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Abstract

Cell adhesion is the first step of cell response to materials and the extracellular matrix
(ECM), and is essential to all cell behaviours such as cell proliferation, differentiation,
migration and apoptosis for anchor-dependent cells. Therefore, studies of cell attachment
have important implications to control and study cell behaviours. During many developed
techniques for cell attachment, the manipulation of surface chemistry is a very important
method to control initial cell attachment. To control cell adhesion on a two-dimensional
surface is a simple model to study cell behaviours, and is a fundamental topic for cell biology,
tissue engineering, and the development of biosensors. From the engineering point of view,
the preparation of a material with controllable surface chemistry can help studies of cell
behaviours and help scientists understand how surface features and chemistry influence cell
behaviours. During the fabrication, the challenge is to create a surface with heterogeneous

surface properties in the micro scale and subsequently to guide cell initial adhesion.

In order to control cell adhesion in a spatial and temporal manner, a photochemical
method to control surface chemistry was employed to control the surface property for cell
adhesion in this project. Two photocleavable derivatives of the nitrobenzyl group were tried
on two types of surfaces: a model self-assembled monolayer (SAM) with alkanethiol-gold
surface and biodegradable chitosan. Reactive functional groups on two different surfaces can
be inactivated by covalent binding with these photocleavable molecules, and light can be
further introduced into the system as a stimulus to recover their reactivity. By simply
applying a photomask with different patterns, the deprotection of the surface functional
groups on both SAM and chitosan can be controlled in a spatial and temporal manner and for
further biomolecule immobilization. To control cell adhesions, poly(ethylene glycol) (PEG)
was used to create a non-fouling surface or regions and resist cell attachment; cell adhesive
peptide sequences or proteins were immobilized through deprotected functional groups on a
surface or on designed regions of one surface to promote cell adhesion. Due to the
immobilization of different biomolecules after light irradiations, the surface or specific
regions on one surface was rendered cell adhesive or cell non-adhesive. Different surface
characterization methods were utilized to demonstrate the surface functionality, wettability,

and microstructure during the fabrication and photolysis. NIH/3T3 fibroblast and PC12
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pheochromocytoma cell lines were cultured on the resulting surfaces with heterogeneous
immobilized biomolecules in a pattern. The cell patterning shown on these surfaces indicated
the successful control over surface chemistry and properties on one surface and also two cell

types’ response to the heterogeneous properties.
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Résumé

L’adhésion cellulaire est entreprise par les cellules dépendantes d’ancrage
lorsqu’elles sont misent en contact avec certains matériaux ou avec la matrice extracellulaire.
Cette étape d’adhésion est essentielle, étant impliquée dans tous les mécanismes cellulaires,
notamment la prolifération, la différentiation, la migration, et I’apoptose de ces cellules.
L’adhésion cellulaire a donc d’importantes implications lors de 1’étude ou du contrdle de ces
mécanismes. Plusieurs méthodes établies pour induire I’adhésion cellulaire impliquent la
manipulation des caractéristiques chimiques de la surface des substrats ciblés. L’adhésion
controlée de cellules sur des surfaces deux-dimensionnelles représente un modéle simple
pour étudier le comportement cellulaire, qui est un des aspects fondamentaux de la biologie
cellulaire, du génie tissulaire, et du développement de biocapteurs. Du c6té de 1’ingénierie, la
préparation d’un matériel avec une surface ayant des propriétés chimiques contrdlables
aiderait a étudier différents éléments du comportement cellulaire et & mieux comprendre
comment ceux-ci sont affectés par les caractéristiques de cette surface. Lors de la fabrication
de ce matériel, le défi principal est de créer une surface ayant des propriétés chimiques
hétérogenes et définies a 1’échelle microscopique, et ensuite guider 1’adhésion initiale des

cellules.

Afin de controler [’adhésion spatio-temporelle des cellules, une méthode
photochimique fut utilisée au cours de ce projet pour modifier les propriétés chimiques de la
surface des substrats étudiés. Deux dérivés photoclivables de groupements nitrobenzyle
furent examinés sur deux surfaces différentes, soit une monocouche modéle auto-assemblée
avec une surface or-alcanethiol, et une surface de chitosane biodégradable. Les groupements
fonctionnels réactifs sur les deux surfaces peuvent étre inactivés par liaison covalente avec
les molécules photoclivables, et de la lumiere peut ensuite étre ré-introduite dans le systéme
pour rétablir la réactivité. En appliquant des photomasques ayant différents patrons, la
déprotection des groupements fonctionnels a la surface de la monocouche auto-assemblée et
de la chitosane peuvent étre controlés spatio-temporellement. Afin de contrdler I’adhésion
cellulaire, du polyéthyleéneglycol (PEG) fut utilisé sur la surface des substrats pour créer des
régions inencrassable ou résistantes a I’attachement cellulaire. Des séquences peptidiques ou

protéines adhérentes furent immobilisées sur des groupements fonctionnels déprotégés pour
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promouvoir 1’adhésion cellulaire. Grace a I’immobilisation de différentes biomolécules
suivant I’irradiation lumineuse, la surface, ou des régions spécifiques d’une surface, furent
rendues adhésives ou non-adhésives pour les cellules. Différentes méthodes furent utilisées
pour caractériser la fonctionnalité, la mouillabilité, et la microstructure des surfaces durant
leur fabrication et photolyse. Des fibroblastes NIH/3T3 et des lignes de cellules
phéochromocytome PC12 furent cultivés sur les surfaces modifiées avec des biomolécules
hétérogénes immobilisées selon un patron. L’agencement spécifique des cellules sur ces
surfaces indiquent que les propriétés chimiques des surfaces étudiées, ainsi que le
comportement de deux types de cellules sur ces surfaces hétérogenes, furent efficacement

controlés.
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Chapter 1 General Introduction



1.1 Introduction

The ultimate goal of tissue engineering is to understand and restore the functions of
tissues in vitro and in vivo. A highly ordered structure of cells is a defining feature for tissues,
and it is vital to study these spatial organizations of cells and their interactions with the
surrounding extracellular matrix (ECM) for the understanding of cell functions and
subsequently tissue functions. It is clear that the development of a heterogeneous
environment is essential to mimic and recapitulate the complex tissue structures and cell-
cell/ECM interactions. Well-accepted strategies for these kinds of studies are to expose cells
in culture with different physical and chemical cues that have been observed in vivo and to
investigate the interactions of cells with these different microenvironments. It is evident that
a homogeneous environment cannot yield a complex microenvironment like native tissues
and cannot mimic the cell-cel/ECM interaction in vivo. The strategy to generate a
heterogeneous environment for cell culture is crucial for the studies related to cell and tissue
functions. Surface patterning with different cues for cell culture is one strategy to realize this
heterogeneity on a material and is of great importance in studies dealing with cell shape and

microenvironment effects on the motility, proliferation, differentiation and migration of cells

[].

To date, surface patterning with immobilized adhesive cues, especially immobilized
biomolecules, is considered as an effective way to create a patterned surface for cell culture.
Cell adhesion is the first response to its microenvironment for many cell types. Without
adhesion, many cells cannot respond to the neighbouring cells or ECM and face the fate of
death. The adhesive molecules, particularly certain ligands, play a critical role in cell
adhesion. Based on these, researchers have used ligands and other cell non-adhesive
molecules, like hydrophilic poly(ethylene glycol) (PEG), to create a patterned surface with
cell-adhesive regions and cell non-adhesive regions, and used these micropatterned surfaces
to regulate cell shape and its contact with materials. Until now, many cell processes could be
modulated in vitro with patterned surfaces, including endothelial cell proliferation and
apoptosis [2], mesenchymal stem cell (MSCs) differentiation [3], and the fate of human
embryonic stem cells (hECSs) [4].



The methodology to pattern a surface for cell biology has developed rapidly and
many traditional fabrication techniques have been employed into these researches, like
micro-contact printing techniques [5] and photolithography [6, 7]. Meanwhile, some new
techniques have also been pursued including dip-pen technique [8, 9], inkjet printing [10],
and laser-guided direct writing [11, 12].

Among all the methodologies, the introduction of photochemistry and photolabile
molecules to achieve surface patterning and subsequently protein/cell patterning is one of the
important approaches applied in these areas as well as other techniques. Compared with
other techniques, the major advantage of using photolabile molecules is that it can provide
both spatial and temporal control to the surfaces by using light as a stimulus. In addition, it
can avoid the utility of harsh solvents in the system, which could cause denaturation of
biomolecules. Particularly for photocleavable molecules (photocages) that are incorporated
onto the surfaces, the photolysis will leave no residue on the surface and the desired
protected molecule is variable and depending on different functional groups on photocages.
Among a series of photocages, o-nitrobenzyl groups and its derivatives are the most
commonly used and well-studied photocages for biological applications and surface
patterning. They have been used to protect and control-release amine, carboxyl, hydroxyl and
thiol groups for future reactions when exposed to UV light and help generate complex
exposure areas with high spatial resolution by simply using photomasks, microarrays or

lasers [13-15].

To control the surface properties that either favor or repel cell adhesion, subsequent
immobilization of cell adhesive or non-adhesive molecules to a photo-deprotected surface or
region is a common strategy to better define a whole substrate or its local property. PEG is
the most efficient and well-accepted molecule that can prevent non-specific binding of
proteins and cells. It has been applied in different areas related to its protein/cell-resistance.
The mechanism of PEG’s protein and cell resistance is still not completely understood.
However, PEG is nontoxic and widely available through direct synthesis or purchase and
with appropriate chemical derivatization. As a cell adhesive molecule, the RGD (Arg-Glu-
Asp) peptide sequence is well-known for its recognition binding to integrins since it has been

found to promote cell adhesion in 1984 [16], and it is widely distributed and used throughout
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the organism. It has been extensively used in the research of tissue engineering, biosensor

and fundamental study of cell biology.

The attempt to incorporate photocleavage into a substrate and subsequently cell
adhesive/non-adhesive molecules to create cell-specific binding regions is a good and non-
invasive approach to create heterogeneity on the substrate for the study of cell behaviour.
Some attempt has been made by other researchers and successful patterns have been
observed [13, 17]. Here in my project, two kinds of photocaged surfaces were developed:
photocaged SAM was fabricated with two different o-nitrobenzyl derivatives to control cell
attachment and create cell patterns; a photocaged chitosan film was achieved to direct cell

adhesion and growth.
1.2 Project objective

Generally, the objective of this project is to develop and analyze surfaces for
controllable cell attachment. Two materials were used in this project: self-assembled
monolayers (SAMs) on gold based gold-alkanethiol interaction, and biocompatible and
biodegradable polycationic chitosan. These two substrates are representative materials for in
vitro and in vivo applications, separately. SAMs are a good base surface for in vitro
applications. Different surface techniques like water contact angle (WCA), atomic force
microscopy (AFM), X-ray photoelectron spectroscopy (XPS) and cyclic voltammetry (CV)
can be used on SAMs to demonstrate the change of surface properties during fabrications.
The highly-ordered single layer on SAM can help avoid topographical effects of the surface
on cell adhesion and minimize non-specific binding of cell-material. Chitosan is an
implantable biopolymer that has been used for drug delivery and tissue engineering in vivo.
The controllable cell attachment on chitosan was specifically designed for potential in vivo

applications because of its biocompatibility and biodegradability.

(1).  To study the control of cell adhesion on a model surface for in vitro applications, a
photocleavable and bifunctional o-nitrobenzyl derivative, 4-bromomethyl-3-nitrobenzoic
acid (BNBA), was tried on a model SAM. In order to control surface properties, layer-by-
layer (LBL) technique was applied to synthesize the photocleavable SAM. To provide



surface cell non-adhesiveness or cell adhesiveness, PEG was introduced into this system to
resist cell attachment while a bioactive RGD sequence was introduced for cell adhesiveness.
BNBA was designed to work as a photo-switch between the self-assembled molecule,
dithiol, and cell non-adhesive PEG. BNBA was chosen because of its bifunctionality. The
existence of carboxyl groups on BNBA makes it possible for the future linkage of PEG. The
surface properties can be controlled by simply applying a photomask to control light
pathway. The capability of the resulting surfaces on control of cell adhesion was examined
by cell culture experiments of a well-studied cell line for cell-material interaction, NIH/3T3

fibroblast.

(2). To successfully control cell attachment on one surface and create cell patterns,
another widely used o-nitrobenzyl derivative, 4,5-dimethoxy-2-nitrobenzyl chloroformate
(NVOC), was tried on the SAM for cell patterning. Due to the single functionality of NVOC,
a double exposure strategy was applied to create heterogeneity of surface functionality and
cell adhesive/non-adhesive molecule immobilization.

The self-assembled molecule, an alkanethiol with a terminal amine group, was
needed for NVOC immobilization on the SAM. As described and investigated above, PEG
was an efficient cell non-adhesive molecule and introduced to provide surface cell non-
adhesiveness. Laminin was chosen as the cell adhesive molecule depending on the cell type
cultured on the surface. To evaluate cell adhesion and cell response on this material, a
specific cell line, PC12 cell, instead of the NIH/3T3 fibroblast, was cultured onto the surface

and used as a model for specific applications to mimic neurons.

(3).  To further control surface properties and provide a cell adhesion-controllable surface
for tissue engineering and in vivo applications, biocompatible chitosan, instead of SAM, was
chosen as the substrate. The synthesis of NVOC modified chitosan was studied. The cell
culture experiments were carried out with the NIH/3T3 fibroblast to elucidate the formation

of 2D cell patterns on this biocompatible chitosan film.



1.3 The organization of the thesis and the significance of scientific

contributions

According to the project objectives, the dissertation is comprised of six chapters.
Chapter 3 through 5 are independent research publications published or submitted to the
referred scientific journal. Chapter 2 is an overview of the development of biomaterials and
techniques studied in this project. Chapter 1 and chapter 6 are about general introduction,
general discussion, conclusions, recommendations and contributions, respectively related to

the entire thesis.

Chapter 3 Nan Cheng, Xudong Cao. Photoactive SAM surface for control of cell
attachment. Journal of Colloid and Interface Science, 2010. 348(1): 71-79.

The new approach for controlling cell attachment using photochemistry and a SAM
was developed with photocleavable and bifunctional BNBA and a model surface,
alkanethiol-gold SAM. PEG was introduced onto the surface to initially create cell non-
adhesiveness via photocleavable BNBA. To characterize the surface changes during the
fabrication, different surface characterization techniques, such as WCA measurement, XPS
and AFM, were employed to elucidate the difference of the properties on the intermediate
surfaces and resulting surfaces. NIH/3T3 fibroblast cells were used for cell culture
experiments and the results showed the successful control of surface properties by UV
exposure for cell attachment. The resulting surfaces were effective to control cell attachment

for up to 5 days.

Chapter 4 Nan Cheng, Xudong Cao. Neuron-like PC12 cell patterning on a photoactive
self-assembled monolayer (SAM). Submitted to Journal of Colloid and Interface

Science.

This approach is also based on an o-nitrobenzyl derivative (NVOC) modified SAM.
Instead of LBL technique, in order to increase the yield of caging reaction, the amine group
on an alkanethiol molecule was modified with NVOC to protect it. The caged self-assembled
molecule was fabricated on gold surfaces. A double exposure strategy was applied to
completely remove the photocages from the surface. The surface properties can be
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demonstrated by WCA, AFM, cyclic voltammetry (CV) and XPS. A neuron-like cell line,
PC12 cell, was cultured on the resulting surfaces for cell patterning. Different shapes of
PC12 cell patterns were observed. Further control over cell behaviours was achieved by both
the selective immobilization of laminin (LAM) and the addition of nerve growth factor (NGF)

after cell initial attachment.

Chapter 5 Nan Cheng, Xudong Cao. Photosensitive chitosan to control cell attachment.

Journal of Colloid and Interface Science, 2011. 361(1): 71-78.

The approach to control cell adhesion using a photocleavable molecule on chitosan
was addressed. To demonstrate the synthesis of photocage (i.e. NVOC) modified chitosan,
Fourier transform infrared spectroscopy (FTIR) was used to identify the presence of different
characteristic peaks of functional groups. To examine the surface properties during
fabrication, the WCA measurement was applied to check the wettability. At the same time,
UV-Vis spectra were provided to elucidate the photocleavage of NVOC from chitosan. PEG
and a cell adhesive sequence, RGDS (Arg-Gly-Asp-Ser), were used in this chapter as cell
non-adhesive and adhesive molecules. Cell culture of a NIH/3T3 fibroblast was conducted
for cell attachment and cell patterning. Cell number and morphology were investigated. The

strip cell patterned on this modified chitosan film was observed.
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2.1 Introduction

In this chapter, the background knowledge related to this project is reviewed. First,
the importance to study cell adhesion is reviewed. This sets the stage for reviews on studying
cell adhesion. Finally, approaches to create heterogeneous surfaces on different material
surfaces in order to control cell adhesion and the following cell processes are reviewed and

discussed.
2.2 Cell adhesion

Cell adhesion on the extracellular matrix (ECM) proteins is a critical process for
many cell processes and is also fundamental for studies to understand cell-cell and cell-
material interactions. Cell adhesion and spreading are initiated immediately after cell contact
with matrix proteins or an appropriate surface. Cell adhesion mechanisms can be categorized
into two subtypes, occurring via either specific or nonspecific interactions, both of which are
idealized descriptions of the adhesion process. Specific adhesion is usually mediated by the
ligand-receptor interaction. The ligand and the receptor are two molecules that fit each other
like a lock-key system. The two molecules are able to form the specific bond with each other,
and the binding is usually an ionic bond, hydrogen bond or Van der Waals force. As a result,
even a small change in the molecule conformation has a great influence on the strength of
this bond. Many molecules residing on the cell membrane are referred to as receptors and
can form specific strong binding with ECM proteins, carbohydrates, lectins, and transport
proteins etc., which are usually referred to as ligands. In contrast, nonspecific adhesion
involves Van der Waals forces and electrostatic forces. Usually, the binding in nonspecific
adhesion is equally distributed over the contact area and the binding energy is much weaker

than a specific adhesion.

For a specific adhesion to a surface, a cell must be transported from the bulk solution
to the vicinity of the adhesion surface, and make contact with the immobilized ligand
through the receptor on the cell when the two are close enough. The binding between the
receptor and the complementary ligand can form a ligand-receptor domain and stretch the

cell shape from a relaxed to a deformed shape. A current understanding of the specific cell
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adhesion is based on the focal adhesion. Focal adhesions usually mean the specific sites of
cell adhesion developed in cell culture, and these sites consist of assembled ECM receptors
(usually integrins) that work as transmembrane components in a bidirectional manner
between ECM components outside and actin filaments inside. They provide strong cell-
substrate adhesion and also play an important role in signalling. One widely recognized
model system of the focal adhesion is integrin-mediated adhesion based on in vitro studies of
fibroblast, and the most studied model of integrin-mediated focal adhesions is the model
built on fibronectin covered surfaces and cells. Rich fibronectins on the surface provide
ligands for integrin expression on the cell membrane. The transmembrane integrins provide a
strong ligand-receptor binding between the fibronectin presented on the surface and cells. At
the same time, integrins induce cytoskeletons of the cells associated with them and
cytoplasmic proteins bond to them. Proteins that have been discovered involving into
mediating cell attachment and spreading in focal adhesions include fibronectin,
chondronectin, ricin, laminin (LAM) and vitronectin [1, 2]. It is generally accepted that these
proteins along with collagens and proteoglycans make up the ECM that fills the extracellular

spaces between cells in vivo and in vitro.

Cell spreading onto a substrate is accompanied by a cytoskeleton rearrangement and
it is critical for the survival, proliferation, differentiation and other cell behaviours of most
normal mammalian cells. The phenomenon that the cell behaviours are dependent on the
attachment to a surface is known as anchorage dependence. Studies have shown that many
molecular processes in a cell are dependent on the cell adhesion and spreading.
Transformation on cell is often seen if the cell loses anchorage-dependence to an appropriate
surface [3-5]. The transformation of cells, accompanied with a morphological change, often
results in a loss of the other normal constraint on cell proliferation such as decreased
requirement for growth factors and a loss of capacity for growth arrest. /n vivo, these changes
are considered as a reason for tumor formation. When cells are not allowed to attach to a
surface, the cells maintain a spherical shape. This sphere, compared with a spreading
morphology of cell, has low permeability in the cell membrane. In contrast, the spreading
cells exhibit a density-dependent inhibition of growth, and the cell numbers could remain

constant for a period of time when cells reach a confluent monolayer. As an example for this
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phenomenon, the study of 3T3 fibroblasts showed that, after a long time of cells maintained
in cell suspension, the viability of cells decreases, and the cells are unable to initiate DNA
synthesis and the synthesis of mRNA decline rapidly. Finally, the cells are all dead after 8-9
days in suspension [4, 5]. Another cell response to the attachment and spreading is cell
differentiation. It is known that attached cells result in the activation of genes associated with
growth and structure. But also, in some types of cells, the changes in the shape after cell
attachment trigger the differentiation of the cell to another phenotype. For example, human
epidermal keratinocytes will stop proliferating and undergo terminal differentiation when
forced into a rounded morphology [6]. The second example to show the attachment affects
cell differentiation is corneal epithelial cell. It maintains a fibroblastoid morphology and
sensitive to fibroblast growth factor (FGF) in tissue culture polystyrene plate, and it
maintains a cuboidal morphology and sensitive to epidermal growth factor (EGF) when it is
cultured on collagen [7]. Further effect of cell adhesion is morphogenesis, spatial
arrangement of cells and tissue formation. The formation of capillary tubes by vascular
endothelial cells is an example of how the cell adhesion to the ECM controls the tubular
network formation [8]. There are studies suggesting that the ECM dominates the process by
controlling the cell shape and its sensitivity to soluble factors. Also, the chemical changes
during cell attachment and the generation of tensile forces in the cytoskeleton play an

important role in the signal transduction of the ECM binding [9, 10].

In summary, the ability of cell attachment and spreading on an appropriate matrix has
profound implication for the cell. DNA, RNA, and protein synthesis are affected by
suspension or attachment of these cells. The degree of cell attachment and spreading may
affect the differentiation characteristics of a cell. ECM component may mediate different
cells in different ways, including cell shape and responsiveness to growth factors. In addition,
the insolubility of ECM components allows them to impact on mechanical stresses upon cell-
ECM binding. Overall, cell adhesion and spreading can affect all aspects of cellular function
from simple proliferation to tissue formation [11, 12]. Cell adhesion could be considered as
the first step of cell behaviours and functions for anchor-dependence cells. From an
engineering point of view, to mimic the ECM effects on cell fate and develop a engineered

surface to explore the effects is a way to help us understand many cell process in vivo and
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also develop biomaterials for tissue engineering to promote tissue regeneration and replace

damaged tissues.

For a long time, scientists have realized that to study cell behaviours within complex
multicellular tissues requires systematically studying cells within the context of specific
model microenvironments. These models all mimic the in vivo cell-ECM matrix in certain
extent. For cell biologists, these model systems helped understand fundamental cell
biological mechanisms; for the researchers in regenerative medicine and tissue engineering,
they can be considered as a remodelling of ECM and can be used to recapitulate some
aspects of both the organization and multicellular complexity of tissues and gain insight into
functions of the ECM with diverse tissues and organs [13]. Among all the cell behaviours,
cell adhesion is the initial and most important step of cell response to ECMs or materials. It
decides many subsequent cell processes such as cell proliferation, differentiation, migration,

apoptosis and morphogenesis.

2.3 Substrate materials for the studies of cell attachment

To study cell adhesion in vitro, an appropriate surface needs to be developed at first
in order to attach cells in a controlled manner. There are many methods developed to either
modify bulk materials or two dimensional (2D) surfaces for studies of cell-cell or cell-
material interactions [14]. Though cells in native tissue are embedded with a complex three
dimensional (3D) microenvironment consisting of soluble molecules and non-soluble factors,
and many researches are focusing on creating biocompatible scaffolds for this purpose, it is
still important to study what happens on an engineered 2D surface, which will provide
insights into many biological studies in vitro. Surface modification is an extensive tool being
used to study cell-material interaction. Earlier works were concentrated on studying
responses of proteins and cells to a chemically uniform surfaces and 2D surfaces with micro-
topological and nano-topological features, while most recent works are focused on
developing patterned surfaces and studying cell responses to asymmetric surfaces. Therefore,
there are two different strategies employed in surface modification, i.e. topographical
modification and chemical modification. Topographical modification usually involves in

microscale features, such as wells, pillars, and grooves of various dimensions. Chemical
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modification usually involves the introduction of different chemical cues into the system,

such as ligands, functionality, and hydrophilicity.

With respect to the bulk material, the selection mainly depends on the research
purpose. If implantation is the application, the materials’ biocompatibility is very crucial.
Also, materials’ stability and degradation in the cellular environment are very important. On
the other hand, if the purpose of the study is to investigate the fundamental phenomena and
mechanisms in cell biology and cell-material interaction, the ease of fabrication is one factor
that should be taken into consideration. Meanwhile, as a biological platform, it should also
have the feasibility to modulate cell adhesive or cell non-adhesive molecules on the substrate

in vitro.
2.3.1 Natural polymer

For cell adhesion studies in vitro, many materials have been used to satisfy either one
or multiple requirements (simplicity, versatility and robustness) as substrates. With the
improvement of microfabrication technology, it is possible to create precisely-controlled
microstructures on polymer surfaces with desirable physical and mechanical properties.
Polymers as base materials for biological studies have distinguished advantages. Many
polymers are biodegradable and non-toxic to human body. They usually have a wide range of
physical and chemical properties and could be modified to meet the requirements for
different tissue environments. For example, to promote bone cell migration, proliferation,
matrix deposition and mineralization, a variety of matrix proteins such as osteopontin,
thrombospondin and bone sialoprotein are believed to play an important role. Thus, in order
to treat bone damage and study bone-material interface, bone matrix proteins on the
materials needs to be studied by either absorbed onto or covalently bonded to the surfaces
[15]. Another example can be taken from neural tissue regeneration. To study and treat
nervous system, the development of a graft of nerve to bridge the severed gap is an important
step. To achieve successful regeneration, sprouting axonal growth without interference from
the surrounding biological environment and a new connection of the axons with the distal is
vital. This makes investigations to study the guidance of axonal growth in vitro on a suitable

surface very important. The studies to create suitable guidance on polymer surfaces through
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different fabrication techniques to mimic and study the axon-material interactions were done

to serve this purpose [16, 17].

