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ABSTRACT
Biomaterials have evolved over the years from the passive role of mere biocompatibility to an
increasingly active role of presenting instructive cues to elicit precise responses at the molecular
and cellular levels. Various characteristics common to synthetic biomaterials in vitro and
extracellular matrices in vivo, such as immobilized functional or peptide groups, mechanical
stiffness, bulk physical properties and topographical features, are key players that regulate cell
response. The dynamics in the cell microenvironment and at the cell adhesive interface trigger a
web of cell-material and cell-cell information exchanges that have a profound impact in directing
the ultimate cell fate decision. Therefore, comprehension of cell substrate interactions is crucial to
propel forward the evolution of new instructive biomaterials. Combinatorial biomaterials that
encompass a wide range of properties can help to recapitulate the complexity of a cell
microenvironment. The objective of this research was to fabricate combinatorial biomaterials with
properties that span wide ranges in both surface chemistries and mechanical moduli. These
materials were based on polydimethyl siloxane (PDMS), an elastomeric silicone biomaterial with
physiologically relevant stiffness. After developing these mechano-chemical gradient
biomaterials, we conducted high throughput screening of cell responses on them to elucidate cell

substrate interactions and material directed behaviors.

Our central hypothesis was that materials encompassing monotonic gradients in mechanical elastic
modulus and orthogonal surface chemistry gradients could be engineered using the soft

biomaterial, polydimethyl siloxane (PDMS) and that these gradient biomaterials would evoke a

vii



varied cell response. Furthermore, we expected high throughput screening of cell-material
interactions using these materials would elucidate patterns and thresholds of synergy or
antagonism in the overall cell response to the increased complexity presented by combinatorial
materials. First, reproducible gradients in surface chemistry were generated on PDMS through
surface modification techniques. Cell response to PDMS surface chemistry gradients was then
screened in a rapid high throughput manner. Additionally, characteristics of the adhesive interface
were probed to understand its role in cell response. Finally, a 2D combinatorial gradient with a
gradient in mechanical elastic modulus and an orthogonal gradient in surface chemistry was
fabricated with PDMS. High throughput screening of the synergistic influence of the varied
mechanical and biochemical extracellular signals presented by the combinatorial biomaterial on
cell response was conducted in a systematic manner. This research demonstrates the fabrication of
combinatorial biomaterials with a wide range of mechanochemical properties for rapid screening
of cell response; a technique that will facilitate the development of biomaterial design criteria for
numerous biomedical engineering applications including in vitro cell culture platforms and tissue

engineering.
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CHAPTER 1
INTRODUCTION

1.1 Project Significance

Commercial scale production of tissue engineered constructs depends on, among many other
aspects, optimization of biomaterials that can persuade cells to perform desired functions. The
process that ensues from the time a product is conceptualized to the preliminary testing period and
latter stages of detailed, rigorous testing followed by clinical trials is a complex procedure that
may extend to years before the product finally reaches market. This is because cell response is a
multifaceted and very complex phenomenon. Cell fate decision is the end result of an orchestrated
and inter connected network of events that involves cell-cell and cell-cell communications.
Furthermore, multiple elements comprising the cell microenvironment ranging from mechanical
stiffness, biochemical properties, physical or topographical attributes, soluble and immobilized
factors contribute to the dynamic interactions in the interfacial cell adhesive layer and cell

mechanotransduction events.

Biomaterials are also increasingly expected to have more functionality. Next generation
biomaterials are expected to be instructive biomimetic substrates that can precisely control specific
cellular functions by mimicking the extracellular environment. Therefore, information regarding
how multiple stimuli both independently and synergistically evoke cellular response is imperative
to understanding and controlling cell-material interactions. In this regard, a combinatorial high

throughput platform that allows rapid broad spectrum analysis of the effect of single and multiple



factors either independently or in combination provides several advantages: (i) Rapid screening of
variables in a systematic manner leads to faster acquisition of data; (ii) Potential for large volume
of data acquisition from a single experiment compared to traditional method of conducting
manifold individual experiments; (iii) Trends and patterns in cell responses to continuous gradients
emerge as positive hit zones that may be pursued further (with greater resolution) to test potential
for developing new design criteria for greater therapeutic value. Furthermore, the synergistic effect
of two variables may be different from an outcome from independent influence of each variable,

similar to the complex interplay of variables in native cell microenvironments.

Although some of the previous studies have highlighted the prospective of different gradient
materials to screen cell response, a significant portion of the reported work used either very rigid
or very soft materials. In this research, we use polydimethyl siloxane (PDMS), a soft biomaterial

having physiologically relevant stiffness to produce gradient materials.

1.2 Project Objective and Specific Aims

The overall objective of this dissertation research was to fabricate combinatorial biomaterials
which exhibit properties that span wide ranges in surface chemistries and mechanical moduli in
monotonically varying gradient formats for the high throughput screening of cell response to

matrix properties.

The central hypothesis was that materials encompassing monotonic gradient properties in both
mechanical elastic modulus and surface chemistry could be engineered on a single substrate using

polydimethyl siloxane (PDMS), an elastomeric silicone biomaterial with physiologically relevant



stiffness. Additionally, it was expected that using these combinatorial biomaterials for high
throughput screening of cell-material interactions would yield patterns of synergy or antagonism.
The overall objective was accomplished by testing this central hypothesis through the following

specific aims.

e Aim 1 was to fabricate a gradient material with continuous and monotonically changing
surface chemistry on a soft biomaterial for the purpose of screening cell-material
interactions.

Gradients in surface chemistry have been created previously on conventional rigid surfaces like
glass and silicon wafers. The surface of PDMS was modified through the deposition of an
alkylsilane monolayer followed by ultraviolet ozone oxidation (UVO) of the monolayer in a

spatiotemporally controlled manner.

The hypothesis was that a gradient in monotonically varying surface chemistries can be generated
on PDMS, a soft biomaterial with physiologically relevant stiffness, for high throughput screening
of cell response. This can be achieved through tightly controlled procedures involved in
modification of the PDMS surface through alkylsilanization and its subsequent spatiotemporal

UVO treatment.

e Aim 2 was to screen cell morphological response to surface chemistry gradients upon the
soft biomaterial in a systematic high throughput manner and investigate the contributory

role of protein interfacial layer to specific cell response.



Two different cell types, NIH3T3 fibroblasts and Human Umbilical Vein Endothelial Cells
(HUVEC), were cultured on fibronectin coated PDMS surface chemistry gradients. The cells were
fluorescently stained to determine the effect of varying surface chemistry on cell spreading and
adhesion. High throughput and automated data extraction procedures were developed to control a
Nikon fluorescent microscope with a computer controlled stage and analyze large volumes of
acquired image data. This high content data analysis approach enabled the identification of
predominant patterns or tendencies in cell response on the gradient material. Additionally, the
adhesive interface was analyzed through the fluorescent labeling of adsorbed fibronectin.
Furthermore, the molecular conformational aspects of fibronectin were examined through a
modified ELISA procedure. In this manner, the effect of surface chemistry on both the
macroscopic cell response and the intermediary events of cell substrate interactions were

thoroughly investigated.

