behave
as polyelectrolytes (alginate). Polysaccharides that are neutral are also used
when they are chemically modified to become polyelectrolytes such as chitosan
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(derived from chitin), cellulose, and dextran. Polysaccharide chemistry permits for
the easy modification of the saccharide units to become charged. Various research
teams are focusing on other less common polysaccharides to generate LbL films
such as xyloglucan,%-64 levan,® and carrageenan.®®%’ These polysaccharides have
exciting properties that can alleviate current limitations with the typically used
polysaccharides. For instance, phosphonated levan/chitosan films had an increase
in mammalian cell adhesion as compared to alginate/chitosan films.%> Carrageenan
is an interesting polysaccharide, as there exists various derivatives with increas-
ing amounts of sulfur content. The team of Mano and colleagues, investigated
LbL films composed of chitosan and «-, 1-, A-carrageenan (increasing sulfur con-
tent).® They evaluated osteoblast activity and observed that every film combina-
tion improved cellular proliferation compared to their uncoated polycaprolactone
substrate. Mineralization was observed on all films but the 1-carrageenan (medium
content of sulfur) exhibited a significant increase in mineralization compared to
k- and A-carrageenan.%®

9.3 POLYSACCHARIDE-BASED HYDROGELS

Hydrogels are 3D structures constituted from hydrophilic homopolymers, copoly-
mers, or macromers cross-linked to design insoluble polymer matrices.®®° In regen-
erative medicine and tissue engineering, hydrogels are used as scaffolds offering
structural integrity, cellular organization, and morphogenic guidance. They can be
used for protein and growth factor delivery, to encapsulate and deliver cells, to act
as drug storage reservoir, and as glues or barriers between tissue and material sur-
faces. Hydrogels are an adequate scaffolding material because of their similarities in
mechanical properties and composition to the native extracellular matrix, thus they
can be designed to mimic human tissues.'®’%’! There are mainly two categories to
classify hydrogels: physical and chemical. For physical hydrogels, cross-linking is
given by physical entanglement and/or weak interactions such as ionic and/or hydro-
phobic interactions or crystallization. This cross-linking is reversible and does not
present chemical reactions that may be unfavorable to the integrity of incorporated
bioactive agents or cells. Nevertheless, they may interact with bodily functions physi-
ologically and/or mechanically putting at risk their stability in vivo. For chemical
hydrogels, cross-linking occurs by covalent bonding that allows controllable mechan-
ical strength and higher physiological stability. These hydrogels can be manufactured
via radical polymerization, chemical reaction of complementary groups, enzymatic
cross-linking, or using high-energy radiation.'*’>> Polysaccharides are attractive
candidates for the production of hydrogels to be used in regenerative medicine and tis-
sue engineering due to their role in native ECM. Polysaccharide-based hydrogels have
attracted the interest of many researchers who have investigated them for promoting
cellular processes such as adhesion, proliferation, differentiation, and survival.

9.3.1 CELLULAR ADHESION ON PoLysAcCHARIDE-BASED HYDROGELS

Cell adhesion is the binding or contact between cells or between cell and extracel-
lular matrix or other surfaces. Cells bind to other cells and to extracellular matrix
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through adhesion receptors or specialized proteins such as cadherins, immunoglob-
ulin superfamily, and integrins. Cell adhesion proteins recognize and interact with
either ECM proteins or adhesion receptors of neighboring cells. This biological
process is crucial during tissue assembly, and it is essential in maintaining cellular
structure; it also affects other cellular processes such as growth and differentiation.”®

Polysaccharides used for the engineering of hydrogels include chitosan, aga-
rose, hyaluronan, and dextran, among others. Some polysaccharides such as
agarose lack the ability to enhance cell adhesion.”” However, when agarose is com-
bined with other polysaccharides, an enhancement in cell adhesion is observed.?
A hydrogel synthesized from agarose and chitosan was proposed for improving the
attachment and outgrowth of cortical neurons. Hydrogels were produced changing
the concentration of chitosan from 0 to 3.0 wt% and keeping the concentration of
agarose at 1 wt% in all experiments. It was observed that neurons on the surface
extended down to a depth of 160 um below the surface. Hydrogels with chito-
san concentration of 0.33% expanded axons as a straight line without branching
while with concentrations of 1.0%-3.0% axon morphology was vastly branched.
Adequate concentration to improve neural cell adhesion was of 0.66-1.5 wt%
(Figure 9.4).2° The chitosan-agarose hydrogels displayed better support of neuron
adhesion than the pure agarose hydrogel.?> Nonspecific interaction between cells
and chitosan is attributed to the electrostatic attractive force between the posi-
tive charges of the amine groups in chitosan chains and the negative charges of
the phospholipid structure of the cell membranes.”® The influence of charge and
surface characteristics in the adhesion and extension of neurons was researched
by Zuidema et al. who cultured cortical neurons on a methylcellulose and agarose
hydrogel blend, which included dextran and chitosan.?* The mixtures with high-
est content of dextran and chitosan enhanced neuron attachment. Blends having
3% methylcellulose/5.3% dextran and chitosan showed the most neurite extension.
Particularly, the blend with 3% methylcellulose/4.6% dextran/1% chitosan demon-
strated the highest neuronal attachment, and major neurite extension.?* Therefore,
chitosan improves neuron compatibility, possibly by decreasing the storage modu-
lus and increasing the surface charge of the hydrogels. These results suggest that
softer, more positively charged hydrogels enable superior neuron attachment and
neurite extension.?*

Chitosan blends have also been used as scaffolds to investigate cell/material
interactions of different cell types such as corneal endothelial cells (CECs)*° and
cardiomyocytes.” Ultrathin chitosan—poly(ethylene glycol) (PEG) hydrogel films
(CPHFs) were manufactured utilizing post-cross-linking via epoxy—amine chemis-
try, for corneal tissue applications.?’ The CPHFs displayed good mechanical, optical,
and permeability properties; plus they supported the attachment of sheep CECs.?°
Furthermore, a chitosan chloride-glutathione (CHICI-GSH) hydrogel was produced
to decrease oxidative stress injury in cardiomyocytes (CMs) caused by reactive
oxygen species.” Results showed that the CHICI-GSH supported the adhesion and
survival of CMs while removing reactive oxygen species that cause cell damage and
apoptosis.”

Mammalian cells do not have specific interactions with alginates; however, the
addition of cell-adhesive peptides,?! gelatin,®® or collagen type I with beta-tricalcium®
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FIGURE 9.4 Confocal images of (a) neural network (scale bar = 300 pm) and (b) repre-
sentative neuron morphology with color band, indicating the depth of the neurite location
(scale bar = 50 pm) on chitosan—agarose hydrogels. (Reprinted with permission from Cao,
Z., Gilbert, R.J., and He, W., Simple agarose-chitosan gel composite system for enhanced
neuronal growth in three dimensions, Biomacromolecules, 10, 2954-2959. Copyright 2009

American Chemical Society.)
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FIGURE 9.5 SEM image showing chondrocytes attached to hydrogel pore walls (scale bar
100 pm). (Reprinted from Acta Biomaterialia, 10, Balakrishnan, B., Joshi, N., Jayakrishnan,
A., and Banerjee, R., Self-crosslinked oxidized alginate/gelatin hydrogel as injectable, adhe-
sive biomimetic scaffolds for cartilage regeneration, 3650-3663, Copyright 2014, with per-
mission from Elsevier.)

confers mammalian cell adhesion to alginate hydrogels. For instance, Balakrishnan
et al. proposed a hydrogel prepared by self-cross-linking of periodate oxidized algi-
nate and gelatin in the presence of borax, to support the culture of articular chondro-
cytes.?! Scanning electron microscopy images of primary chondrocytes, which are
within the hydrogel, displayed cell adhesion to this matrix, as shown in Figure 9.5.
This hydrogel did not cause inflammatory or oxidative stress responses, and there
was a formation of hyaline cartilage as evidenced by expression of collagen type II
and aggrecan.?!

9.3.2 CELLULAR DIFFERENTIATION

There are numerous factors that influence cell differentiation, such as the biochemi-
cal composition of the matrix and/or its physical properties such as elasticity or stiff-
ness. Several investigations have shown that soft matrices direct differentiation of
mesenchymal stem cells into neuronal-like cells, moderate elasticity guides myo-
genic differentiation, and a rigid matrix encourages osteogenic differentiation, as
displayed in the Figure 9.6.8283 Leipzig et al. built a soft (Young’s modulus less than
1 kPa) 3D scaffold using a streptavidin-modified methacrylamide chitosan (MAC)
hydrogel containing recombinant biotin-IFN-y, for the investigation of the differen-
tiation of neural stem/progenitor cells (NSPCs) to neurons.!”> They found that immo-
bilized recombinant biotin-IFN-y encouraged neuronal differentiation to a similar
degree as soluble recombinant biotin-IFN-y.!> These scaffolds stimulated the differ-
entiation of NSPCs into neurons in a 3D matrix in the presence of only basic medium
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FIGURE 9.6 Stem cell differentiation is dependent on matrix stiffness, where neuronal dif-
ferentiation is favored on soft scaffolds whereas osteogenic differentiation is favored on stiff
scaffolds. (Reprinted from Cell, 126, Even-Ram, S., Artym, V., and Yamada, K.M., Matrix
control of stem cell fate, 645-647, Copyright 2006, with permission from Elsevier.)

in 1 week.!”> Neural stem cells that can differentiate into the primary cell types found
in the central nervous system (CNS) are of particular importance in the regeneration
of lost or damaged nerve tissue. Polysaccharide-based hydrogels are used as scaffold
material for neural tissue engineering because they can be designed to be mechani-
cally similar to the human brain, and they can be an ideal environment for nerve
tissue cell growth.’