Natural polymers have been used in many cell and tissue-specific cell biological
investigations. They normally refer to naturally occurring polymers and chemically modified
derivatives of these polymers. Natural polymers as substrates for biological applications
usually include cellulose, chitosan/chitin, collagen, hyaluronic acid (HA) and other
polysaccharides. They are often biocompatible, biodegradable, and non-cytotoxic.
Meanwhile, polysaccharides, as well as proteins, are very important components of ECMs
and provide mechanical stability and structural integrity to tissues and organs. Therefore,
using a natural material as a platform to mimic and investigate cell-matrix interactions in
vitro is a good option to reveal the complexity and understand the mechanism of cell-ECM

interactions in vivo.
2.3.1.1 Collagen

Collagen is a protein-based natural polymer and a major component of the ECM. It
composes of polypeptide chains with a triple helix structure. The defining structure of
collagen is that three parallel polypeptide strands in a left-handed polyproline II helix
conformation with each other stagger to form a right handed triple helix by hydrogen bonds
[18]. It provides structural support to connective tissues such as skin, tendons, bones,
cartilages, and blood vessels [19-24]. It is shown to have the advantage of mimicking many
features of the ECM and thus has the potential to direct cell migration, growth and
organization during tissue regeneration. In a molecular perspective, collagen could be
considered as polymers composed of many amino acids linked by amide bonds. Many cells
have surface adhesion receptors that can recognize the triple helical structure of collagen,
which is its advantage to use for cell adhesion. Its advantages also include high mechanical
strength, good biocompatibility, low antigenicity and ease of chemical modifications.
Collagen is therefore regarded by many researchers as an ideal scaffold or matrix for tissue
engineering and cell biological studies. Collagen is mainly isolated from animal tissues. To
date, 28 subtypes of collagens have been identified [18]. Among them, type I collagen is the

most abundant and most studied for different biomedical applications. Despite many
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advantages of collagen, the safety of collagen derived from animal tissues has raised
immunological concerns, and techniques to develop recombinant and non-recombinant
human collagens have been employed as a replacement of animal-origin collagen [25]. But
the production of recombinant collagen is still a high-cost technique. Furthermore, compared
to other natural-origin polymers, collagen is hard to process and the biodegradation is hard to
control in vitro and in vivo. Crosslinking of collagen is necessary to control or extend
degradation time and increase stability. Furthermore, as a protein-based polymer, the
sterilization of collagen for any cell studies can be very difficult since many traditional
sterilization methods could cause denaturation of the material and conformation changes to

some extent.

Until today, there are many on-going biomedical investigations involving collagen,
especially in the development of scaffolds and matrices for engineered tissues or drug
delivery systems. There are also studies focused on the investigation of fundamental
principles of cell-ECM interaction based on collagen in the past few decades. Although a
large portion of research is still at the preliminary stage, collagen is still a promising ECM
motif and believed to exhibit an unique capability to mimic biological activities due to its
similar structure to the natural tissue scaffold in human body. Here, in Table 1, a summary of

research efforts related to collagen in some relevant applications has been listed.

As seen in Table 1, collagen is used in a broad area of tissue engineering research.
For example, different collagen-glycosaminoglycans (CGs) have been developed for dermal,
peripheral nerve, bone and other tissues regenerations. It is considered as an ECM analog to
promote regenerations. The microstructure, chemical composition, mechanical strength and
the degradation rate of CG are considered as the key properties that should be controlled to
meet the different requirement of regeneration. CG is also used in different in vitro studies of
cell adhesion, motility and contraction. As shown in reference [26], the relationship of cell
attachment and viability with CG microstructure was studied. During their study, they found
that there was strong correlation between the pore size and cell viability. The viability of
MC3T3 cells decreased with the increased mean pore size. It is believed that cell motility is
one of the complex cell processes in human body and important for wound healing,

metastatic tumor cell migration, stem cell study and tissue remodeling. Especially, as we
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know, studies of cell motility on the surface lead to an improved understanding of this cell
process. To study the cell motility on CG, Harley and coworkers [27] seeded NR6 fibroblast
cells onto a CG scaffold with different pore sizes and then tracked the cell migration
behaviors with a microscope. They elucidated the relationship of cell migration with the
scaffold pore size and Young’s modulus, which could be used as a reference parameter for
scaffold development. In addition, there was also a study to show the influence of surface
topography on the gene expression by seeding fibroblasts on both 2D and 3D CG surfaces
[28]. Other collagen complex or derivatives investigated for biomedical applications include
collagen/hydroxyapatite, laminin-collagen, and other [29-34] as shown in Table 1. Overall,
collagen is a good candidate for biomedical applications due to its unique physical and
chemical properties. But the fabrication of collagen is hard and less controllable compared to
synthetic materials and also the cost is still high. Development of new techniques to produce

collagen is a solution to increase its utility.
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Table 1 Collagen and its derivatives for biomedical applications

Collagen type and structure Cell type Application Active molecules Ref.
Collagen I sponge Bone mesenchymal stem cell Tendon repair [35,36]
Recombinant collagen I sponge Spinal instability treatment Bone morphogenetic protein -2 (BMP-2) [37]
Collagen sponge Porcine third molar cell Tooth repair [38]
Collagen I/hydroxyapatite composites Osteogenic cell Bone repair [30]
Collagen/hydroxyapatite composites Osteosarcoma cell Bone defect treatment Nerve growth factor beta (NGF-f3) [31]
Collagen-glycosaminoglycan (CG) scaffold Mouse clonal osteogenic cell Cell attachment [26]
CQG scaffold NR6 mouse fibroblast Cell motility [27]
CG matrix Autologous keratinocyte Skin regeneration [39]
Collagen vitrigel membrane Iggﬁ:l;li:; cell, keratinocyte and Reconstruction of human skin [40]
Collagen I/III matrix Peripheral nerve regeneration [29, 32]
Polyglycolic acid tube with collagen sponge Peripheral nerve regeneration [33]
CG scaffold Adult rat mesenchymal stem cells Bone and cartilage regeneration [41]
Collagen hydrogel Marrow mesenchymal stem cell — Cartilage regeneration BMP-2 [42]
Collagen nanofiber Spinal cord injury (SCI) treatment Neurotrophin-3 and chondroitinase [43]
Collagen matrix Vascularization Vascular endothelial growth factor [44]
Collagen vitrigel scaffold Glomeruli regeneration / nephritic therapy ~Glomerular ephithelial and mesangial cells [45]
Laminin modified collagen scaffold Peripheral nerve regeneration Ciliary neurotrophic factor (CNTF) [34]
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2.3.1.2 Chitosan

Chitosan, a linear copolymer of 1,4 B-linked 2-acetamido-2-deoxy-D-glucopyranose
and 2-amino-2-deoxy-D-glucopyranose, is an important polymer from polysaccharides for
biomedical applications. Polysaccharides are usually the biopolymers constituted by the
monomers of sugar rings. The sugar rings are linked by O-glycosidic bonds. Differences in
molecular weight and chain shape result in different physical and chemical properties.
Chitosan is one of widely used polysaccharides in biomedical fields and is deacetylated from
chitin. Chitin is the second most abundant natural polymer in the world after cellulose, and it
is found in the shell of crustaceans, the cuticles of insects and the cell walls of fungi [46].
Generally, chitosan refers to polymers of chitin with full or partial deacetylation degree. It is
the only natural polycation because of the existence of plenty of primary amine groups from
deacetylation. Usually, the typical commercial chitosan is at 70-95% of deacetylation degree

[47].
Structure and functional groups

The existence of functional groups in chitosan could help create different desired
derivatives with different biological properties. As seen in Figure 1, the specific function
group —NH; at the C-2 position and non-specific -OH groups at the C-3 and C-6 positions are
the important functional groups involving in most chemical modifications of chitosan to
create proper chitosan derivatives for different biological applications. These chemical
modifications include acylation, N-phthaloylation, tosylation, alkylation, Schiff base
formation, reductive alkylation, O-carboxymethylation, N-carboxylalkylation, silylation and
graft copolymerization. The amine group is a characteristic group of chitosan compared with
the most abundant natural polymeric material, cellulose. It is the most active group on
chitosan. As reported in the literatures, it is easy to be involved into many chemical reactions
[48, 49]. In general, the potential of chitosan is mostly because of its biocompatibility,
biodegradability, non-toxicity, and antibacterial activity [50]. Recently many studies showed
that the porous structure, gelation properties, the existence of reactive functional groups and
high affinity to in vivo macromolecules qualify chitosan and its derivatives promising

biomaterials [51, 52]. Lysozyme is the primary enzyme responsible for in vivo degradation of
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chitosan by hydrolysis of acetylated residues. Based on many studies, the degradation rate of
chitosan is related to the degree of crystallinity and deacetylation. Basically, the higher
degree of deacetylation (DD) chitosan has, the slower chitosan degradation it has in the body
[53].
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Figure 1 Chemical structures of chitin and chitosan
Biological applications of chitosan

As mentioned above, chitosan have cationic nature because of the existence of
primary amines. This allows chitosan to form electrostatic interaction with negatively
charged molecules like DNA and some proteins, which is useful in drug delivery system and
protection of drug in vivo. Moreover, the large numbers of amine groups on chitosan make it
pH-sensitive as a weak poly-base and this property held chitosan to be widely investigated as
a delivery carrier. Another advantage is that chitosan can be combined with a variety of
biomaterials such as alginate, collagen, hyaluronic acid, calcium phosphate and poly-L-lactic
acid (PLLA) for potential use in drug delivery systems and tissue engineering scaffolds. At
the same time, chitosan can be molded in various forms such as powder, paste, film, fiber,
porous scaffold and others by the demand of specific applications. Table 2 intends to
summarize some relevant applications of chitosan reported as research works in tissue

engineering and other biomedical applications.
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Surface modification of chitosan usually happens with primary amine groups on
chitosan. By the introduction of different small molecules or macromolecules as the side
chains of chitosan bulk, the optimization of different biochemical and biophysical parameters
can be achieved. Depending on specific applications and target organs, these methods, such
as increase of solubility in neutral pH, introduction of hydrophobic and hydrophilic
molecules to render amphiphilicity, porous structure, and reduction of positive charges were

applied for different purposes.

As seen in Table 2, chitosan can be combined with different materials and undergo
different processes to achieve adequate scaffolds or matrix architectures, as well as suitable
mechanical properties. However, these different properties of chitosan-based materials and
processing techniques depend on the tissues to be regenerated. Meanwhile, different

substrate models involving chitosan were established for in vitro cell biological studies.

The applications of chitosan were addressed according to different targeting organs.
Chitosan is used extensively as a wound dressing and substitute of skin. The wound healing
process can be divided into three different phases: inflammation, proliferation and scar
maturation, involving certain arrangement of cell-cell interaction and ECM formation. It is
believed that the healing relies on the contribution and collaboration of different cell types
involved during the phases of proliferation, migration, matrix synthesis and contraction, and
the mechanism is still roughly understood [54, 55]. Chitosan is found to have the capability
to attract and activate macrophages and neurophils to initiate the healing process, limit scar
formation and retraction, stimulate cell motility and increase in vitro angiogenesis, and also
its intrinsic antibacterical activity [56, 57]. Considering these advantages, chitosan could
provide good protection of wound and accelerate wound healing, and has been proposed as a
wound dressing material and artificial skin. The early technology focused on the
development of a bilayered skin substitute, the reduction of the immune reaction and the
increase of cell adhesion [58]. In recent years, to overcome the weakness of a single structure,
hybrid materials have been studied to promote dermal regeneration. Lim et al. developed a
chitosan-PLGA-PEO fiber scaffold and the material displays a high hydrophilicity to
maintain the water content and also exhibited good cell adhesion [59]. Guo et al. provided a

chitosan-collagen/silicone membrane with a complex of vascular endothelial growth factor
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(VEGF) encoded plasmid DNA and chitosan, and they used it to treat full-thickness burn
wounds [60]. Their strategy combined the control release technique into the artificial skin
substitute. The results showed the promising 70% of skin regeneration at 105 days and the
improved expression of VEGF resulting in a high numbers of blood vessel formation during
the regeneration. To build an in vitro model surface to investigate different methods to
enhance necessary cell behaviors and understand the details of skin regeneration is an
attractive area for many research groups. Here are two current research works as examples.
Chitosan coated on PLLA was developed by Ding and coworkers [61] using plasma coupling
technique to improve the material’s solubility in neutral condition, and also to control cell
attachment. Based on the results from the cell proliferation study and morphology
investigation on the resulting surfaces with fibroblast and hepatocyte, the group illustrated
the capability of their surface on the control of cell morphology and the potential application
in understanding the mechanism of cell phase changes during cell growth and differentiation.
Meanwhile, an argon treated chitosan exhibited excellent cell attachment, migration and
proliferation of human skin-derived fibroblasts, which could help to accelerate wound

healing processes [62].

Regarding to bone and cartilage regenerative materials, porous chitosan matrices and
scaffolds are considered as potential candidates due to their proper biological and physical
properties. Different strategies of bone regeneration involving chitosan have been
demonstrated by researchers as listed in Table 2. Chitosan usually formed complexes with
collagen to increase cell compatibility of the matrices and biostability. Some studies
combined chitosan with the resembled glycosaminoglycans (GAGs), which are important
constituents of bone or cartilage ECM, for bone regeneration [63-65]. Multi-component
chitosan complexes have also been studied to mimic the bone microenvironment and help
cell regeneration [66-69].The precise mechanism of bone regeneration is still unknown. But
until now, it is known that certain cell types, such as osteoclasts and mesenchymal stem cells,
are the main cells involved in the regeneration processes, and also some bioactive molecules,
like bone morphogenetic proteins, kinases and growth factors. The question needed to solve
is to understand the precise mechanisms of bone formation, the molecular level of these

processes along with the interactions of these processes, and the key regenerative cells [70].
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Cell adhesion as the first stage of other cell processes is the first subject needs to study.
Taking a hydroxyapatite-coated carboxymethyl chitosan as an example, it is developed and
used in vitro to understand bone regeneration. It is illustrated as a good model to promote
cell attachment, proliferation and differentiation of MC3T3 osteoblasts and human bone
marrow stem cells [71]. More examples were collected in Table 2. Thanks to its inherent
cationicity and wide availability, chitosan has unique characteristic properties to be designed

as bone regenerative surfaces or scaffolds.

Apart from the extensive studies in skin and bone regeneration, chitosan-based
material has been used for peripheral nerve regeneration [72-77] and artificial liver [78, 79].
These studies involving chitosan and its derivatives for different tissue engineering
applications are also the evidence to show their potential and efficiency for substitution of
damaged native tissues or organs. Particularly for nerve repair, chitosan is an important
material for peripheral nerve regeneration due to its good cytocompatibility and favorable
immunogenicity. It has been studied by many scientists in vitro to understand or control
neuronal cells [77, 80, 81]. In the early stage of the study, the focus was on the development
of modified chitosan and chitosan complexes with other biopolymers for attachment,
proliferation and differentiation of different neuronal cells. Nowadays many people started to
use chitosan as a substrate or fabricate the fibrous chitosan matrix to control the orientation
of cell growth and functions. Zhu et al. fabricated a laminin-blended chitosan to control
axonal orientation in vitro. They used a dispensing-based rapid prototyping technique to
create a 2D grid pattern and found dorsal root ganglion neurons grew preferentially on the
laminin-blended chitosan patterns [82]. Pang et al. provided chitosan fibers for
neuroepithelial stem cell growth. The survival, growth and differentiation were observed and
the stem cell was capable to differentiate to neurons and glials on this chitosan fiber [83].
Another example is a growth factor immobilized chitosan matrix studied by Yang and
coworkers [76]. The chitosan was crosslinked with nerve growth factor (NGF) by genipin. /n
vitro PC12 cell culture on this matrix indicated the bioactivity of immobilized NGF and the
stimulation of neuronal differentiation of PC12 cells by the immobilized NGF. Furthermore,
the degradation of chitosan resulted in a continuous release of NGF in a long term, which is

also beneficial to nerve regeneration. Recently, a photocrosslinkable chitosan hydrogel was
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used by Rickett et al. as a bioadhesive for nerve regeneration in vitro and in vivo [84]. The in
vitro cell culture experiment showed the good cytocompatibility and non-toxicity of the
chitosan, and the in vivo experiment additionally displayed a suitable mechanical property of
this chitosan conduit as a nerve repair conduit. Moreover, solubility-improved
carboxymethyl chitosan is also being applied for nerve regeneration. A crosslinked
carboxymethyl chitosan film was synthesized and utilized in cell culture and in vivo
implantation [85]. This crosslinked carboxymethyl chitosan has a very slow degradation
preferable to long-term implantation. Schwann cell viability and regeneration of rat sciatic
nerve defect were carried out on this film. Good biocompatibility and the improved
myelination were observed. Most recently, a hybrid chitosan membrane [77] was fabricated
and tested in vitro and in vivo. The in vitro study of N1E-115 neuroblastoma cells exhibited
its good biocompatibility and the ability in supporting the cell survival and differentiation. At
the same time, the in vitro functional recovery of rat sciatic nerve crush injury was evaluated
and nerve fiber regeneration was assessed. It is concluded that the hybrid chitosan improved
axonal growth and functional recovery. Another new kind of chitosan complex explored
recently for nerve repair is the complex of biocompatible chitosan and conductive
polypyrrole. As we know, action potential plays a central role in cell-cell communication in
neurons. By introducing the conductive polymer into the chitosan, a precise platform of
mimicking neuron behaviors and communication in order to understand the fundamental
mechanism of neuron behaviors could be established. Two groups of researchers separately
investigated the complex of chitosan and polypyrrole on its biodegradation [86] and its

stimulation on Schwann cells [73] in vitro.

In summary, chitosan has great potential in a range of biomedical applications
because of its unique physicochemical properties, and has been used in many different

research studies related to tissue engineering, drug delivery and protein immobilization.
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Table 2 Chitosan-based materials for different relevant tissue engineering applications

Cell type/animal model/human

Chitosan/Chitosan derivatives, type patient Application Active molecules Ref.
Chitosan/chitin/fucoidan/alginate, hydrogel Full-thickness skin defect on rat Wound healing [87]
Chitosan/ heparin, ointment Full-thickness skin defect on rat Wound healing [88]
Galactosylated chitosan/alginate, scaffold Hepatocytes and NIH3T3 fibroblast Bioartificial liver [78, 79]
Heparin-chitosan/alginate, scaffold Human foreskin fibroblast Control release of growth factor Basic fibroblast growth factor(bFGF) [89]
Chitosan/hydroxyapatite, scaffold Bone regeneration Dexamethasone and bFGF [69]
Chitosan, membrane Osteoblast and chondrocyte Repairs of bone and cartilage defects [90]
Chitosan/gelatin/hyaluronan with poly(lactide- . . .
co-glycotide) (PLGA) microsphere, scaffold Chondrocytes (Rabbit) Cartilage repair [67]
Chitosan/gelatin/hyaluronan, scaffold Auricular chondrocytes (Rabbit) Cartilage repair bFGF [68]
Chitosan/gelatin/poly(L-Lysine), scaffold and Cgrtlcal and hippocampal neurons, Repair of spinal cord injuries(SCIs) [91]
membrane glial cells and dorsal root ganglia
Chitosan crosslinked with nerve growth . .
factor(NGF) by genipin, scaffold PC12 cell Peripheral nerve regeneration NGF [76]
Chitosan, scaffold Bone marrow stromal cell SCI repair [92]
Chitosan/polypyrrole, scaffold Schwann cells Peripheral nerve regeneration [73]
Carboxymethyl chitosan, scaffold Rat sciatic nerve injury model Peripheral nerve regeneration Glial cell-line q§r1ved neurotrophic [75]
factor and laminin

Sprague Dawley® (SD) rat, Sciatic

Chitosan/polyglycolic acid (PGA) nerve defected dog, and median Treatment for long-term delayed [72]

nerve defected human patient

injuries of peripheral nerve
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Table 2 Chitosan-based materials for different relevant tissue engineering applications (continued)

Chitosan, membrane

Chitosan, bilayered tube with out-layer of film
and inner-layer of nano/microfiber

Chitosan, scaffold
Chitosan/collagen, hydrogel

Chitosan/ calcium phosphate cement, scaffold
Chitosan/polybutylene succinate, scaffold

Chitosan-PLGA-poly ethylene oxide, nanofiber,
with PLGA, microfiber

Photocrosslinkable chitosan, hydrogel

Chitosan/poly-L-lactic acid (PLLA), film

Chitosan, membrane and sponge
Photocrosslinkable chitosan, hydrogel

Chitosan/hyaluronan, scaffold
Chitosan/collagen, scaffold

Chitosan/gelatin, scaffold

N1E-115 neural cell, and nerve
sciatic crush injured Wistar rat

SD rat

Primary porcine tenocyte
Human marrow-derived stem cell
Mesenchymal stem cell (MSC)

Bone marrow-derived mesenchymal
progenitor cell (BMC9)

Dermal sheath cell

Human hepatoblastoma cell (HepG2)
and NIH/3T3 fibroblast

Mouse fibroblast (L929) and human
hepatocyte (L02)

3T3 fibroblast
Bleeding mouse tail
Fibroblast (Rabbit)

Human periodontal ligament cell, and
athymic mouse

Chondrocyte (Rabbit)

Peripheral nerve reconstruction and
functional recovery

Peripheral nerve regeneration Laminin peptide sequences

Tendon repair
Bone repair

Bone regeneration

Cartilage regeneration

Atrtificial skin

Optimization of cell function and
liver tissue engineering

Cell morphology control

Wound dressing
Wound dressing

Ligament repair

Ligament repair beta 1 (WTGF-B1)

Cartilage regeneration

Human transforming growth factor

Plasmid DNA encoding TGF- 1

26



2.3.1.3 Other natural polymers

Other natural-derived polymers, such as alginate, gelatin and hyaluronic acid, are also

important candidates for different biological applications.

Alginate is a natural anionic polymer from brown seaweed and consists of random
sequences of (1—4) linked B-D-mannuronic acid and a-L-guluronic acid (Figure 2 (a)). It
has the advantages of biocompatibility, low toxicity, and specially gelation by addition of
divalent cations such as Ca’" [101]. Due to its anionic property, alginate is inherently
mammalian cell non-adhesive. To create cell adhesive alginate derivatives, some cell-
adhesive peptides have been incorporated into alginate. RGD (Arg-Gly-Asp), DGEA (Asp-
Gly-Glu-Ala) and YIGSR (Tyr-Ile-Gly-Ser-Arg) peptide sequences have been reported for
the development of cell adhesive alginates. MC3T3-E1 preosteoblasts and C2C12 myoblasts
have been exploited on RGD modified alginates [102, 103]. YIGSR modified alginate has
been used to promote neural cell adhesion [104]. Most recently, for controlling cell adhesion,
an alginate gel has been controlled in a microfluidic device by a light-triggered release of
caged calcium and it was used for 3D cell culture and co-culture [105]. Specifically,
MC3T3-El and human umbilical vein endothelial cell (HUVEC) were co-cultured in the
microfluidic device through the photo-sensitive alginate gel. It provided an opportunity to
integrate the control of 3D cell culture microenvironment into microfluidic systems. Briefly,
alginate is anionic and has no cell receptors. It is an ideal blank platform to quantify cell
adhesion with different cell adhesive peptides and surface concentrations of a specific
peptide. Except for cell adhesion studies , alginate has been widely used to drug delivery

system and also tissue regeneration for bone, cartilage and blood vessel [101].

Hyaluronic acid (HA) is an anionic polysaccharide and an essential component of the
ECM. 1t is a polymer of D-glucuronic acid and D-N-acetylglucosamine (Figure 2 (b)) and
widely studied in tissue engineering and cell-cell/material interaction studies. Like chitosan,
it 1s feasible to be fabricated into different physical forms, hydrogels, electrospun fibers,
membranes and porous scaffolds. Like alginate, it is a natural anti-adhesive polymer due to
its anions. These characteristic physical and chemical properties made HA a popular

biopolymer used to examine the interaction between cell-material with different physical
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parameters, and manipulate cell behaviours. Taking fibronectin modified HA as an example,
it has been applied to investigate the effect of matrix elasticity. From the study of human
dermal fibroblasts on it, researchers found that the cells showed a more organized actin
cytoskeleton on a stiffer fibronectin-HA hydrogel [106]. This is a typical example to display
how the stiffness of a matrix affect cell adhesion and how cells response to different surface
mechanical properties. Another popular application of HA derivatives is on the control of
cell behaviours, especially stem cells. Burdick group [107, 108] reported a photocrosslinked
HA hydrogel and its influence on stem cell behaviours. They found the hydrogel seeded with
mesenchymal stem cells (MSCs) could induce chondrogenesis and improve the production of
cartilage matrix proteins. It can be considered as an illustration to show how the surface cues
on a material affect cell behaviours. Another research group showed the response of human
embryonic stem cells (hECSs) to a 3D hydrogel environment. The cells behave differently,
compared with MSCs. hECSs intended to keep their undifferentiated morphology on HA
hydrogel but maintain their capacity to differentiate and continue proliferation [109]. Besides
homogenous HA hydrogels, heterogeneous HA hydrogels with designed and varied surface
properties has been developed for biological applications. It has potential in directing cell
growth, morphogenesis of different organs, and high-throughput screening of useful proteins
and drugs. A photocrosslinkable HA hydrogel was demonstrated to have the capability to
selectively uncrosslink under the spatial controlled UV light. hMSCs were seeded on this
selectively uncrosslinked HA hydrogel and it was found that they prefer to attach to
unexposed regions with crosslinking structures [110, 111]. This development may be useful
to study cell behaviour within a controllable microenvironment that mimics in vivo reality of

cell microenvironment.