The hypothesis was that a monotonically varying surface chemistry gradient fabricated on PDMS

will modulate adhesive protein adsorption and thereby regulate cell response.

e Aim 3: To fabricate a two dimensional (2D) combinatorial gradient platform that
encompasses a gradient in physiologically relevant mechanical stiffness on one axis and a
gradient in surface chemistry on the orthogonal axis for screening synergistic cell response
to the mechano-biochemical cues in a high throughput manner.

The material PDMS was modified through manipulating its crosslinker concentrations to obtain
PDMS with varying stiffness to fabricate a gradient in elastic modulus. This was achieved using

a pair of programmable syringe pumps with inverse ramping profiles each carrying a different



composition of PDMS with a different crosslinker concentration that were joined and mixed
downstream and deposited on a substrate placed on a translational moving stage. Gradients in
mechanical stiffness obtained upon curing were later subjected to surface modification through
alkylsilane deposition and subsequent controlled UVO treatment in the orthogonal direction to
obtain surface chemistry gradient. The resulting 2D combinatorial gradient was then cultured with
fibroblast NIH3T3 cells to screen cell response. High throughput data acquisition using a custom
made macro with NISE software on Nikon fluoroscope enabled high content data extraction. A
vast variation of combined stiffness and surface chemistry gradients were screened and regions of
interest or ‘hot spots’ were identified. This demonstrated the potential of the fabricated 2D
combinatorial substrates to elucidate cell response to multiple microenvironmental parameters as

an important step in moving toward developing complete combinatorial biomaterials.

The hypothesis was that a 2D combinatorial gradient biomaterial can be fabricated using the same
soft material PDMS through manipulation of its bulk mechanical properties by varying the
crosslinker concentration in a linear manner to obtain the stiffness gradient, followed by
modification of surface properties via silane deposition and spatiotemporal UVO treatment atop
the mechanical gradient to obtain the orthogonal surface chemistry gradient. Combinatorial high
throughput screening has the potential to recognize ‘hot spots’ or ‘thresholds of positive hit zone’

regions of synergistic cell response to multiple stimuli on the 2D gradient platform.

The tasks undertaken to achieve these specific aims are detailed in following chapters of this
doctoral thesis. Background information and a detailed review of literature are presented in

Chapter 2. Preliminary investigations of PDMS involving modification of its surface and bulk



physical properties are discussed in Chapter 3. The principal work to accomplish the objectives
addressed in Aiml, Aim2 and Aim 3 are described in Chapter 4, Chapter 5 and Chapter 6,
respectively. Finally the major conclusions from this dissertation and possible future

considerations are detailed in Chapter 7.



CHAPTER 2

BACKGROUND AND SIGNIFICANCE

The structures, interactions, organizations and functions from the lowest molecular and cellular
level all the way to the highest organism level are awe inspiring in their elegance and complexity
and represent an unparalleled architectural wonder. Therefore, when a loss of tissue/organ function
due to pathological conditions occurs in higher order animals that have limited capacity for
regeneration, scientists and engineers face the uphill task of designing, building and optimizing
bioengineered implant replacements to restore that lost function. This is an emerging process that
involves deciphering the intercellular and cell interfacial interactions in vitro based on events that
take place in vivo, connecting the dots and simultaneously translating that knowledge to

manufacture biomedical products with enhanced biocompatibility and improved functionality.

2.1 Factors that Determine Cell Fate

It is widely appreciated that a multitude of factors contribute to determination of cell fate or cell
response. Several elements in the environment of a cell such the physical, mechanical and chemical
properties of the resting/supportive substrate/basement membrane, topographical features, and
soluble factors trigger a web of events both between individual cells and in combination with the
basement membrane, that ultimately results in events such as cell growth, cell differentiation,

proliferation, division etc (Oliveira and Mano 2014; Wong, Leach, and Brown 2004).



The role of biochemical signals such as chemokines and hormones to initiate both short range and
long range signaling events in cells with significant response in vivo (example: wound healing
process, angiogenesis) and cues in the form of soluble and immobilized factors affect cell behavior
in in vitro have been long appreciated and recognized (Shen et al. 2015; Walters and Gentleman
2015; Kasuya and Tokura 2014). Upregulation of certain biochemical cues such as growth factors
are also associated with pathological conditions such as cancer (Ldssner et al. 2008; Shang, Li,

and Li 2007).

It has been reported that the presence of topographical features in the form of grooves and ridges
with even finer details of features such as width, aspect ratio, depth and pitch that have an impact
on cell morphology and other higher functions such as proliferation, gene expression as an effect
of ‘contact guidance’ (Saito et al. 2014; Gerecht et al. 2007; Biela et al. 2009; Martinez et al.
2009). This is when the cells align themselves and/ or exhibit changes in cell function that are
attributed to presence of the features. Microfabrication is the process of patterning features with
the aim of controlled cell adhesion on substrates and may be used to conduct co culture of different
cell types to study cell substrate and cell-cell interactions (Brunette et al. 2005; Kaji et al. 2011;

Goubko and Cao 2009).

Surface properties of biomaterials also form an integral design parameter to obtain optimum
functionality and cell response. Foreign body reactions to implant biomaterials depend on
numerous material properties like porosity, composition, degradation rate, surface chemistry and
roughness (Onuki et al. 2008). Upon implantation of a biomaterial in vivo, different proteins in

varied concentrations and conformations adsorb on material surface that dictate adhesion and



survival of different cell types (Anderson, Rodriguez, and Chang 2008). The effect of different
surface chemistry on endothelial cell migration was investigated by Shen et al. It was found that
cell migration was in the order of CHz > NH> > OH > COOH(Shen et al. 2015). Surface
functionality has also shown to affect cell adhesion strength, matrix mineralization by osteoblasts
and also shown to influence degree of osteogenic differentiation marked by variation in the gene
expression of osteogenic markers (Keselowsky, Collard, and Garcia 2004; Keselowsky, Collard,
and Garcia 2005; Keselowsky, Collard, and Garcia 2003). Similarly, different functional surface
chemistries have shown to influence skeletal myoblast proliferation and myogenic differentiation
(Lan et al. 2005). luliano et al reported that, under serum free conditions bovine endothelial cell
adhesion on preadsorbed fibronectin hydrophilic glass and hydrophobic silane surfaces were
similar though focal adhesion formation was higher on hydrophilic glass (luliano, Saavedra, and
Truskey 1993). Substrates that had wettabilities ranging from 43°-96° and different intensity of
shear stresses under flow conditions on bovine pulmonary endothelial cells was studied by Lee et
al which indicated surface wettability was an important regulator of preferential cell adherent
fractions and also affected cell adhesion strength (Lee et al. 2000). However, how multiples signals
like biomechanical cues are transduced and bring about specific cell response is largely unknown
(Yeung et al. 2005). Also, there is generally no clear theory that predicts correlation between the

surface chemistry of materials to cellular responses (Hook et al. 2010).