Polysaccharide-based hydrogels are utilized to mimic variety of tissues in order
to restore their native functions and to treat diseases that affect the quality of life
and are life-threatening. Heart tissue suffers damages, which leads to irreversible
cell loss and scar formation. For example, up to one billion cardiomyocytes can be
impaired by ischemia after a major myocardial infarction, which results in dete-
rioration in cardiac function, and ultimately heart failure.®> A tissue engineering
strategy to repair damaged myocardium based on an injectable chitosan hydrogel
was researched as a carrier for brown adipose—derived stem cells (BADSCs) into
ischemic hearts.®® The results obtained in vitro showed that chitosan improved car-
diac differentiation of BADSCs. Furthermore, it enhanced the survival of engrafted
BADSCs and increased the differentiation rate of BADSCs into cardiomyocytes
in vivo, prevented adverse matrix remodeling, increased angiogenesis, and preserved
heart function.®® Alginate and high-molecular-weight hyaluronan (HA) hydrogels
were engineered as a scaffold for osteogenesis.!® Pre-osteoblasts seeded on these
scaffolds were used for assessing their biocompatibility and bioactivity. Alginate
hydrogels showed higher alkaline phosphatase (ALP) activity levels and calcium
content compared to HA hydrogels.'® Furthermore, culture with alginate increased
osteocalcin mRNA levels, while HA hydrogels decrease alkaline phosphatase, bone
sialoprotein, and osteocalcin expression.'® These results suggest that, for applica-
tions in bone tissue engineering, alginate hydrogels are more convenient than high
molecular weight HA hydrogels.' Wood-derived nanofibrillar cellulose (NFC) and
hyaluronan-gelatin (HG) hydrogels were evaluated as scaffolds for liver progeni-
tor cells.?? These hydrogels induced formation of 3D multicellular spheroids with
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FIGURE 9.7 Growth of HepaRG cells (liver progenitor cells) upon seeding in nanofibrillar
cellulose (NFC) and hyaluronan-gelatin (HG) hydrogels. The HepaRG cells formed spherical
aggregates, spheroids, in the hydrogels when they were embedded (a) as hepatic undifferenti-
ated progenitors at density of 1 million/mL (low-density) and (b) as differentiated cells at
density of 9 million/mL (high-density). The spheroids grew more in size when the cells were
seeded at low-density compared to cultures seeded at high-density. (From Malinen, M.M.
et al., Biomaterials, 35, 5110, 2014.)

apicobasal polarity and functional bile canaliculi-like structures, structural hall-
marks of the liver tissue (Figure 9.7).2> The spheroids showed expression of hepato-
cyte markers, metabolic activity, and vectorial molecular transport toward bile duct
compartment. Improved cell culture models of hepatocytes are needed in the drug
discovery, drug development, and chemical testing.?

9.3.3  CELLULAR SURVIVAL, VIABILITY, AND PROLIFERATION

Cellular survival, viability, and proliferation are biological processes that indicate
that (1) cells are alive, (2) they are self-renewing, and (3) they are increasing in num-
ber as a result of cell division and growth. For these processes to be carried out, it
is necessary that the cells are in a nontoxic and biocompatible environment similar
to their native environment. Hydrogels with a large variety of polysaccharides have
been used as scaffolding for different types of cells. Hydrogels containing a bio-
degradable dextran (DEX) chain grafted with a hydrophobic poly(e-caprolactone)-
2-hydroxylethyl methacrylate (PCL-HEMA) chain and a thermoresponsive
poly(N-isopropylacrylamide) (PNIPAAm) chain were manufactured to be used for
endothelial cell growth.?” The results displayed that when the concentration of dex-
tran in the hydrogel was between 0.0032 and 50 g/L the hydrogel was not toxic to the
cells, and there was no reduction in cell viability.®” Hydrogel scaffolds from blends of
chitosan with hydroxypropylcellulose (CHI-HPC), collagen (CHI-COL), or elastin
(CHI-ELA) cross-linked with genipin were evaluated as supports for human corneal
epithelial cells to be used during epithelium transplantation.®® The results in vitro
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demonstrated that (CHI-COL) composite allowed the regular stratified growth of
the epithelium cells, good surface coverage, and increased number of the cell layers.
These carriers can be considered as eligible for grafting in humans.®® Methacrylated
gellan gum (MeGG) hydrogels were synthesized for tissue engineering applications
by Coutinho et al.” They combined physical cross-linking methods (temperature
and the addition of cations) with chemical cross-linking approaches (through photo-
cross-linking) to obtain hydrogels with values of Young modulus between 0.15 and
148 kPa. Fibroblasts were encapsulated in these MeGG networks, and their viability
was assessed. The results in vitro showed biocompatibility of these materials con-
firmed by high cell survival.”” These hydrogels due to highly tunable mechanical
and degradation properties may be applicable for a wide range of tissue engineer-
ing approaches (see Figure 9.3).7 The response of human adipose-derived stem
cell culture (ASCs) encapsulated within 3D scaffolds incorporating decellularized
adipose tissue (DAT) as a bioactive matrix within photo-cross-linkable methacry-
lated glycol chitosan (MGC) or methacrylated chondroitin sulfate (MCS) delivery
vehicles was characterized.®® Higher viability and adipogenic differentiation was
observed in the MCS composites containing 5 wt% DAT.%

9.3.4 IN Vivo REesults

A myocardial infarction (MI) is a damage that happens to a part of cardiac tis-
sue due to the shortage of oxygen occurred by the blockage of one of the coro-
nary arteries that supplies blood to the heart. In the ischemic myocardium, there
is a hostile environment that presents inadequate angiogenesis, inflammation, and
generation of reactive oxygen species (ROS). This leads to a low rate of survival
of transplanted cells when the damage is treated using cellular therapy. Injectable
chitosan hydrogels have shown to modulate the unfriendly microenvironment of MI
replacing and repairing the extracellular matrix. Chitosan hydrogels allow to over-
come some limitations of cell therapy applied to the ischaemic cardiac tissue.”*0-%2
A chitosan hydrogel mixed with embryonic stem cells (ESCs) for injection inside
the ischemic myocardium of rat infarction models was manufactured.'® It was found
that this scaffold enhanced implanted ESC retention and survival. Chitosan allowed
neovasculature formation in damaged heart tissue by increasing vessel density and
improving the cellular microenvironment, thereby helping to preserve cardiac func-
tion.!” Liu et al. also used a chitosan hydrogel for treating myocardial infarction using
adipose-derived mesenchymal stem cells for engraftment. The results of this study
support that chitosan hydrogels are suitable scaffolds for improving the myocardial
infarction microenvironment, facilitated engraftment, and survival of transplanted
stem cells as well as homing of endogenous stem cells.”!

Vascularization is essential to successful transplantation of tissue constructs and
for the recovery of ischemic and wounded tissues. A healthy circulatory system con-
nection is necessary in the development and maintenance of functional tissues and
organs.'”® Sun et al. produced dextran-based hydrogels for treating third-degree burn
wounds on mice without to use growth factors, cytokines, or cells. They found that
hydrogels promoted the neovascularization and skin regeneration with hair follicles,
sebaceous glands, and thickness similar to a normal mouse skin.”* This dextran



230 Cell and Material Interface

hydrogels are soft and flexible, and they help to regenerate epithelial tissue after a
third-degree burn, which destroy epidermis and all skin layers under the subcutane-
ous tissue destroying epithelial appendages, nerve endings, blood vessels, and all the
specialized cells of skin.?3-%

9.3.5 NOVEL POLYSACCHARIDES

Morelli and Chiellini functionalized and prepared hydrogels from ulvan, which is
extracted from green seaweeds like Ulva armoricana.®® Ulvan is an anionic, water
soluble, sulfated, and semi-crystalline polysaccharide. It is mainly composed of
rhamnose, glucuronic acid, iduronic acid, xylose, and sulfate.®®°¢ They functional-
ized ulvan with methacrylate groups using either methacrylic anhydride or glyc-
idyl methacrylate. Hydrogels showed antioxidant activity, thus they could be used
as a matrix for cell encapsulation. Also, these hydrogels can be utilized as scaf-
folds due their softness.% Cytotoxicity of these hydrogels has not been evaluated
but Alves et al. assessed the filmogenic properties of ulvan membranes and its
usefulness as a wound dressing or in drug delivery. Membranes showed ability to
uptake water up to ~1800% of its initial dry weight and a mechanical performance
of 1.76 MPa related with cross-linking.® The results of the use of a model drug
showed an initial steady release of the drug of approximately 49% followed by
slower and sustained release up to 14 days. These membranes are good candidates
to be used as wound dressing.®

Novel hydrophilic materials were presented by Reis and colleagues who produced
bioactive-glass-reinforced gellan-gums spongy-like hydrogels (GG-BAG) for use as
the scaffolding in bone-tissue engineering.”” The composite scaffold showed lower
mechanical properties than desired for application in bone tissue, but the reinforce-
ment with bioactive-glass particles improved the microstructure and the mechanical
properties of the material, which depended on the composition and was enhanced
with the amount of bioactive glass. By incorporating the bioactive-glass particles,
the composite material acquired the ability to form an apatite layer when soaked in
simulated body fluid.”” Also, human-adipose-derived stem cells were able to adhere
and spread within the gellan-gum, spongy-like hydrogels reinforced with the bioac-
tive glass, and remained viable.®’

9.4 POLYSACCHARIDE-BASED FIBERS

Nanofibers have been widely used for biomedical applications due to their resem-
blance to native ECM—both in scale and geometry—and because of the various
cues they can provide to cells. The design of a nanofibrous scaffold to be used in
tissue engineering and regenerative medicine is based on the selection of a suit-
able material that is biodegradable, biocompatible, and nontoxic. An ideal scaffold
would promote a better surface for cell attachment, proliferation, and differentia-
tion. Polysaccharides are attractive candidates for nanofiber production. Recently,
researchers have developed polysaccharide-based nanofibers using chitosan,’8-10
alginate,'?'-193 cellulose,!%4-1%¢ dextran, %198 chitin,'%!10 hyaluronic acid,"! and heparin.!'?
Often, these nanofibers are prepared in combination with a synthetic polymer that
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provides structural support, using the polysaccharide to enhance biological activity as
tested both in vitro'%31%4198 and in vivo."'? Cellular interactions with polysaccharide-
based nanofibers have been evaluated with numerous mammalian cell types includ-
ing brain tumor cells,'® human mesenchymal stem cells (hMSC),!"* human neural
stem cells (hNSCs),!'"* mouse embryonic fibroblasts,'% vascular endothelial cells,!!?
chondrocytes from articular cartilage from rabbits,'° human fetal osteoblastic
cells,'"’> and MSCs from rat bone marrow.""® The most commonly used technique
for the manufacturing of polysaccharide-based nanofibers is electrospinning.!!3.117.118
However, other techniques such as wet spinning,''? force spinning (FS),"® and an
electrospinning/electrospraying hybrid technique''® have also been used. This sec-
tion highlights recent achievements on polysaccharide-based nanofibers used to
investigate various cellular processes such as adhesion and differentiation.