Gelatin is obtained from alkaline or acidic pretreated and thermal denatured collagen.
It has high carboxylic acid content [112] and usually used to form complexes with other
biopolymers like chitosan [113] and poly(caprolactone) (PCL) [114]. For example, gelatin
was coated onto PCL nanofibers to improve cell adhesion and provide support to the
proliferation [114]. Recently, chitosan/gelatin polyelectrolyte (PEC) has been studied for its

cytocompatibility with different neural cells and proven as a more promising candidate as a
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nerve implanted material, to chitosan/gelatin/PLLA [91]. There are also other applications of

chitosan/gelatin PEC as cartilage repair candidates reported [66-68].
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Figure 2 Chemical structures of alginate, (a), and hyaluronic acid, (b)
2.3.2 Self-assembled monolayers (SAMs) on gold

Noble metal surfaces as a group of materials for biomedical application have been
used over 100 years. In the early stages, they were used implantable materials for bone
fracture fixation. They have good inertness and enough mechanical strength, compared with
polymers. But usually they don’t have biodegradability. Thus, a lot of techniques have been
developed to provide the metal and its alloys surface biofunctionality and bioactivity to be
more suitable for body implantations [115]. The in vitro applications of metal and its alloys

are usually on the studies of different cell phenomena.
2.3.2.1 Self-assembled monolayer (SAM) on a metal surface

SAMs on metal surfaces, especially gold surfaces, are a well-known and widely used

technique to provide metal surface functionality and bioactivity.
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In the 1980’s, scientists discovered that alkanethiols spontaneously formed a
crystalline-like monolayer on gold surfaces, and called them self-assembled monolayers
(SAMs) [116]. The discovery quickly opened a new area of study. It makes it feasible and
simple to create desired surface functionality on gold substrates by simply immersing gold
substrates into dilute solutions of various alkanethiols. SAMs offer a unique combination of
inert gold surface with different organic molecules. The mechanism of SAM formation has
been studied for years and researchers have found that the alkanethiol chains form a tilted
approximately 30° with the surface on a typical SAM [117, 118]. With the variation of
chemistry on the alkanethiol chains, the exact structures of each individual SAM are still
under investigations. Actually, the phenomena of self-assembly commonly exist in nature.
The protein folding, DNA hybridization and transcription, and the formation of cell
membranes all have self-assembly involved. The forces for these natural assemblies are
hydrogen bonding, electrostatic interactions, hydrophobic interactions and Van der Waals
forces. With regards to the mechanism of alkanethiols assembled on gold, the driving forces
include the strong interaction between sulphur and gold, hydrophobic interaction and Van
der Waals force. As found, the sulphur and gold formed a semi-covalent bond, which has
half binding strength of carbon-carbon covalent binding. The mechanism of S-Au binding
could be suggested as an oxidative addition and a reductive elimination of the hydrogen. The
eliminated hydrogen may form molecular hydrogen but it has not been observed or verified
yet [119-121]. In addition, the interactions of methylene carbons on alkane chains help lower
the overall surface energy and order the molecular chains [118]. A schematic alkanethiol on
gold is shown in Figure 3. The sulphur interacted with gold is considered as the head group.
The alkyl chains are high ordered and tilted around 30° to the surface. Importantly, the
various functional groups on the top of the surface are considered as tail groups and provide
a platform where desired groups can be applied to produce surfaces with different chemistry
and serve different purposes. By simply varying the tail group, the surface can be customized
to have different physical and chemical properties, including hydrophilic or hydrophobic,
protein resistant or protein adhesive, and allow or rejec chemical bindings. In this project, we
utilized the ease to control surface functionality on SAM for further biomolecule

immobilization.
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Figure 3 Schematic diagram of thiol-gold SAM

The preparation of SAM is very simple and can be done by just placing the clean
gold substrate into a low concentration of alkanethiol ethanol solution. The initial formation
of a monolayer is very fast and the initially formed monolayer is not well-organized. Over
time, the self-assembled molecules move and become more ordered. Reported assembly
times vary, but typically are 12 h to 2 days based on different reports [122]. The research
showed that the well-organized monolayer highly depends on the purity of the alkanethiols.
Even a low percentage of impurity in self-assembled molecules, alkanethiols, has a obvious
influence on the formation, and may result in a disordered monolayer, or a monolayer with
disordered regions [123, 124]. Some details about SAMs have been revealed later by
different researchers [125-128]. They found that the complex or bulky tail groups can disrupt
the closely packed arrangement of the alkane chains and result in a less ordered self-
assembled layer. Further, the mixed SAM from a solution of two or more alkanethiols could
be formed and controlled. It is shown that the mole ratio of alkanethiols on SAM was related
to the mole ratio of alkanethiols in the solution, but there was competition between different
alkanethiols and it resulted in different ratios of alkanethiols between in the solution and the

surface.

The major advantage of SAM is that it can be prepared in a laboratory using a very
simple method. As described above, the substrate just needs to be dipped in the required
dilute solution for a specified time, washed thoroughly with the same solvent and then dried
[121]. The strong chemisorption between substrate and self-assembled molecule with various
functional groups provides an approach for studies and applications in many areas [125, 129,

130]. The examples include surface wetting, non-fouling property, electrochemistry, surface
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passivation, protein binding, DNA assembly, corrosion resistance, biological arrays, cell

interactions, and molecular electronics.

The biological application of SAMs is usually on the development of biosensors and
understanding of cell-cell/material interactions [131]. These applications are mainly due to

its simpleness to immobilize biomolecules and the mimic of complex cell microenvironment.
2.3.2.2 Cell studies on SAMs of alkanethiol-gold

The initial attachment of living cells could be greatly aided by the pre-modification of
either the deposited cells or the platforms. The modification of the platform can be
accomplished by physical or chemical means. One of the most popular methods to promote
cell attachment on a surface is using self-assembled monolayers on gold with distinct
terminal functional groups for specific protein and cell adsorption or immobilization. Cell

studies have already been carried out on different kinds of SAM surfaces.

The use of SAMs as a surface model for in vitro cell studies has some important
advantages. The major one is just as described above: easy formation of ordered and stable
monolayers. The similarity of the monolayer to cell membrane is another important
advantage, which makes it suitable for biomolecule immobilization. Furthermore, the
flexibility to design the tail group on a SAM can meet different requirements for biological
applications. Also, for any in vitro investigations, only a small amount of biomolecules is
needed on a SAM. Additionally, many surface techniques are available for a molecular level
of investigation, such as atomic force microscopy (AFM) and scanning tunnelling

microscopy (STM).

Here, in Table 3, some significant cell studies on SAMs have been listed from the
vast research efforts undertaken on them in biological areas and reported over the past three

decades.
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Table 3 Some selected cell studies on SAMs of alkanethiol-gold

Self-assembled molecule/Substrate Bioactive molecules/cell type Potential application Ref.

Mixed thiols: mannitol-terminated alkanethiol and Non-fouling surface and cell patterning [132]

hexadecanethiol

Carboxyl- and methyl-terminated alkanethiols Horse heart cytochrome ¢ Electron-transfer on protein bonded [133]
SAMs

Thiopeptide Lipid: dimyristoylphosphatidylethanolamine (DMPE)  Bilayer model surface [134]

Hydroxyl-, methyl-, amine- and carboxyl-terminated  Fibronectin / myoblast Modulation of protein adsorption and [135]

alkanethiols cell adhesion

Mixed thiols: hexadecanethiol and tri(ethylene Fibronectin / endothelial cell Control of cell attachment [136]

glycol)-terminated alkanethiol

Carboxyl- and methyl-terminated alkanethiols Primary human osteroblast Kinetics of cell attachment and cell [137]
proliferation

Oligo(ethylene glycol)-terminated alkanethiol Benzophenone and RGD-contained peptide / Regulation of cell adhesion and cell [138]

fibroblast patterning

Oligo(ethylene glycol)-terminated alkanethiol and A substrate for c-Src (AclYGEFKKKC-NH, ) Peptide chip to evaluate protein kinase [139]

hydroquinone-terminated alkanethiol activity

Tri(ethylene glycol)-terminated alkanethiol and Peptides (GRGDS and PHSRN) / baby hamster kidney Investigation of peptides on cell [140]

hydroquinone-terminated alkanethiol cell and 3T3 Swiss fibroblast adhesion and mechanism

Photocleavable alkanethiols with bioactive segments  Peptide (GRGDS) Protein patterning of Cell-cell signalling  [141]

Photocleavable hydroquinone-terminated alkanethiol ~ Cyclopentadiene-tagged ligand Protein patterning for biospecific [142]
interactions

Aminothiophenol and benzenethiol Carbon tube immobilization [143]

Hexa(ethylene glycol)-terminated alkanethiol Rabbit IgG and goat anti-rabbit IgG Biological nanoarray [144]
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Table 3 Some selected cell studies on SAMs of alkanethiol-gold (Continued)

Initiator-terminated alkanethiol

Hydroxyl-, methyl- and tetra(ethylene glycol)-
terminated alkanethiol

Initiator-terminated alkanethiol

Mixed thiols: acetylenic Co,y(CO)s— and tri(ethylene
glycol)-terminated alkanethiols

RGD peptide-terminated alkanethiol

Initiator-terminated alkanethiol

tetra(ethylene glycol)-, hydroquinone-, quinine-,
ferrocene-, and ferrocenium-terminated alkanethiol

tri(ethylene glycol)-terminated alkanethiol

DNA oligoneucleotide-PEG- and tri(ethylene glycol)-
terminated alkanethiol, and dithiolaromatic
triethyleneglycol

Fibronectin and fetal bovine serum (FBS) / NIH/3T3
fibroblast

Helicobacter pylori (H. pylori)

Preosteoblastic cell

Fibronectin and GRGDS peptide / CHO cell and Hela
cell

RGD peptide / NIH/3T3 fibroblast

Bovine serum albumin (BSA)

Human mesenchymal stem cell (hMSC)

Poly(D-lysine) / embryonic cortical neuron

Breast cancer marker, oestrogen receptor-a

Surface initiated atomic transfer radical
polymerization (SI-ATRP) and non-
fouling surface

Bacterial behaviours on the effect of
different surface functionality

SI-ATRP, phosphate mineralization and
bone cell growth on a model surface

Click chemistry and electrochemical
control on cell adhesion

Dynamic control of cell adhesion and
detachment

Chiral polymer brush formation and
protein adsorption

Screening the surface chemistry effects
on stem cell differentiation

The effect of nano-patterns on neuronal
growth

DNA arrays and detection of breast
cancer marker
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[147]

[148]

[149]

[150]

[151]

[152]
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In the early studies of SAMs for biological applications, to understand protein
adsorption and cell behaviour on a surface with various functional groups attracted
researchers’ attention. Different chain length of alkanethiols with different tail groups, such
as hydroxyl, methyl, carboxyl, and amine were studied for their effect on cell attachment and
cell morphology [135, 137]. For example, the proliferation of myoblast cells was
investigated on hydroxyl, methyl, amine and carboxyl covered SAMs by Garcia and
coworkers [135]. Very recently, people used different functionalized SAMs to determine
bacterial behaviours with different surface chemistry, which could be beneficial to create
bioarrays for bacteria detection [146]. At the meantime, different oligo(ethylene glycol)s
(EGs) were studied to provide efficient non-fouling surfaces [132, 136, 144]. As we know,
most biological systems recognize foreign objects through physical and chemical properties
and molecular confirmation. PEG is recognized and extensively used in many biological
applications because of its capacity to resist protein and cell from binding to the substrate.
Moreover, PEG is found to have no toxicity. Thus, PEG coating on an inert solid surface is a
continuous research focus to control protein adsorption and cell adhesion for biosensors,
high-throughput screening, and cell biology. Alkanethiol-SAM terminated with oligomers of
ethylene glycols was the primary SAMs developed to resist the adsorption of model proteins
and cells. Mrksich et al. studied the endothelial cell on a patterned SAM with methyl and
tri(ethylene glycol), and found that fibronectin just attached to methyl covered regions, as
well as the cells [136]. Polymer brush synthesized on SAMs was another popular topic being
studied. It can be introduced onto SAM through an initiator-alkanethiol and SI-ATRP. It is
an alternative approach to produce PEG covered surface with protein resistant property or
other polymeric properties. Some researchers reported this approach with several different
applications. Ma et al. successfully synthesized PEG brushed SAM and tested its protein and
cell resistance with fibronectin, FBS and fibroblast [145]. Lobbicke et al. used it for bone
cell study. They produced a SAM surface with poly(methacrylic acid) (PMAA) and
poly(dimethyaminothyl methacrylate) (PDM-AEMA) brush by SI-ATRP. The pH
responsivity of the polymer brush could help its mineralization with calcium phosphate and

then preosteoblastic cell proliferation [147].
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To mimic cell microenvironment and other related cell behaviors, different stimuli
were applied on SAMs to create heterogeneous functionality or alter physical and chemical
properties on SAMs. Mrksich and his colleagues did a lot of work on controlling surface
properties of SAMs with different methods including micro-printing and photochemistry.
The first example from their group was to create line patterning of oligo(ethylene glycol)-
and methyl-terminated alkanethiols for cell patterning in 1997 by micro-printing technique
[154]. They successfully patterned oligo(ethylene glycol)s and methyls on transparent gold
and silver. The second example was a monolayer with photocleavable hydroquinone
developed in 2004. The light could selectively remove the photocleavable molecule and
expose hydroquinone, which could undergo oxidization to benzoquinone for ligand
immobilization [142]. Additionally, they also developed a peptide chip on the SAM for the
evaluation of protein activity by developing a monolayer presenting benzoquinone groups
and the Diels-Alder reaction between diene modified peptides and quinine groups on the
SAM helped the selective immobilization of the peptides [139]. Other groups such as
Herbert et al. have also conducted patterning studies with oligopeptides to manipulate cell
adhesion and migration with fibroblasts [138]. In recent years, different potential bioarrays
with mixed self-assembled molecules were reported. Different stimuli were introduced into
the systems. Electrical potential was introduced as a stimulus and converted the surface
chemistry by dicobalt hexacarbonyl terminated alkanethiol. The adhesion of CHO and Hela
cells was controlled on this SAM [148]. Still utilizing electrical potential, a new approach to
develop DNA sensor was reported by Henry et al. A breast cancer marker was applied as a
model to demonstrate its potential in theranostics and pharmacogenomics. In addition, chiral
effect of molecules on protein adsorption has been studied on SAM. L/D-valine branched

polyacryloyl brush was studied by Sun and his coworkers [150].

Generally, SAM on gold is a good candidate for biological applications because of its
distinguishing properties on varying tail groups and its well-ordered single molecule layer.
As seen in Table 3, it has been used on cell behaviour studies about adhesion, proliferation,
differentiation and migration, screening of surface chemistry effects on cells, creation of
protein and cell resistant surfaces, DNA sensors, and other biological areas where a precise

control on surface chemistry was required. However, SAM has certain limitation during
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these biomedical applications. The chemical stability of some SAMs is not very good as
monolayer can be chemically oxidized during the investigations. It is not compatible with
some image acquisition techniques since it is not transparent. Some hydrophobic SAMs
accumulate organic contaminants easily due to their high surface energy. But, still, SAM is a
promising model surface to study for these applications mentioned above. When a stimulus
was introduced during the development of SAMs, a more complex platform is able to

generate for better mimic of cells with their microenvironment.
2.3.3 SAMs of organosilane

SAMs of organosilane on glass or silicon wafers can be used to modify surface
properties. They are also important substrates for cell adhesion studies in vitro and have been
successfully developed to obtain control over the molecule composition and surface
functionality. Organosilanes can form a close-packed single molecule layer on glass or
silicon wafers due to the hydrophobic and Van der Waals interactions among the alkyl chains
of the organosilane molecules. They have the particular advantage to investigate the
influence of surface properties on cell adhesion and the following behaviours by varying
surface chemistry [155]. For example, Faucheux et al. utilized organosilanes on glass with
the terminal groups of methyl, bromine, vinyl, amine, PEG and hydroxyl to explore and
understand their influence on the adhesion, growth and functions of human fibroblast [155].
In addition to the investigation of surface chemistry and topography on protein absorption
and cell adhesion, the SAM of organosilanes is also a promising surface to precisely control
cell attachment. It has been shown that deep UV irradiation can alternate SAMs of
organosilane by a photocleavage mechanism for further modification and surface patterning
[156]. Photolithography can be employed on SAMs of organosilane to generate patterning.
The study from Kira et al. can be taken as an example. They developed a SAM of
organosilane with perfluroalkyl groups on glass, and used it to control protein adsorption and
growth of PC12 and HeLa cells [157]. Around the same time, Das et al. used a SAM of
organosilane with amine groups to coculture nerve and muscle cells on it and mimic
neuromuscular junctions [158]. Most recently Yamamoto and his colleagues reported a
method based on organosilanes on glass slides to create an in-situ control on an in vitro

neuronal circuit to mimic in vivo architecture and functions of neural circuits. They achieved
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the control by locally modifying culture surface in-situ with a laser, and then the neurites
were guided by these in situ changes on culture surfaces [159]. The SAM of organosilane is
recognized as an important surface fabrication technique to control cell adhesion for the

development of biochips.

2.3.4 Other methods on solid substrates for cell studies

2.3.4.1 Soft lithography

Except polymers and SAMs, there are still other strategies used on a solid surface for
cell adhesion, particularly a precise control on cell adhesion. Soft lithography is one of the
commonly used techniques to control chemical structure on a solid surface for cell-substrate
interactions. It refers to a number of techniques with the common feature that at some stage
of the process a soft material is used to create the chemical structures. Microcontact printing
(LCP) is the most studied in this family. The technique was originally developed for
microelectronics applications and later was used for cell adhesion studies, particularly for the
production of surfaces for cell patterning. Due to its simplicity and flexibility, there have
been numerous applications of cell adhesion studies, especially cell patterning studies,
published based on it. The process can be explained as follows: an elastomeric stamp was
prepared by casting on a microstructured master surface and hardened; a solution with
biomolecules to be printed was inked on the stamp and then transferred to a substrate by the
stamp, usually a noble metal surface or glass; after the removal of the stamp, the biomolecule
was patterned on the designed substrate. In some cases, a second molecule solution was
backfilled on the substrate to increase the contrast with patterned regions. The topographic
masters of stamps are often created by photolithography and other mechanical methods.
Poly(dimethylsiloxane) (PDMS) is the most widely used stamp material. After oxygen or air
plasma, PDMS stamps are usually favourable to absorb the ink on their surfaces and then
ready to a substrate. Based on different applications, many different molecular solutions
could be used as inks for pCP and transferred to a substrate [160, 161]. The simple example
of uCP to create direct patterning for cell adhesion is based on the physisorption of cell
adhesive molecules on the surfaces. Many different ECM proteins and peptide sequences

have been successfully printed for cell adhesion. For cell patterning studies, fibronectin,
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LAM and cell adhesive peptide sequences have been used as the inks to direct cell adhesion.
Csucs et al. were able to print a RGD sequence contained macromolecule and backfill the
rest of the surface with a PEG derivative to create an alternative RGD and PEG covered
TCPS or glass for fibroblasts’ adhesion and patterning [162, 163]. Altomare et al. recently
created a fibronectin strip pattern on a film of L-lactide/trimethylene carbonate copolymer
and then used it for directing muscle cell growth [164]. Furthermore, LAM was successfully
patterned on a silicon wafer and the precise position of neuronal cells was controlled by these
LAM patterns on the wafer. Neuronal networks could be formed by this method in vitro
[165]. In addition, the technique could also be used to patterning specific antibodies for
bacteria detection and patterning [166]. At the same time, pCP has been reported to combine
with SAM techniques for cell adhesion. Conventionally a hydrophobic alkanethiol was
printed on a gold substrate to form a patterned SAM, and then the remaining regions on the
surface was usually rendered cell non-adhesive with PEGs [167]. Another method involving
both uCP and SAM was also adapted for cell adhesion studies. In detail, an amine-reactive
SAM was used as a substrate; pCP was applied to pattern cell adhesive protein first and the
rest regions were blocked by amine-terminated PEG to create cell non-adhesion on these
regions [168]. Generally, uCP is a simple and cost-effective method for surface patterning
and can be applied to numerous kinds of surfaces. But some limitation still hinders its
applications in biological fields. The major limitation is that it is challenging for uCP to
create complex and precise patterns in a nano-scale and to pattern three or more
biomolecules on one substrate [161]. The practical pattern size of a regular PDMS can be
small to 1 um and this limits the resolution of the pattern and subsequently cell studies about
nano-scale effect on cell behaviours. Meanwhile, three or more biomolecules are impossible
to be patterned using pCP by PDMS stamp and a special stamp needs to provide for chemical
patterning of multiple biomolecules [169]. Other challenges include the lack to create a

biomolecule gradient and a precise geometry [161].
2.3.4.2 Photolithography

Other than soft lithography, another popular method on a solid substrate particular for
cell adhesion and patterning is photolithography. It was also originally developed for

microelectronic applications and then adapted to biological fields for cell studies. The
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general procedure is that a photoresist (UV-sensitive polymer) layer is spin-coated to a wafer
and baked to dry; this polymer-coated wafer is placed under UV irradiation with close
contact to a photomask to remove the photoresist layer or alter its properties on irradiated
regions; after irradiation, biomolecules can be deposited to the irradiated surface and then be
lifted-off with the remaining photoresist layer on certain regions by an organic solvent. In
some cases, biomolecules were deposited evenly on top of the photoresist layer before
irradiation and then were selectively removed with the photoresist layer after irradiation. For
cell studies, as soft lithography, photolithography is usually used for cell patterning to
develop cell assay-related platforms [161]. For example, Revzin et al. utilized
photolithography for the patterning of PEG hydrogel on a glass slide, followed by collagen
deposition to control cell adhesion, and they observed cells attachment and growth in their
patterned microwells on glass. They suggested the technique can be applied to manufacture
high-density arrays for cell-cell or cell-surface interactions [170]. Another example could be
taken from the study of Albrecht et al. [171]. They described a method to precisely control
cell position and develop a hydrated 3D cellular microenvironment using photolithography
and poly(ethylene glycol) diacrylate (PEGDA). The cells enable to be encapsulated into
specific PEGDA hydrogel regions on a solid surface. In a word, photolithography is a high-
throughout strategy to create precise cell adhesion for in vitro cell arrays. But, as with soft
lithography, it is very challenging to control immobilized biomolecules density for cell
studies and it usually involves harsh organic solvents in the process, which is harmful for

bioactivity of biomolecules and further cells [161].

As mentioned above, soft lithography and photolithography are all important
strategies for cell adhesion studies, particular for precise control of cell adhesion, on a solid
surface. The substrate materials of the two strategies can be silicon wafers, glass, polystyrene,
polymeric hydrogels, noble metals etc. Therefore, they help to introduce different materials
into cell adhesion studies. Besides these two strategies discussed, there are still other
methods used to control surface features for cell adhesion. For example, Fan et al. used
etching on a silicon to create different roughness and nanoscale topographical structure for
neural cells [172] The studies showed the significant dependence of neural cell adhesion and

viability on the silicon surface roughness. Recently, Nikkhah et al. utilized silicon chip and
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etching technique to build up a micro-array and it was used for co-culture of human breast
cancer and breast cells. They found the heterotrophic cell interaction in the co-culture and
suggested that this silicon chip has potential to be used in other co-culture studies and cell-

based biosensing devices.
2.4 Photochemistry applied in biological applications

To dynamically control the surface chemistry or the immobilization of biomolecules
on a material, light is considered as an ideal external stimulus since it can be manipulated
spatially and temporally in microscale, even nanoscale. Therefore, photolabile molecules are
often employed as a switch controlled by light in biological applications. Photolabile
molecules incorporated on biomaterials and SAMs introduce a dynamic control to the

materials.

2.4.1 Photolabile molecule

The photolabile molecules could be categorized into two kinds: photoaffinity
molecules and photocleavable molecules. It depends on whether a formation or cleavage of
chemical bond happens after light irradiation. For photoaffinity molecules, a bond forms
during the molecule and a desired molecule varied with the application; for photocleavable

molecules, a covalent bond breaks and the molecule is removed from the bulk material [173].
2.4.1.1 Photoaffinity molecules

Figure 4 lists the major photoaffinity molecules used for biomedical applications.
Benzophenone is a common photo initiator in photochemistry and used for a lot of screening
studies [174-176]. It was first reported for cell adhesion studies on by Herbert et al. to study
cell behaviours on a micropatterned SAM [138]. Through photoimmobilization of a cell-
adhesive peptide, the location, the number and the shape of cells were controlled. Later, Ruiz
et al. [177] reported modified polyurethane with benzophenone to control cell attachment on
a polymer and mimic the cell membrane. Moreover, Bessone et al. [178] reported a
fabrication method of a microfluidic device with alternative hydrophobic and hydrophilic

patterns of microchannels involving benzophenone. Another popular photoaffinity molecule,
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aryl azide, has been reported to immobilize dextran, a similar protein and cell resistant
polymer as PEG, on poly(ethylene terephohalate) surface as a versatile development of
surface modification [179]. Other applications of aryl azide includes biolabelling [180],
protein mapping [181] and gene mapping [182]. The last example is diazirine. Diazirine as a
photocrosslinker was studied to capture glycoprotein interactions [183], used in genetic
bacteria [184] and immobilization of biomolecules on polymer surfaces [185], and used as a

probe for protein-DNA interactions [186].
2.4.1.2 Photocleavable molecules (photocages)

Photocleavable molecule, also called photocages, form the other class of photolabile
molecules widely used in biological applications. As shown in Figure 4, it usually includes

o-nitrobenzyl, benzoin, o-cinnamoyl, m-nitrophenol and coumarinylmethyl [173].