Local matrix stiffness, acting through transmembrane integrins, focal adhesion complexes,
cytoskeletal forces and molecular signaling pathways, has a profound impact on determining cell
fate (adhesion, spreading, survival, differentiation, pathology) (Discher, Janmey, and Wang 2005;

Byfield et al. 2009; Peyton et al. 2007; Engler et al. 2004). In general, cells tend to spread more



on and migrate toward stiffer substrates over softer surfaces. This ability of cells to perceive
difference in rigidity of synthetic matrix beneath, was first demonstrated by Pelham and Wang
using fibroblasts on collagen coated soft and stiff polyacrylamide gels (Pelham and Wang 1997).
NIH3T3 fibroblasts exhibit durotaxis from softer to stiffer polyacrylamide gels with corresponding
increase in cell spreading area (Lo et al. 2000). Engler et al showed that matrix stiffness determined
mesenchymal stem cell differentiation to different cell types with substrates with least stiffness
giving rise to neurogenic, intermediate to myogenic and stiffest to osteogenic lineage respectively
(Engler et al. 2006). Recently, studies of EC stiffness in single, group and monolayers
demonstrated that cell stiffness is a function of cell spreading area and that the stiffness of cells in
a monolayer approaches the stiffness of a single cell. Interestingly, the density of fibroblasts and
EC is an important player in ability of cells to sense the underlying substrate stiffness. Detectable
differences in fibroblast and EC spreading on soft versus stiff substrates in the absence of cell-cell
contacts disappear when a confluent cell layer is attained (Yeung et al. 2005). Therefore, cell-cell
and cell-matrix interactions are suggested to be important for maintaining cell tension homeostasis
(Stroka and Aranda-Espinoza 2011). Most studies reported on stiffnesses that are not in the
physiologically relevant range. For example, studies with EC response to stiffness is in the range
of 0.2kPa-75kPa mostly using polyacrylamide gels. However, human saphenous vein and arterial
wall have tissues whose rigidity lie in the range of 25 kPa-1.25 MPa and 10 kPa- 7 MPa
respectively (Nemir and West 2010). The range of stiffness reported by using
polydimethylsiloxane, (PDMS), a silicone elastomer, to tune the crosslinking density lies between
50 kPa to 1.78 MPa which is within the physiological range of stiffness.(Brown, Ookawa, and
Wong 2005) The research presented in this dissertation is focused on the influence of surface

chemistry and matrix stiffness on cell functions.

10



2.2 Cell-Substrate Interactions

Cells interact with biomaterial surfaces through the intermediate adhesive layer that comprises of
a network of adsorbed proteins including adhesion proteins and growth factors. In tissues, a highly
organized but similar protein matrix supports cell adhesion, stores and presents growth factors to
cells, and interacts with cells to transduce signaling events (Rozario and DeSimone 2010). There
are many different proteins found in the basement membrane, the ECM supporting epithelial
tissues, include fibronectin, fibrinogen, collagen 1, collagen IV, vitronectin etc (Alberts B et al.
2002). For instance, the endothelial cell basement membrane contains several ECM proteins like
Laminin, Collagen IV, Fibronectin (Herbst et al. 1988). Integrins, a class of mechanosensory
proteins, recognize and bind specifically to certain motifs with a specific sequence of aminco acids
like the arginine-glycine-aspartic acid (RGD) tripeptide in ECM proteins like fibronectin, laminin,
and vitronectin (Hernandez et al. 2007) Among these, fibronectin is a protein found in both soluble
form in body fluids like blood plasma and insoluble form in stromal connective tissue like the
basement membrane (Mosher and Furcht 1981). The structure and functional aspects of fibronectin
has been extensively studied and characterized (Bradshaw and Smith 2014; Hynes 2009; Pankov
and Yamada 2002; Potts and Campbell 1996). This makes it advantageous to study cell response
on engineered biomaterials since modifications in fibronectin may be tracked down more
efficiently. It has been reported that protein adsorption favors hydrophobic surfaces in comparison
with hydrophilic surfaces (Elwing 1998; Elwing et al. 1987; Ma, Mao, and Gao 2007; Gugutkov
et al. 2010). Surface chemistry has been shown to impact fibronectin adsorption, induce unfolding
and molecular level conformational changes causing downstream regulation integrin function,

recruitment of mechanosensory complexes and higher order functions of cells (Keselowsky,
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Collard, and Garcia 2004; Keselowsky, Collard, and Garcia 2005; Keselowsky, Collard, and

Garcia 2003; Michael et al. 2003; Gugutkov et al. 2010; Ma, Mao, and Gao 2007).

Apart from the molecular changes in the protein, properties of the bulk protein such as the stiffness
of the fibronectin fibers both at the more ‘individual’ fiber level and the ‘population” matrix level
may be sensed by attachment receptors on cells (Bradshaw and Smith 2014). Also, fibronectin can
withstand remarkable extension, a strain greater than 700% before failure occurs in about one-half
of the fibers tested. The extension has effects on the rigidity or modulus of the fibers which
increases to the MPa range and also cause conformational changes at the molecular level with
increased exposure of buried binding sites on FNIII modules that are acknowledged to affect
cellular functions (Klotzsch et al. 2009). Consequently, different properties of the basement
membrane or substrate are a source of stimuli that effect dynamics of protein turnover and
positioning/presentation for cell interaction. Eventually, the manner in which cells perceive this

protein interface affects cell functionality (Bradshaw and Smith 2014; Hynes 2009).

2.3 Cell Mechanobiology

Specific proteins found in the cell membrane called integrins and cadherins mediate cell-substrate
and cell-cell communications respectively (Weber, Bjerke, and DeSimone 2011). Integrins are a
major class of adhesion proteins with heterodimeric a and B subunits which are involved in both
outside-in and inside-out cell signaling events. They are transmembrane proteins and have domains
in the outer region of the cell membrane, extending through the membrane and into the cytoplasm.
These integrins tether cells to the adhesive extracellular matrix discussed in the previous section.

There are about 24 dimers of integrins (Hynes 2002; Humphries, Byron, and Humphries 2006;
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Chen et al. 2003). Integrins associated with cell-fibronectin connectivity include the asp1 ,av3and
avPes (Lee and Gotlieb 2003; Scatena et al. 1998; Garcia and Garcia 2014). Integrin adhesion of
cell on a substrate evolved from the initial weaker attachment to a more strengthened grip (Garcia
and Gallant 2003). This is concurrent with clustering together of multiple integrins and positioning
of different protein subsets such as paxillin, vinculin, talin, o actinin and enzyme kinases connected
to deeper cell architectural elements such as the cytoskeleton. Such an arrangement/formation is
called a focal adhesion complex and information is signaled to and fro between the cell and
substrate through a series of short lived phophorylations, signal amplifications and modifications.
Collectively, these events are called mechanotransduction (Gallant, Michael, and Garcia 2005;
Geiger et al. 2001). The cytoplasmic region of integrins induce intracellular signal transduction,

cell cytoskelatal organization and also modulate gene expression (Shyy and Chien 2002).

Cell-cell connections, on the other hand are sustained by cadherins, occludins and connexins.
Among these, cadherins are of prime importance for mechanotransduction between cells linked
through adherent junctions. Cadherins are hemophilic cell-cell adhesive proteins that require
divalent cations like Ca*? for their homotypic activity and are connected to the cell cytoskeleton

(Chen, Tan, and Tien 2004).