9.4.1 CEeLLULAR ADHESION AND CYTOTOXICITY
ON POLYSACCHARIDE-BASED NANOFIBERS

Recent research has shown that the addition of polysaccharides to nanofibers of syn-
thetic polymers significantly improves cellular adhesion. For instance, Shalumon
et al. fabricated CHI/PCL nanofiber scaffolds via electrospinning and evaluated
the bioactivity, cytocompatibility, cell adhesion, and cytotoxicity using fibroblasts,
osteoblasts, and adipocytes.!'* The cytocompatibility studies showed an increase in
cell viability for all cell types, demonstrating that the CHI/PCL nanofibers were
not toxic."3 They observed that the addition of chitosan improved cellular attach-
ment of each of the cell types evaluated.!'? Fibroblast adhesion has been also investi-
gated on a nanofibrous polyurethane/dextran scaffolds prepared via electrospinning,
where dextran improved adhesion.'”” Inclusion of cellulose on starch nanofibers also
enhanced chondrocyte adhesion as compared to starch nanofibers alone.!°® The addi-
tion of alginate to polyoxyethylene fibers demonstrated an enhancement on fibroblast
adhesion.'!

Chitosan has been a popular polysaccharide in the preparation of nanofibrous
scaffolds due to its attractive properties and similarity to ECM components.
Electrospun nanofibers composed of polyethersulfone, cellulose acetate, and chitosan
were evaluated by Du et al.''* They demonstrated that the nanofiber mats result-
ing from this mixture did not have a cytotoxic effect on neuronal-like cells, and
inclusion of chitosan improved cell proliferation.!™* Polyethylene oxide electros-
pun nanofibers containing silica and various percentages of chitosan was eval-
uated with regard to osteoblast adhesion.!"” Osteoblast adhesion increased with
increasing chitosan concentration."” The addition of chitosan to PCL electrospun
nanofibers also enhanced the adhesion of neuron-like cells.'” Not only chitosan
improves cellular adhesion, but also it imparts nanofibers with antimicrobial prop-
erties. A chitosan/pullulan nanofibrous mat loaded with tannic acid was developed
as a wound dressing.""® This mat not only demonstrated high fibroblast adhesion
but also exhibited antimicrobial activity against Escherichia coli.''®

Cell/material interactions of nanofibers prepared from other natural polymers can
be enhanced using polysaccharides. For instance, gelatin nanofibers were prepared via
electrospinning and stabilized by cross-linking using a modified dextran aldehyde.!%®
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Cross-linking with dextran aldehyde rendered the gelatin fibers insoluble in water
and thus suitable for cell culture. The cross-linked gelatin fibers were not toxic to
fibroblasts, and they were able to attach and spread.!® Often the combination of two
or more polysaccharides, to generate nanofibers, yields scaffolds with improved cel-
lular activity. For instance, a combination of chitosan/alginate yields cross-linked
fibers with enhanced cellular attachment as compared to scaffolds of only alginate.!?
In a similar manner, an electrospinning—electrospraying hybrid technique was used
to prepare cellulose acetate/chitosan nanofibers in a layer-by-layer fashion.!"® They
observed that the chitosan ending fiber mats promoted adhesion and proliferation
of lung fibroblasts over the cellulose acetate ending mats.!"® Polysaccharide-based
nanofibers have also been prepared in combination with nanostructured materials.
For instance, cellulose acetate nanofibers containing carbon nanotubes were gener-
ated via electrospinning.'% The incorporated nanotubes did not impart any toxicity
and, in fact, promoted fibroblast attachment.'®> Organic rectorite has also been incor-
porated on nanofibers of carboxymethyl chitin via electrospinning.'® The addition of
the organic rectorite improves the thermal properties of the fiber mat without induc-
ing any cellular toxicity.!!

9.4.2 CELLULAR PROLIFERATION ON POLYSACCHARIDE-BASED NANOFIBERS

Cellular proliferation of multiple cell types also appears to be enhanced by poly-
saccharides in nanofibers. The addition of alginate to PCL nanofibers successfully
enhanced the proliferation of pre-osteoblastic cells.'® The presence of alginate
significantly enhanced the metabolic activity of pre-osteoblasts cells during a cul-
ture period of 7 days, indicating an increase in cellular proliferation (Figure 9.8).1%
Similarly, the addition of cellulose to starch nanofibers also improved cell prolif-
eration.'” Cellulose has also been demonstrated to enhance the proliferation of
both human mesenchymal cells and brain tumor stem cells on gelatin nanofibers.!%
Heparin also enhances cellular attachment and growth of both fibroblasts and endo-
thelial cells cultured on silk fibroin nanofibers.!'? Cell proliferation is enhanced on
gelatin nanofibers cross-linked with dextran aldehyde,'®® and on polyoxyethylene
electrospun fibers containing alginate.!?!

Inclusion of chitosan on PCL nanofibers also enhances cell proliferation.'?® In an
interesting combination, chitosan, calcium phosphate cement, and polyglactin yields
a suitable nanofibrous scaffold that promotes the proliferation of mesenchymal stem
cells.”?! Chitosan/collagen electrospun scaffolds have been prepared to investigate
the effect of percentage of chitosan in the proliferation of smooth muscle cells and
endothelial cells.”® It was observed that scaffolds containing 20% and 50% chitosan
enhanced the proliferation of both cell types.”® Chitosan also enhanced prolifera-
tion and metabolic activity of cells seeded on electrospun alginate nanofibers.'”> On
a comparative study of chitosan, cellulose acetate, and polyethersulfone electros-
pun nanofibers, the chitosan nanofibers were superior on promoting the prolifera-
tion of human neuronal stem cells.!"* Other researchers investigated whether the
type of morphology of the nanofibers had any effect on the proliferation capacity.'°
Comparing aligned versus randomly oriented electrospun chitosan/PCL nanofibers,
it was observed that aligned fibers regulated the growth of neuronal-like cells.!%°
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FIGURE 9.8 Results of MTT assay—which is indicative of cellular proliferation—after 1,
3, and 7 days of culture (PP = PCL, PA = PCL + Alginate and PA-S = PCL struts + Alginate).
*P < 0.05 indicates a significant difference and NS, a nonsignificant difference. (Reprinted
from Carbohydrate Polymers, 114, Kim, M.S. and Kim, G., Three-dimensional electrospun
polycaprolactone (PCL)/alginate hybrid composite scaffolds, 213-221, Copyright 2014, with
permission from Elsevier.)

Polysaccharide-based nanofibers also serve as a reservoir for multiple growth
factors.!6:122.123 FGF-2 released from electrospun chitosan nanofibers retained its
biological activity, promoting MSC proliferation even after 30 days of incuba-
tion.'?* Chitosan nanofibers prepared via wet spinning served as reservoir for both
BMP-2 and BMP-7 for simultaneous or sequential delivery.'"® The BMPs were
either incorporated in the surfaces of the fibers or within the fibers. BMP incorpo-
rated on the surface of the fibers exhibited higher MSC proliferation compared to
within the fibers. Moreover, BMP-7 had a higher proliferative effect than BMP-2,
and the simultaneous delivery of both BMP-2 and BMP-7 showed the highest pro-
liferation rates.!'