Among all the photocaging studies, o-nitrobenzyl and its derivatives are the most
frequently used photocages [187-192]. The photolysis and photocleavage mechanism of o-
nitrobenzyl is that hydrogen transfers from the benzyl position to the nitro functional group
during photo irradiation, and the transfer is achieved by the elimination of o-
nitrosobenzaldehyde from the bicyclic intermediate which is generated during the process, as

shown in Figure 5.
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Figure 4 Major photoaffinity and photocleavable molecules
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Figure 5 Photolysis of a nitrobenzyl derivative. X is the cage-protected group.
2.4.2 Biological applications of photocages

Here, biological applications of photocages and its derivatives could be divided into
two parts for discussion: the photocage on polymeric materials to create scaffolds or films
mainly for in vivo applications and on solid surfaces for in vitro studies of labelling,

screening and fundamental cell biology.
2.4.2.1 Photocages on solid surfaces [193]

Cage compound modified solid surfaces hold great promise for various
biotechnological and biomedical applications. It could be used as a platform for drug and
biomarker discovery, mapping protein-protein interaction, DNA screening, and analysis of
cellular processes [194, 195]. For such purposes, one of the strategies is to develop a
functional substrate that has the capability to respond to an external stimulus. Light as
external stimulus, combined with photocages, has the great advantages of the high resolution,
both spatial and temporal control, and also no residue, which may cause some unexpected

side effects on the development of microarray chips.

A popular application of photocleavable surface is used for DNA screening and in

situ synthesis. DNA probe arrays are useful tools in biomedical research and diagnostics
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because of their ability to simultaneously address large numbers of genes [187]. The
photocleavable molecules in these designs are used to temporarily protect the terminal
groups of nucleotide monomers, which are often assembled on glass or metal surfaces and
block the DNA polymerase reaction after the incorporation of each nucleotide. Irradiation
and the use of appropriate photomasks allow the release of terminal groups and the control of
the sequence and the size. The significant advantage of using photochemistry is that no
chemical reagent and no purification are required. The fabrication of photosensitive DNA
microarrays usually aims to increase the rate and efficiency of photo deprotection. Seo et al.
[187] reported a successful DNA sequencing approach based on sequencing by synthesis on
a solid surface using photocleavable fluorescent nucleotides in 2004. They attached the
azido-labeled DNA onto an alkyne-modified glass. A series of nucleotide analogues have
different fluorescent dyes attached through an o-nitrobenzyl linker. The results showed that
the near-UV irradiation led to the efficient release of the fluorophore and demonstrated the
feasibility of performing the DNA polymerase reaction on the solid surface. Their
development of DNA sequencing has the potential use on the whole genome sequencing and
pharmacogenetics. So far, limited success with photochemical approaches has been reported
but several cage compounds have been studied and shown the fast efficient photo
deprotection of hydroxyl group for DNA microarray synthesis [196], like coumarin family
[197], indoline and quinoline. Fodor et al. reported a successful array of 1024 peptides using
a nitrobenzyl derivative protective group. Its ability to produce high-density oligonucleotide

arrays (GenChip®probe arrays) has been utilized in DNA sequencing technology [198].

The basic challenge on the fabrication of protein and cell microarrays is the protein
labelling with high resolution on the substrate. To achieve this, high density of individual
and isolated reactive protein sites are required. Light, as a versatile trigger, can induce
photoreaction instantaneously on the surfaces and control the immobilization without
chemical reagents [199, 200]. Several studies have already been conducted to provide the
feasibility to apply different photocleavable molecules on different solid surfaces and
demonstrate their advantages. Basically, the caged molecule area was attached to a solid
substrate and was irradiated through a mask or by laser lithography. Deprotection happened

selectively on the regions exposed to the light and free functional groups were generated to
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react with a second molecule, usually a biomolecule. Irradiation with different strategies
could lead to the synthesis of a desired set of products on one surface [200]. It offers
significant advantages for sensing applications, including reduced operation time, parallel
detection of multiple targets and tiny amounts of sample requirement. Sundberg et al. [201]
fabricated a heterogeneous surface with two different antibodies on a solid substrate in 1996.
In their study, a nitrobenzyl derivative, nitroveratryloxycarbonyl (NVOC), was used as the
caging agent. They immobilized a caged biotin analogue to the glass surfaces first and
exposed it to UV light through a photolithographic mask to yield deprotected biotin regions
for streptavidin binding, and biotinylated macromolecules were linked through biotin-
streptavidin-biotin bridging. Finally they achieved two different biotinylated antibodies
immobilized at different regions on a planar substrate. Alonso et al. [202] created a
photosensitive silica also based on NVOC chemistry. Further, a typical protein repellent
tetra(ethylene glycol) was used to assemble on silica surface with a NVOC terminal group.
By UV irradiation, they could achieve highly selective deprotection of amine groups and
site-specific immobilization of tris-nitrilotriacetic acid (tris-NTA) for His-tagged protein
attachment and biotin for streptavidin attachment. In their system, oligoethylene glycol was
introduced to the substrate, which helped to decrease the non-specific binding between the
substrate and proteins. Lee et al. [203] developed a maskless photolithography process to
control protein patterns with NVOC molecules. They fabricated a two dimensional
micromirror array, where they used a digital micromirror as a virtual photomask to create
biotin pattern. Most recently Grunwald et al.[204] applied photocleavable surfaces to capture
and recognize virus. They created a photoactivable tris-NTA by a nitrobenzyl linker. The
photoactivable tris-NTAs were self-inactivated by His-tagged proteins. Irradiation could
activate the affinity by cleaving a tethered intramolecular ligand arming a multivalent
chelator head. In their study, different strategies were applied to create site-specific protein
pattern, including mask patterning, laser lithography, and successive activation of different
areas using in situ laser scanning lithography. Furthermore, they also demonstrated the
capability of their system to capture virus specific very low-density lipoprotein receptors,
which made it a highly flexible platform for detection and analysis of clinically relevant
virus particles. Until now, many different photocleavable solid systems have been developed

and most of them are used nitrobenzyl groups to control protein specific binding to the solid
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support [205-209]. To control the size of a pattern and avoid non-specific binding of proteins

is still a big challenge for protein patterning technique based on photochemistry.

It is a critical step to control cell adhesion on a cell-culturing substrate for the
development of cell microarrays. Using light as a stimulus and developing functional
substrates that could response to light irradiation in order to switch surface properties is a
powerful way to fabricate them. Research has already been done to create cell patterns either
on glass surface, silicon or SAMs [189, 190]. For example, Dillmore et al. [142] provided a
method to pattern ligands and cells on a SAM of alkanethiol-gold by using a nitrobenzyl
derivate. Their method began with a NVOC-hydroquinone contained monolayer on gold.
After successful synthesis, irradiation exposed the hydroquinone and the following
oxidization of hydroquinone provided a site for the immobilization of cell adhesive peptide.
Finally the designed surface could generate circular cell attachment corresponding to the
photomask applied (Figure 6). Park et al. [210] also developed a protein and cell pattern on a
thiolated gold SAM surface by nitrobenzyl derivates. Their strategy was to immobilize
various cell adhesive peptides containing the ketone group and generate cell patterns. They
showed the sequential immobilization of two fluorescent dyes in a pattern and also the
immobilization of ligands in gradients to demonstrate the capability to immobilize different

biomolecules.

Besides the studies mentioned above, there are studies of photocleavable substrates to
serve other purposes such as protein purification [194] and microfluidic devices [178].
Recent research done by Jang et al. is a good example to develop a microfluidic system with
single-cell attached inside. It could be a device for single-cell analysis to overcome any
misleading of cell behaviours by averaging a large group of cells. They modified
microchannels inside a surface with a nonfouling polymer, 2-methyacryloyloxyethyl
phosphorylcholine (MPC), by a nitrobenzyl derivative. By UV irradiation, MPC was
selectively removed with the photocage in the microchannel. The size of the exposed regions

could be controlled by a photomask and it desired for a single endothelial cell attached.

A solid support with photocleavable molecules is a good platform to develop

different microarrays for DNA analysis and diagnostics, protein-protein interaction and cell
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process studies, drug screening and other biomedical applications. A solid flat support could
minimize the topographical influence on the development of microarray chips and also it
could tolerate many harsh operations or reaction conditions like organic solvents and high

temperature, which are usually a problem for biomaterials.

Figure 6 Swiss 3T3 fibroblasts cells selective attached on a SAM through photocleavable
molecule. Reprinted from Ref. [142]. Copyright © 2004 American Chemical Society.

2.4.2.2 Photocages on polymer scaffolds and films

To incorporate photocages into polymers is a new strategy to prepare a desired

material with heterogeneous properties for tissue engineering.

Some researchers utilized the photocages to switch wettability of polymers for
potential biological applications. For example, Brown et al. [211] synthesized a polymer
brush from a nitrobenzyl modified methacrylate (MAA) monomer by SI-ATRP. The UV
irradiation can remove the nitrobenzyl from the bulk bone of the resulting PMAA and the
surface exhibited a hydrophilic property instead of a hydrophobic property provided by the
nitrobenzyl groups. The condensation of water droplet on the irradiated surface with a
photomask provided the evidence on the capability of their strategy (Figure 7). Except the
wettability, the photocage has also been used to control sol-gel transition temperature. A
triblock polymer was developed by Woodcock and coworkers [212]. The existence of
hydrophobic nitrobenzyls lowered the transition temperature and the cleavage of nitrobenzyl

groups by light triggered the gel-sol transition at a constant temperature. Except applications
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above, control release of prodrug, DNA and protein by light is also popular application for

photocleavable nitrobenzyl groups incorporating polymers [188].
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Figure 7 A water condensation image on a photo-patterned polymer surface. Reprinted from

Ref. [211]. Copyright © 2009 American Chemical Society.

The application of photocages to switch a polymeric surface (2D) or scaffold (3D)
into protein/cell-adhesive or protein/cell non-adhesive in order to control cell adhesion and

growth is an important application for these molecules.

Burdick group [213] reported a copolymer with photocleavable side groups for cell
adhesion. The copolymer is consisted of photocleavable 2-nitrobenzyl acrylate and
(hydroxyethyl)methacrylate) (NBA-co-HEMA) and exhibits a light-sensitive property under
UV irradiation. This polymeric film swelled and showed stress-induced wrinkling patterns
when there was UV exposure on its surface. The cells attached and behaved very differently
on their fibronectin-coated polymer films with various exposure times. On this film, there
were cells attached without UV exposure but the cell spreading was not good. After 15 min
of exposure, there is little cell attachment. With longer exposure (90 min), more cells were
attached and the cells spread very well. The control of substrate mechanic, topography and
chemistry simultaneously was achieved, which are all the parameters to influence cell

behaviours.

A 3D scaffold that supports cellular growth and behaviour is required by engineering
full tissues. Recently several groups have attempted to achieve cell patterning in a 3D
structure. Except the works just mentioned in the previous paragraph, there are several
research focusing on either control of ligand presentation or control of degradation in a

polymer scaffold [214]. The incorporation of photocleavable molecules is one choice to
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realize these controls. For example, Shoichet and her lab [215, 216] used agarose as the bulk
material and incorporate it with a nitrobenzyl- or coumarin-modified cysteine by grafting.
The matrix showed a light-responsive property. With selectively exposure of this matrix to
UV light, controllable presentation of the functional molecule, sulfhydryl, and the following
ligand immobilization was achieved, which enable to orient cell growth, particularly
neuronal cell growth and axonal growth. To improve the control over 3D, especially the
depth of patterns, they expanded to using confocal and two-photon microscopy to control the
patterning in all three dimensions. The recent studies showed they improved their system to
pattern multiple growth factors and realized the successful control on migration of neural
precursor cell into 3D hydrogel channels generated by immobilization of cell-adhesive

sequence RGD in the channels [217, 218].

Recently, Kloxin et al. reported another strategy to utilize nitrobenzyl [219]. They
used a nitrobenzyl group as a crossliker between PEG and acrylate, and the polymerization
of acrylate formed a crosslinked PEG-polyacrylate with the photocleavable molecule. Upon
UV irradiation, the rearrangement of nitrobenzyl groups caused the break of crosslinking and
made the hydrogel uncrosslinked (photodegradable). The controllable photodegradation of
the hydrogel encapsulating cells created regions that were permissive to cell migration inside
the hydrogel. Most recently, their group incorporated the photoaffinity and photocleavage
into one 3D hydrogel. They successfully patterned two different adhesive peptide sequences
(RGD and PHSRN) and, at the same time, released the entrapped cells in the hydrogels. The
physical and chemical properties of their crosslinked hydrogel could be controlled
independently and simultaneously [220].

Overall, the introduction of photoaffinity and photocleavable molecules provides us a
way to import a non-invasive stimulus, light, into systems and realize real-time control or
heterogeneity of physical or chemical properties of materials. Particularly for biological
applications, it helps create model surfaces for many in vitro biological studies and the
development of cell arrays for diagnosis, screening and probing; it also helps mimic the

complexity of full tissues for tissue engineering and implantations.
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2.5 Conclusion

In my project, we combined the photocleavable molecules, nitrobenzyl derivatives,

with two different kinds of surfaces, SAM of alkanethiol-gold and chitosan. The SAM is

based on a flat solid surface and good to utilize as a model surface for in vitro biological

applications, such as fundamental cell biological and biochips. Chitosan, as a biocompatible

and biodegradable polysaccharide, is a good candidate for different in vivo biological studies

and potential tissue engineering applications. As mentioned above, nitrobenzyl groups

introduced the light as a stimulus into the system and help control the ligand presentation.

The cell attachment could be controlled by the heterogeneous presentation of ligands on our

selected materials.
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3.1 Abstract

A new approach to control cell attachment using photochemistry and self-assembled
monolayers (SAMs) has been developed. Poly(ethylene glycol) (PEG) was introduced onto a
gold SAM surface to initially create a cell repulsive surface via a photo-cleavable o-
nitrobenzyl functional group. This cell repulsive surface was subsequently rendered cell
adhesive by exposure to UV-irradiation which cleaved the photoactive o-nitrobenzyl group,
followed by immobilization of cell adhesive peptides to the irradiated regions. Water contact
angle measurements, atomic force microscopy (AFM) and X-ray photoelectron spectroscopy
(XPS) were used to confirm the photoreactions and to characterize surface properties. To
study cell attachment on the prepared surfaces, NIH/3T3 fibroblast cells were used. The cell
culture results demonstrated that PEG covered SAMs had the ability to repel cells and that
the surface became cell-adhesive after UV irradiation to cleave cell non-adhesive PEG from
the exposed surface via photo-labile o-nitrobenzyl groups, followed by immobilization of
cell adhesive RGD peptides. In this study, we show that cell attachment can be controlled on
photocleavable PEG-gold SAMs by UV exposure. We also show that the resulting surface is

effective to control cell attachment for up to 5 days in culture.
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3.2 Introduction

To understand the effect of the extracellular microenvironment on cell behavior is a
fundamentally important topic in cell biology because it benefits the development of many
other research areas in biology and biotechnology, including screening of drug candidate
libraries, regenerative medicine, biosensors, and fundamental investigations into cell-cell
interactions and communications [1]. To this end, control of cell attachment on substrate
materials is a preliminary step of crucial importance [2, 3]. It uses not only mechanical
interactions [4-6], but also chemical signals, such as the interactions of cell surface receptors
with their specific cell adhesive molecules in the extracellular matrix (ECM) to regulate cell
adhesion. To date, surface patterning is routinely used to immobilize proteins in order to
pattern cells for cell behavior studies; in fact many studies have presented successful
strategies to control the position of cell attachment on different surfaces. These methods
include photolithography, micro-contact printing (LCP), microfluidics and photochemistry |3,
7]. However, among these methods, photochemistry method is perhaps the most promising
technique to study biological systems as other methods suffer, to various degrees, drawbacks
when applied to biological systems. For example, photolithography requires expensive
equipment and clean rooms for manufacturing, which are often not available to an average
biology laboratory. Furthermore, the use of harsh solvents in the process can hinder the use
of biomolecules which are often easily denatured [8]. In comparison, the primary advantage
of using photochemistry is that it can provide both spatial and temporal control over cleavage
of photo-labile molecules or biologically active molecules [9, 10]. O-nitrobenzyl derivatives
are the most commonly used and well studied photo-labile caging groups, and they can react
with and protect (i.e. cage) many functional groups, such as amine [11], carboxyl [12],
hydroxyl [13] and thiol [14] groups that can be subsequently released (i.e. uncage) for further
reactions when exposed to UV light in a well controlled manner. In fact, o-nitrobenzyl
derivatives have been reported to offer precise control of patterning sizes on the micro-scales
and even nano-scale [11, 15]. While photo-cleavage of o-nitrobenzyl groups and subsequent
immobilization of cell binding molecules have been well studied to control cell attachments
by other researchers [15], the introduction of cell repulsive molecules such as PEG to reduce

surface non-specific binding in combination with cell adhesive molecules to better define the
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surface cell adhesive properties has not been reported. Here we present a method to create a
surface which can control cell attachment using photochemistry and SAMs. The design of
our surface is as follows: the basic substrate was a self-assembled monolayer of alkanethiols
on gold. This alkanethiol SAM permitted the control of interfacial structures and properties,
and presented well-defined surface properties based on alkanethiols, the terminal functional
groups on the SAM surface. The resulting SAM surface was first modified with PEG to
render it protein and cell resistant. By subsequently removing the cell repulsive PEG using
photo activation followed by cell adhesive peptide immobilization, cell adhesive surfaces
were created. This was achieved by using o-nitrobenzyl derivatives as photo-labile cages to
protect the thiol functional groups that, upon photo-uncaging, reacted with the cell adhesive
peptide, Arg-Gly-Asp (RGD). In this study, we report our preparation and characterization of
the photoactive SAM surface. We show that a photoactive SAM surface can be used

effectively to control cell adhesion.

3.3 Experimental

3.3.1 Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used as
received unless otherwise indicated. Deioinized distilled water was obtained from Milli-RO

10 Plus and Milli-Q UF Plus system (Bedford, MA) with a 18M(Q resistance.
3.3.2 Gold coated glass slide preparation

Gold coated glass slides prepared by thermo-evaporation method were purchased
from the Arrandee™ Company, Germany. The slides were 11x11 mm in size with a 2.5 +
1.5 nm thickness chromium underlayer and a 250 £ 50 nm gold coating as the upper layer.
Immediately before use, the gold slide surfaces were cleaned, in sequence, by piranha
solution (3:1 (v/v) of 98% H,SO4 and 30% H»O0,, caution: piranha solution is a very
corrosive solution and appropriate safety precautions should be utilized, including the use of

acid-resistant gloves and adequate shielding), Milli-Q water, anhydrous ethanol
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(Commercial Alcohols, Toronto, ON), and finally dried under clean nitrogen flow at room

temperature.
3.3.3 Surface modification

Layer-by-layer surface modification on the gold slides was performed in sequence as

describe below. The schematic of the surface modification is shown in Figure 1.
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3.3.3.1 Preparation of 1,8-octanedithiol-gold SAM (DT-Au SAM)

To prepare the SAM layer, clean gold slides were immersed and kept in anhydrous
ethanol with ImM 1,8-octanedithiol (DT) at room temperature for 24 hours, extensively
rinsed with both anhydrous ethanol and Milli-Q water, and then dried under clean nitrogen
flow. The obtained SAM coated samples, referred to as DT-Au herein, were stored under
anhydrous ethanol for future use. This step introduced thiol functional groups to the gold

SAM surface.
3.3.3.2 Preparation of 4-bromomethyl-3-nitrobenzoic acid (BNBA)-DT-Au surface

The prepared DT-Au slides were immersed in 2mM BNBA ethanol solution for 24
hours to modify the surface with BNBA. The resulting surfaces were rinsed with anhydrous
ethanol, and dried under clean nitrogen flow. The prepared samples were stored in anhydrous
ethanol in the dark until needed. This step served to cage the thiol functional groups on the
SAM surface using photo-labile BNBA. Due to the photo reactivity of the BNBA modified
surface, care should be taken to store surfaces in the dark and handled under subdued light

hereinafter.
3.3.3.3 Preparation of PEG-BNBA-DT-Au surface

The BNBA-DT-Au slides prepared in the previous step were submerged in a mixture
of 5SmM N-hydroxysuccinimide (NHS) (Pierce, Rockford, IL) and 5 mM 1-ethyl-3-(3-
dimethylaminopropyl) carbodiiminde (EDC) (Pierce, Rockford, IL) for 30 min.
Methoxypolyethylene glycol amine 5000 (PEG) powder was then directly added to the
reaction mixture (final concentration = 10 mg/ml) to react for 24h at 4°C under constant
agitation. Upon completion of the reaction, the resulting slides were rinsed sequentially with
anhydrous ethanol and Milli-Q water. The obtained slides were stored in anhydrous ethanol
in the dark for future use. This step served to introduce cell non-adhesive PEG to the SAM

surface via photoactive BNBA, thus rendering the whole SAM surface cell non-adhesive.
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3.3.3.4 Photoactivation of PEG-BNBA-DT-Au surfaces (PEG-BNBA-DT-Au-UV)

UV irradiation from a 365 nm Longwave UV Lamp (Black-Ray B-100 Longwave
UV lamp, 100 W, UVP, Upland, CA) was used to cleave the photoactive caging group
BNBA from the SAM surface. This step removed the cell non-adhesive PEG from the SAM
surface and released the caged thiol group for further modifications. Specifically, the PEG-
BNBA-DT-Au glass slides were irradiated ~5 cm from the light source while submerged
under a thin layer of PBS (pH 7.4) solution for 5 min. The irradiated surfaces were then

rinsed sequentially with Milli-Q water, anhydrous ethanol, and finally Milli-Q water.

3.3.3.5 Binding of RGD peptide to the photoactivated PEG-BNBA-DT-Au surfaces
(PEG-BNBA-DT-Au-UV-RGD)

To render the surface cell adhesive, the peptide sequence, RGD, was immobilized via
the photo-uncaged thiol functional groups. Briefly, 10ml RGD solution (1mg/ml) in PBS (pH
7.4) and 24 mg Sulfo-SMCC (Pierce, Rockford, IL) were reacted for 30 min at room
temperature under constant agitation to activate the amine groups on the RGD for reaction
with the photo-uncaged thiol groups on the SAM surface. Subsequently the maleimide-
activated RGD peptide was applied on the surface of PEG-BNBA-DT-Au-UV overnight at
4°C, followed by rinses with Milli-Q water to remove any physically adsorbed RGD peptides.

The resulting surfaces were stored at 4°C in PBS for future use.

3.3.4 In vitro cell attachment studies

To test the relative cell adhesiveness of the different SAM surfaces, NIH/3T3
fibroblasts were used as model adherent cells. The cells were routinely maintained in
medium containing Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen)
supplemented with 10% fetal bovine serum (FBS) (Invitrogen), 100 U/mL Penicillin
(Invitrogen), and 0.1 mg/mL Streptomycin (Invitrogen), and kept in T-75 flasks at 37°C in a
humidified environment containing 5% CO,. Prior to cell seeding on the experimental
surfaces, cells were trypsinized, centrifuged into a pellet, re-suspended in culture medium

and counted using a hemocytometer.
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CellTracker™ Red (Invitrogen) was used to label the fibroblasts according to the
vendor’s protocol for better visualization of the cells in this study. Briefly, 10 mM stock
solution of the dye in DMSO was prepared and was subsequently dissolved in DMEM to
produce a 2.5 uM working solution. One milliliter of the working solution was added to the
wells containing the fibroblasts in 12-well plates (BD Falcon) and allowed to incubate for 45
minutes at 37°C. The staining solution was then replaced with pre-warmed fresh media and
allowed to incubate for another 30 minutes at 37°C. Cells were then washed in PBS (pH 7.4)
followed by incubation in fresh media. The stained cells were subsequently seeded onto the
experimental surfaces at a density of 5x10° cells/cm®. Cells were observed using
fluorescence microscope (Olympus IX81) every 24 h, and observations were documented

using Image-Pro Plus software (Media Cybernetics, Silver Spring, MD).
3.3.5 Water contact angle measurements

Water contact angle (WCA) of surface modified gold slides and bare gold slides were
obtained using the sessile drop method with a VCA Optima XE system (AST product,
Billerica, MA). The surfaces of Au, DT-Au, BNBA-DT-Au and PEG-BNBA-DT-Au were
tested immediately after surface modifications. Five random (and different) spots on each
slide were analyzed and two slides for each sample were tested. To study the relationship
between the photolysis efficiency and exposure times, the WCAs of PEG-BNBA-DT-Au
surfaces subjected to different exposure times ranging from Os to 1200s were measured and
recorded. For all WCA measurements, both advancing and receding angles were taken and

recorded.
3.3.6 X-ray photoelectron spectroscopy (XPS)

To investigate the properties of the different surfaces prepared in this study, high-
resolution X-ray photoelectron spectra were recorded on an AXIS Ultra high performance
XPS (Kratos, Chestnut Ridge, NY) with monochromatic AlKa source at 140 W with a fixed
take-off angle of 90°. The intensity of the binding energy and atomic concentrations were
determined by numerical integration of the relative peak areas using the atomic sensitivity

factor specified by the manufacturer.
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3.3.7 AFM imaging

To study the layer-by-layer modifications and surface topography changes before and
after UV illumination, AFM imaging was implemented using Veeco Multimode AFM
Nanoscope V (Veeco Instruments, Santa Barbara, CA). All images were collected in tapping
mode in air at room temperature using a low-force Si scanning probe. Multiple different
testing areas on each sample surface were analyzed. Surface roughness was quantified with

the roughness function in the Nanoscope software.
3.4 Results and Discussion

In this study, we developed a new approach to control cell attachment using a
photoactive SAM. SAMs on gold with thiols are good candidates to immobilize
biomolecules such as antibodies, proteins, and peptides due to the strong and selective
interaction of thiol groups with gold surface. Thiol based SAMs have been shown to have
high vertical affinity to the gold surface and high lateral mobility allowing the lateral packing
of molecules to be stabilized by intermolecular Van der Waals forces [16]. As a result, thiol-
gold SAMs with different functionalities have been well documented. However, most of
these studies aiming to pattern either proteins or cells require some mechanical means, such
as micro-contact printing and microfluidic channels, and these fabrication methods are not
simple and often achieve low precision. PEG is an important and widely used molecule to
prevent non-specific binding of proteins and other biomolecules on surfaces. Numerous
surface treatment methods to produce PEG interfaces for protein resistance have been
reported, including PEG grafting[17], adsorptive chemistries[18], direct SAM formation of
PEG segments and plasma surface treatment[17]. Here we used chemical linkage to
introduce PEG molecules to the SAM surface to create efficient and stable protein and cell
resistance [19]. The photoactive bifunctional linker, BNBA, acted as a switch that, upon UV
irradiation, was cleaved from the SAM surface thereby removing the cell repulsive PEG
from the surface and exposing originally protected thiol groups for further cell adhesive
peptide immobilization. This eventually switched the SAM surface from cell repulsive to cell
adhesive. In addition, we hypothesized that the increased hydrophilicity of the cleaved
leaving group — due to the presence of the hydrophilic PEG segments — would facilitate the
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removal of the photolysis by-products from the irradiated surface in the aqueous solution,
minimizing further side reactions with the deprotected surfaces. This could be advantageous
to overcome the side reaction issues which have been well documented for the photo-

uncaging reactions of o-nitrobenzyl groups in the literature[20].