Both integrins and cadherins are wired to the the actin filaments of the cytoskeleton. The signaling
events have the capacity to switch on/off genetic materials within the cell nucleus. Existence of
cross-talk between integrins and cadherins/ cell-cell and cell-matrix adhesions has been reported
and this once again highlights the interconnected and interdependent nature in the different levels

of cell communications (Weber, Bjerke, and DeSimone 2011). For instance, it has been shown that
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while vascular smooth muscle cells are affected by substrate stiffness through integrin mediated
adhesion, an increase in cell to cell contacts make them less sensitive to the stiffness (Sazonova et
al. 2011). Endothelial cells (EC) are anchorage dependent cells, require integrin mediated
attachment to ECM for their survival and display several integrins on their surfaces that bind to
different proteins in ECM like fibronectin, laminin, Collagen | and 1V (Stromblad and Cheresh
1996). At the same time, EC make cell-cell connections through Vascular Endothelial (VE)-
cadherins junctions. An EC monolayer forms the protective inner lining of every blood vessel in
the body exposed to continuous blood flow or shear stress, cyclic strain and hydrostatic from the
luminal side and is also anchored to the basal lamina on the other side. The forces these cells
experience are transduced by both cadherins and integrins (Califano and Reinhart-King 2010;
Weber, Bjerke, and DeSimone 2011). And overall, endothelial mechanobiology is characterized
by both chemical and mechanical aspects like matrix stiffness, substrate ligands, shear forces and
soluble biochemical factors (Stroka and Aranda-Espinoza 2010). This example truly highlights the
need for engineering scaffolds and biomaterials for biomedical engineering applications to factor
in the structural, mechanical and biochemical aspects of a cell microenvironment along with the
dynamic interplay between cells and with the substrate in order to provide instructive cues to elicit

specific response for optimum functionality (Edalat et al. 2012).

2.4 High Throughput Techniques to Screen Cell Response

The numerous aspects that affect cell behavior have been discussed in earlier sections. The design,
production and testing of new biomaterials have to consider all these elements related to cell
functionality and biocompatibility. The expectations from a biomaterial have also increased over

the years to now requiring very specific functions in addition to a prolonged shelf life, more
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bioactivity, specific interactions at the molecular level, easy implantation and continuous
monitoring (Hench and Polak 2002). Checking all the boxes individually of such a very long list
would mean a very large investment in terms of money, time and resources. Instead of individual
parameter testing, a more time efficient approach is the implementation of high throughput
platforms with discrete arrays, or spatially controlled gradient properties to screen cell response.
(Peters, Brey, and A. 2009; Simon and Lin-Gibson 2011). Such a screening technique is more
efficient and effective than individual testing of parameters (Yliperttula et al. 2008; Moraes et al.
2010; Mei, Goldberg, and Anderson 2007; Kim, Khang, and Lee 2008). In this manner detailed
studies can be focused on positive hits identified from a large screening field of variables and an
optimal blend of different variables for a certain biomedical application can be identified (Hook et
al. 2010; Neuss et al. 2008; Rasi Ghaemi et al. 2013). Based on the experimental conditions used
in a particular study, combinatorial gradient materials could have the potential to pave the way for
optimization of design parameters for a new generation of biomaterials. For example, unraveling
facets of angiogenesis, more specifically endothelial cell behavior in blood vessel formation, will
directly impact vascularization of complex tissue engineered constructs which still poses a big
challenge in all tissue engineering applications. Along the same lines, optimizing design
parameters in cardiovascular implants that support complete re-endothelialization of implant
materials is essential for enhanced performance, durability and biocompatibility (Lv et al. 2008).
Another prospect of working with gradient materials includes comprehending factors or events
that contribute to specific pathological conditions (example cancer, cardiovascular disease)
through screening for possible variations in the form of upregulation or downregulation of specific

cell markers.
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In a landmark study, Anderson et al demonstrated the power of high throughput screening of cell-
material interaction through creating nanoscale array of polymeric biomaterials to screen
approximately 1700 human embryonic stem cell-biomaterial interface reactions (Anderson,
Levenberg, and Langer 2004). Some of the studies conducted using high throughput gradients; to
investigate different factors of cell behavior are described in the next two sections. These include
gradients in physical aspects such as biomaterial stiffness, topography and biochemical features

such as surface chemistry and bioactive agents (Oliveira and Mano 2014).

2.5 1D Gradient Materials

A single gradient material in which one property is varied can be used to study how the variations
in that parameter affect cell response. Gradients in physical parameters have been investigated for
their effect on cell response (Obregdn et al. 2015; Bailey, Nail, and Grunlan 2013). Physical
gradients are engineered with variations in topographical attributes such as porosity gradients
where pore size variation could range from micro to nano scale. Porosity gradients have been
utilized to study the effect of osteoblast related functions for application in bone tissue engineering
(Tampieri et al. 2001; Collart Dutilleul et al. 2014). Porosity gradients in nanometer scale have
been studied to understand neuroblastoma cell growth (Khung, Barritt, and Voelcker 2008).
Similarly gradients in surface roughness, crystallinity, and swelling have been employed to study
cell functions (Washburn et al. 2004; Kunzler et al. 2007; Faia-Torres et al. 2014; Han et al. 2013,
2013). A spatial stepwise gradient with PDMS microchannels that are wide on one side and tapered
on the other side has been used to study cell invasion where it was found that 87% metastatic breast
cancer cells were invasively migrated to the narrower zone compared to the lower 25% of the

normal breast epithelial cells (Mak, Reinhart-King, and Erickson 2011).
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The effect of a gradient in applied mechanical shear forces in the form of hydrodynamic shear
assay to quantify strength of cellular adhesion has been reported. It is a high throughput cell
adhesion assay that applies a range of shear stresses on cells population under uniform chemical
conditions using a spinning disk device. A cell population on circular substrates is mounted on a
spinning shaft and is subjected to a well characterized linear range of hydrodynamic forces using
a solution of known viscosity and density (Elineni and Gallant 2011; Garcia and Gallant 2003;
Garcia, Ducheyne, and Boettiger 1997). The magnitude of applied shear stress increases linearly
with the radial position (Gallant and Garcia 2007) from the center of disc to its rim. After spinning,
the ratio of the number of cells at a specific radial position r to the number of cells in the center
that experience least shear forces represents the fraction of adhered cells. The cell detachment
profile of adhered cell fraction vs. shear stresses is fit using a sigmoid curve in which the inflection
point of the curve gives the shear stress required to detach 50% of cells and represents the mean

cell adhesion strength of the population.