9.4.3 CEeLLULAR DIFFERENTIATION ON POLYSACCHARIDE-BASED NANOFIBERS

Polysaccharide-based or polysaccharide-containing nanofibers provide a suitable
scaffold for cellular differentiation. A comparative study of electrospun chitosan,
silk fibroin, or a mixture of both demonstrated an enhanced osteogenic differen-
tiation of MSCs on chitosan fibers, whereas proliferation was enhanced on the
silk fibroin nanofibers.'””® On nanofibers of both polymers, the proliferative effect
of silk fibroin was maintained as well as the osteoinductive effect chitosan had.'?
This trend is also applicable to the differentiation of human fetal osteoblastic cells,
where proliferation is enhanced by silk fibroin and differentiation by chitosan.!'?
To further improve the osteoinductive capabilities of chitosan electrospun nanofi-
bers, hydroxyapatite can be included in the fiber mat.®® Osteoblast-like cells seeded
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FIGURE 9.9 Neuronal differentiation of hNSCs cultured on chitosan (CS), cellulose acetate
(CA), and polyethersulfone (PES) scaffolds. (a) Immunofluorescent images of cells cultured
on PES, CA, and CS for 7 days in differentiation media. The phenotypic differentiation of
hNSCs was assessed by immunocytochemistry for TUJ1, a class III B-tubulin protein that
marks early neurons (bright gray). (b) RT-PCR for neural differentiation markers, nestin
(a neural stem cell marker), B-tubulin (early neuron marker), and MAP2 (a mature neuronal
marker) by day 7. The reference condition was laminin coated, tissue culture plastic; all data
were normalized to this condition. Asterisks denote statistical significance (P < 0.05) by com-
parison with the other fiber substrates, as indicated. Bars represent mean =+ standard deviation
(n = 3). (Reprinted from Carbohydrate Polymers, 99, Du, J., Tan, E., Kim, H.J., Zhang, A.,
Bhattacharya, R., and Yarema, K.J., Comparative evaluation of chitosan, cellulose acetate,
and polyethersulfone nanofiber scaffolds for neural differentiation, 483—490, Copyright 2014,
with permission from Elsevier.)

on hydroxyapatite-containing chitosan fibers exhibited higher alkaline phosphatase
expression compared to chitosan only films.*

The differentiation potential of neuronal-like cells and neuronal stem cells on
electrospun nanofibers of chitosan, cellulose acetate (CA), and polyethersulfone
(PES) were evaluated."* As shown in Figure 9.9, neuronal differentiation was sig-
nificantly enhanced on both polysaccharide-based nanofibers over the PES fibers,
with chitosan having the highest differentiation potential.'* An increase on TUJ1
(early neuronal marker) protein expression and increase in gene expression of neuro-
nal markers (nestin, p-tubulin, and MAP2) indicate the positive effect of chitosan on
neuronal differentiation (Figure 9.9).!" A similar trend was observed for neuronal-
like cells, where a higher degree of differentiated cells was observed on the chitosan
scaffolds, followed by the cellulose acetate scaffold, and the least amount of differ-
entiated cells were on the PES fibers.!!4
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Not only chitosan has demonstrated an enhancement on cell differentiation, but
other polysaccharides such as alginate,'® cellulose,'* and methacrylated hyaluronan
also promote cellular differentiation. Alginate-containing PCL nanofibers showed
an increase in alkaline phosphatase and mineralization of pre-osteoblastic cells as
compared to PCL only scaffolds.'®® Cellulose-containing gelatin nanofibers also
improved the osteogenic and adipogenic differentiation of human MSCs.4 Lastly, a
mechanically tunable electrospun nanofibrous scaffold prepared from methacrylated
hyaluronan influenced the differentiation of human MSCs.!"" An enhancement in
chondrogenesis was observed on the softer scaffolds compared to the stiffer nanofi-
brous scaffold.!!!

9.5 CONCLUSIONS

Polysaccharide-based biomaterials hold great promise in the development of novel
solutions for tissue engineering and regenerative medicine. Countless polyssacharides
are available for the design of novel biomaterials. Being a crucial component of the
ECM, polysaccharides are ideal in the design of scaffolds to be used to investigate
cell-material interactions. Due to the versatility of polysaccharide, one can design
thin coatings via the layer-by-layer method, hydrogels of controllable chemical and
mechanical properties, and nanofibrous scaffolds of various size and configurations.
Polysaccharide-based biomaterials have been shown to enhance cellular processes such
as adhesion, proliferation, and differentiation. Moreover, polysaccharides have natu-
ral properties that make them suitable for biomaterials such as antimicrobial activity,
growth factor binding capabilities, and lubrication. Polysaccharides have been shown to
enhance the biological activity of synthetic biomaterials. Due to their versatile chem-
istry, they can be finely tuned to any desired application, yielding materials that are
temperature sensitive and/or mechanically modifiable, for example. Certainly, popular
polysaccharides such as chitosan, alginate, hyaluronan, dextran, heparin, etc., continue
to be explored as candidates for biomaterials. However, new biomaterials have begun to
emerge with less common polysaccharide such as ulvan, suggesting that there is much
more to explore in the field of polysaccharide-based biomaterials.

ABBREVIATIONS

ALG Alginate

ALP Alkaline phosphatase

ASCs Adipose-derived stem cell culture
BADSCs Brown adipose—derived stem cells
BMP-2 Bone morphogenetic protein 2
BMP-7 Bone morphogenetic protein 7
CA Cellulose acetate

CAMs Cell adhesion molecules

CECs Corneal endothelial cells

CHI Chitosan

CHI-Col Chitosan with collagen
CHI-Ela Chitosan with elastin
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CHI-HPC
CHICI-GSH
CMs
CNS
CPHFs
CS

DAT
DEX
ECM
EDC
ELR
ESCs
FE-SEM
FGEF-2
FS
GAGs
GG-BAG
HA

HEP

HG
hMSC
hNSCs
IFN

LbL
MAC
MAP2
MCS
MeGG
MGC
MI

MSC
MTS

MTT
NFC
NSPCs
PA
PA-S
PCL
PCL-HEMA
PDMS
PES
PEG
PEI
PGs
PGA
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Chitosan with hydroxypropylcellulose
Chitosan chloride-glutathione
Cardiomyocytes

Central nervous system
Chitosan—poly(ethylene glycol) hydrogel films
Chondroitin sulfate

Decellularized adipose tissue

Dextran

Extracellular matrix
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
Elastin-like recombinamer

Embryonic stem cells

Field emission scanning electron microscopy
Fibroblast growth factor 2

Force spinning

Glycosaminoglycans

Gellan-gums spongy-like hydrogels
Hyaluronan

Heparin

Hyaluronan-gelatin

Human mesenchymal stem cells

Human neural stem cells

Interferon

Layer-by-layer

Methacrylamide chitosan
Microtubule-associated protein 2
Methacrylated chondroitin sulfate
Methacrylated gellan gum

Methacrylated glycol chitosan

Myocardial infarction

Mesenchymal stem cell
(3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium)

Methylthiazol tetrazolium

Nanofibrillar cellulose

Neural stem/progenitor cells

PCL/alginate-5 wt% fibrous scaffolds
PCL/alginate-5 wt% fibrous scaffolds with micro-sized PCL struts
Polycaprolactone

Hydrophobic poly (e-caprolactone)-2-hydroxylethyl methacrylate
Polydimethylsiloxane

Polyethersulfone

Poly(ethylene glycol)

Poly(ethylene imine)

Proteoglycans

Poly(glycolic acid)
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PLL Poly-L-lysine
PNIPAAm  Poly(N-isopropylacrylamide)
PP Pure PCL
RGD Arginine-glycine-aspartic acid
ROS Reactive oxygen species
RT-PCR Reverse transcription polymerase chain reaction
SDF-1a Stromal-derived factor alpha 1
SEM Scanning electron microscopy
TGF-p1 Transforming growth factor beta
TGF-p3 Transforming growth factor beta 3
TUJ1 Neuron-specific class III beta-tubulin
VEGF Vascular endothelial growth factor
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10.1 MACROPHAGE ORIGIN AND SUBPOPULATIONS
IN TISSUES IN HOMEOSTASIS

Currently, most of the available information about origins of macrophages comes
from murine studies utilizing genetic fate-mapping techniques. F4/80+ cells first
appear in mouse yolk sac on the days 8§-9 of embryo development, and then popu-
late embryonic liver at day 10, reaching the peak at days 12—14 of development [1].
Yolk sac macrophages differentiate from restricted progenitors that give rise to mac-
rophages and red blood cells, whereas fetal liver macrophages differentiate from
hematopoietic stem cells (HSCs) [2]. Genetic fate-mapping experiments revealed
that resident macrophages in many adult organs at least partially originate from yolk
sac and fetal liver macrophages. For example, it is believed that microglia (resident
macrophages of brain and spinal cord) almost exclusively originates from yolk sac
macrophages [2]. Macrophages in other organs such as liver, heart, and skin partially
originate from yolk sac. However, embryonic HSCs (in case of liver) or embryonic
and adult HSCs (in case of skin and heart) also give rise to resident macrophage
populations in these organs. In general, most of the organs in adult animals are
composed of embryonically derived and adult-derived macrophage subpopulations
(Figure 10.1). Moreover, recent studies conclude that populations of resident macro-
phages in most of the organs exist autonomously and are not completely replaced by
circulating monocytes [2].
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In the perinatal period, macrophages originate from bone marrow HSCs and differ-
entiate into monocyte-derived macrophages and dendritic cells from common mono-
cyte-macrophage dendritic cell progenitor (MDP). Specifically, monocytes originate
from Ly6¢ct monocytic progenitor downstream of MDP, which gives rise to classical
Ly6chieh monocytes and nonclassical Ly6c!® monocytes. The latter subpopulation
was found to differentiate from Ly6chieh monocytes presumably in circulation [3].
Functionally, in homeostatic conditions, Ly6che" monocytes extravasate and patrol
tissues delivering antigens into draining lymph nodes without differentiation into
mature macrophages. However, in case of infection, Ly6chs" monocytes rapidly infil-
trate inflamed tissue and differentiate into macrophages. In contrast, Ly6¢!®¥ mono-
cytes are known to stay in the intravascular space to monitor and remove damaged
endothelial cells. It is worth to note that Ly6cMeh monocytes reveal functional simi-
larity with human CD14+ CD16- “inflammatory” monocytes, whereas Ly6¢co¥ cells
resemble CD14"°¥ CD16+ “resident” monocytes [3].

The distribution and function of macrophages in homeostasis is relatively well-
characterized in mice. However, less is known about macrophage subpopulations in
human. In adult organism, resident populations of macrophages are present in most
of the organs in homeostatic conditions and display functional and phenotypic het-
erogeneity. Moreover, multiple macrophage subpopulations that differ in expression
of surface markers, spatial distribution, and functional specialization are usually
observed within the same organ.