3.4.1 PEG immobilization

The PEG modified gold surface was obtained using layer-by-layer reactions on a bare
gold surface, as shown in Figure 1. Au, DT-Au, BNBA-DT-Au, BNBA-DT-Au-UV, PEG-
BNBA-DT-Au and PEG-BNBA-DT-Au-UV represent surfaces of bare gold, dithiol-gold,
caging agent BNBA modified dithiol-gold surface before and after UV activation, and PEG
modified BNBA-DT-Au before and after UV activation, respectively. DT-Au is an
alkanedithiol SAM for protein attachment and has been extensively studied [21, 22]. The
reaction between thiol groups and BNBA is a spontaneous reaction, which has been reported
by others [23]. The reaction between BNBA and PEG is a typical reaction between the
primary amine group on PEG and the carboxylic acid group on BNBA by EDC reaction.

Water contact angle measurements were used to characterize the resulting surfaces
after layer-by-layer reactions that resulted in changes in hydrophilicities of the surfaces in
each step. By measuring the water contact angles of the surfaces, the reaction in each step
was indirectly verified. Advancing and receding contact angles for each sample are shown in
Figure 2. It is evident that the advancing contact angle (ACA) for gold was 45.4 + 3.6°and
the ACA increased to 90.1 + 5.0° after reacting with DT. This increase in ACA is likely due
to the hydrophobicity of alkane chains and thiol functional groups on the surface, suggesting
the successful formation of a DT-Au SAM. Similarly, after the introduction of the
bifunctional o-nitrobenzyl derivative (i.e. BNBA) to the DT-Au SAM surface, the ACA of
the resulting surface changed to 70.2 + 3.3°. This is most likely due to reactions between the
BNBA and the thiol groups on the DT-Au SAM surface. As a result, this reaction introduced
hydrophilic carboxyl groups which decreased the WCA even though the BNBA aromatic
ring is hydrophobic. As expected, when PEG was introduced to the surface, the ACA of
PEG-BNBA-DT-Au further decreased to 57.5 = 1.1°. This is consistent with the hydrophilic

characteristic of PEG, which is known for its ability to form hydrogen bonds with water
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through oxygen ether[24]. The WCA measurements, both advancing and receding angles,
are consistent with the layer-by-layer reaction steps as outlined in Figure 1. In addition, the
WCAs for Au, DT-Au and PEG-BNBA-DT-Au are all in good agreement with previously
reported values [25, 26]

In comparing the advancing WCA of the bare Au surface (45.4 = 3.6°) with that of
the PEG-BNBA-DT-Au (57.5 £ 1.1°), it is interesting to note that the surface became more
hydrophobic when the surface was modified with PEG whereas a study by Benhabbour et al.
[27] showed that a bare gold surface became more hydrophilic when it was coated with PEG.
This discrepancy can be mostly attributed to the following reasons: 1) in the study by
Benhabbour et al., the researchers used highly branched PEG molecules with hydroxyl (—OH)
terminal groups; in comparison, the current study employs linear PEG molecules with
methoxy (—OCH3) terminal groups. These differences in the PEG molecules will most likely
result in a more complete PEG surface coverage in the former study (highly branched vs.
linear PEG) and more a hydrophilic surface presenting functional groups on the surface than
the latter (-OH vs. —OCH3;). Ultimately, this could predictably result in a lower WCA from
the PEG modified surface (30-42° vs. 57.5 £ 1.1°) in the study by Benhabbour et al.; 2) in
addition, the study by Benhabbour et al. [27] reported a higher bare gold WCA (70 + 3°) than
the current study (45.4 £+ 3.6°). While a wide range of bare gold surface WCAs have been
reported in the literature [26, 28, 29] and both values are well within the reported value range,
it is believed that the difference in the two WCAs of the bare gold surfaces is due to

differences in operational conditions and ambient environments.
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Figure 2 Advancing and receding water contact angles of different surfaces. Error bar =
standard deviation, n=10. 'DT-Au and PEG-BNBA-DT-Au-UV are not significantly

different at p = 0.05 significance level.

To further characterize our surfaces, tapping mode AFM was employed to follow the
morphology changes of the surface at each step. AFM images obtained for different samples
are shown in Figure 3A. It is evident that the morphologies of Au and DT-Au surfaces were
significantly different, suggesting the success of SAM formation (more AFM data can be
seen in Supplementary Data). In comparison with the DT-Au surface morphology, the
different BNBA-DT-Au surface morphology can be attributed to the introduction of BNBA
on top of the thiol group functionalized surface. The morphology of the PEG-BNBA-DT-Au
surface (Figure 3A (d)) was distinctively different from those of both BNBA-DT-Au and
DT-Au. It is clear that PEG growth took place at the boundaries between the grains as well
as on the grains, which is consistent with results reported by Haviland et al. [19]. Surface
roughness, presented in an increasing order, is as follows: DT-Au, BNBA-DT-Au, and PEG-

BNBA-DT-Au. This order is consistent with the order in which the surfaces were created in
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a layer-by-layer configuration, suggesting that the more steps involved preparing a surface,
the rougher the resulting surface. It is interesting to note the exception that the surface
roughness decreased from the pure Au surface to the DT-Au SAM surface. This is likely due
to the transition from an original Au surface to a highly ordered dithiol layer as a result of the

formation of a gold-thiol SAM.

A.

a) Au

c) BNBA-DT-Au d) PEG-BNBA-DT-Au

e) BNBA-DT-Au-UV

76



Au DT- BNBA- PEG-BNBA- BNBA-DT- PEG-BNBA-DT-
Au DT-Au DT-Au Au-UV Au-UV
R, 270 234 3.30 4.28 3.44 2.10
R, 2.16 1.64 2.57 3.23 2.57 1.59

Figure 3 A. AFM images of Au a), DT-Au b), BNBA-DT-Au c), PEG-BNBA-DT-Au d), and
BNBA-DT-Au-UV e), PEG-BNBA-DT-Au-UV f); B. Roughness of different surfaces.

The layer-by-layer fabrication process was also monitored by XPS. As shown in
Figure 4 a), the formation of SAMs was confirmed by S2p spectra. As has been previously
reported [30, 31], the dithiol functional groups on Au showed two different binding energy
peaks on S2p spectra. The doublet peak at 162.1 eV represented the binding energy of
thiolate composition (Au-S), and the doublet peak at 163.6 eV was assigned to the binding
energy of free thiol (C-SH). In S2p spectrum, the energy separation is due to the components
of S2ps/» and S2py . In assigning the S2p peaks, the S2p;» and S2p;, peaks were fitted with
a fixed binding energy difference of ~ 1.18 eV, a spin-orbit splitting, and a peak intensity
ratio of about 2:1. For an example of C-SH peak, due to the signals from both S2p;, and
S2pisn, the peak is a doublet and can be fitted into two peaks: 163.6 eV and 164.8 eV.
Likewise, the same peak assignment criteria were applied for the doublet peak of Au-S at
162.1 eV. The same peak assignment criteria were used by other published studies [32-34].
The successful formation of different samples was confirmed by the spectra of Cls, N1s and
Ols on different surfaces. As shown in Figure 4b), there were no evident Cls, N 1s and Ols
peaks on the Au surface spectrum; however, when dithiols were introduced to the gold
surface to form the DT-Au SAM, significant Cls peak appeared around 285 eV, but there
were still no nitrogen or oxygen peaks on the DT-Au spectra; N1s and Ols peaks appeared
when the caging agent BNBA (containing nitrogen and oxygen) was introduced to the
surfaces, as shown on the BNBA-DT-Au spectra in Fig. 4b. During PEG immobilization to

the surface, there were no new elements introduced to the surface. However, the relatively
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small nitrogen peak and the changes in the carbon and oxygen peaks in comparison with that
of the BNBA-DT-Au surface suggest a large number of C and O atoms were added to the
surface thus, attributing to the smaller nitrogen peak for PEG-BNBA-DT-Au. This additional
evidence confirms the successful PEG linkage to the caged surface. The inset of Figure 4b)
shows the Cls spectra of the BNBA-DT-Au surface. The component peaks arising from the
Is orbital of C-C/C-H, C-N, C-S and O=C-O were assigned by convention and the energy
scale shifted accordingly. The C-C/C-H peak was assigned to a binding energy of ~ 285.9 eV.
The remaining Cls peaks were assigned to higher energy levels. Taking the C-O peak as an
example, because of the electronegative oxygen atom which draws electron density from the
carbon atom and subsequently reduces the shielding of the nuclear charge, the binding
energy of the electrons around it is increased, and as a result its peak shifted to higher
binding energy. Similar shifts have also be observed with C-N and C-S [30, 31, 35]. The
multiple overlapping peaks in the Cls spectra are the additional evidence to confirm the

layer-by-layer process.

A closer look at the spectra in Fig 4b reveals several unexpected peaks. They include
Cls and Ols peaks in Au and Ols peak in DT-Au spectra. We believe that the existence of
Cls and O1S peaks in Au is due to quick adsorption of organic impurities on the pure gold
surface from the ambient environment. The Ols peak on DT-Au could be inherited indirectly
from the impurity contaminated pure gold surface. In addition, an unexpected peak at ~500
eV in PEG-BNBA-DT-Au spectrum is likely a Na Auger peak, and similar assignment has
been reported in other studies [36-38]. A Na Auger peak is caused by the energy of the
electron ejected from the atoms due to the filling of Na K shell by an electron from L shell
coupled with the ejection of an electron from L shell. Based on the presence of a Na Auger

peak, we believe there was an adventitious contamination from the environment.

To further characterize the surface properties, a surface thickness calculation was carried
out based on XPS data using the Thickogram method [39] at a 45° take-off angle. The
attenuation lengths of different samples in the calculation were estimated by kinetic energy,
density and electrons according to a previous study [40]. As shown in Table 1, the thickness
of DT-Au was calculated to be 1.07 = 0.14 nm which is consistent with a previous report

[31]; the thickness of BNBA-DT-Au was estimated to be 3.21 £ 0.15 nm; the thickness of
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PEG-BNBA-DT-Au was 3.86 = 0.54 nm. Therefore, it can be concluded that the thickness

increased with increasing number of chemical reactions on the surface as expected
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Figure 4 X-ray photoelectron spectra of different samples: a) S 2p spectrum of DT-Au, and b)
summary spectra of C 1s, N Is and O 1s on different samples, inset: C 1s spectrum of

BNBA-DT-Au

Table 1 Thickness of Different Samples on Gold Surfaces Based on XPS

Sample Thickness/nm
DT-Au 1.07+0.14
BNBA-DT-Au 3.21+0.15
PEG-BNBA-DT-Au 3.86+0.54
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3.4.2 Photoactivation

The mechanism for the deprotection reaction involving the o-nitrobenzyl group has been
studied in the literature and is hypothesized to be as follows: hydrogen transfers from the
benzyl position to the nitro functional group during photo irradiation, and the transfer is
achieved by the elimination of o-nitrosobenzaldehyde from the bicyclic intermediate which
is generated during the process [41, 42]. As shown in Figure 2, the change of water contact
angles (both advancing and receding) on PEG-BNBA-DT-Au surface after UV activation
strongly suggests the successful cleavage of PEG from the surface via the o-nitrobenzyl
leaving group. After photoactivation, the PEG-BNBA-DT-Au-UV surface was deprotected
to resume a thiol covered surface. Therefore, the water contact angles of PEG-BNBA-DT-
Au-UV (85.5 £ 4.6° for advancing water contact angle and 77.4 + 4.8° for receding water
contact angle) were expected to be similar to that of the thiol terminated surface, DT-Au
(90.1 = 5.0° for advancing water contact angle and 71.3 + 5.1° for receding water contact
angle). In fact, water contact angles for the two surfaces were not found to be significantly
different (p > 0.05). The switching of PEG-BNBA-DT-Au surface from hydrophilic to
hydrophobic after UV activation (i.e. PEG-BNBA-DT-Au-UV) was the first evidence to
demonstrate the success of the uncaging process. In addition, as shown in Figure 3A, high
resolution AFM images of the samples both before and after UV exposure (i.e. PEG-BNBA-
DT-Au vs. PEG-BNBA-DT-Au-UV or BNBA-DT-Au vs. BNBA-DT-Au-UV) showed
dramatically different molecular packing that resulted in different surface morphologies, and
further confirmed that the photo reactions took place on the respective surfaces. However,
the PEG-BNBA-DT-Au and BNBA-DT-Au surfaces also behaved differently when exposed
to UV. The roughness of the PEG-BNBA-DT-Au surface dropped significantly after photo
activation, from 4.28 to 2.10 for Ry and from 3.23 to 1.59 for R,, whereas that of the BNBA-
DT-Au surface showed little changes, as suggested in Fig 3B. These differences are most
likely because of the removal of the PEG molecules via the cleaved o-nitrobenzyl from the
PEG-BNBA-DT-Au surface. The different behaviors of the BNBA-DT-Au and PEG-BNBA-
DT-Au surfaces after photo activation also suggest another probable benefit to introducing
PEG molecules onto the surface: in addition to providing a highly hydrophilic and

protein/cell repulsive surface to control cell attachment, the hydrophilic PEG segments likely
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improved the uncaging of thiols by facilitating the removal of the highly reactive nitroso and
aldehyde containing by-products from the uncaged thiol surface to the aqueous solution after
the photo activation. This could significantly reduce the surface concentrations of the active
photo by-products which are known to react with thiols rendering the overall photo uncaging
of thiol groups less effective[43]. In comparison, the highly reactive nitroso and aldehyde
containing by-products from the BNBA-DT-Au surface would likely show a more
hydrophobic characteristic due to their benzyl ring structure. Thus, instead of readily
entering the aqueous solution, it could accumulate on the uncaged surface during
photoactivation. These locally concentrated reactive by-products therefore would likely
quench the newly generated thiols on the surface, as has been documented by other
researchers[44, 45]. This observation is also in good agreement with our surface roughness
data. As shown in Figure 3B, in comparison with the roughness of the smooth DT-Au
surface, the roughness of the BNBA-DT-Au surface did not change or slightly increased (Ra
remained the same at 2.57 but Rq increased from 3.30 to 3.40) after the photo activation
while that of the PEG-BNBA-DT-Au reduced significantly (Rq reduced from 4.28 to 2.10
and Ra reduced from 3.23 to 1.59, respectively). This strongly suggests that the introduction

of the PEG molecule made the nitrobenzyl cage a better leaving group.

To determine time-dependent characteristics of the PEG-BNBA-DT-Au surface after
UV exposure, time-dependent WCA measurements were taken at different UV exposure
time durations as described in previous studies [46, 47]. As shown in Figure 5, the initial
advancing water contact angle at t = 0 s was 57.5” and a sharp increase in both advancing and
receding contact angles was observed between 0 s to 120 s. Beyond the 120 s exposure, the
measured WCAs leveled off to values of advancing /receding of 90°/68°. It is therefore

concluded that the exposure time should be longer than 120 s.
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Figure 5 Increase in WCAs vs. exposure times for PEG-BNBA-DT-Au under UV activation.

Error bar = Standard deviation, n = 5.

3.4.3 Cell attachment

To test cell attachment to the photoactive SAM surfaces, NIH/3T3 fibroblast cells
were seeded on the surfaces of interest. The studied surfaces were exposed to UV followed
by reactions with the cell adhesive peptide RGD[48]. The reaction took place between
maleimide-activated RGD and the uncaged thiol groups on the surface after UV activation.
We observed cells seeded on different surfaces for 4 days with cells seeded on a tissue
culture plate as a positive control. Figure 6A is the fluorescence image of cells on different
surfaces after seeding. It shows that the different surfaces had different cell adhesive
capacities. Specifically, there were almost no cells on either BNBA-DT-Au or PEG-BNBA-
DT-Au surfaces after 4days of culture, and the cells on these surfaces did not seem to
proliferate as demonstrated in Figure 6B. As expected, both the BNBA-DT-Au-UV-RGD
and PEG-BNBA-DT-Au-UV-RGD surfaces had higher cell counts than BNBA-DT-Au and
PEG-BNBA-DT-Au over the time points investigated. Significantly, the PEG-BNBA-DT-
Au-UV-RGD surface consistently had higher cell counts than the BNBA-DT-Au-UV-RGD
surface. Figure 6B summarizes the quantitative results based on the cell culture studies from

Day 1 day to Day 4. As shown in Figure 6B, cell density on PEG-BNBA-DT-Au-UV-RGD
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was close to that on DT-Au-RGD, which is consistent with the surface characterization
results. As expected, both the BNBA-DT-Au and the PEG-BNBA-DT-Au surfaces showed
the lowest cell density among all surfaces. After UV activation and RGD immobilization,
cell repulsive PEG segments were cleaved away from the surface, and cell adhesive RGD
peptides were chemically linked to the surface. This switched a cell non-permissive surface
to cell permissive. It is worthwhile to note that while the BNBA-DT-Au-UV-RGD surface
allowed cell attachment and cell proliferation, the cell counts were consistently lower than
those of PEG-BNBA-DT-Au-UV-RGD. This difference could be attributed to our theory that
the PEG modified cage is a better leaving group for the photo uncaging reaction. Therefore
the PEG modified cage leaving group ultimately resulted in a more effective and thiol-richer
surface for the uncaged PEG-BNBA-DT-Au surface compared to the BNBA-DT-Au surface.
In addition, after 5 days of culture, the intensity of the fluorescent day in each cell decreased

dramatically and it was unable to support further investigations.
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Figure 6 Cell culture on different surfaces over time, scale bar = 100um. A. Fluorescent
images of cells on different surfaces after 4 days of culture; B. Cell density on different
surfaces. *BNBA-DT-Au and BNBA-DT-Au-UV-RGD are significantly different at the p =
0.05 level from 1 day to 5 days. **PEG-BNBA-DT-Au and PEG-BNBA-DT-Au-UV-RGD
are significantly different at the p = 0.05 level from 1 day to 5 days.

3.5 Conclusions

We have demonstrated that cell attachment can be manipulated using a photoactive
SAM surface. The incorporation of PEG molecules to the surfaces via a photolabile
nitrobenzyl caging groups not only drastically reduces the non-specific binding of
biomolecules and forms cell non-permissive surfaces to repel cells, but also likely facilitates
the uncaging reaction by creating a better leaving group during the photo uncaging process.
This results in more effective photo uncaging reactions and more uncaged thiol function
groups for subsequent RGD peptide immobilization for better cell attachment. This notion

has been confirmed by a NIH/3T3 cell culture study. We believe that this method has a great
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potential to create different cell patterns on a surface and can be used for guidance of cell

growth and migration in the future.
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4.1 Abstract

An approach to control cell initial attachment using photochemistry and self-
assembled monolayer (SAM) was described. Photocleavable 4,5-dimethoxy-2-nitrobenzyl
chloroformate (NVOC) protected amine on an alkanethiol-gold SAM was developed for cell
adhesion. The cleavage of NVOC and deprotection of amines was controlled spatially and
temporally by two UV irradiations with a photomask. The following biomolecule
immobilizations after each UV irradiation with deprotected amines on specific regions were
done by introducing cell non-adhesive poly(ethylene glycol) (PEG) after the first irradiation
and cell adhesive protein laminin (LAM) after the second irradiation to create surface
heterogeneity for cell adhesion. Different surface properties were characterized before cell
culture. UV-Vis spectrophotometry was used to determine the photolysis of caged self-
assembled molecules; water contact angle (WCA) was to characterize the surface wettability;
atomic force microscopy (AFM) was to describe the different surface microstructures; cyclic
voltammetry (CV) was used to elaborate electrochemical properties of intermediate and the
resulting surfaces; X-ray photoelectron spectroscopy (XPS) was obtained to show the
presence of elements on different surfaces. Cell adhesion was processed with neuron-like cell
line, PC12 cell. Cell studies demonstrated the successful control over cell initial attachment
on our designed surface and cell differentiation could be further controlled by the addition of

diffusible nerve growth factor (NGF) after selective cell adhesion.
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4.2 Introduction

The natural environment of a living cell is critical to cell functions and behaviours.
Studies have shown that many molecular processes in a cell are dependent on cell adhesion
and spreading. This phenomenon is known as anchorage dependence, and most normal
mammalian cells are anchorage dependent. Therefore, by controlling the cell
microenvironment, the correct positioning of cells on biomaterials can be achieved, and this
is believed to be very important for cell behaviours such as proliferation, differentiation,
migration, and apoptosis. For example, 3T3 fibroblasts are documented to reduce mRNA
production and eventually lose cell viability when cultured in suspension for 8-9 days [1, 2].
In addition, corneal epithelial cells are shown to maintain a fibroblastoid morphology and
sensitivity to fibroblast growth factor (FGF) on tissue culture polystyrene plates, whereas
they are shown to maintain a cuboidal morphology and sensitivity to epidermal growth factor
(EGF) when they are cultured on collagen [3]. To date, the mechanisms of how extracellular
environment controls cell behaviour are far from fully understood, and there is no well-
accepted studies to show how cells recognize and respond to different surface properties.
However, based on our current knowledge, we have already started to understand that the
presence of certain biomolecules on a material surface can control cell adhesion, and that if
these biomolecules are patterned, cell attachment and subsequent cell functions and
behaviour can be further tailored. This patterning approach is especially useful for tissue
engineering in which by manipulating targeted cell microenvironments one can try to
regulate cell behaviours, which subsequently could help to reconstruct or regenerate
damaged tissues [4-6]. In order to create well controlled microenvironments, surface
functionalization is commonly used to immobilize different biomolecules for well-controlled

cell adhesion on material surfaces.

There are many methods to control the surface functionalities — especially for
applications of controlling cell adhesion — such as soft lithography [7-10], photolithography
[11-13], photoimmobilization [4, 14-18] and ink-jet technology [19, 20]. For the application
of in vitro studies, particularly those to study cell-cell or cell-material interactions, a self-
assembled monolayer (SAM) provides a facile way to modify the surface functionalities, and

control physical and chemical properties of the resulting surface. Mimicking micrometric
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biological surface properties on a SAM is a powerful tool to study and manipulate cell
growth in vitro for several reasons: 1) for a SAM surface, it is easy to control surface
functionalities by changing the tail group of the self-assembled molecule; 2) the single
molecular layer will minimize the effect of topographical structure on cell adhesion and
growth; 3) there are many powerful techniques developed to characterize the SAM surface,
such as atomic force microscopy (AFM), X-ray photonspectroscopy (XPS), ellipsometry and
water contact angle (WCA). Among all the SAM surfaces, alkane-thiol on gold is a well-
documented SAM and has been extensively studied. It has also been shown that the thiol-
gold SAM is very stable under a variety of conditions, such as UV irradiations [21, 22] ,

heat treatments [23] and electrochemical potentials [24].