Gradients in mechanical property such elastic modulus gradients have shown to be a significant
player in directing cell response. Polymers with a ‘step gradient’ containing stiffer regions through
contact printing was demonstrated using two polymers, poly acrylamide (PA) and polydimethyl
siloxane (PDMS) which were then fibronectin coated for fibroblast NIH3t3 and bovine endothelial
cell culture. Both cell types showed preferential migration and accumulation toward the stiffer
regions of the polymers (PA 34 kPa, PDMS 2.5 MPa) than the softer regions (PA 1.8kPa,
PDMS12kPa) (Gray, Tien, and Chen 2003). Lo et al created a polyacrylamide sheet with a soft
and stiff end through manipulation of crosslinker concentration and discovered that while NIH3t3

cells readily migrated from the soft to the stiff end, cells that were migrating in the direction toward
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soft side stopped short at the transition boundary and ‘turned’ around (Lo et al. 2000). Similarly,
microelasticity gradients having soft and stiff regions have been produced through
photolithography using photocurable gelatin and it was concluded that mechanotaxis was more
favorable when the elasticity ratio of hard and soft regions were higher (Karageorgiou and Kaplan
2005). Isenberg et al made stiffness gradients using polyacrylamide hydrogels surface modified
with collagen and ranging from 1 to 80kPa in modulus of elasticity. The gradient substrate itself
was made using a microfluidic device with a three channel inlet carrying monomer, crosslinker
and initiator with several dividing and converging channels downstream for mixing. It was
concluded that vascular smooth muscle cell orientation and durotaxis was affected by the presence
of a stiffness gradient and that cell spreading and polarization was correlated with higher stiffness
(Isenberg et al. 2009). A mechanical gradient (~12-28 kPa) in polyacrylamide hydrogels in a
circular geometry was generated through controlled photopolymerization with the use of a radially
patterned mask that either transitioned from light to dark grey scale from center to periphery or an
inverse mask with gradient in the opposite direction. It was found that vascular smooth muscle
cells exhibited durotaxis and later increased cell accumulation on the stiffer regions (Wong et al.
2003). A cylindrical hydrogel with a stiffness gradient with a 1 kPa to 24 kPa range produced
through a freeze thaw procedure has also been to study stem cell differentiation (Kim et al. 2015).
While several mechanical elasticity moduli materials and results have been obtained, the number
of studies that used materials with physiologically relevant stiffnesses (~MPa range) and especially
a continuous mechanical stiffness gradient was rare. Recently, Wang et al made a stiffness gradient
using PDMS generated through controlling the directionality of heating during the curing process
of PDMS to study mesenchymal cell response. This study is discussed in more detail in section

2.7 (Wang, Tsai, and Voelcker 2012).
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Material surfaces are also altered in a controlled manner to obtain gradients biochemical aspects
to screen cells. Polymeric gradients, plasma polymerized polymer brush gradients and gradients
obtained through corona discharge have been reported to obtain gradients different chemical
functional groups (Zelzer et al. 2008; Lee et al. 1998; Lee et al. 2000; Coad, Bilgic, and Klok 2014;
Neuhaus, Padeste, and Spencer 2011; Ekblad et al. 2009; Zelzer, Alexander, and Russell 2011).
Gradients in immobilized peptide density groups such as RGD, ligands, and proteins like
fibronectin, collagen and laminin have also been demonstrated to impact cell functions (Wu et al.
2014; Mimura et al. 2008; Li, Wu, and Gao 2011; Herman et al. 2011; Maheshwari et al. 2000).
In an interesting study that looked at the influence of a chemotactic gradient in the form of VEGF
oriented perpendicular to the presence of electrospun hyaluronic fibers on HUVEC motility, and
it was found that the topographical cues was the more potent regulating factor (Sundararaghavan

et al. 2013).

The availability of plentiful types of self-assembled monolayer (SAM) molecules and their
deposition and further modifications upon different types of substrates offers more options of
making gradient materials. Microfluidic lithography techniques have been used to prepare
dynamic hydroquinone-terminated SAM gradients that supports an RGD peptide density gradient

which guided cell migration to the end higher peptide density (Lamb, Westcott, and Yousaf 2008).

Roberson et al demonstrated the creation of surface energy gradients with water contact angle
ranging from ~5° to 95° by chemically modifying the chlorodimethyl octylsilane deposited on Si
wafers using controlled UV ozone radiation through varying density mask filter. In the presence

of oxygen, the UV ozone treatment generates atomic oxygen by dissociating ozone with the 257
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nm and molecular oxygen with the 185 nm wavelength of the lamp. The atomic oxygen in turn
oxidizes the silane monolayer and generates oxygenated species. Analysis of the chemistry through
time-of-flight secondary ion mass spectroscopy (ToF SIMS) was also investigated and found
changes in SiCH3*, SIOH" and COOH" (Roberson et al. 2002). This method was later adopted by
Kennedy et al to study osteoblast cell response to a gradient in surface chemistry coated with
fibronectin protein. They found that maximum cell proliferation occurred at hydrophobic end of
gradient (Kennedy et al. 2006). Gallant et al observed that smooth muscle adhesion correlated with
increases in hydophobicity on a surface chemistry gradient and with increase in RGD
concentration on a peptide density gradient (Gallant et al. 2007). A similar gradient approach was
adopted by Acharya et al who performed a systematic characterization of dendritic cell adhesion
on RGD peptide density gradients fabricated through biofunctionalization of peptides on glass
slides with linear surface energy gradients. Dendritic cell activation of cytokines and integrin av
subunit binding as a function of peptide density gradient were also assessed using these universal
gradient substrates (Acharya et al. 2010). We chose a similar UVO treatment of ODMS discussed
in the above mentioned studies to create gradients on PDMS surface due to the inherent similarity

of the siloxane backbone in PDMS to the structure of glass.

2.6 2D Gradient Materials

Combinatorial and high throughput methods have the potential to screen cell responses to multiple
parameters (Smith Callahan et al. 2013; Peters, Brey, and A. 2009). A combinatorial high
throughput platform that allows screening of different combinations of various physical,
biological, chemical and mechanical properties in a systematic manner is highly advantageous

(Thasneem and Sharma 2013; Oliveira and Mano 2014). The data obtained helps illustrate the

20



added or synergistic effect of the factors involved on cells rather than the effect of one single
parameter. And as discussed extensively in the previous sections, multiple cues provide stimuli in
a cell microenvironment. Also, the use of high throughput and automated techniques to screen cell
response, such as automated microscopy, supports multi parameter, rich content data collection

and analysis (Liu et al. 2009; Simon Jr et al. 2005).

Following is a brief review of work done where 2D gradients were utilized for cell and protein
assays. The review includes 2D chemistry gradients where both the gradients are variations in a
chemical factor and 2D physic-chemical gradients where at least one among the two gradients

presents a variation in a physical parameter.