For example, in mouse bone marrow stromal stellate macrophages are located
in the center of hematopoietic islands. These cells express F4/80 and associate with
myeloblasts and erythroblasts to engulf erythroid nuclei. In addition, they par-
ticipate in hemoglobin uptake and iron recycling through scavenger receptor (SR)
CD163 and may control release of myeloid cells into the circulation. Another resi-
dent macrophage population in bone marrow is osteoclasts that are represented by
large F4/80— multinucleated cells controlling bone resorption and osteoblast dif-
ferentiation. Apart from these two macrophage subpopulations, other distinct types
of F4/80+ cells are found in bone marrow at the sites of muscle attachment [1].
Similarly, resident spleen macrophages are represented by several heterogeneous
populations. Among them red pulp macrophages are known to engulf aged eryth-
rocytes participating in iron homeostasis, whereas white pulp macrophages mediate
uptake of apoptotic lymphocytes in germinal centers. Other splenic macrophages
known as metallophilic and marginal zone macrophages specialize on engulfment
of bacteria and viruses [4]. Liver resident macrophages known as Kupffer cells
also participate in the clearance of senescent red blood cells. Besides this, Kupffer
cells participate in liver regeneration through induction of hepatocyte proliferation,
maintain immune tolerance by suppressing T cell activation, and contribute to liver
injury during alcoholic hepatotoxicity, nonalcoholic fatty liver, ischemia-reperfusion
injury, and other diseases [5,6]. In intestine, resident macrophages are abundantly
present in lamina propria and play an important role in the maintenance of intestinal
tolerance by production of interleukin IL10 and expansion of regulatory T cells [7].
Resident alveolar macrophages in the lung express high levels of CD206, SRs-AI/I1
and MARCO, and mediate clearance of inhaled particles and pathogens. The rec-
ognition of foreign particles such as silica and asbestos by alveolar macrophages
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may result in inflammation and fibrotic lung diseases [1]. It is important to note that
resident macrophages in many organs originate during prenatal development from
yolk sac and fetal liver precursors, and maintain their numbers in the organs by local
proliferation. Recent data suggest that circulating monocyte-derived macrophages
do not significantly contribute to tissue macrophage compartments in homeosta-
sis. However, their influx and differentiation into macrophages is increased during
inflammatory diseases [3]. Overall, organ-specific populations of resident macro-
phages differ in gene expression, phenotype, and functions reflecting their ubiqui-
tous role in homeostatic regulation. It is anticipated that distinct microenvironment
and ligand repertoire in different organs is responsible for such phenotypic diversity.

10.2 MACROPHAGE ACTIVATION AND POLARIZATION:
PLASTICITY OF MACROPHAGE PHENOTYPE

Macrophages are primary initiators of inflammation and immune response to vari-
ous pathogens. At the same time, these cells are major regulators of wound healing
and resolution of inflammation. To manage efficiently these opposite physiological
processes, macrophages developed extreme phenotypic plasticity, which allows them
to react promptly to constantly changing microenvironment. Due to broad repertoire
of recognition receptors and transcription factors, macrophages are able to respond
to versatile environmental stimuli by switching on and off specific transcriptional
modules. It was recently described that each molecular stimuli potentially induces
unique macrophage transcriptional program, the hypothesis known as spectral
model of macrophage activation [8].

Initially, differential macrophage activation in response to cytokine stimulation
was described by Gordon and colleagues [9]. As opposed to classically activated pro-
inflammatory macrophages, IL4-stimulated alternatively activated macrophages
showed reduced inflammatory cytokine expression and enhanced endocytic capac-
ity with prominent expression of macrophage mannose receptor (CD206) [9]. Later,
it was found out that other stimuli such as IL13, IL10, TGFp, and glucocorticoids
are also able to induce anti-inflammatory macrophage phenotype (also termed M2
phenotype) that reveal certain similarities with IL4-differentiated macrophages [10].

Among stimuli that induce classical pro-inflammatory (M1) macrophage acti-
vation are Thl-derived cytokine IFNy and bacterial products such as lipopolysac-
charide (LPS). Although all of these stimuli induce pro-inflammatory macrophage
phenotype, the resulting gene expression profiles significantly differ. This difference
may reflect activation of stimulus-specific signal transduction pathways and tran-
scription factors. For example, IFNy induces activation of STAT1, IRF-1, and IRF-8
transcription factors through heterodimeric IFNy receptor. This results in elevated
expression of cytokine receptors, cell activation markers, and adhesion molecules.
LPS is known to signal primarily through TLR4 and activates NFxB, AP-1, STAT]I,
and EGR transcription factors, resulting in potent production of pro-inflammatory
cytokines IL12, tumor necrosis factor TNFa, IL6, and IL1p, as well as upregulated
expression of MHC and co-stimulatory molecules [11]. Functionally, M1 macro-
phages are characterized by elevated antimicrobial and tumoricidal activity and
are able to activate Thl responses. At the same time, M1 macrophages and their
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pro-inflammatory molecular products are involved in several pathologies, includ-
ing diabetes, rheumatoid arthritis, systemic lupus erythematosus, obesity-associated
inflammation, and insulin resistance [12].

Alternatively, activated (M2) macrophages utilize different signaling pathways,
resulting in the activation of anti-inflammatory and healing programs. For example,
L4 signals through IL4 receptor consisting of IL4Ral paired with common yc chain
or IL13Ral (binds both IL4 and IL.13). The binding of IL4 induces signaling through
STAT6, c-Myc and IRF-4 transcription factors, resulting in elevated expression of
CD206, IL1Ra, CCL18, arginase 1 (in mice), and low production of pro-inflammatory
factors such as TNFo and IL12 [11]. IL10 and glucocorticoids are usually included in
M2-polarizing factors since they mediate anti-inflammatory effects. However, they
induce transcriptional programs significantly different from IL4 stimulation. IL10
signals through heterodimeric IL10 receptor activating STAT3 transcription factor
and inducing formation of p5S0 NFkB homodimers. IL10-induced genes include
CD206, SR MARCO, IL10, TGFp1, CCL18, and others. Glucocorticoids signal
through intracellular glucocorticoid receptor alpha (GCRa), resulting in expression
of CD206, CD163, thrombospondin-1, IL10, and IL1R2 [11,12]. M2 macrophages
are involved in wound healing, tissue remodeling, resolution of inflammation, and
antiparasitic immunity. At the same time, M2 macrophages contribute to several
pathologies, including allergy and cancer.

Nowadays, it is postulated that M1/M2 nomenclature does not accurately repre-
sent macrophage phenotypes since gene expression studies reveal that each stimulus
induces unique transcriptional program in macrophages (this concept is known as a
spectral model of macrophage activation) [8,13]. It is also important to note that clear
M1 and M2 phenotypes are rarely observed in vivo, whereas mixed M1/M2 signatures
prevail reflecting macrophage heterogeneity in complex molecular microenvironment.

One of the most important aspects of macrophage physiology is their unique pheno-
typic plasticity caused by immediate need to react to rapidly changing microenviron-
ment. To fulfill this need, macrophages are able to revert their phenotype in response
to newly appeared stimulus. For example, IL4-differentiated anti-inflammatory mac-
rophages maintain their ability to react to exogenous danger stimuli such as LPS by
production of TNFa and IL1B. Similarly, IFNy-polarized macrophages respond to
IL4 stimulation by production of anti-inflammatory cytokine IL1Ra and decreased
bacterial killing demonstrating critical role in regulation of immune homeostasis [14].
This and other studies suggest that macrophages do not differentiate into stable sub-
sets upon cytokine stimulation but rather transiently change their expression profiles
in order to execute stimulus-directed function [15,16]. The extreme plasticity of mac-
rophage phenotype also suggests that chromatin in these cells is permanently opened
for plethora of transcription factors with synergic and opposing effects.

10.3 FOREIGN BODIES, BIOMATERIALS, AND THEIR
RECOGNITION BY MACROPHAGES
A foreign body is defined as any object or substance that is introduced from outside

in any organ or tissue in which it does not belong under normal circumstances [17].
Foreign bodies can be introduced in the organism both intentionally (e.g., in the form



250 Cell and Material Interface

of food) or by accident (e.g., inhalation of asbestos and coal particles by construc-
tion workers or miners). Foreign bodies can enter the organism through a variety of
ways. The most common way is through the natural orifices of the human body: the
mouth, nostrils, ear canals, eyes, urethra, anus, and vagina. Foreign body ingestion
frequently occurs in children between 6 months and 6 years of age; they account
for up to 80% of the cases [18]. The prevalent ingested objects are coins; they are
found in 66% of cases. In adults or children above 11 years old, 60% of the foreign
bodies retained in the gastrointestinal tract are food boluses. Although in the United
States alone more than 1500 patients annually die from foreign body ingestion, in
more than 80% of the cases, there are no complications and the foreign bodies pass
spontaneously, with only less than 20% of cases requiring a medical intervention for
the removal of the foreign body [19].

Another way of entering the organism requires penetration of the skin, which
can occur during an accidental injury or during medical procedures. All surgeries
involve the insertion of foreign bodies into the organism. Sometimes, they remain
in the body in the form of implants to support, enhance, or replace a biological
structure or organ. Occasionally, surgical instruments such as sponges, needles, or
towels are forgotten inside the patient’s body during a surgery. This can lead to seri-
ous injuries like formation of an abscess, sepsis, or even death. Although there are a
lot of measures taken to prevent these mistakes (counting of all surgical instruments
before and after surgery, careful inspection of the body cavity, x-rays films, etc.),
recent studies estimate the incidence of retained surgical instruments from 1-5,500
to 1-18,760 operations [20].