In order to create patterns that exhibit different chemical or physical properties to
control cell attachment in specific areas, i.e. cell patterns, several techniques have been
explored on SAM surfaces. Micro-contact printing (LCP) and dip-pen nanolithography are
two commonly used techniques to deposit SAMs on specific regions of an otherwise
homogeneous surface to create surface patterns for selective cell adhesion [25-28]. Other
methods such as microfluidics [29] and photochemistry can also be applied to SAMs to
create surface heterogeneity to control cell adhesion. In comparison with other methods, the
most important advantage of using photochemistry and photosensitive molecules is the ease
to control the patterned size and the shape in micron- or nano- scale in both spatial and
temporal manners. In addition, other advantages of using photochemistry to pattern a surface
include avoidance of using harsh solvents on the surface of interest, which will otherwise
likely to cause denaturation of biomolecules during the patterning process. For
photosensitive molecules used for surface patterning, o-nitrobenzyl derivatives are
commonly used [30-32]. They can react with (i.e. protect or cage) many functional groups
and act as a cage to protect these functional groups. Subsequently, these caged functional
groups can be released when they are exposed to light at a proper wavelength. These
photolabile cages have been successfully used to pattern proteins and cells in many studies
[17, 33, 34]. In our previous papers, we utilized different o-nitrobenzyl derivatives to control
a fibroblast cell adhesion on different substrates [35, 36]. In this current study, we attempt to
pattern PC12 cells using an o-nitrobenzyl derivative on a SAM surface by a two light

exposure approach. Specifically, o-nitrobenzyl derivative caged self-assembled molecules
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were first synthesized and were subsequently used to form a photocage protected SAM on
gold surface by alkanethiol-gold interaction. When exposed with UV light through a
photomask, the caging groups on selected regions (defined by the patterns on the photomask)
of the SAM surface were photo-cleaved thus deprotecting the originally caged function
groups, amines. These selected regions on the SAM were then rendered cell non-adhesive by
immobilizing cell non-permissive poly(ethylene glycol) (PEG) molecules via the photo
deprotected amine groups on the surface. This was followed by a second illumination
without a photomask to uncage the amine functional groups on the rest of the SAM surface,
and subsequently a cell adhesive molecule, laminin (LAM), was patterned on the surface via
the amine groups uncaged in the second exposure to render the remaining cell-adhesive. By
using double UV illuminations to different regions of the same SAM surface followed by
sequentially immobilizing two different biomolecules, we attempted to realize the control of
surface properties in a spatial manner for cell attachment. The general approach of our
strategy 1s shown in Figure 1. In this paper, we report the preparation and characterization of
our photoactive SAM surfaces before and after the two UV exposures. To test the ability of
such surfaces to control cell adhesion and their efficacy to pattern cells, PC12 cells were
used. Our results show that PC12 cell patterns can be achieve by this double light exposure
approach to individually create cell non-adhesive and adhesive regions. This study may
provide an another strategy to direct cell attachment and axonal extension, which has the
potential to mimic neuronal outgrowth and to obtain in vitro neural-like networks, thus

providing an in vitro platform to study nerve regeneration and nerve guidance [37-39].

4.3 Experimental

4.3.1 Materials

All chemicals were used as received without any further purification. Bovine serum
albumin (BSA), 11-amino-1-undecanethiol hydrochloride (AUT), o-(2-aminoethyl)
polyethylene glycol 2,000 (PEG), and 4,5-dimethoxy-2-nitrobenzyl chloroformate (NVOC)
were obtained from Sigma-Aldrich (St. Louis, MO). Dichloromethane, N,N-
Diisopropylethylamine (DIEA), and chloroform were purchased from Fisher Scientific

(Ottawa, ON). Anhydrous ethanol was purchased from Commercial Alcohols (Toronto, ON).
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4.3.2 Preparation of caged self-assembling molecule (NVOC-AUT)

In order to cage the self-assembled molecule for SAM, DIEA (10.78 mg) was added
to a 3 ml solution of AUT (10 mg) in dichloromethane to adjust the pH to 8. To this resulting
solution, a NVOC (11.5 mg) solution in dichloromethane was dropwisely added at 0°C over
a period of 30 min followed by 2 hrs of incubation. The mixture was left to react overnight at
room temperature with continuous agitation followed by sequential washes with 1M aq. HCI
(1 x 5 ml), sat. aq. NaHCOj3 (3 x 10ml) and sat. aq. NaCl (1 x 10 ml). The product was dried
over Na,SO4 and finally purified by flash chromatography eluting with 10% methanol in
ethyl acetate. The obtained product was referred to as NVOC-AUT.

4.3.3 SAM preparation (NVOC-AUT)-Au)

Gold coated glass surface prepared by thermo-evaporation method was purchased
from Arrandee™ Company, Germany. The squares were 11 x 11 mm in size witha 2.5+ 1.5
nm thickness chromium under-layer and a 250 + 50 nm gold coating as the upper layer.
Immediately before use, the surfaces were cleaned by piranha solution (3:1 (v/v) of 98%
H,SO4 and 30% H,0,, caution: piranha solution is a very corrosive solution and
appropriate safety precaution should be utilized, including the use of acid-resistant gloves
and adequate shielding.), wash extensively by Milli-Q water, anhydrous ethanol, and finally
dried under nitrogen flow at room temperature. To prepare the SAM layer with NVOC-AUT,
the previously cleaned gold coated surfaces were immersed and kept in anhydrous ethanol
solution with ImM NVOC-AUT at room temperature for 24 h. The resulting surfaces were
rinsed extensively with anhydrous ethanol and then dry with nitrogen flow. The obtained

surfaces were referred to as (NVOC-AUT)-Au.
4.3.4 Photoactivation

To cleave the photoactive NVOC from the (NVOC-AUT)-Au surface, UV irradiation
from a 365 nm Longwave UV lamp (Black-Ray B-100 Longwave UV lamp, 100W, UVP,
Upland, CA) was used on the (NVOC-AUT)-Au surface. Specifically, (NVOC-AUT)-Au

surfaces were submerged in a 1M glycine aqueous solution before the UV irradiation. The
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distance between the lamp and the sample was approximately 5 cm, and the light intensity
was 15.50 mW/cm? as determined by a digital radiometer (Model UVX, UVP, Upland, CA).
The irradiation time was 5 min. In order to pattern surfaces, two irradiations were
sequentially applied to different regions of the surface with the use of a photomask (MPC
Circuits, Ottawa, ON) in the first illumination -- the photomask was placed directly on top of
the surface during the first light exposure to minimize light scattering. After each irradiation,

the uncaged surfaces were washed extensively and dried as mentioned in the previous step.
4.3.5 Biomolecule immobilization

PEG or protein was immobilized on the surface after UV exposure. Briefly, a photo-
uncaged surface (with or without a photomask) was reacted with PEG to create cell non-
permissive patterns in selected regions of the surface or on the whole surface. To achieve this,
an initially illuminated surface was put into a well of a 24-well plate (Corning, Lowell, MA),
and 1ml of 10 mg/ml PEG solution in PBS (Pierce, Rockford, IL) was added into the well
with 1mg bis(sulfosuccinimidyl) suberate (BS’) (Pierce, Rockford, IL). The reaction was

allowed to take place at 4°C with minimum agitation overnight.

Alternatively, for protein immobilization, BSA was used as a model protein to
generate a homogeneous protein 1immobilized surface for subsequent surface
characterizations. Finally, to create a patterned surface for PC12 cell studies, after the first
irradiation with a photomask, PEG immobilization, and the second irradiation without a
photomask, LAM (BD Bioscience, Bedford, MA) was immobilized on selected regions
defined by the second exposure. Specifically, for BSA immobilization, Iml BSA (10 mg /ml)
solution with 1 mg BS® was reacted with photo-uncaged amines on the SAM surface using
the same reaction conditions as mentioned above. For LAM immobilization, 1 ml LAM (500
ug/ml) solution was reacted with the photoactive SAM surface after the second exposure (i.e.
PEG patterned surface after the first illumination through a photomask) by the BS® chemistry.

The resulting surfaces were stored in PBS at 4°C for future use.
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4.3.6 PC12 cell culture

4.3.6.1 Cell culture and seeding

The PC12 rat pheochromocytoma cell line is an established model for nerve growth
factor (NGF)-induced neurite formation. PC12 cells (ATCC, Manassas, VA) were routinely
cultured and maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher
Scientific, Ottawa, ON) with 10% (v/v) horse serum (Thermo Fisher Scientific) and 5% (v/v)

fetal bovine serum (Thermo Fisher Scientific).

For cell experiments, PC12 cells were detached from the culturing flask by repeated
gentle pipetting. Needle and syringe were used, if necessary, to break up cell clumps and
form a single cell suspension. Cells were seeded on different surfaces in wells of a 24-well
plate at a cell density of 3 x 10° cells/em”. In order to induce PC12 differentiation and
neurite outgrowth for the LAM patterned samples, NGF (2.5s, beta subunit) (Cedarlane,
Burlington, ON) was added to the culture 2h after cell seeding to achieve a final NGF
concentration of 50 ng/ml. Tissue culture polystyrene (TCPS) was used as a control surface

for the studies.
4.3.6.2 Microscopy

In order to visualize cell growth and cell morphologies, PC12 cells were stained with
fluorescent Calcein AM (Invitrogen, Carlsbad, CA) immediately before observation based on
a protocol provided by the vendor. Briefly, the cells to be stained were gently rinsed with
DMEM followed by the treatment of a 2 pM Calcein AM working solution in DMEM to
stain the cells for 30 min at 37°C. The fluorescent dye was then removed from the culture
which was further gently washed with pre-warmed DMEM. Stained cells were observed
using a fluorescence microscope (Olympus [X81) and the observation was documented by

Image-Pro Plus software (Media Cybemetics, Silver Spring, MD).
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4.3.7 Surface characterizations

4.3.7.1 UV-Vis spectrophotometry

To confirm the formation and photolysis of caged self-assembled molecule, UV-Vis
spectroscopy was used to study the absorbance spectra of NVOC-AUT as a function of
different irradiation durations in chloroform. Specifically, 0.25 mg/ml NVOC-AUT
chloroform solution was prepared for this study. Various pre-determined irradiation time
from 0 min to 30 min was used to photo-uncage the NVOC-AUT. The spectra were recorded
and analyzed using a Lambda 25 spectrophotometer (PerkinElmer, Waltham, MA).

4.3.7.2 Water contact angle (WCA)

Water contact angles of different modified surfaces were obtained using the sessile
drop method with a VCA Optima XE system (AST product, Billerica, MA). The surfaces of
(NVOC-AUT)-Au, UV-(NVOC-AUT)-Au, PEG-UV-(NVOC-AUT)-Au and BSA-UV-
(NVOC-AUT)-Au were tested immediately after surface modifications. Five random (and
different) spots on each surface and two surfaces for each sample were analyzed. Both

advancing and receding contact angles were recorded.
4.3.7.3 Atomic force microscopy (AFM)

To study the surface microstructures after different modifications and the surface
topography changes before and after UV irradiation, AFM imaging was carried out using a
Veeco Multimode AFM Nanoscope V (Veeco Instruments, Santa Barbara, CA). All images
were collected in tapping mode in air at room temperature using a low-force Si tip. Multiple
testing areas on each sample surface were analyzed. Surface roughness of 5 areas of each

sample was quantified with the roughness function in the Nanoscope software.
4.3.7.4 Cyclic voltammetry (CV)

Cyclic voltammetry was performed using a VSP-Modular 5 Channels
Potentiostat/Galvanostat/EIS (BioLogic Science Instrument, Claix, France). A platinum wire
was used as the counter electrode; an Hg/Hg,SO,4 (K,;SO4) electrode was used as the

reference; different sample surfaces were used individually as the working electrode. An
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alligator clip was used to attach the samples, and a surface area of ~0.6 cm® was immersed
into the electrolyte solution. The electrolyte solution was an aqueous solution with 1 mM
potassium ferricyanide and 0.1 M potassium chloride. Voltammograms were scanned from -

0.8 Vto +0.2 V at a scanning rate of 50 mV/s.
4.3.7.5 X-ray Photoelectron Spectroscopy (XPS)

XPS spectra of different sample surfaces were obtained using Axis Ultra DLD
(Kratos Analytical, Chestnut Ridge, NY) with a monochromatic Al Ka source. A fixed take-
off angle of 90° was used in the study. The spectra were analyzed by CasaXPS software.

4.4 Results and Discussion

In this study, we developed a new method to control cell attachment through the
introduction of photocleavable molecules to initially inactivate the tail groups of a SAM,
forming a photoactive SAM. This photoactive SAM was subsequently photo-activated by a
UV exposure to selectively release the caged tail functional groups in a specific time and
location on the SAM. The caging agent protected self-assembled molecule was synthesized
and used to form a self-assembled monolayer on gold. In the current study, AUT was utilized
as the self-assembled molecule with two functional groups, thiol and primary amine. While
the thiol groups interacted with the gold surface to form a highly-ordered SAM layer, the
primary amines, the tail groups of the SAM, were caged by photo-cleavable NVOC.
Therefore when irradiated by UV with a photomask, the caged primary amines on selected
regions of the photoactive SAM were uncaged and thereby recovered, enabling further PEG
immobilization on the illuminated areas to render these regions cell non-adhesive. Similarly,
a second UV irradiation without a photomask followed by immobilization of LAM on the
remaining SAM surfaces rendered the rest of the surface cell-adhesive. Therefore, after two
UV irradiations and subsequent surface modifications, an alternating pattern of PEG and
LAM was achieved. PC12 cells that can mimic neurite outgrowth were used for cell
attachment studies and cell patterning. LAM is known as an ECM protein to promote neural
cell attachment and it usually used as a cell-adhesive molecule in PC12 cell studies [40]. In
addition, the existence of LAM in cell patterns could help enhance the contrast of surface

property with cell non-adhesive PEG.
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Figure 1 Structure, irradiation, and different immobilizations of photocleavable SAM on a

gold surface.

4.4.1 Characterizations

4.4.1.1 Photolysis of NVOC-AUT

As shown in Figure 1, the photocleavable self-assembled molecule was used to form
SAM with the nitrobenzyl group as the tail group before irradiations. The chemical reaction
to synthesize NVOC-AUT, the photocaged self-assembled molecule, has been addressed in
the experimental section. The formation of NVOC-AUT is through the reaction between
primary amine and chloride, and then caging group NVOC was linked to the self-assembled
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molecule AUT. The successful formation of NVOC-AUT was confirmed by UV-Vis. As
shown in Figure 2, the original spectrum (at 0 min) of NVOC-AUT exhibited two maxima at
243 and 344 nm and a shoulder at 298 nm. This is a typical absorption spectrum of
nitrobenzyl derivatives and has been well documented by many previous reports [41, 42].
Spectra for samples that received 10 min, 20 min or 30 min of irradiation showed significant
changes in spectra, likely due to the photolysis of NVOC-AUT. Specifically, after the
irradiation, two new peaks appeared at approximately 479 nm and 511 nm, each having
slightly increasing intensities with increasing exposure times, suggesting formations of new
photoreaction by-products. At the same time, the peak originally seen at 243 nm gradually
shifted to a longer wavelength around 257 nm with increasing exposure times. In addition,
the strong absorption at 344 nm decreased in intensity with increasing exposure times while
slightly shifting to a longer wavelength. This is in good agreement with Li et al. who
reported that aromatic carbamate residues, as a result of the nitrobenzyl photolysis, caused
red-shift of the maximum absorption peak [43]. Taken together, all the changes in UV-Vis
spectra strongly suggest that photolysis of NVOC-AUT can be successfully carried out in

solutions.

101



0.5

— 0 min
==40 min
20 min
od4d ‘- SN ppy e 30 min
% 0.3 -
c
]
n E ‘i
E 0.2 4 | e ;
e ) by  e—mmsssooeoos "',-' '“—'.—"";,f"""“'.'.
Wawlangthhm
0.1+
AN
Ny
\I
LT
0.0 4 e S1HN Y
1 " 1 " 1 "
300 400 500 600
Wavelengthinm

Figure 2 UV photolysis of NVOC-AUT in chloroform with different irradiation times from 0

to 30 min.
4.4.1.2 Water contact angle (WCA)

To further confirm formations of various surfaces after different surface treatments,
WCAs of different surfaces were measured. Water contact angle is a parameter to
characterize the surface wettability, and it is directly related to the surface energy. It is also
used as a parameter to correlate with different chemical and physical property changes of the
surfaces [44, 45]. As shown in Figure 3, for the photoactive SAM surface (i.e. (NVOC-
AUT)-Au) the advancing water contact angle (AWCA) was measured at 64.1 £ 1.3. This can
be explained by the presence of NVOC-AUT on the SAM surface, whose AWCA was

mainly affected by two methoxyls with aromatic ring structure in the NVOC molecule. This
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is in a good agreement with previously published results about methoxyl as the tail group of
SAMs (57° and 63°) [46]. After the UV irradiation, the AWCA of the UV-(NVOC-AUT)-Au
was increased to 75.0 £ 1.8, suggesting the removal of NVOC from the SAM surface and the
appearance of primary amines as the tail group of the SAM layer. While this value is slightly
higher than previously reported AWCAs of amine terminated SAM surfaces (63.3° and 52.9°)
[47, 48] we attribute this discrepancy to the long alkane chains we used in this study and
different treatment on the substrates. Interestingly, a similar AWCA result (73.2 = 0.6) was
obtained by Wang et al. on a similar amine-terminated gold surface [49]. When immobilized
with PEG, the AWCA was decreased from 75.0 = 1.8 to 61.9 £ 1.2, reflecting the
hydrophilic property of the PEG molecules and confirming the success of PEG
immobilization on the surface. Alternatively, when the model protein BSA was immobilized
on the surface, the AWCA value was decreased from 75.0 £ 1.8 to 65.8 + 2.7, confirming the

success of BSA immobilization on the surface.
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Figure 3 Water contact angle of SAM and the following surfaces after each modification.
4.4.1.3 Atomic force microscopy

AFM images and roughness data provided us with another way to characterize the
surface, and provided additional information on topographical structures of the surface of our
interest during surface modifications. As shown in Figure 4, four different surfaces were
investigated: (NVOC-AUT)-Au, UV-(NVOC-AUT)-Au, PEG-UV-(NVOC-AUT)-Au, and
BSA-UV-(NVOC-AUT)-Au. It can be concluded that the most significant topographical
change was between (NVOC-AUT)-Au and UV-(NVOC-AUT)-Au. AFM images of these
two surfaces showed significantly different molecular packing on gold surface, providing an
additional evidence for the successful photolysis of NVOC-AUT-Au. In addition, the surface
roughness was also significantly increased after the photolysis (i.e. (NVOC-AUT)-Au vs.
UV-(NVOC-AUT)-Au). It is well documented that during photolysis of o-nitrobenzyl group,

hydrogen transfer occurs from the benzyl position to the nitro functional group, and o-
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nitrosobenzaldehyde is released. It is therefore likely for this free aldehyde residue to further
react with the regenerated (photo-uncaged) amine on UV-(NVOC-AUT)-Au surface as a side
reaction, thus resulting an increased roughness of the original surface after irradiation as
measured by AFM [32, 50]. Therefore, to minimize the undesirable side reaction, a glycine
solution was used during the photolysis procedure to scavenge the nitrosobenzaldehyde
residues. After the immobilization of PEG on the irradiated surface, the surface roughness
decreased from 2.00 to 1.63 for Rq and from 1.64 to 1.30 for Ra, respectively. It is also
interesting to note that in comparison with the PEG immobilized surface (PEG-UV-(NVOC-
AUT)-Au), BSA immobilized (BSA-UV-(NVOC-AUT)-Au) surface showed increased
roughness. This could be explained by the different molecular structures of the two
molecules. For example, the more flexible PEG molecule does not maintain a 3D molecular
conformation, which would allow rearrangement on the surface even after immobilization
and result in a smoother surface. In contrast, once BSA is immobilized on the surface, the 3D
conformation of BSA is maintained on the surface, with no molecular rearrangement allowed,

resulting in an more uneven surface [51].
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(NVOC-AUT)-Au UV-(NVOC-AUT)-Au

Rg/nm Ra/nm
(NVOC-AUT)-Au 1.20 = 0.15 1.11 £ 0.14
UV-{NVOC-AUT})-Au 2.00 = 0.15 1.64 = 0.11
PEG-UV-(NVOC-AUT}-Au 1.63 = 0.11 1.30 £ 0.10
BSA-UV-{NVOC-AUT)-Au 205+ 0.16 1.63 + 0.10

Figure 4 AFM images and roughness of SAMs after each step of modifications.
4.4.1.4 Cyclic voltammetry

Cyclic voltammetry is a potentiodynamic electrochemical measurement and it can
also be used to demonstrate the different modification of SAMs. Cyclic voltammetry was
performed on the bare gold surface and the surfaces after each modification step between -
0.8 Vand + 0.2 V (cf. Figure 5). Attenuation of current for the redox process of ferricyanide
in potassium chloride solution was used as an indicator to show the existence and stability of
the SAM and modified SAMs. The curves confirmed the formation of a highly ordered
monolayer, NVOC-AUT-Au, and the stability of this highly ordered film after each
modification. CV curve for bare gold surface as the working electrode showed well-defined
oxidation and reduction peaks corresponding to the redox process of
ferricyanide/ferrocyanide with an anodic potential at - 0.08 V and a cathodic potential at -

0.24 V versus Hg/HgSO,4. After SAM formation, the presentation of NVOC-AUT on gold
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surface works as an insulating layer to block electron penetration and transfer. As we saw in
Figure 5, there is no redox peak when (NVOC-AUT)-Au SAM was used as the working
electrode. After UV irradiation of this (NVOC-AUT)-Au, the caging agent, NVOC, was
removed from the surface and amine groups are present as the tail groups. It is well
documented that that different terminal groups on SAM affect electron transfer properties
between the electrode and anionic ferricyanide ion [52-54]; in this study, the photo-uncaged
amine groups on the SAM surface decreased the potential barrier for electron transfer
between the electrode surface and Fe(CN)q" because they attracts anionic Fe(CN)s" more
effectively. It is also worthwhile to note that the evolution of the voltammogram for UV-
(NVOC-AUT)-Au has a good agreement with the conclusion that the longer of alkyl chain
on SAM deceases the electron transfer rates compared with previous reports [55], which
results in a large separation of current peaks. After the immobilization of an insulating PEG
chain on the SAM, a significant decrease of the current in comparison to UV-(NVOC-AUT)-
Au was found. The even larger separation of current peaks in the reversible redox process
indicated a much slower electron transfer rate on PEG-UV-(NVOC-AUT)-Au. The similar
blocking effect of BSA, in comparison to PEG, on the SAM gold surface was found in our
CV testing and also by other researchers in their studies [56-58]. In shorts, from the
electrochemical experiment, the peak presentation and evolution of different CV curves after
each step of modifications confirm the stable presence of the monolayer in all modified SAM
surfaces and also demonstrate the formation of the SAM, UV-irradiation, PEG and BSA

immobilization proceed as expected.

107



Au

——————— (NVOC-AUT)-Au
UV-(NVOC-AUT)-Au

—————— PEG-UV-(NVOC-AUT)-Au

BSA-UV-(NVOC-AUT)-Au

0.10
0.08—-
0.06—-
0.04—-
0.02—-
0.00—-

-0.02

Current/mA

-0.04
-0.06

-0.08

-0.10

-0.8 06  -04 02 00 02 0.4
Ewe/V vs. Hg/Hg SO,

Figure 5 Cyclic voltammograms of different surfaces during the fabrication.
4.4.1.5 X-ray Photoelectron Spectroscopy (XPS)

The SAM surfaces were also be analyzed by XPS (Figure 6). XPS gives the
information of relative atom concentration and the binding energies (BEs) of different atoms.
On the C 1s spectrum of (NVOC-AUT)-Au surface, there were multiple overlapping peaks
around 282.4 eV. These peaks arises from the 1s orbital of C-C/C-H, C-S, C-O, C-N, O=C-O
and aromatic C binding. The BEs of carbon electrons change according to the different
electronegativity of the adjacent atoms. The peak shifts to the higher BE with a more
electronegative adjacent atom. These overlapping peaks are an evidence of different carbon
binding presented on (NVOC-AUT)-Au surface. The peak at 282.4 eV is caused by the
electron emission of the aromatic and aliphatic carbon; the shoulder peaks at 283.9 eV
correspond to carbon atoms bonded to oxygen, nitrogen and sulphur; the distinguishing peak
at 287.1 eV is a shake-up excitation caused by the m — 7 transition in the aromatic ring [59,

60]. After UV irradiation, a relatively decrease on the shoulder peak around 284.2 eV was
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seen on UV-(NVOC-AUT)-Au, compared with (NVOC-AUT)-Au. Also, the disappeared
wide peak of 1 — " transition around 287.1 eV is another evidence to confirm the removal
of caging agent, nitrobenzyl ring, from the surface. After PEG linkage, wider peaks were
observed around 284.0 eV, which could be assigned as overlapped peaks of C-O ether
carbon and C-N; the wide peak at 287.0 eV is caused by carbon atoms in carbonyls. For the
surface BSA-UV-(NVOC-AUT)-Au, there are peaks at 282.4 eV with a shoulder peak
around 283.9 eV and a wide peak around 285.8 eV. These peaks are caused by the C-C and
C-S bindings from the self-assembled molecule, AUT, and also, mainly, the carbon bonded

with oxygen and nitrogen in amide and amine of the protein [61, 62].

In N 1s spectra, on (NVOC-AUT)-Au surface, there are two main peaks at 397.6 eV
and 403.6 eV, respectively. The peak at lower BE (397.6 eV) is attributed to the existence of
nitrogen in O=C-N. The peak at higher BE (403.6 eV), which is about 6.0 eV higher than the
amide, is caused by the existence of the nitro group (—NO;) in the aromatic ring of NVOC
and an evidence to show NVOC molecules covalently bonded on the self-assembled
molecules. After UV irradiation, NVOC is cleaved from the surface, just nitrogen in the
amine left, so a single peak at 397.7 eV in N Is spectrum is seen and it is caused by C-NH;
binding in amine. After the immobilization of PEG with BS® crosslinker, the formation of
amide bonding between BS® and PEG/AUT caused a peak with the BE at 397.4 eV in its N
Is spectrum. In addition, there is a BE peak at 403.4 ¢V in PEG-UV-(NVOC-AUT)-Au
spectrum. It could be the residual component from BS® reaction, incompletely reacted BS> or
BS’ residue after crosslinking. After BSA immobilization, a sharper singlet peak with BE at
397.6 eV was shown in the spectrum and the predominant amide and amine bindings in BSA

is attributed to this peak, which confirmed BSA immobilization to the surface.