2D gradient with a linear gradient in compositions of two polymers along an axis was annealed on
a stage with graded temperature in the orthogonal direction that in turned induced a phase
separation in polymers (Meredith et al. 2003). A region of enhanced osteogenic marker expression
was identified for an intermediate polymer blend exposed to ~105°C. Two sets of dual axis
polymer brush gradients with one varying molecular weight of two polymers and the other that
varied molecular weight and grafting density of a polymer were generated and were used to study
protein adsorption and cell adhesion (Bhat, Tomlinson, and Genzer 2005).Plasma polymerization
of allylamine on polyethylene through a two-step diffusion controlled process was done to achieve
a 2D amine gradient. Cell morphology was examined and found to correlate with the higher
nitrogen content on the substrate (Mangindaan, Kuo, and Wang 2013). Other examples include a
fibrinogen and lysozyme two protein gradients by subjecting poly ethylene glycol (PEG) to

controlled surface grafting density (Vasilev et al. 2010), 2D orthogonal gradients immobilized with
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peptide density gradients through ‘click’ chemistry on silane coated silicon and glass wafers to
assay cell functions (Ma et al. 2013), 2D gradients in polymer brush grafting density and molecular
weight to study lysozyme adsorption (Genzer et al. 2011) and orthogonal gradients with functional
groups through modification of several silanes to study adsorption of proteins like aloumin and

fibrinogen (Beurer et al. 2012).

A 2D physico-chemical gradient having an orthogonal gradient platform varying physical cues
with a micrometer roughness gradient on one axis and a nanometer scale roughness on the other
axis induced higher levels of osteopontin production, a marker of osteogenesis, at highest
micrometer roughness and a midway nanometer roughness region (Zink et al. 2012), a 2D physical
gradient featuring groove depth and pitch gradients to study endothelial and fibroblast cell
adhesion has also been demonstrated (Reynolds et al. 2012). A nanoporosity gradient combined
with peptide ligand density gradient has shown mesenchymal stem cell response being stronger
toward the peptide gradient (Clements et al. 2012). A strip based discrete blend gradients of two
polymers were annealed on graded temperature stage that induced a gradient in increasing
roughness and modulus correlating with one of the polymer concentration to study osteoblast
functions (Simon Jr et al. 2005). An interesting study where the effect of the combination of low
Collagen concentration with higher elastic modulus and a higher Collagen concentration with a
lower modulus was conducted using polyacrylamide hydrogels to study cell migration. It was
essentially a 2D ‘step’ non continuous gradient where equal volume of each of the two blends were
added beside one another on glass and allowed to crosslink resulting in an interface between the
two zones. Varying crosslinker concentration allowed making 2D ‘step’ gradients with different

sets of moduli. It was found that the biochemical stimuli were more overpowering than the stiffness
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stimuli for fibroblast migration. The stiffness was ~35 kPa for the low modulus and 55 kPa or 85

kPa represented the high modulus (Hale, Yang, and Rajagopalan 2010).

Some of the 1D and 2D gradients described in this chapter are not truly continuous in nature, rather
discrete blends beside another with a clear transition boundary layer. Overall, combined gradient
materials that incorporate stiffness gradients with another parameter are limited. Specifically, 2D
continuous long range gradients engineered to incorporate a bulk mechanical stiffness in the
physiologically relevant range along with another variable gradient on its orthogonal axis is

virtually quite nonexistent.

2.7 Silicone Elastomer PDMS as a Model Biomaterial

The objective of this project is to fabricate a 2D gradient material with a continuous gradient in
surface chemistry along one axis and a continuously varying modulus of elasticity along the
orthogonal axis. Toward this objective, polydimethylsiloxane (PDMS), a silicone elastomer was
chosen as the model biomaterial. PDMS offers a long list of beneficial properties. It is a material
that is fairly inexpensive, easy to procure and manufacture since it is commercially available in
two components with one being a base and the other a crosslinker that undergoes a hydrosilation
reaction with Pt as a catalyst (Simpson et al. 2004). Its other characteristics include being thermally
stable, having a high modulus of elasticity, chemical resistance, low toxicity, being water
impermeable optically transparent (Li, Wang, and Shen 2012; Ng et al. 2002; McDonald and
Whitesides 2002). Unsurprisingly therefore, PDMS is a widely used material in multiple fields of
applications including microfluidics, photolithography, biomaterials and tissue engineering to

name a few.(Lih et al. 2014; Ai et al. 2003; Jo and Guldiken 2014; Xia and Whitesides 1998).
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However, PDMS has some inconvenient features such as poor surface energy properties that do
not support cell adhesion and while the surface may be modified by plasma processing, the changes
made are lost quickly due to hydrophobic recovery (Evaraert, Mei, and Busscher 1996; Everaert
et al. 1995; Zhao, Lee, and Sen 2012). This is where the low molecular weight species make its
way back to the surface and buries the altered surface. The shelf life of the superior plasma cleaned
PDMS surface has been extended further through several days of curing the PDMS at elevated
temperatures, solvent extraction for an extended time period and by immersion of substrate in
water or ethanol (Mata, Fleischman, and Roy 2005; Wang et al. 2010; Vickers, Caulum, and Henry

2006; Tan et al. 2010; Almutairi, Ren, and Simon 2012).

PDMS surfaces may also be altered through silanization and UV crosslinking (Almutairi, Ren, and
Simon 2012; Beltran et al. 2011; Bhagat, Jothimuthu, and Papautsky 2007; Efimenko, Wallace,
and Genzer 2002; Berdichevsky et al. 2004). The elastic modulus may be tweaked with variations
in time and temperature of curing, chemical interventions and also in the more typical way when
the base and crosslinker concentrations are changed (Brown, Ookawa, and Wong 2005; Fuard et
al. 2008; Palchesko RN et al. 2012; Wang, Tsai, and Voelcker 2012). The Dow Corning 184
Sylgard PDMS in which the base component is made of vinyl terminated dimethlysiloxane
oligomers to which the curing crosslinker agent of dimethyl methylhydrogen siloxane (silicon
hydride) reacts through a hydrosilylation reaction which results in a Si-C bond (Esteves et al. 2009;
Oulad Hammouch, Beinert, and Herz 1996).The base also contains silica filler in the form of
dimethylvinylated and trimethylated silica and the curing crosslinker agent carries tetramethyl

tetravinyl cyclotetrasiloxane as an inhibitor to control the curing rate (Lee et al. 2004). PDMS
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materials have also been used for cell studies which investigated the phenomena of chemotaxis

and durotaxis (Isenberg et al. 2009; Gray, Tien, and Chen 2003; Sia and Whitesides 2003).

Palchesko et al made discrete blends of two commercially available PDMS, the Sylgard 184 and
Sylgard 527 in varying ratios of the two to with the softest blend having a modulus of 5 kPa and
the stiffest blend with a modulus of 1.72 MPa. There was no significant variation in surface
roughness or wettabilities in the crosslinked networks made from mixing the two types of PDMS.
Myoblast differentiation into myotubes and neurite extension length were both sensitive to the
variations in the change in substrate stiffness (Palchesko RN et al. 2012). In another study where
Sylgard 184 was use to modify the base to crosslinking ratios to make discrete PDMS networks
varying stiffness ranging from 1.8 to 0.05 MPa followed by surface treatment using layer-by layer
treatment with positively and negatively charged solutions (Ai et al. 2003) affected cell functions
attachment, spreading and growth of vascular smooth muscle cells (Brown, Ookawa, and Wong

2005).