Because foreign bodies may be harmful to the organism, our body developed spe-
cial mechanisms of protection. For example, the cilia in the respiratory epithelium or
the peristalsis in the gastrointestinal tract will push the foreign bodies outward; tears
will protect the eyes and drain small irritating particles through the nasolacrimal
duct into the nasal cavity. Additionally, the immune’s system surveillance some-
times also takes part in the elimination of the foreign bodies. Macrophages, which
are present in virtually all tissues, are the cells responsible for this. They can either
phagocyte the foreign body or initiate an inflammatory reaction against it. If the
foreign body cannot be removed, the inflammatory reaction can become chronic and
lead to fibrosis.

One of the important aspects of macrophage biology is their primary role in the
initiation of foreign body responses (FBR), which result in inflammation and fibrotic
encapsulation of introduced foreign object. When a foreign body penetrates the
organism, macrophages are able to recognize it either through pattern-recognition
receptors or through opsonic receptors. Pattern-recognition receptors are usually
activated by bacteria, fungi, or parasites. Opsonic receptors are involved in opso-
nization, which is a process that helps phagocytes identify a foreign body or invading
agent. Without opsonization, the identification and elimination of the foreign body
would be much less efficient.

Most of the biomaterials generated for the purposes of implantation are recognized
by macrophages as foreign bodies and thus may induce adverse reactions such as
chronic inflammation and excessive fibrosis. The introduction of biomaterials (such
as surgical implants) into the body is accompanied by local tissue trauma followed
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TABLE 10.1
Macrophage Receptors with Known or Proposed Function in Foreign Body
Recognition

Receptor Ligand

FcyRI (CD64) 1gGl, 1gG3, 1gG4

FcyRlIla (CD32a) 1gG3, 1gG1, 1gG2

FeyRlIIc (CD32c) 1gG

FeyRIlla (CD16a) 1eG

CR1 (CD35) Mannan-binding lectin, Clq, C4b, C3b

CR3 (aMp2, CD11b/CD18, Mac-1) iC3b

CR4 (aXf2, CD11c/CD18) iC3b

asSpl Fibronectin, vitronectin

avp3 Vitronectin

avps Vitronectin

TLR1/2 Gram-positive bacteria, HSP60, HSP70, HMGB1

TLR4 LPS, HSP60, HSP70, HMGBI1, fibronectin EDA, fibrinogen,
polycationic and polyanionic biomaterials, divalent cations
(Ni** and Co*")

SR-A/IL TiO, particles

MARCO TiO, particles, silica

by the release of damage-associated molecular patterns (DAMPs), activation of com-
plement, and blood coagulation systems. As a result of protein cascades activation,
chemoattractants such as complement factors C3a and C5a are locally released, and
fibrin deposition is initiated on the implant surface. These events induce recruitment
of innate immune cells and formation of protein layer on the biomaterial surface.
Adsorbed proteins include components of complement system, extracellular matrix
(ECM) molecules (e.g., fibronectin, fibrinogen, fibrin, vitronectin), albumins, immu-
noglobulins (Ig), and DAMPs [21,22]. These proteins play the role of opsonins and
can be recognized by pattern-recognition receptors (PRRs) and opsonic receptors
on macrophages and other immune cells initiating inflammatory response. Among
proteins involved in the recognition of adsorbed proteins, three groups of receptors
are characterized. These include integrins, toll-like receptors (TLRs), and scavenger
receptors (SRs) that are abundantly expressed by tissue macrophages. A list of mac-
rophage receptors and their ligands with known or proposed function in foreign body
recognition can be found in Table 10.1.

10.3.1 INTEGRINS

The family of integrin receptors consists of 24 transmembrane proteins that share
common of heterodimeric structure (Figure 10.2). Integrins are involved in cell adhe-
sion through interactions with ECM proteins including collagen, fibronectin, lam-
inin, vitronectin, and others. They are also known to induce intracellular signaling
regulating actin cytoskeleton assembly, cell migration, proliferation, and apoptosis.
The ligand specificity of integrins is determined by combination of extracellular
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FIGURE 10.2 The integrin superfamily. The integrins can be subdivided according to their
B chains. However, some o chains can combine with several § chains. Twenty-four different
integrins are present in humans. (Adapted from Niu, G. and Chen, X., Theranostics, 1,30, 2011.)

domains of a and f chains. Integrins are evolutionary conserved proteins and are
expressed by multiple cell types. Macrophages express several members of integrin
receptor family including Bl integrins olpl, a2pl1, a3pl, adfl, a5p1, f2 integrins
alp2, aMB2, and aXp2, as well as avfp3, and avp5 [23,24].

Proteins adsorbed on the surface of biomaterials play a major role in the implant
recognition and initiation of FBR [25]. Some of these proteins denature on the hydro-
phobic biomaterials exposing binding sites that can be recognized by several types of
macrophage integrins including aMp2 (Mac-1, CD11b/CD18) and RGD binding inte-
grins avfp3, avp5, and a5p1 [22,24]. For example, surface-adsorbed proteins of blood
coagulation cascade including high molecular weight kininogen (HMWK)), fibrino-
gen, factor X, and complement component C3b can ligate «Mp2 integrin (CD11b/
CD18), which is abundantly expressed by macrophages [22].

Nonspecific adsorption of Ig and C3 component of complement on the surface of
biomaterials launches classical and alternative complement pathways. Moreover, lack of
negative regulators of complement cascade activation on the biomaterial surface results
in uncontrolled complement activation and release of phagocyte chemoattractant C3a.
In turn, recruited monocytes recognize adsorbed opsonins (e.g., fibronectin and vitro-
nectin) using Bl and B2 integrins that may initiate formation of foreign body giant cells.

Integrins are not only involved in the initial adhesion to biomaterials but also medi-
ate inflammatory response upon contact with particulate biomaterials [24]. For exam-
ple, in human macrophages, it was observed that CD11b/CDI18 integrin recognizes
titanium alloy particles followed by signaling through transcription factors NFkB
and NF-IL6 inducing expression of pro-inflammatory cytokines TNFoa and IL6
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[26]. Interestingly, the presence of particle-adsorbed LPS seems to be important in
CD11b/CD18-dependent release of pro-inflammatory cytokines, indicating that this
receptor may work in coordination with CD14 and TLR4 [24]. CD11b/CD18 and RGD-
binding integrins are also involved in the formation of fibrous capsule around foreign
material since their specific targeting significantly reduces capsule thickness [24].

Overall, targeting of leukocyte-expressed integrins is a potentially perspective
approach to block FBR at initial stages. However, since integrin function is redun-
dant in the way that multiple receptors are able to recognize the same adsorbed
protein ligand, only extensive local targeting of multiple integrins may be beneficial
to prevent adhesion and activation of recruited macrophages.

10.3.2 ToLL-Like REcerTORS

TLRs are the family of cell surface and intracellular transmembrane PRRs con-
taining leucine-rich repeats (LRRs) in the extracellular domain that recognize
wide range of exogenous and endogenous structurally conserved molecules named
pathogen-associated molecular patterns (PAMPs). Upon ligand binding, TLRs initi-
ate intracellular signaling through adaptor molecules MyD88 and TRIF. This results
in activation of transcription factor NFkB and several interferon regulatory factors
(IRFs) followed by expression of pro-inflammatory cytokines and type I interferons
(Figure 10.3). In recent years, it has become evident that TLRs recognize wide range
of endogenous ligands known as damage-associated molecular patterns (DAMPs).
These molecules such as heat shock proteins, certain components of ECM, self
DNA, RNA, high-mobility group box 1 (HMGBI), and others are released from cells
following tissue injury and become available for TLR recognition. Macrophages
express most of the known TLRs, indicating their involvement in biomaterial rec-
ognition. Moreover, TLR4- and TLR9-expressing macrophages were found at the
interfacial membrane of aseptically loosened hip replacement implants [27].

Since surgical implantation of biomaterials is accompanied by wound and tissue
injury, DAMPs can be locally released and become associated with biomaterial sur-
face [22]. Thus, as in the case of integrins TLRs rather recognize surface-associated
ligands than biomaterial itself. For example, in the study by Greenfield et al. mouse
macrophages were able to recognize only bacterial debris-coated titanium particles
through TLR2 and TLR4 engagement but not endotoxin-free particles [28]. However,
several types of biomaterials such as polycationic compounds polyethyleneimine,
polylysine, cationic dextran, and cationic gelatin can be directly recognized by TLRs
such as TLR4. Similarly, polyanionic compound alginate as well as hydroxyapatite
is recognized by both TLR2 and TLR4 [22]. Moreover, TLR4 is known to recog-
nize directly divalent metal cations such as Ni** and Co?, resulting in inflammatory
complications in metal-on-metal joint replacements [29,30]. Overall, a number of
studies demonstrate particular importance of TLR1/2 and TLR4-mediated pathways
in particle-induced osteolysis that involve MyD88 and NFxB pro-inflammatory sig-
naling [30]. For example, titanium particle-induced osteolysis and TNFa production
were significantly inhibited in TLR2~~ and TLR4~~ mice [28]. It was observed that
exogenous and endogenous PAMPs and DAMPs such as adsorbed endotoxin and
macrophage-released HSP60 are responsible for TLR4-induced inflammation and



254 Cell and Material Interface

Diacylated
& lipopeptides
Triacylated
LPS o lipopeptides Flagellin
& TLR4 TLR4 . . S TLR5 /
Plasma LBP -\ S
.
membrane E
CD14 LPS
Cytoplasm J Endosome
¢
SRNA  CpGerich ) l { TLR3
TLR7, TLR8
or TLR9 1= DNA MYDSS
—_— ) f
TLR7 TLR9 TLR4 /
or TLR8 j TLR3
} : i ¥ESON
RAC) ————— Wi¥D8 ’
i | {‘ )/
‘ ’ . ‘Inflammasome:
‘ ~activation
Cell survival 0—- ‘ e J|L

TRATG
ce % T
® A, o

|
" ! | | e
IxBa ‘

l degradation
R - o @ e o e e em e g e e e e
P
< cres FTU M‘%m NExB A isres W
L - - )
+
Cytokines and chemakines

Nucleus

FIGURE 10.3 Toll-like receptor family and signaling cascades. (Adapted from Gay, N.J.
et al., Nat. Rev. Immunol., 14, 546, 2014.)

osteolysis [31]. However, TLR1/2 ligands during biomaterial recognition are insuf-
ficiently characterized.