Through the analysis of WCA, AFM, CV and XPS, we characterized the surface
properties of different modified surfaces during our fabrication. WCA gave the wettability of
surfaces and indirectly indicated the functional groups or tail groups changed on SAMs by
UV irradiation and the following immobilization. AFM showed the microstructures of
different surfaces and also indicated the successful modification as described in Figure 1. CV
measurement provided characteristic data of different surfaces and demonstrated the

formation of the SAM, UV irradiation and the different immobilization with different
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performances of the potential. XPS also demonstrated different surface properties of the

surfaces by investigating BEs of different elements and the shifts of these BEs.

a) b)

—— (NVOC-AUT)-Au

—— UV-(NVOC-AUT)-Au
PEG-UV-(NVOC-AUT)-Au

— BSA-UV-(NVOC-AUT)-Au

S

T T T T T T T T T T 1
288 286 284 282 280 410 408 406 404 402 400 398 396 394 392 390
Binding Engergy(BE)/eV Binding Energy(BE)eV

—— (NVOC-AUT)-Au
¢ UV-(NVOC-AUT)-Au N1s
PEG-UV-(NVOC-AUT)-Au
-~ -~ BSA-UV-(NVOC-AUT)-Au

Figure 6 XPS spectrum of different modified surfaces: a) Cls spectrum of SAM surfaces; b)
N1s spectrum of SAM surfaces.

4.4.2 Cell study

PC12 cell was used as a model cell line for neurons on our surface [63-65]. The cells
halt proliferation and terminally differentiate when treated with NGF, which makes PC12

cells a useful model for neurite outgrowth studies.

As shown in Figure 7, it is evident that long and multiple PC12 cell strip patterns
were achieved on the PEG/LAM patterned surface (Fig.7 a and b); a grid-shape patterned
cell culture was observed as shown in Fig. 7 e. The shapes of cell patterns were consistent
with the shapes of micro-print photomasks used to create the patterns. These different shapes
of PC12 cell patterns on one flat surface suggest that double irradiation of a photoactive
SAM surface followed by biomolecule immobilization allow one to successfully control
chemical properties on the surfaces and thus PC12 cell initial attachment in a spatial manner.
PC12 cell can selectively attach to immobilized LAM regions by specific binding between
cell receptors and surface chemical cues, not PEG immobilized regions, which have a typical
cell resistant property. A closer analysis of cell images at higher magnification (c¢f. Fig 7 d)

reveals that that the PC 12 cells underwent a small but significant morphological change
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when grown on LAM immobilized surface, as small neurites were seen on the micrographs.
These small neurite outgrowths could be evidence of the existence of LAM on the surface
and also suggests bioactivity of the immobilized LAM [66]. Through guided irradiation on
caging agent protected SAM surface, the localization of cell adhesion was controlled. The
control was relatively easy to achieve and cells were attached by specific binding between

the surface and the cells.

Another cell patterns experiment was also performed on PEG/LAM patterned
surfaces with diffusible NGF added. NGF was added into the cell culture medium to enhance
neurite outgrowth. To avoid physical absorption of diffusible NGF onto our surface and not
to interfere with cell initial attachment by immobilized LAM, the diffusible NGF was added
after cell initial adhesion. The cell patterning results were shown in Figure 8. A similar cell
patterning results were seen in Figure 8 a and c. Cells were patterned according to the shape
of photomasks. A higher extent of morphological change and a long neurite extension were
observed and indicate further PC12 differentiation (Figure 8 b and d) due to soluble signaling
molecule NGF addition. Here, instead of only one biomolecules was immobilized and just
for controlling cell initial adhesion, cell signaling could be further controlled on these
patterned regions by the addition of soluble NGF to induce cell differentiation. Therefore, we
introduced two different biomolecules into cell culture system, one is immobilized and one is
diffusible in the medium. Cells can response to the two different chemical cues to attach to
the specific areas and then induce the neurite growth at a specific time. In our cell culture,
not only immobilized ECM protein, LAM, was studied in a patterned surface, but also the
incorporation of immobilized LAM with NGF as a solute was studied. Generally, as shown
in Figure 7 and 8, cell initial attachment can be controlled by applying different photomasks
on the surface to control light pathway. As seen in the high-magnification images, neurite
outgrowth can be found on both surfaces. However, the small extent of PC12 cell
differentiation and neurite outgrowth was found on PEG/LAM patterned surfaces without
diffusible NGF added while a long neurite extension was observed on PEG/LAM patterned
surfaces with diffusible NGF added. The results are consistent with previous study done by
Achyuta et al. [66]: on a LAM immobilized surface, the existence of diffusible NGF resulted
in a dramatic increase in neurite outgrowth. Our results suggest that LAM has a specific

impact on cell initial attachment while NGF plays a significant role on neurite sprouting.
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Therefore, instead of controlling only the position of cell adhesive molecule LAM and
eventually cells on one surface, the introduction of diffusible NGF in the cell culture medium
helps to examine the effects of cell adhesion and cell differentiation separately and in a
controllable temporal manner. The precise localized LAM on one flat surface has the
potential to help create a 2D in vitro neuronal network, which could mimic the one in a
native tissue, and the addition of NGF could provide further control on the network by
modulating neurite outgrowth on a specific time. This strategy could potentially be exploited

to design different neuronal networks for various applications in nerve tissue engineering.
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Figure 7 Microscopical images of PC12 cell labeled with Calcein AM after 3 days of seeding
onto PEG/LAM surfaces. Tiled PC12 cell images to show the length and the width of PC12
cell patterning on PEG/LAM surfaces, a) and b); PC12 cell cultured in TCPS as a control, ¢);
higher-magnification PC12 cell in the strip-pattern, d). The strip-photomask with alternating
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100 um and 200 um transparent and black strips was applied on a), b) and d). Tiled PC12
cell patterning and high magnification with a square-photomask applied on e) and f). The
square-photomask has 200 um x 200 um black squares and 250 um inter-square spacing. The

arrows in d) and f) indicated the neurite outgrowth in the patterns.

Figure 8 Microscopical images of PC12 cell labeled with Calcein AM after 3 days of seeding
onto PEG/LAM surfaces with diffusible NGF addition. Tiled PC12 cell images to show the
length of PC12 cell patterning on PEG/LAM surfaces, a); higher-magnification PC12 cell in
the strip-pattern, b). The strip-photomask with alternating 100 um and 200 um transparent
and black strips was applied on a) and b). Tiled PC12 cell patterning and high magnification
with a square-photomask applied on c) and d). The square-photomask has 200 um x 200 um
black squares and 250 um inter-square spacing. The arrows in b) and d) indicated the neurite

outgrowth in the patterns.
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4.5 Conclusion

In this paper, we addressed a new approach to control cell initial attachment on a SAM-gold
surface. Differently from cell patterning on degradable materials, this surface is designed for
in vitro studies. We took advantage of the well-known alkanethiol-gold SAM system to
create a platform. By applying a photocleavable self-assembled molecule on gold which was
used to protect and inactivate primary amines on the original self-assembled molecule, we
can control the presence of amine functional groups in a spatial manner. By applying double
UV irradiations with a photomask, the presence of reactive amines on a specific region could
be controlled and heterogeneous properties of the surface for cell attachment and behaviors
can be realized. Cell non-adhesive PEG and cell adhesive molecule, ECM protein LAM,
were introduced into our system to react with recovered amines in a controllable manner.
Finally the cell position can be precisely controlled. To characterize the surfaces, different
surface characterization techniques were applied. WCA, CV, XPS and AFM provide the
characterization of different surface properties including wettability, electrochemical
property, element binding formation and microstructure. Overall cell culture results showed
that by double UV irradiations on one surface on different time in different location with a
photomask to control light pathway, controllable cell attachment with PCI12 cells on
PEG/LAM-patterned surfaces was achieved, and further neurite outgrowth on the patterned
cells can be manipulated by NGF addition. The further addition of diffusible NGF in the
system provided us an alternative way to study cell adhesion and cell differentiation
separately in one system with controllable cell position. We believe this approach has the
potential to be used as an in vitro cell-cell interaction platform to understand neuron

behaviors and also design complex neuronal networks for nerve tissue engineering.
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5.1 Abstract

An approach to control cell adhesion using a photocleavable molecule on chitosan
has been developed and studied. Photocleavable 4,5-dimethoxy-2-nitrobenzyl chloroformate
(NVOC) was introduced into chitosan to control the surface properties. The two UV
illuminations with a photomask controlled the cleavage of NVOC and the presentation of
deprotected amines on one chitosan surface spatially and temporally. The following
immobilizations of cell repulsive poly(ethylene glycol) after the first illumination and cell
adhesive sequence Arg-Gly-Asp-Ser (RGDS) after the second illumination on the surface
helped create surface heterogeneity. Fourier transform infrared spectroscopy (FTIR), water
contact angle and UV-Visible spectroscopy were used to characterize the surfaces and
photoactivation during the process. To study cell attachment and morphology on our
designed surfaces, NIH/3T3 fibroblast cell was used. Cell number and morphology on the
surfaces were investigated. The cell study demonstrated the feasibility of the surfaces on the
control of cell adhesion and the formation of cell patterns by UV illuminations and the

following immobilizations of different biomolecules.
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5.2 Introduction

Cells are essential to all biological processes. Many cell functions and behaviors are
modulated by environmental conditions. For example, most cells must first attach to a
surface in order to spread on the surface and respond to complex surface cues such as
substrate rigidity and ligand presentation. Therefore spatial control of material properties at
the micron scale — comparable to that of a cell -- is of great importance, and the presentation
of surface cues in a spatial and temporal manner will be beneficial to cell related studies,
such as the applications of cell-based biosensor and tissue engineering [1]. But currently
most cell-based studies are based on a large groups of cells and the cells are less controlled
spatially and temporally on the designed surfaces [2, 3]. To carry out cell studies on a
reduced number of cells, which are well controlled in space and time, will improve the
precision of the results and help speed up the process. Here we will present a new approach

to get cell patterning on polymer film through photochemistry.

One of the most promising methods to create a surface that presents multiple surface
cues is by using photoliable molecules and light to selectively change surface functional
groups and signaling molecules [3, 4]. The use of photoliable molecules, especially
photocleavable molecules in the design, provides a convenient and precise way to control the
locations of proteins and cells. Light, as a stimulus, is particularly attractive choice in
controlling biomaterial functionalities [5]. In addition, the chemistry is “clean” with no
reagents added during the photo-activation. Most importantly, it can be easily controlled
using wavelength and intensity [6]. Particularly, it allows complex exposure areas with high
spatial resolution by simply using photomasks, micro-mirror arrays or lasers [7-11].
Therefore using light to alter surface properties and achieve protein and cell patterning is a
promising strategy to develop a platform for a wide range of biological applications such as
tissue engineering, studies on cell-cell interactions and high-throughout drug screenings [12-

14].

Chitosan (CS) is a naturally occurring polysaccharide, and its derivatives have been
widely studied as promising biomaterials in many applications due to its biocompatibility,

biodegradability, non-toxicity and antimicrobial activities [15, 16]. In addition, modified
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chitosans have been used as gene delivery carriers [17-20], tissue engineering scaffolds [21,
22], and wound dressings biomaterial [23, 24]. In this study, we report a two-step UV-
irradiation method on a photoactive chitosan substrate to achieve cell patterning. To achieve
this, the photoactive chitosan is created by covalently binding 2-nitrobenzyl photocleavable
functional groups via primary amines on the chitosan molecules. By applying near-UV
illuminations to different selected regions of the modified chitosan substrate, the photoactive
2-nitrobenzyl is photocleaved from the chitosan molecules upon irradiation thereby releasing
the protected primary amine groups for further reactions with both cell non-adhesive — upon
the first exposure -- and cell adhesive molecules — upon the second exposure -- to render
different cell adhesiveness properties on different region of the same chitosan surface. By
grafting the photocleavable molecule on primary amines of CS, UV light and photomask
designed, we demonstrate that the two-step UV illuminations followed by immobilizations of
different biofunctional molecules can achieve spatial and temporal control over surface
properties on a two-dimensional substrate. In comparison with other efforts to use single UV
illumination to realize the control of surface functionality and achieve protein or cell patterns
[8, 25, 26], our control of functional groups on the surface is through two UV illuminations.
This enables a better control of surface cues for cell adhesion, generating a surface
heterogeneity that is ultimately independent of remnant of the unreacted photocleavable
molecules; after two UV illuminations, the photocleavable molecules used to cage the
functional groups will be totally removed, and the surface properties of the substrate are no
longer controlled by the photocleavable molecules and instead determined by the

subsequently immobilized biomolecules.

5.3 Experimental

5.3.1 Materials

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) and used as
received without any further purification unless otherwise indicated. In addition, N-
hydroxysulfosuccinimide (NHS) was purchased from Pierce (Rockford, IL); glutaradehyde
(GA) solution in PBS (30%) was from Fisher Scientific Canada (Ottawa, ON); peptide Arg-
Gly-Asp-Ser (RGDS) was obtained from the Ottawa Hospital Research Institute (Ottawa,
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ON); NIH/3T3 cell line was purchased from ATCC (Manassas, VA). Deionized distilled
water (ddH,O) was obtained from Milli-RO 10 Plus and Milli-Q UF Plus system (Bedford,
MA) with an 18MQ resistance.

5.3.2 Preparation of NVOC-CS films

5.3.2.1 CS films

Chitosan films were prepared by casting chitosan solutions in Petri dishes and let dry.

Specifically, 2 ml 1 % (w/v) CS solution in acetic acid was cast into glass Petri dish (60 mm

x 5 mm), transferred into an oven and kept for 16 h at 37°C. Subsequently, the dried chitosan

film was first rinsed with PBS (pH 7.4) (Invitrogen, Carlsbad, CA) for 2 h with gentle
vibration, and then with ddH,O for 3 additional rinses, 2 h each. The films were finally dried

again in the oven under the conditions (i.e. 37°C, 16 h) as mentioned above.

5.3.2.2 NVOC-CS films

Caged chitosan (NVOC-CS) was fabricated using the following procedures according
to procedures by Alonso et al.’s [26] with minor modifications: 50 mg of 4,5-dimethoxy-2-
nitrobenzyl chloroformate (NVOC) was dissolved in 5 ml anhydrous 1, 4-dioxane to obtain a
NVOC solution at 10 mg/ml, which was subsequently transferred to react with the dry CS
film prepared in the previous step. To the reaction mixture, a total of 5 ml 10 mM NaHCO;
(JT Baker, Phillipsburg, NJ) solution was slowly added over a period of 2 h under gentle
vibration. The mixture was allowed to react for an additional 16 h at room temperature under
gentle vibration. At the end of the reaction, the reaction mixture was removed from the CS

films. The films were subsequently washed once with anhydrous 1, 4-dioxane and then with

ddH,O for 3 times with 2 h each time, respectively. The films were finally dried at 37°C for

16 h in an oven.
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5.3.3 Photoactivation (NVOC-CS)

To cleave photoactive NVOC groups from NVOC-CS, UV irradiation at 365 nm
using an UV lamp (Black-Ray B-100 longwave UV lamp, 100 W, UVP, Upland, CA) was
carried out. Specifically, the dry NVOC-CS films obtained from the previous step were
submerged in 1M glycine in PBS (pH 7.4) for 1 h. The wetted films were then placed
directly under the UV lamp, and exposed to the UV light for 5 min. The distance between the

sample and the lamp was kept constant at 5 cm. After the light exposure, the films were

washed extensively with ddH,O and dried in at 37°C for 16 h in an oven. When needed, a

line photomask (MPC Circuits, Ottawa, ON) was placed directly on top of the films during
light exposure to create line patterns. For the convenience of discussion, photoactive NVOC
groups that have undergone UV exposure will be identified by underlining it in the document

(i.e. NVOC for single exposure and NVOC for double exposure) hereinafter.

5.3.4 Preparation of PEG-NVOC-CS, RGDS-NVOC-CS and RGDS/PEG-
NVOC-CS films

5.3.4.1 PEG -NVOC-CS homogeneous films

Dry homogeneously irradiated NVOC-CS films were reacted with o-(2-
aminoethyl)polyethylene glycol 2,000 (PEG), an amine terminated PEG (10 mg/ml in PBS
solution), using glutaradehyde (GA) (0.1% in PBS, 1:1 volume ratio to PEG solution) at
37°C for 0.5 h to achieve a homogeneous cell non-adhesive PEG covered CS film surface
(PEG-NVOC-CS). At the end of the reaction, excessive 1M glycine solution was added to
the reaction mixture to quench the unreacted GA. The resulting films were extensively

washed using ddH,O for 3 times, and dried at 37°C for 16 h.
5.3.4.2 RGDS-NVOC-CS homogeneous films

Similarly, dry NVOC-CS films were reacted with cell adhesive peptide RGDS (0.2
mg/ml PBS solution) to link the primary amine groups on the film with carboxylic acid
groups on the peptide. Specifically, 3 mg ethyl(dimethylaminopropyl) carbodiimide (EDC)
and 2 mg N-hydroxysuccinimide (NHS) were added into 5 ml RGDS solution (0.2 mg/ml)
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and incubated at room temperature for 15 min with agitation to activate the carboxyl groups
on the peptide. After the activation, the resulting mixture was added onto the homogeneously
irradiated NVOC-CS films to carry out the reaction for 2 h at room temperature.
Subsequently, the resulting films were thoroughly washed and dried. The final product was

cell adhesive RGDS peptide covered homogeneous films (i.e. RGDS-NVOC-CS).
5.3.4.3 RGDS/PEG-NVOC-CS patterned films

Patterned NVOC-CS film with selective irradiation achieved through line photomask
(first exposure) was reacted with PEG in the same fashion as mentioned above in the
homogeneous surface preparation. To pattern the cell adhesive RGDS peptide to the
remaining part of the same surface after the first exposure, a second irradiation was applied
to the initially un-irradiated regions (i.e. after the first irradiation) to photo-cleave the
remaining NVOC in the rest areas thereby enabling RGDS peptide immobilization. The
RGDS peptide was subsequently immobilized to the regions defined by the second exposure
in the same fashion as outlined above in the RGDS homogeneous surface preparation. The
surface thus obtained was patterned by both cell non-adhesive PEG, after the first exposure,
and cell adhesive RGDS, after the second exposure, noted as RGDS/PEG-NVOC-CS. The

surfaces were dried and stored at 4°C for future use.

5.3.5 Cell culture

To test the relative cell adhesiveness of different films, NIH/3T3 fibroblasts were
used as model adherent cells. The cells were routinely maintained in medium containing
Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen) supplemented with 10% fetal
bovine serum (FBS) (Invitrogen), 100 U/mL penicillin (Invitrogen), and 0.1 mg/mL
streptomycin (Invitrogen), and kept in T-75 flasks (BD Biosciences, San Jose, CA) at 37°C
in incubator with 100% relative humidity and 5% CO,.

Dry NVOC-CS, NVOC-CS, PEG-NVOC-CS, RGDS-NVOC-CS and RGDS-/PEG-
NVOC-CS films were sterilized by 70% ethanol and washed extensively with sterile PBS
(pH 7.4) (Invitrogen) before cell cultures.
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Prior to cell seeding on the experimental surfaces, cells were trypsinized, centrifuged
into a pellet, re-suspended in the medium without FBS (serum-free DMEM) and counted by
a hemocytometer. The cells were subsequently seeded onto the experimental surfaces at a
density of 5x10° cells/cm” in a serum-free DMEM medium. After 2 h of seeding, the
medium was changed to serum-contained medium. Tissue culture polystyrene (TCPS) was
used as a control surface for the studies. Cells were observed using a fluorescence
microscope (Olympus IX81, Olympus, Mississauga, ON) every 24 h and the observations
were documented using an Image-Pro Plus software (Media Cybernetics, Silver Spring, MD).
To study the cell morphology parameters, cell outlines were manually traced in captured
phase contrast images and quantified using the Image-Pro Plus software. For every surface,
at least 60 cells from more than five different 10x magnification frames were randomly
selected for tracing. Cell morphology parameters, such as cell area, perimeter, aspect ratio

and roundness were automatically calculated by the software [27].

In some cases, fluorescent CellTracker™ Green (Invitrogen) was used to label the
fibroblasts according to the vendor’s protocol for better visualization of the cells before
seeding. Briefly, 10 mM stock solution of the dye in DMSO (Fisher Scientific) was prepared
and subsequently dissolved in DMEM to produce a 2.5 uM working solution. One milliliter
of the working solution was added to stain the fibroblasts and allowed to incubate for 45 min
at 37°C. The staining solution was then replaced with pre-warmed fresh medium and

allowed to incubate for additional 30 min at 37°C.
5.3.6 Surface characterization

5.3.6.1 Fourier transform infrared spectroscopy

To characterize the chemical compositions of CS, NVOC and NVOC-CS, attenuated
total reflectance Fourier transform infrared spectroscopy (ATR -FTIR) was used. The
samples were placed on a zinc selenide crystal and the spectra were recorded in ATR-FTIR

mode in a Varian FTIR spectrometer (Varian 7000, Agilent Technologies, Santa Clara, CA).
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5.3.6.2 Water contact angle

Water contact angles (WCA) for dry homogeneous CS, NVOC-CS, NVOC-CS, PEG-
NVOC-CS and RGDS-NVOC-CS — all prepared on glass slides in Petri dishes -- were
obtained using a sessile drop method on a VCA Optima XE system (AST product, Billerica,
MA, USA). Five random (and different) spots on each slide were analyzed and one slide for

each sample was tested. Both advancing and receding angles were measured and recorded.
5.3.6.3 UV-Vis spectrum of NVOC-CS at different irradiation time

Dry NVOC-CS film was weighed and then dissolved into 2% acetic acid solution to
obtain a 0.5 mg/ml NVOC-CS solution. To the wells of a 96-well plate (Corning, Lowell,
MA), 200 ul NVOC-CS solution per well was transferred and subsequently irradiated at 365
nm using the longwave UV lamp at different time intervals. A BioTek microplate reader

(Fisher Scientific) was used to record the spectrum change as a function of irradiation times.

5.3.7 Statistics

To determine statistical significant differences of four cell morphology parameters
among different surfaces, One-Way ANOVA analysis was applied to the cell morphology

data, and a significant level of p <0.05 was considered to be statistically significant.

5.4 Results and discussion

In this study, we developed a new photocleavable biomaterial to control cell
attachment. The bulk material, chitosan, is a naturally occurring cationic material that exhibit
favorable properties, such as biocompatibility and biodegradability, which are much
desirable for tissue engineering applications. In addition, the existence of active primary
amines on chitosan provides the possibility for further chemical modifications for various
applications [28, 29]. Nitrobenzyl derivatives are a series of photocleavable molecules that
usually undergo photolysis at near-UV range [7, 30, 31]. Here we combine the advantages of
chitosan and photocleavable nitrobenzyl derivatives to generate a controllable surface for cell
attachment. The chemical reactions and fabrication scheme are shown in Figure 1. By caging

the primary amine groups in the chitosan molecules with photocleavable molecules NVOC,
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we can realize spatial and temporal controls on the chitosan surface by multiple and
sequential light illuminations on different regions of one chitosan surface. More specifically,
we demonstrate that cell repulsive PEG and cell adhesive peptide RGDS can be sequentially
patterned to a chitosan surface by two near-UV exposures in sequence. We also show that

the patterned surfaces obtained this way can be used to influence cell attachment.

As shown in Figure 1, through modification of the chitosan surface by photoactive
NVOC, UV irradiation to uncage the protected amine groups of the chitosan and
subsequently modifying the chitosan surface with either cell non-adhesive PEG or cell

adhesive RGDS, the control of the chitosan surface functionality is achieved.
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Figure 1 Surface preparation schemes for different surfaces
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5.4.1 Surface characterization

To confirm the chemical properties of different prepared surfaces, ATR-FTIR was
used. As shown in Figure 2, the chitosan spectrum (i.e. CS trace) depicts the characteristic
absorption peaks of stretching of —OH and -NH groups around 3311 cm™ with a broad peak.
The peak around 2879 cm™ is believed to be the stretching of —CH bonds in methyl or
methylene of the chitosan molecule. The peaks at 1649, 1320 and 1026 cm™ are typically for
chitosan and represent the stretching of C=0, primary C-N and C-O groups in the sugar rings
of the chitosan. Furthermore, the peak at 1580 cm™ can be attributed to the typical absorption
of the symmetrical stretching of amino groups. The peak at 1422 cm™ could be assigned as
the bending of —OH and —CH on the ring [32]. The spectrum of NVOC shows the
characteristic peaks at 2981, 1683, 1530, 1351, 908 and 690 cm™'. These peaks can be
assigned as —CH stretching in aromatics, C=0 stretching, N-O symmetric stretching [31], N-
O symmetric stretching, O-H bending and C-Cl stretching on the NVOC structure,
respectively. The spectrum of NVOC-CS shows the characteristic peaks at 2978, 1712, 1526,
1359 and 976 cm™'. The peak at 2978 cm™ can be identified as —CH stretching in aromatics
from NVOC. Importantly, in comparison with the NVOC trace, the disappearance of C-Cl
peak at 690 cm™ in NVOC-CS trace confirms bonding formation between NVOC and CS to
eliminate C-Cl linkage as a result. By identifying the chemical structures of both reactants
and products through ATR-FTIR, we conclude that NVOC-CS has been successfully
synthesized.
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Figure 2 FTIR spectra of chitosan, NVOC and NVOC-CS

The identities of different surfaces were further confirmed by water contact angle
data as it has been shown that surface wettability is directly related to the surface energy and
it is a useful parameter to correlate with cell-biomaterials interactions on the interface [33,
34]. As demonstrated in Table 1, both advancing and receding water contact angles change
after each step of chemical reaction and photoactivation, suggesting possible surface
composition changes. In particular, the most dramatic change took place after PEG
immobilization (PEG-NVOC-CS vs. NVOC-CS), dropping the measured advanced water
contact angle (AWCA) from 78.1 £ 3.0° to 52.3 + 7.9° and the measured receding water
contact angle (RWCA) from 52.0 £ 5.6° to 40.3 = 6.9°. This is most likely due to the
introduction of the hydrophilic PEG molecules on the surface, suggesting successful
photoactivation and subsequent PEG immobilization by crosslinker GA. The pure CS film
has an AWCA about 77.6 + 3.6°, which is acceptable and in a good agreement with previous
reports. There are literatures reported the water contact angles of chitosan are 80 + 4.6° [35],
60.7 + 1.25° [36], 69.4° [37], 85.6° [38] and 84.54° [39]. We believed that the variation of
water contact angle values of chitosan is due to non-equilibrium state of the testing and the
swelling of materials. The wettability of chitosan is known from the hydrophilic groups like

hydroxyls and amines on the chitosan chain [39]. So the percentage of amines could change
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the surface free energy and thus affect the wettability of the films. After caging reaction, we
saw a slight increase on advancing water contact angle, 85.2 + 4.3°. It could be evident for
the presentation of hydrophobic 2-nitrobenzyl groups on the surface [40, 41]. After
photoactivation, because of the removal of hydrophobic caging agent NVOC, a slight
decrease on advancing water contact angle was been observed on NVOC-CS. It proved that
the surface is altered from NVOC-CS to CS surface by light. PEG immobilization on the
deprotected surfaces caused the bigger change on advancing water contact angle. It is 52.3 +
7.9° for PEG -NVOC-CS, which is acceptable [42]. But the relative high water contact angle
for PEG covered surface suggest us that the coverage of PEG on chitosan is limited. RGDS
linkage introduces RGDS peptide on the surfaces. The result of RGDS -NVOC-CS is 61.6 +

5.0°, which is acceptable by comparison with other researchers’ results [43].