Wang et al have created stiffness gradients using PDMS to study rat mesenchymal stem cell
(rMSC) response. Three separate stiffness gradients were prepared with one using PDMS in the
conventional 10 to 1 ratio of base and crosslinker, the other with 20 to 1 and finally a combination
of the two blends to obtain a wider range of stiffness. This last combination gradient was made by
pouring PDMS, first the mixture containing 10 to 1 ratio of base and curing agent and then other
with 20 to 1on top of that, into teflon spacer clamped by two glass slides and the placed vertically
on a hot surface (120°C) for about 2 hours. The directional variation in the heating intensity over

the 12mm length of combination PDMS obtained the widest stiffness range of 0.2 MPa to 3.1MPa

25



on which osteogenesis of the rMSC occurred more at the stiffer end (Wang, Tsai, and Voelcker
2012). And while this one study has been reported where the PDMS material has been used to
create mechanical gradients, surface gradients on PDMS and 2D gradients with PDMS have not
been attempted before. To our knowledge, it is the for the first time in the presented study that
surface chemistry gradients are generated on PDMS through surface modifications to screen cell
response and study the interfacial adhesive layer. Also presented in this study for the first time is
a 2D gradient combinatorial biomaterial fabricated using PDMS, that encompasses an elastic
modulus gradient portraying a range of physiologically relevant stiffness and an orthogonal surface
chemistry gradient for the purpose of a systematic screening of synergistic cell response to the

engineered mechanochemical cues.
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CHAPTER 3
MODULATION OF SILICONE ELASTOMER PROPERTIES TO ENGINEER

COMBINATORIAL MATERIALS

3.1 Introduction

Polydimethyl Siloxane (PDMS) is the material of popular choice for a variety of applications
including microfluidics, Biomicroelectromechanical Systems (BioMEMS) and photolithography
(Maji, Lahiri, and Das 2012; Xia and Whitesides 1998; Almutairi, Ren, and Simon 2012; Wheeler
et al. 2004). PDMS is cost effective and also possesses attractive material properties such as being
very easy to manufacture, chemical and biological compatibility, thermal stability over a wide
range of temperatures, optical transparency and non-toxicity (Jo and Guldiken 2014; Zhou, Ellis,
and Voelcker 2010). Since PDMS offered the prospective for surface modifications and tuning of
its bulk elastic modulus, it was chosen for this project to fabricate combinatorial gradient materials

with varying surface and mechanical properties.

In this chapter, different aspects regarding modification of PDMS material properties with a
special emphasis on surface chemical and bulk mechanical characteristics of PDMS are studied.
PDMS offers the prospective of relatively easy surface modifications by protein adsorption,
silanization, UV radiations, plasma processing, (Bhagat, Jothimuthu, and Papautsky 2007;
Efimenko, Wallace, and Genzer 2002; Almutairi, Ren, and Simon 2012; Wang et al. 2010). Silane

chemistry on oxides or Self Assembled Monolayers of alkanethiols on gold is immensely popular
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means for modification of functional groups and altering surface chemistry of materials (Jo, Yu,
and Yang 2011; Hong and Park 2005; Hemmild et al. 2012). Silane modification of PDMS,
particularly with organosilanes such as chlorodimethyloctylsilane, has also been reported (Beltran
etal. 2011). For example, silanization of PDMS has been studied for improving surface properties

of self-expandable stents to reduce stent migration post implantation (Karakoy et al. 2014).

The mechanical properties of PDMS may also be altered with ease through adjusting the
crosslinker concentration and curing conditions (Wang, Tsai, and VVoelcker 2012; Brown, Ookawa,
and Wong 2005; Fuard et al. 2008; Tzvetkova-Chevolleau et al. 2008). PDMS is an elastomer that
has been demonstrated to have a physiologically relevant range of elastic moduli (Wong, Leach,
and Brown 2004; Wang, Tsai, and Voelcker 2012; Brown, Ookawa, and Wong 2005). Several
tissue structures in our body have high modulus of elasticity in the range of ~1 to 2 MPa such as
the ECM basement membrane, the thoracic aorta, abdominal aorta, iliac and carotid arteries

(Candiello et al. 2007; Wong, Leach, and Brown 2004; Wang et al. 2010).

The main objective of this project was to make combinatorial 2D gradient materials using PDMS
through surface and mechanical modifications of the materials. The preliminaries of this objective
have been addressed in this chapter which details surface modifications including silane deposition
on PDMS substrate, Ultraviolet Oxidation (UVO) treatment of PDMS surface, and solvent
extraction of PDMS using a polar solvent, as well as tuning of mechanical properties of PDMS by

varying the crosslinker concentration to achieve a wide range in modulus of elasticity.
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3.2 Experimental Section

e Cross-linked networks of PDMS for surface modification and mechanical testing
Cross-linked networks of PDMS were prepared using Sylgard®184 purchased from Dow Corning
Corporation. The kit is provided with a base and cross-linker that is mixed in a standard 10:1 ratio
as per manufacturer’s recommendations. 0.9 ml of mixed PDMS was dispensed on to glass slides
(Fisher brand) using a 1 ml syringe. PDMS was cured at 65°C overnight. Plain glass slides and
PDMS substrates were sonicated for 15 minutes to remove physical impurities and were then dried

with a stream of N2 or under vacuum in a desiccator.

Some of the cross-linked PDMS networks were Soxhlet extracted (Figure 3.1) to study the effect
extraction on surface modifications such as recovery after plasma cleaning and gradient fabrication
on PDMS. Samples were refluxed in 90% ethanol for 48 hrs, followed by baking at 65°C for 2.0

hrs and then stored in ambient air till further processing.

For further surface modifications, PDMS substrates were oxidized using an oxygen plasma cleaner
(Plasma Etch PE-50, 011810 1D-678, Carson City, NV) at 100 watts for 5 minutes, to render
sample surfaces hydrophilic and conducible for silane deposition. Physical vapor deposition was
used for assembling a hydrophobic monolayer, chlorodimethyloctylsilane (ODMS) (Sigma
Aldrich) via silane chemistry on glass and PDMS substrates. Samples were placed under vacuum
for 24 hours in a glass desiccator that contained ODMS and toluene mixed in a 1:1 ratio. Silane
deposition time was varied to study the kinetics of ODMS coverage on PDMS. After samples were
removed from the desiccator, they were rinsed with 90% proof ethanol and baked for one and half

hours at 65 °C.
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e Ultraviolet oxidation of alkylsilane deposited PDMS to generate surface gradients
The procedure to obtain surface chemistry gradients on PDMS was adopted from previously
published work (Gallant et al. 2007, Kennedy et al. 2006 and Roberson et al. 2002). Briefly,
alkylsilane coated PDMS samples were placed on an accelerating linear translation stage
(Aerotech, Inc.) controlled by LabVIEW (National Instruments) for modification of the alkylsilane
surface layer as shown below in Figure 3.2. Residence time of the substrates beneath a stationary
UV lamp (with emission at frequencies 254nm and 185nm) directly correlated with the extent of
hydrophilicity at any given position on the sample. The stage advanced in 0.1 mm steps and was
accelerated by decreasing the dwell time at each step. The result was a linear variation in exposure
time over the length of the sample. A 1 cm zone with no UVO treatment acted as the internal
control for each sample. The surface modified PDMS was characterized by contact angle analysis

of water drops using the Young-La Place fit algorithm.