10.3.2 SCAVENGER RECEPTORS

SRs are structurally heterogeneous family of transmembrane proteins that partici-
pate in the clearance of modified low-density lipoproteins (LDL) from circulation.
Besides modified LDL, SRs are able to recognize and bind a broad range of oxidized
proteins, lipoproteins, and lipids, altogether named “neo-self”” antigens. In addition,
ligands of SR include apoptotic bodies and pathogen-associated structures, indicat-
ing that these proteins may function as PRRs. Currently, the SR family is subdivided
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into eight classes (A—H) according to the structure (Figure 10.4). Most of them are
expressed by myeloid cells and specifically by macrophages [32]. One of the main
characteristics of SR is their high redundancy in ligand repertoire. SRs are known
to participate in signaling cascades. However, since most of the SRs have very short
cytoplasmic tails that lack signaling motifs, the exact mechanisms of SR-mediated
signaling are obscure. It is suggested that SR form multimeric protein complexes
(signalosomes) with other receptors such as TLRs to mediate intracellular signaling.
In this case, the nature of co-receptor defines whether SR will induce inflammatory
or anti-inflammatory signaling [33].

Participation of SR in FBRs to biomaterials is less investigated compared to inte-
grins and TLRs. Most of the published studies involving SR focused specifically on
the reactions of alveolar macrophages during the recognition of inhaled environ-
mental particles such as titanium dioxide (TiO,) and silica. The consequences of
such recognition in terms of macrophage activation are not completely clarified and
downstream signaling pathways are obscure. Up to date, only SR of class A includ-
ing SR-AI/II and MARCO (SR-AII) were found to be involved in the recognition
of foreign materials. For example, MARCO participates in engulfment of titanium
dioxide, iron, and silica particles in alveolar macrophages [22]. Similarly, SR-AI/II
is involved in the recognition of inhaled TiO, particles in mice [34]. SR may bind
negatively charged particles directly using SRCR domain (in case of MARCO) or
collagenous domain (in case of SR-AI/IT) [35]. It is not known whether protein opso-
nization of particles plays a role in SR-mediated recognition. Noteworthy, MARCO-
mediated uptake of silica particles results in cytotoxicity and macrophage apoptosis,
whereas TiO, uptake by alveolar macrophages does not induce cytotoxic effect [35].
Some of the studies using knockout mouse models suggest that the expression of
SR-AI/IT and MARCO is beneficial during exposure to titanium wear debris since
SR-AI/II7~- and MARCO~"~mice develop exacerbated lung inflammation after chal-
lenge with TiO, particles [34]. Thus, overexpression of certain SRs on macrophages
during FBR may aid to reduce inflammation and needs additional investigation. The
summary of known mechanisms of macrophage-mediated biomaterials recognition
is presented in Figure 10.5.

10.4 THERAPEUTIC CONTROL OF MACROPHAGE PHENOTYPE
DURING IMPLANT-INDUCED COMPLICATIONS

As discussed in the previous paragraph, nearly all implanted materials induce FBR.
The nature and surface topography of biomaterials define the severity of FBR that
may also depend on individual reactions of patients with implanted devices. The rec-
ognition of biomaterials by macrophage surface receptors may result in macrophage
activation, recruitment of other immune cells, and acute inflammation followed by
chronic inflammation, formation of foreign body giant cells, and fibrous encapsu-
lation of implanted material [25]. In addition, the presence of implant-associated
infection may strongly amplify inflammatory response and induce implant failure
[36]. One of the perspective strategies to increase tissue integration of implant and
prevent excessive implant-associated inflammation is therapeutic manipulation of
macrophage phenotype.
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Multiple studies demonstrate that interaction of macrophages with various bio-
materials including titanium, polyethylene terephthalate, polymethylmethacrylate,
and others induce expression and production of pro-inflammatory (M1) cytokines
and chemokines such as TNFa, MCP-1 (CCL2), MCP-3 (CCL7), IL1p, IL6, MIP-1a
(CCL3), and high M1/M2 index. Wear debris produced by implanted materials
during exploitation is one of the primary causes of inflammatory response [37—41].
It is important to note that the magnitude of cytokine responses may vary strongly
between individuals, indicating that personalized approaches are required for the
treatment of such complications [41].

Since M2 cytokines such as IL4 are known to alleviate excessive inflamma-
tion, it was suggested that macrophage re-polarization toward M2 pro-healing
phenotype may prevent implant-related inflammatory complications [42,43]. For
example, it was observed that pro-inflammatory response to titanium particles
was suppressed in IL4-treated human macrophages [44]. Moreover, IL.4 decreased
production of pro-inflammatory cytokine TNFa and increased production of anti-
inflammatory cytokine ILIRa in MIl-polarized mouse macrophages stimulated
by polymethylmethacrylate [45]. In addition, local administration of IL4 reduced
inflammation and osteolysis caused by polyethylene particles in mouse calvarial
model [46]. Although being perspective approach, in vivo studies involving local
M2 re-polarization of macrophages are sporadic and are restricted to application
of IL4 as an anti-inflammatory agent. It is anticipated that more potent cytokines
and their combinations may be generated in order to dampen implant-induced
inflammation.

Another potentially perspective strategy for M2 macrophage re-polarization
is surface modifications of biomaterials [47]. Different surface properties such
as roughness, porosity, and micropatterning were shown to affect macrophage
polarization [47]. It was previously described that changing macrophage mor-
phology using micropatterned surfaces affects their polarization and may be
used to maintain M2 phenotype [48]. At the same time, several studies involving
nano- and microstructured biomaterials revealed that surface patterning results
in only moderate changes of macrophage phenotype. Moreover, such modifica-
tions induce expression of both pro- and anti-inflammatory factors, suggesting
that additional studies are necessary to clarify optimal pattern and size of sur-
face modifications that will result in preferential induction of healing macrophage
phenotype [47,49,50].

The third approach for modulation of implant-associated macrophage pheno-
type is an application of anti-inflammatory implant coatings. These thin coatings
based on degradable biomaterials serve to create biocompatible surface, resulting
in reduced FBR. In general, two types of coatings can be used to improve out-
come of cell interaction with implants. The first type of coating based on natural
polymers (e.g., collagen, hyaluronan, alginate) aims to increase interaction of cells
with implanted biomaterials [25]. In contrast, the second type of coating based on
highly hydrophilic synthetic polymers prevents protein adsorption and cell acti-
vation on the surface of biomaterials [51]. Both types of coatings have their spe-
cific advantages and disadvantages. For example, natural polymers can be rapidly
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FIGURE 10.6 Current strategies for therapeutic control of macrophage phenotype during
implant-induced complications.

degraded and lose protective effect over time, whereas synthetic polymers form
passive layer on the surface of implants and do not promote active interaction of
biomaterials with host cells, which may potentially delay implant integration. One
of the widely used coatings with high biocompatibility is hydrogel. Hydrogels are
macromolecular structures composed of network of cross-linked polymer chains.
They are well hydrated and have high porosity, resulting in efficient transfer of
nutrients and bioactive molecules [52]. Several studies demonstrated the ability of
hydrogels to modulate macrophage phenotype and promote healing. For example,
zwitterionic poly(carboxybetaine methacrylate) (PCBMA)-based hydrogels were
resistant to fibrotic incapsulation in mice and induced M2-like macrophage pheno-
type with increased expression of MMR (CD206), Argl, IL10, and SR-BI/II [53].
In rats, implantation of polypropylene meshes coated with ECM-based hydrogels
also increased M2/M1 index of locally recruited macrophages [54]. Lastly, coat-
ings composed of polyelectrolyte multilayers (PEM) offer a good opportunity for
local immunomodulation. These structures that consist of multiple layers of poly-
anions and polycations match most of the implant surfaces. In addition, these coat-
ings can be loaded with anti-inflammatory and antimicrobial drugs and allow their
controlled local release [55,56]. Several studies showed the ability of PEM-coated
biomaterials to reduce FBR and increase IL10 levels [57,58]. A summary of current
strategies for the modulation of macrophage phenotype during implant-induced
complications is presented in Figure 10.6.