Table 1 Water contact angles of different homogeneous surfaces

Advancing water contact Receding water contact
Samples
angles/o angles/o
CS 77.6+3.6 55.1+10.9
NVOC-CS 852+43 57.8+7.8
NVOC-CS 78.1+£3.0 52.0£5.6
PEG-NVOC-CS 523+7.9 40.3+£6.9
RGDS-NVOC-CS 61.6+5.0 47.0+5.8
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Figure 3 Absorption spectra of NVOC-CS on different UV-irradiation times

5.4.2 Photoactivation

The feasibility and efficiency of 2-nitrobenzyl derivatives removed from the base
materials has been investigated and proved by many researchers [3, 13]. Because of the
strong absorption of photocleavable NVOC at near-UV range, the scanning spectra of
NVOC-CS in acetic acid solution were recorded with different UV irradiation times. Figure
3 is shown the absorption spectra of NVOC-CS after 0-10 min irradiation by UV lamp (365
nm). After the first irradiation, we could see a slight increase in the absorption maximum and
a general baseline shift. These observations indicated that a certain rearrangement occurring
in the solution. By increasing the irradiation times, a slight shoulder was observed and a
constant increase of the shoulder peak was shown following the time increased. The
compound with a red-shift on the maximum absorption is an aromatic carbamate residue of
the protecting group removed by light from the bulk NVOC-CS and became free in the
solution[44]. It indicated the decomposition of NVOC induced by light and the extent of

decomposition would be increased with a longer exposure time.
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5.4.3 Cell culture study

To assess if our surfaces could control cell attachment and modulate cell behavior,
NIH/3T3 cell line was used as a model to study cell attachment on our designed and
intermediate surfaces. Images of cells incubated on different homogeneous surfaces which
represent the different stages of the whole process were collected and quantified for cell
densities by manually counting (Figure 4). The cells on different surfaces were counted until
the 4th day of culture due to the continuing decrease in fluorescent intensity of
CellTracker™ Green in each cell. From the images, we could conclude that NVOC-CS has a
few cells attached but less than the surface after UV illumination, NVOC-CS. On NVOC-CS
surface, the primary amines are caged by photocleavable NVOC reagent, which reduces the
positive charge on the surface and at the same time a hydrophobic group, benzyl group with
two methoxyls, is introduced to the surface. The decline of positive charge on the surface
will result in the decrease on the attraction to cell membrane, negatively charged, by the
primary amine, positive charged, but the addition of hydrophobic group from NVOC will
increase the hydrophobicity of the surface, which help cells attached. So the cell attachment
is the result of the competition of the decline of primary amines and the increase of
hydrophobicity. On our NVOC-CS surfaces, the cell attachment images showed the
prominent influence of positive charge on cell attachment, which causes the less cell density
on NVOC-CS. On NVOC-CS, it 1s an opposite condition, compared with NVOC-CS.
Because of the cleavage of NVOC and the deprotection of primary amines, there is an
increase of positive charges and decline of hydrophobicity. More cells were attached. It is
consistent with our conclusion that the charges are important for cell attachment in our
system. PEG-NVOC-CS surface has the least cells attached and the least cell density in all
these surfaces, because hydrophilic PEG reduces the positive charge and increases the
hydrophilicity on the surface. PEG is known for its ability to form hydrogen bonding with
water by oxygen ether. The hydrophilicity of PEG and the decline of positive charge causes
the cell is hard to initially attached to the surface, so the cell density on PEG covered
chitosan surface is the minimum in all designed surfaces. It also showed the capability of
PEG to repulse cell. After UV illumination and RGDS linkage, a cell adhesive peptide was

introduced onto chitosan surface. The attraction of cell adhesive peptides with cells is
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specific and it is a ligand-receptor interaction. From the cell image of RGD-NVOC-CS, we
saw an increase on cell density and it is believed because of the introduction of cell adhesive

peptide RGDS. Unfortunately, because of the existence of primary amines, which cause

strong positive charge density on the surface after UV illumination, we couldn’t see the big

difference on cell densities of NVOC-CS and RGDS -NVOC-CS.
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Figure 4 Microscopical images of homogeneous surfaces after 2 days of seeding: a) TCPS
(tissue culture polystyrene); b) NVOC-CS; ¢) NVOC-CS; d) PEG- NVOC-CS; e) RGDS-
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Quantification of cell morphology parameters at 48 h after seeding was studied to
show how cell behaves with different surface functionality. In the figure 5, mean cell areas
on different homogeneous surface are significantly different (p < 0.05). Cell has low spread-
out on NVOC-CS surface and PEG-NVOC-CS. Mean cell area was increased after UV
irradiation and RGDS linkage, as expected. The results showed that even a few cells attached
to NVOC protected surface and PEG covered surface but the spreading of these cells is not
as good as the control, TCPS, and RGDS covered surface. Due to biospecific binding
between cells and RGDS peptides on RGDS-NVOC-CS, it has the best cell spreading on all
the surfaces. Cell perimeter on different surfaces showed the same trend as mean cell area.
They all indicated that the RGDS modified surface has competitive cell spreading as TCPS.
Caging reagent and PEG coverage cause a poor spreading of cells based on the mean cell
area and perimeter data, and also there is no significant difference (p > 0.05) for the
parameters of cell aspect ratio and cell roundness on these two surfaces. Based on the
definitions of the two parameters, it indicated that there is no different on cell elongation on

these surfaces. Overall, from the analysis of cell morphology, RGDS covered surface
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conducts better cell spreading. Combined with cell images, we could conclude that after UV
irradiation and the following modifications, the surface cues could be changed and the

influence is not just on the cell initial attachment and proliferation, but also on the cell

spreading.
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Figure 5 Quantification of cell morphological parameters in different surfaces at 48h. Error
bars indicate standard deviation. a) Mean cell area, b) cell perimeter, c) cell aspect ratio (the
ratio of the major and the minor axes of a best-fit ellipse), d) cell roundness (defined as

p*/(4mA) where p is the object perimeter and A is the object area).

To show the control of cell attachment by multiple illuminations on our surfaces, site-
specific cell attachment was studied by applying a micro-printed line mask when the first
illumination took place. Our results showed successful cell patterns formed in Figure 6. The

tiled images were processed by using “tile images” function in Image-Pro Plus software.
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These NIH/3T3 cell patterns on RGDS/PEG-NVOC-CS film are consistent with the shape of
photomask. By using caging agent NVOC, first, we protected primary amines on chitosan
and introduced light as a stimulus to realize site-specific control. Then, the multiple
illuminations following with different linkages realized the control of cell repulsion and cell
adhesion by the introduction of different molecules on the different regions of one surface. In
detail, the first illumination is applied to the surface with the mask directly contacted with
NVOC-CS film. After the illumination, cell non-adhesive PEG was immobilized on these
amine-activated regions by crosslinker GA. The second illumination was applied without
photomask, followed by RGDS linkage. Through our illumination steps, we could create
alternative cell permissive and cell non-permissive lines on RGDS/PEG-NVOC-CS film,

where the black strips regions correspond to cell permissive regions.

From the images, we could see that the pattern on RGDS/PEG-NVOC-CS didn’t
reach confluence after days and cell proliferation was slow. We believed it could be
explained by the limited NVOC coverage. The limited NVOC coverage on the initial
chitosan surface will result in the existence of remained primary amines. After first step of
illumination, PEG was introduced to the surface by homofunctional crosslinker GA for
amine groups. GA helped immobilization of PEG; at the same time, it helped to eliminate the
remained amine groups by crosslinking and stabilized the surface for further chemistry by
crosslinking chitosan through these remained amines. During our process, we speculate the
limitation of NOVC coverage finally caused the existence of PEGs on the whole surface
because the PEG could react with remained amines on the surface. Therefore, after the first
illuminations and the following linkages, it is possible that PEG exists on the second
illumination regions for RGDS immobilization and it is due to crosslinking of remained
amine groups with PEGs by GA. The existence of PEGs on the second illumination regions
could explain the slow proliferation of cells. The PEGs on these regions probably prevent
cell spreading and migration to certain locations which are immobilized with PEG and
consequently result in a relative low cell growth. It is possible that optimization of NVOC-
CS reaction could help create completely alternative cell patterns and it will be one focus to

improve our design and control of cell behaviors.
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Figure 6 Tiled cell pattern images to show NIH/3T3 cell patterns on RGDS/PEG-NVOC-CS
films after 2 days of seeding. Two images represent the phase contrast and fluorescent
images for the same surface, respectively. The mask applied is with 100pm width of blank

strips and 200 um width of spaces (Transparent strip).

5.5 Conclusion

In native tissue, changes in microenvironment are linked to cell growth, migration,
proliferation and differenation. The approach described in our paper, based on a natural

polymer and light as a switch of surfce properties, provided a way to manipulate chemical
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cues on surface and a platform to study cell behaviors [2]. The base mateiral, chitosan, is a
promising natural polycation with the advantages of biocompatability and biodegradation.
The photosensitive molecule, NVOC, is responsive to the near UV light, which will limit the
concerns of UV-cytotoxicity and not be impacted by the in vitro environment. It may be
benifical to many applications in tissue engineering. In this paper, we studied the novel
materials with the photosensitve moities and the changes of surface functionalities to affect
cell attachment by UV illumiantions and the following reactions. FTIR was used to
characterize NVOC-CS. The water contact angle results showed the successful switch of
surface properties by using chemical reaction on the soft material chitosan. The feasibility of
photoactivation was proved by the UV-Vis spectra of NVOC-CS solution with different UV
exposure times. For the cell culture study, the results show the success of photosensitive
NVOC modified chitosan surface, NVOC-CS, in controlling cell attachment by multiple
illuminations and the following linkage of cell repulsive or cell adhesive molecule after each
illumination. From cell culture on the homogeneous surfaces, control of cell attachment has
been observed and analyzed by cell density and different cell morphology parameters. The
results show the surface properties not only played an impact on cell attachment but also
change cell spreading and morphology. On RGDS/PEG- NVOC-CS films, line-patterned
cells formed and maintained for a long period time. In brief, our study shows an approach to
achieve selective cell adhesion and growth on a two-dimensional surface. It is based on soft
material, chitosan, which is biocompatible and well studied, and can be applied to study cell-
materials interaction and guide cell growth, not only in two-dimensional surface but also
three-dimensional structure can be envisaged. We think it has great potential use on

engineering tissue development [3, 31].
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Chapter 6 General discussion and Conclusions
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6.1 Introduction

Highly ordered structure is an important feature of biological systems. Surface
modification with controlled functionality is a useful tool to realize this ordered structure on
surfaces for different in vitro and in vivo applications. In vitro studies with controlled surface
properties provide platforms for fundamental research on cellular behaviours and response to
different stimuli, including drugs, growth factors and so on. These studies can determine the
surface features influence on cell adhesion, proliferation, apoptosis, migration, and
differentiation. Subsequently this will help understand the interaction of cell-cell and cell-
material in the native environment. /n vivo studies provide a method to create well controlled
scaffolds for implantations. These organized structures could help regulate cell adhesion and
assembly for further dynamic morphogenetic movements and transitions to stable tissues.
Finally these scaffolds will help mimic native tissues and eventually regenerate damaged

tissues.

In order to control surface features and cell adhesion, light was introduced to our
system to generate surface heterogeneity for further biomolecule immobilization. Two
different photocleavable molecules were utilized on two kinds of surfaces in this project. The
chosen photocleavable molecules are o-nitrobenzyl derivatives with mono- and
bifunctionality. The nitrobenzyl caged functional group can undergo photolysis under UV
irradiation and release the functional group initially protected by nitrobenzyl. The control-
release of functional groups in designed regions can be utilized to generate surface
heterogeneity. The stronger interaction between surfaces and cells could be created by the
subsequently different biomolecule immobilization to the designed regions in order to form
specific ligand-receptor bindings. At the same time, to increase the contrast on one surface, a
cell non-adhesive molecule was introduced to provide non-fouling to resist cell adhesion.
Based on these purposes, PEG, RGDS peptide sequence, LAM protein were applied to the

surfaces after UV irradiation to create specific interaction between cell and surface.

6.2 Discussion

The first attempt to control cell adhesion was to use bifunctional BNBA for the

linkage of PEG on its one terminal and protect the active functional group with the other
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terminal group of BNBA. To simply the system, a SAM with thiols was used to provide
functionality and also for the control of biomolecule immobilization. The results showed the
capability to manipulate cell attachment using a SAM with BNBA working as a photo-switch.
Through UV and the subsequent RGD immobilization, the surface is switched from PEG to
RGD covered. The change on the presence of different biomolecules facilitates the surface
from cell non-adhesive to cell-adhesive. Meanwhile, it was found that the limited yield of
BNBA protection on the surface resulted in a lack of precisely control on surface
heterogeneity. However, on this BNBA modified SAM, the possibility to switch surface

features to control cell attachment using nitrobenzyl chemistry was demonstrated.

Because of the limitation to use BNBA on the surface to control surface features, a
second attempt was focused on creation of heterogeneous features on a SAM. To achieve this,
a well-studied nitrobenzyl derivative, NVOC, was introduced into the system as the
photosensitive molecule. Due to the single functionality and specific amine-reactivity of
NVOC, we chose AUT, an amine-terminated alkanethiol, as the self-assembled molecule and
subsequently the multiple-exposure strategy to create the heterogeneity. Specifically, NVOC
was immobilized to inactivate primary amine groups on the surface; upon two steps of UV
irradiation with a photomask in the first step, deprotection of primary amines was activated
in spatial and temporal manners; with the subsequently different biomolecule immobilization
after each exposure of double UV exposures, a controlled surface patterning with alternative
cell non-adhesive/adhesive regions by PEG/LAM immobilization was achieved. A
successful cell pattern was generated on this properties-heterogeneous surface with PC12 cell
line. For further control over cell behaviours on this surface, other than the immobilized cell
adhesive molecule on the surface to control cell adhesion, NGF was introduced to provide
cell signalling after cells attached. It is a good model to localize cell adhesion and control
cell signalling simultaneously in vitro. As shown in Chapter 4, different shapes of patterns
were obtained by simply using different photomasks. It elucidated the feasibility to
immobilize various proteins aiming to the adhesion of different cell types. As demonstrated,
through selective immobilization of LAM, low-adhesive PC12 cell could adhere to a SAM
and be induced to neurite outgrowth. It suggested potential to use this platform to study a

wide variety of cell-cell or cell-material interactions simply by choosing different cell
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adhesive molecules. It can also be useful as a platform for further development of cell-based

biochips.

The NVOC immobilized SAM is based on a flat solid substrate and it is not
biodegradable and biocompatible. Therefore, it cannot be further developed for in vivo
applications and impossible to be used in the development of regenerative medicines. The
successful cell patterning on a NVOC modified SAM provided a possibility to utilize the
same chemistry on a biocompatible and biodegradable material. Through the same multiple
exposure approach and the following biomolecule immobilization, the surface heterogeneity
could be created for cell adhesion and cell patterning on chitosan. In this project, the
biocompatible and biodegradable polysaccharide, amine-rich chitosan, was used as a
substrate for NVOC immobilization and protection. Different from SAM substrate, chitosan
surface is more difficult to pattern cells utilizing photochemistry. The first difficulty is the
fibrous microstructure of chitosan, as seen in Chapter 5 Figure 6. This microstructure on
chitosan surface could increase the unevenness of its 2D surface and the topographical effect
on cell adhesion, which could cause non-specific binding of cells. The second difficulty is
that chitosan is widely accepted as a material that can promote cell viability and adhesion.
There are studies suggesting that chitosan can increase the adhesion of fibroblast and
neuronal cells, and also promote neurite outgrowth [1, 2]. Cell adhesive properties of
chitosan increased the difficulty to convert a chitosan film to cell non-adhesive. Due to these
difficulties to control surface properties on a biodegradable polymeric material, especially a
natural polymer, which has less stable properties compared with synthetic polymers as
described in Chapter 2, cell patterning on a natural polymer film is challenging. Here, we
successfully developed a chitosan film with a photosensitive moiety. It can change surface
functionality upon UV irradiation and affect cell attachment by different biomolecule
immobilization afterwards. The control over cell adhesion on this NVOC-CS was
investigated by the model cell line for cell-surface interaction, NIH/3T3 fibroblast, and
successful cell attachment / detachment was seen on these surfaces after different treatment.
Cell patterns were achieved in a heterogeneous surface by multiple illuminations and the
following immobilization. It was also found that different surface properties affected cell
morphology and spreading after cell initial attachment, and it could result in different cell

behaviours with different cell types.
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6.3 Conclusion

In my thesis, the main objective is to provide a platform that can precisely control
cell attachment. Due to two different types of base materials we chose, two different
platforms to control cell attachment were developed for in vitro and in vivo applications,
respectively. Here are different strategies used: (1) As shown in Chapter 3, by introducing a
bifunctional photocleavable molecule onto the SAM and the following chemical reaction, the
surface could be switched to cell non-adhesive PEG covered surface and repel cell attaching;
after UV irradiation and the subsequent immobilization of cell adhesive peptide sequence,
the surface was altered to cell adhesive and attract cells. (2) Through the immobilization of a
monofunctional photocleavable molecule on the surface, two steps of irradiation were
applied to completely remove the photo residues from the surface and immobilize different
biomolecules on the surface in spatial and temporal manners. for a SAM, the surface was
patterned with cell non-adhesive PEG and cell adhesive protein LAM after two steps of
irradiation with different photomasks for different shapes of patterning; PC12 cells were then
cultured on these functionality-heterogeneous surfaces to achieve neuronal-like cell
patterning (Chapter 4). (3) The other surface, a biodegradable chitosan targeting in vivo
applications, was also introduced as a base material for cell patterning on a soft material. The
same NVOC chemistry was utilized to primary amine groups on chitosan. Through multiple
UV exposures with a photomask, surface patterning with different biomolecules was realized

and fibroblast cells were attached on the chitosan surface in line pattern.

In general, by introducing photocleavable molecules on the surfaces, biomolecules
were successfully immobilized on different kinds of surfaces in controlled spatial and
temporal manners. By using a photomask during UV irradiation, the spatial control of
surface functionality can be achieved and the following immobilization of cell adhesive/non-
adhesive molecules on the exposure regions further controlled the presence and location of
cells. The major advantage to introduce a photocleavable molecule in the system is to
introduce light to control surface properties for cell adhesion. Light as a versatile stimulus is
easy to control on the movement and intensity, which is important to control a micro or ever
nano-scale feature for cell adhesion. Not like other stimuli (such as heat and pH), light can be

easily controlled on the dose and the affected area. At the same time, light is a non-invasive
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stimulus and wouldn’t cause structural damage on the material. Secondly, photocleavable
molecules can be completely removed from the system without any residue left ideally, and
cell adhesion will be not affected by any photocleavable molecule used and will be only
related to the base material and the biomolecules in the strategy. Thirdly, the technique was
able to control the presence of different surface functionality and feasible for different
biomolecules immobilization targeting various applications. Finally, this technique allows
spatial control of surface functionality in 3D and therefore provides a powerful alternative to

generate a complex 3D structure for tissue engineering.

6.4 Recommendation

The following are a few recommendations for future research directions regarding to

this study.

To simplify our system for cell initial attachment, a widely-studied cell line for cell-
surface interaction, fibroblast, was utilized in cell studies. But in order to study cell
behaviours after attachment, a specific cell type targeting the studied tissues or effects is
more desirable. Highly organization of cells is a nature of tissues and a major goal of tissue
engineering is to produce tissues equivalent to native tissues. To study the precise position of
cells is a preliminary stage of understanding cell organization. Many researchers have shown
the need to develop a platform or scaffold to precisely control cell attachment for different
purposes on tissue engineering and related studies. For example, a skeletal muscle whose
function highly depends on its structure from the molecular up to macroscopic dimensions.
Its structure allows force to be generated and transmitted effectively throughout the muscle.
In order to control its microstructure and mimic physiologic process of muscle formation, a
control on the cellular level needs to be introduced. A study of muscle cell alignment to
affect its function has been explored with a wavy micropatterned substrate. However, more
aligning cells are seen and needed in a native tissue, and it is considered to be useful to create
more complex structure for understanding the relationship between cell alignment and force
production [3]. Our designed surface could be applied in these studies as a very good model
surface due to the ease to create complex microstructures by light and to create a precisely

controlled microstructure mimicking the native tissue and study how these structures
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enhance force production. Another possible application of our surface could be a mimicking
of neural network. As we know, neurons form interconnection to transmit signals. Therefore,
the study of neural network is beneficial to build up an artificial neural network and
understand how a brain works. Patterned growth of neurons and the formation of a neural
network on a surface in vitro are prerequisite to studies related neural networks. A few
studies have been done to create patterns for neural growth and form a network. Most current
research involves in photolithography [4], soft lithography [5], and microfluidic system [6]
to create surface heterogeneity for neuron attachment. Our surfaces based on SAM and

chitosan could provide an alternative choice for biologists to create in vitro neural network.

The current method is not advocating for high-precise single cell patterning. The
resolution is hundreds of microns and still too large for individual cell patterning. To localize
single cell on our surfaces, a control upon surface functionality was recommended to be
modified and extended into a smaller size even a nano-scale. To narrow cell adhesive regions
to a single-cell width for cell alignment or reduce them to create controlled single cell-cell
interactions could be a future direction for many applications, especially for neuron studies.
It is believed that single neuron patterning with complex interconnections can provide more

insight about neural networks in the body [6, 7].

Particularly for the SAM system, due to its well-defined surface functionality on 2D,
it could be developed as a biochip for regulating cell-cell interactions in controlled
microenvironment and the study of cell attachment phenomena, like interactions to specific
extracellular matrix components with cells. Here are some examples that can be adapted. (1)
An immediate application of this surface is to create small cellular colonies for rapid
cytotoxicity testing and drug screening. For example, multiple chemicals could be
immobilized to the surface and then study the effects of these chemical (e. g. drugs) on
adhesion of different cell types [8]. (2) By changing the immobilized biomolecules, the
system could be used to introduce biotin-streptavidin complexation on this two-dimensional
surface to immumocapture different types of cells [9]. (3) An important exploration of this
SAM is that it could be used with controlled light pathway and light intensity to create

chemical gradient which is believed important to guide neuron growth [10].
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For chitosan, known for its biodegradability and biocompatibility, it can be developed
to an implantable scaffold with controllable microstructure. Chemical reaction employed in
2D is recommended to apply on a 3D chitosan scaffold or hydrogel. The ultimate goal to
develop and study cell patterning is to understand and mimic tissue development from the
cellular level to the organ. With the development of tools for light pathway or two-photon
microscopy [11], the method combining photochemistry and a biodegradable material may
be able to create complex 3D architectures in order to control cell growth. Optimization over
UV irradiation can be expected to provide precise control on light pathway and minimize

light scattering.

6.5 Scientific contribution

The following lists the scientific contributions from this study.

Generally, new approaches to create controllable surface heterogeneity for cell

patterning were proposed and demonstrated from surface characterizations to cell studies.
For BNBA-DT-Au surface,

(1) A novel photocleavable SAM was developed involving a bifunctional nitrobenzyl
derivative and PEG to control cell attachment.

(2) A full examination by different surface techniques was provided to demonstrate
successful fabrication.

(3) The capability to switch its property from cell non-adhesive to cell adhesive was
demonstrated.

(4) It was proven that the surface also helped decrease the side effect of nitrobenzyl

residue after photoactivation.
For NVOC-AUT-Au surface,

(1) The fabrication for a new photocleavable SAM involving monofunctional NVOC
was described and the detailed examination of surface properties was provided by
different surface techniques.

(2) Precise control on the presence of surface functionality and cell initial attachment

was achieved on this surface.
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(3) Spatial and temporal control on cell initial attachment was achieved on NVOC-AUT-

Au surface. PC12 cells were able to pattern in different shapes on NVOC-AUT-Au

surface.

(4) Cell attachment and differentiation were controlled separately and precisely by

selective immobilization and diffusion.

For NVOC-CS surface,

(1) A methodology to synthesize photocleavable NVOC immobilized chitosan was first

described.

(2) Multiple exposure strategy was applied on biodegradable chitosan. Controllable cell

attachment was achieved on this chitosan 2D surface, which is feasible to apply with

different types of cell patterning.
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