e Effect of curing time and temperature on PDMS elastic modulus
Two combinations of PDMS base and cross-linker (10% and 2% mass fraction cross-linker) were
mixed, degassed and cured for varying times at either 65°C or 90°C. Cured polymeric samples
were first subjected to a creep test (twenty four hours) to confirm their elastic behavior. This was
followed by tensile testing of samples as done by Pelham and Wang (Pelham and Wang 1997) to
determine elastic modulus using Hooke’ s Law (o = E.€) where ¢ is stress in Pascals, ¢ is the strain
and E the elastic modulus in Pascals. The number of replicates varied from a minimum of N=2 to

a maximum of N=5 in the various treatment groups.
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3.3 Results and Discussion
e Alkylsilane deposition kinetics on PDMS surface

Time of chlorodimethyloctyl silane (ODMS) vapor deposition on crosslinked 10% weight
crosslinker PDMS networks was varied and its effect on surface chemistry was evaluated through
water contact angle measurements. The water contact angle gives an indication of the relative
strength of cohesive forces and adhesive forces between the water and the material surface (Figure
3.3). When the forces between molecules (cohesive force) within a droplet are stronger than the
attractive forces between droplet and the surface (adhesive force), then the water does not wet the

surface and it is described as hydrophobic, and vice versa (Ratner et al. 2013).

ODMS forms a covalent Si-OH bond with PDMS and HCI is released as a byproduct (Chrusciel
and Leéniak 2014). The objective of this experiment was to adopt an optimum alkylsilane
deposition time to be followed for all future experiments related to PDMS surface modification,

one that achieves a homogenous monolayer surface coverage on PDMS.

The results are illustrated in Figure 3.4, where the error bars represent deviation from mean of N=4
samples in each treatment group. It was found that the plasma cleaned PDMS surface which was
very hydrophilic changed to a hydrophobic surface (97°+0.6) with just an hour long exposure. This
rapid coverage by alkylsilane monolayers, on the order of a few minutes for chlorosilanes, has
been reported previously (Kulkarni et al. 2005; Hussain, Krim, and Grant 2005). Longer exposure
times conducted in this study were 3 hours, 24 hours, 48 hours, 6 days and 11 days, which yielded
average measurements of 99°+3, 103°+3, 104°+1, 105+0.2 and 105+0.3 respectively. Full

coverage of ODMS an monolayer on silicon is indicated by a contact angle of approximately 104°
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(Gallant et al. 2007; Arkles 2006). A systematic pairwise comparison between the many groups
revealed that there were statistically significant differences (p value<0.05) only for the shortest
depositions times (1 and 3 hour) compared to the longer time depositions. The difference between
the 24 hour and higher deposition times was insignificant; therefore, a 24 hour long exposure was
chosen for all future experiments that followed. Spatially regulated ultraviolet ozone (UVO)
oxidation treatment of the PDMS samples with the one hour and 3 hour alkylsilane deposition
times resulted in sharp, step changes in hydrophobicity such that a position on the surface was
either very hydrophilic or very hydrophobic (data not shown). Smooth and gradual gradients were
obtained for PDMS samples that were exposed to alkylsilane vapor deposition for 24 hours or

longer.

e Ultraviolet oxidation of alkylsilanes deposited on PDMS and characterization of surface
chemistry
Monotonically increasing surface chemistry gradients were reproducibly generated on 10% weight
crosslinker PDMS substrates. Detailed experiments and analysis of the surface gradients on these
10% weight crosslinker PDMS samples is the central focus of Chapter 4. In this chapter, surface
chemistry gradients on the softer formulations of PDMS containing 2%, 1.67% and 1.43% weight
crosslinker are illustrated. It was important to ascertain that surface gradients that were generated
on the 10% weight PDMS could be easily translated to the softer formulation of PDMS that had
lesser crosslinker weight%. This would be particularly important and useful for fabrication of
combinatorial biomaterial with both a mechanical and surface chemistry gradient detailed in

Chapter 6. Therefore, this preliminary experiment was conducted as a proof of concept
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demonstrating monotonic gradients on PDMS formulations having 2%, 1.6% and 1.43% weight

crosslinker concentration (Figure 3.5).

o Effect of Soxhlet extraction on PDMS surface modifications
The process of Soxhlet extraction of uniform silane deposited PDMS substrates does not
significantly alter the hydrophobic (~102°) surface chemistry which was confirmed by water
contact angle measurements. Figures 3.6 to 3.8 show the variations in surface chemistry for PDMS
substrates that were Soxhlet extracted in 90% ethanol compared to non-extracted PDMS
substrates. It was decided not to use more typical and organic solvents with higher solubility for
PDMS such as toluene due to the possible problem from extensive swelling (55%) of PDMS,
(Mata, Fleischman, and Roy 2005) which would be especially detrimental to the ~0.5mm thick
PDMS cured on glass slide used in this study. Ideal solvents recommended for PDMS that is
bonded to glass are low solubility solvents, alcohols such as ethanol being one of them. In fact,
use of high solubility solvents can cause PDMS to undergo non uniform swelling and delaminate
from glass, sometimes causing mechanical tears of PDMS (Lee, Park, and Whitesides 2003).
Another independent study that investigated swelling caused to thin PDMS films cured on glass
slide from solvent hexane showed that the degree of swelling in inversely proportional to the
concentration of crosslinker in PDMS (Ogieglo et al. 2013). Use of ethanol for immersion of

plasma treated PDMS has also been reported to prevent hydrophobic recovery (Wang et al. 2010).

UVO of unmodified (no alkylsilane) Soxhlet extracted (N=4) and non-extracted PDMS (N=4)
substrates is reported in Figure 3.6. These experiments were performed as a control experiment to

demonstrate that UVO treatment modifies the silane layer bound to PDMS surface and not the
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bulk PDMS. This is evident from the negligible difference in surface chemistry for both extracted

and non-extracted substrates prior to and post UVO treatment.

Plasma treatment of the PDMS surface makes it hydrophilic which is usually a short lived process
with hydrophobic chains migrating back to surface (Evaraert, Mei, and Busscher 1996; Everaert
et al. 1995; Zhao, Lee, and Sen 2012). It was found that non-extracted PDMS substrates (N=4)
underwent recovery quicker than the Soxhlet extracted samples (N=2). Error bars depict standard
deviation from mean. The recovery for extracted samples was 35% less than for the non-extracted
samples (Figure 3.7). Extracted oxidized PDMS samples have shown to exhibit reduced recovery
compared to oxidized non extracted PDMS (Lee, Park, and Whitesides 2003). Hydrophobic
recovery after surface plasma treatment of PDMS has shown to be been delayed (Contact Angle
30° to 40° in 7 days) through immersion extraction of PDMS in multiple batches of trimethylamine

and ethyl acetate prior to surface treatment (Vickers, Caulum, and Henry 2006).

Gradients generated on PDMS samples also were also short lived (detailed in Chapter 4) and
underwent recovery. Since it was found that Soxhlet extracted samples had a delayed recovery rate
after plasma treatment, the effect of extraction on gradient recovery of PDMS was investigated
next. It was determined that extraction process did not pr