Overall, multiple studies demonstrate that the manipulation of macrophage
phenotype using local cytokine administration and implant surface modifications
(including topography changes and application of coatings) are feasible approaches
to reduce FBR and increase implant functionality. However, improvements such as
optimization of potent anti-inflammatory cytokine combinations and prolongation
of controlled substance release from implant coatings are necessary in order to over-
come inflammatory complications. It is also anticipated that combination of different
approaches can be beneficial to reach this aim.
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vascularization, 27
Hydrophobicity/hydrophilicity, 4-6, 119, 153-155
Hydroxyapatite, 31, 60, 62, 64—65, 233-234
Hydroxyapatite nanoparticles (HANP), 62

Inkjet printing, 129-130
Insulin like growth factor (IGF), 200-201
Integrins

o and f chain, 251-252

cell interaction, 112

cell signaling, 96

ligand interaction, 84

receptors, 52, 54, 115

TLRs, 253, 257

L

Laminins, 61, 84, 151-152, 195
Laser-based printing, 127-129
Layer-by-layer (LbL) films
carrageenan, 223
cellular adhesion
CHI/ELR-RGD, 219-220
CHI/HEP film, 218
ELR-RGD film, 219
fibronectin, 218
hyaluronan, 220-221
PLL/PGA film, 218-219
cellular differentiation, 221-222
Ligament tissue engineering, 34
Lipopolysaccharide (LPS), 248, 252

M

Macrophages

DAMP, 251

definition, 249

FBR, 250

foreign bodies, 249-251

HSC, 245-247

implant failure, 256, 258-259

ingestion, 250

integrin, 251-253

plasticity, 248-249

receptors, 250

SR
characteristics, 254
in FBRs, 256
macrophage-mediated biomaterials

recognition, 256-257

MARCO (SR-AII), 256
members, 254-255
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multimeric protein complexes, 255
neo-self antigens, 254
signaling cascades, 254
SR-AI/IL, 256
surgical instruments, 250
TLR, 253-254
Matrix metalloprotease (MMP), 84, 152, 201
Mechanobiological modeling
finite element model, 38, 40
smooth muscle cell, 38-39
vascular tissue engineering, 39-41
Mechanotransduction, 53-54, 56, 69-70
Mercury intrusion porosimetry (MIP), 155
Methacrylamide chitosan (MAC), 226
Methacrylated gellan gum (MeGG), 229
MI, see Myocardial infarction (MI)
Microcontact printing (uCP), 86
material selection, 118
multilayered stamps, 119-120
PDMS stamping, 119
polymer stamps, 118
procedural steps, 118—119
Microfluidics-based patterning, 120-122
Micro-nanopatterning
mCP process, 86
micromolding, 86
nanoimprinting, 89
negative patterning, 88
photolithography, 86
topography, 87, 89
MMP, see Matrix metalloprotease (MMP)
Myocardial infarction (MI), 191, 193,
227,229

N

Nanofibrillar cellulose (NFC), 227-228
Nanoimprinting, 69-70
Nanomaterial cell interaction
calcium phosphates, 64—65
carbon nanotubes, 62, 64
electrospinning, 67-68
extracellular matrix
cellular interaction, 52
decellularization, 55
degradation, 55
matrix stiffness, 53
mechanotransduction, 53-54
structural framework, 52
fiber biomaterials
advantages, 57, 59
collagen materials, 57
DWES, 57-58
elastin-like peptides, 58—59
electrospinning, 57
imprinting technique, 69-70
organic nanoparticles, 65-66

Index

SA macromolecules
advantages of, 61
bioactive peptides, 61
gel system, 61-62
HANP materials, 62
o-helix structure, 68
ionic peptides, 68
nanoscale structures, 59—-60
PA molecule, 68—69
stem cell niches, 55-56
Nanoscale topography, 8-9, 156158
Nanoyarns
beneficial aspects, 19, 21
carbon nanotubes, 19
liquid reservoirs, 19-21
PAN and PLA, 19-20
PIECs and MC3T3-El, 20-21
P(LLA-CL), 20
PVDF-HFP, 19-20
Neural stem/progenitor cell (NSPC), 226-227
Neuronal differentiation, 226-227, 234
NFC, see Nanofibrillar cellulose (NFC)
Nonfouling treatment, 115

(0]

Oocytes, 172-173
Organic nanoparticles, 65-66
Organoid units (OU), 174, 176

P

PCL, see Polycaprolactone (PCL)
PDMS, see Polydimethylsiloxane (PDMS)

PEG grafted poly-L-lysine (PLL-g-PEG), 115, 117

PEO, see Polyethylene oxide (PEO)
Peptide amphiphiles (PA), 62, 68—69
PGS, see Poly(glycerol-sebacate) (PGS)
Photolithography, 27, 86, 110, 116-118, 188
Photopolymerization, 2627
Pig iliac endothelial cells (PIECs), 20-21
PLA, see Poly(lactic acid) (PLA)
pNIPAAm, see Poly(N-isopropyl acrylamide)
(pNIPAAm)
Polyacrylonitrile (PAN), 19-20
Polyampholytes
COOH-PLL, 168-169
cryoprotectant, 170
dextran-based, 170-171
RAFT, 169-170
Polycaprolactone (PCL), 32-33, 193,
231-232, 235
Polydimethylsiloxane (PDMS)
LbL films, 221
microcontact printing, 118-119
microfluidics patterning, 120
nanopatterned biomaterials, 70
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soft lithography, 118
stencil patterning, 122-124
3D micropatterning, 197-199
2D micropatterning, 194, 196
Polyelectrolyte multilayers (PEM), 259
Polyethylene oxide (PEO), 37, 67, 231
Poly(glycerol-sebacate) (PGS), 193, 198, 200
Poly(lactic acid) (PLA), 19-20, 32, 88, 153
Poly(L-lactic-co-g-caprolactone) P(LLA-CL)
nanoyarns, 20
Poly(N-isopropyl acrylamide) (pNIPAAm), 90,
94, 193, 228
Polysaccharides
classification, 216
definition, 216
ECM, 216-217
GAGs, 216
hydrogels
cell adhesion, 223-226
cell differentiation, 226-228
cell proliferation, 228-229
cellular survival, 228-229
definition, 223
ESC, 229
myocardial infarction, 229
novel polysaccharides, 230
vascularization, 229
LbL films (see Layer-by-layer (LbL) films)
nanofibers
cellular adhesion, 231-232
cellular differentiation., 233-235
cellular proliferation, 232-233
cytotoxicity, 231-232
electrospinning, 231
scaffolds, 217
Poly(vinyl acetate) (PVA), 19, 22, 25-26
Poly(vinylidene difluoride) (PVDF-HFP)
nanoyarns, 19-20
Protein—cell interaction
cell attachment process, 112
integrin complex, 112, 114
RhoGTPase signaling, 115
Protein immobilization, 152-153
Protein micropatterning
biomimetics, 132-133
cell geometry, 132, 134-135
co-culturing
collagen strips, 138
ECM components, 139
microfluidics patterning, 139
micromechanical, 138—139
multilayered stamp, 139-140
stencil patterning, 139, 141
uCp
material selection, 118
multilayered stamps, 119-120
PDMS stamping, 119
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polymer stamps, 118
procedural steps, 118—119
DPL, 130-131
inkjet printing, 129-130
laser printing, 127-129
microfluidics, 120-122
nonfouling treatment, 115
photolithography, 116—-118
SAMs, 125-127
stem cell behavior, 135-138
stencils
BSA concentration, 124
capillary filling, 123
material selection, 122
PDMS stencil, 123-124
Proteoglycans, 33, 52, 84, 216
PVA, see Poly(vinyl acetate) (PVA)

R

Reversible addition-fragmentation chain transfer
(RAFT), 169-170

RGD, see Arginine—glycine—aspartic
acid (RGD)

S

SAM, see Self-assembled monolayer (SAM)
SA macromolecules, see Self-assembled (SA)
macromolecules
Scanning electron microscopy (SEM),
155157, 226
Scavenger receptor (SR), 247
characteristics, 254
in FBRs, 256
macrophage-mediated biomaterials
recognition, 256-257
MARCO (SR-AII), 256
members, 254-255
multimeric protein complexes, 255
neo-self antigens, 254
signaling cascades, 254
SR-AI/IL, 256
Selective laser sintering (SLS), 22-23
Self-assembled (SA) macromolecules
advantages of, 61
bioactive peptides, 61
gel system, 61-62
HANP materials, 62
o-helix structure, 68
ionic peptides, 68
nanoscale structures, 59-60
PA molecule, 68—69
Self-assembled monolayer (SAM), 89-90,
112, 125-127
SEM, see Scanning electron
microscopy (SEM)
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Skeletal muscle tissue engineering, 34-35
Skin tissue engineering
cell-scaffold interface
biopolymer chemistry, 149-151
electrospinning, 156-157
hydrophobicity/hydrophilicity, 153—155
nanoscale topography, 156-158
pore size, 156
porosity, 155-156
protein immobilization, 152-153
dermal equivalent, 148
ECM, 148
methods, 148
SLS, see Selective laser sintering (SLS)
Smooth muscle cells (SMCs), 30, 38-39, 41, 59
Solid freeform fabrication
fused deposition modeling, 24
selective laser sintering, 22-23
3D printing process, 23-24
SR, see Scavenger receptor (SR)
Stem cell niche, 4, 55-56, 135
Stencil-based patterning
BSA concentration, 124
capillary filling, 123
material selection, 122
PDMS stencil, 123-124
Surface—protein interaction
chemisorption, 111-113
elution kinetics, 111
FRET technique, 111-112
physiosorption, 111, 113

T

TEB, see Tissue-engineered bone (TEB)
Tenascins, 82
Three-dimensional (3D) printing, 23-24
3D micropatterning

examples, 198-199

hiPSC-CM, 197

hydrogels, 199-200

nonphotolithography, 197

topographical feature, 197
Tissue-engineered blood vessels (TEBV), 39—41

Index

Tissue-engineered bone (TEB), 31, 174175
Tissue-engineered small intestine (TESI),
174, 176
Tissue engineering scaffolds
electrospinning
articular cartilage, 33-34
bone tissues, 31-32
cellular system, 35
collector systems, 18—19
extracellular matrix, 18
ligament tissues, 34
nanoyarns (see Nanoyarns)
operating principle, 16—17
process parameters, 18
skeletal muscle, 34-35
hydrogels
characteristics, 24-25
cryogelation, 25-26
dual networks, 2627
photopolymerization, 26
polymer networks, 24
3D patterning, 27-28
vascularization, 27
simulation model (see Mechanobiological
modeling)
small diameter vessels, 29
solid freeform fabrication (see Solid freeform
fabrication)
Toll-like receptor (TLR), 253-254, 256
2D micropatterning, 194-196

\%

Vascular tissue engineering, 29-31, 38—41
Vitrification
blood vessel, 176177
cell constructs, 173-174
chondrocyte cell sheet, 178—180
definition, 166
hepatocytes, 177-178
intestinal tissue, 174, 176
oocytes, 172—173
principle of, 171-172
TEB, 174-175
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