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ABSTRACT
The increasing rate of cancer patients worldwide, and especially Africa has led to numerous
efforts to battle it. One approach to this has been localized drug delivery to reduce the quantity of
drugs needed for therapeutic effect. Poly-di-methyl-siloxane (PDMS) is an elastomer with much
focus on it as a microfluidic device. PDMS is one polymer of choice for localized drug delivery
due to its biocompatibility, transparency, and ease of fabrication. However, its highly
hydrophobic nature does not allow it to be used without modification. This work presents results
of experimental and computational methods for PDMS surface modification. Also computational
results of shear assay model for the effects on surface modification on cell adhesion is present.
Modifying the surface of the PDMS was done by varying the mix ratio and curing temperatures
after fabrication. The results from the experiment shows that low base to curing agent ratio and
increasing curing temperature gives a highly stiff PDMS. Also, the PDMS treatment via boiling
water and Ultraviolet Ozone (UVO) methods makes it hydrophilic with the generation of
hydroxyl (OH) group on the substrates. These studies provided understanding of cell-surface
interaction on a multi-scale. Morphological studies with Scanning Electron Microscope (SEM)
reveal a layer and textured featured formed on UVO treated and PLGA coated PDMS. Shear
assay model showed that cells on modified PDMS surface low energy release rate on application
of shear load. This signifies that cells adhered to the modified surfaces better, thus could not be
easily detached.
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1.0 CHAPTER ONE

1.1 INTRODUCTION

The treatment of injury, disease and congenital malformation from traditional to scientific
has been part of the human experience. Better ways are sought to improve human life.
One disease that is currently taking human lives is cancer. Cancer is second only to
cardiovascular disease [1, 2], and with current trends is likely to become the leading
cause of death globally by 2030 [1].

In a quest to battle this globally threatening disease, research is being done to improve on
conventional methods of detection and treatment [3-6]. This is to reduce the various side
effects that accompany existing methods based on surgical procedures, radiation therapy,
including bulk systemic chemotherapy. It is important to explore alternative approaches
that can reduce the killing of normal or healthy cells during the cancer treatments.

An emerging field, tissue engineering, which provides an approach for the repair and
fabrication of tissue from living cells [7] offers a better approach to cancer treatment.
Soft tissue engineering plays a vital role in the treatment of cancer through implantable
device. Implantable cancer treatment device enables localized drug delivery [6, 8]. This
reduces the quantity of drug that is needed to have therapeutic effect significantly. Thus
potential side effects of localized cancer drug delivery become much less than bulk
systemic chemotherapy.
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In localized cancer drug delivery, one polymer which has been used as a packaging
material for controlled drug release is poly-di-methyl-siloxane (PDMS) [9]. PDMS is a
biocompatible polymer, according to the United States Food and Drug Administration
(US FD) and after some toxicity studies [10, 11], it has been approved for applications in
implantable biomedical devices in humans [12, 13]. The challenge, however, lies in the
physiochemical properties of PDMS surfaces, which may affect proper cell function,
leading to poor integration of biomedical implants.

Even though some general correlations between the physiochemical properties of a given
surface and its performance as a support for cell adhesion and growth have been
established, there is limited understanding of the multi-scale interactions that lead to cell
adhesion. There is therefore the need to study the effects of cell adhesions at multiple
scales (nano, micro and meso).

1.1.2 Objectives

There are still significant unresolved issues that must be resolved to enable the design of
improved adhesion between cells and implantable drug delivery device [15, 16]. These
must be resolved to ensure improved integration between PDMS and biological
cells/tissue. This will be done by the fabrication of PDMS and the engineering PDMS
surfaces to make them more suitable for applications in an implantable cancer treatment
device. This will be achieved by the use of surface modification and extra-cellular matrix
(ECM) coating techniques. The adhesion between PDMS and the ECM proteins (that are
secreted between cancer cells membranes and substrates will also be measured using
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shear assay techniques. The implications of the results will also be explored for the
design of coated and textured PDMS surfaces in an implantable drug delivery device.

1.1.3 Scope of work

Chapter 1 provides a brief introduction to the scope of the problems and the current work.
Following the introduction in Chapter 1, a literature review will be presented in Chapter
2. This survey will provide an overview of microfluidic devices for shear assay
measurement, the structure and properties of PDMS, and the effects of coatings and
surface texture on adhesion and cell/surface integration. The theory of adhesion will also
be explored along with Atomic Force Microscopy (AFM) and shear assay techniques for
the measurement of adhesion.

Chapter 3 will present the experimental techniques. These will include: PDMS
fabrication methods; ECM coating and surface modification technique. AFM and shear
assay techniques will also be presented for the measurement of cell adhesion.

Chapter 4 will use computational modelling to the effects of soft and hard coatings on
smooth or grooved PDMS surfaces. The simulations will explore the effects of coating
modulus on micro-groove geometries and stress/strain states that are associated with a
pre-stretching groove fabrication technique. The mechanical properties of the individual
layers will be incorporated into finite element models that will be implemented using the
ABAQUS software package. The simulations will also be used to explore the potential
effects of surface geometry and adhesion on cell spreading on coated and uncoated
PDMS surfaces.
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The results obtained from the experiments and models will be presented and discussed in
chapter 5.

Salient conclusions arising from this work will be presented in Chapter 6 along with
suggestions for the future work.
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2.0 CHAPTER TWO: LITERATURE REVIEW
2.1 Introduction
In-vitro studies are useful to understanding human biology and disease. By culturing cell
models, various studies can be made to better understand the human biology and disease.
Some models have been made in-vitro to incorporate endothelial, bone tissue cells, and
others [1]. One important technology is microfluidics for cell culturing, which allows for
the mimicking of the complex structure of organs.

In an effort to understand multi-scale cell/surface interactions, this chapter presents a
review of prior work and on cell/surface interactions, focusing on PDMS substrates. The
chapter also presents a microfluidic system for localized cancer drug delivery. The
results of prior work on the surface modification and mechanical/surface properties of
PDMS are also presented. Finally, the chapter examines the effects of surface
morphology and surface chemistry on cell/surface interaction.

2.2 Microfluidic systems
Microfluidic systems are increasingly being utilized as cell culture platforms.
Microfluidic is a science and technology of systems that process or manipulate small
(10–9 to 10–18 litres) amounts of fluids, using channels with dimensions of tens to
hundreds of micrometers. The first applications of microfluidic technologies have been in
analysis, for which they offer a number of useful capabilities: the ability to use very small
quantities of samples and reagents, and to carry out separations and detections with high
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resolution and sensitivity; low cost; short times for analysis; and small footprints for the
analytical devices. [2]

The possibility of delivering reagents to defined domains of cell surface or the interior of
cell instead of exposing them to the whole cell[1] makes microfluidics essential in
performing targeted drug delivery for cancer treatment. The elastomer often used to
fabricate microfluidic devices for cell culture experiment is PDMS, among various
microfluidic systems. This is by virtue of its simple fabrication process and its much
useful material attributes.

2.3 PDMS
PDMS is a flexible elastomeric polymer that is an excellent material for the fabrication
on microfluidic device [3]. It has enormous advantages such as easy fabrication, low cost,
practical scalability, optical transparency, and gas permeability. The elasticity of PDMS
matrices allows the integration of pressure-driven valves and pumps with microfluidic
channels, making execution and automation of complex chemical or biological processes
within a single microfluidic chip possible[4]. For biomedical applications, the important
features of PDMS are physiological indifferences, excellent resistance to biodegradation,
ageing and high biocompatibility [5]. Studies have showed that material properties
remained unchanged after 2 years of implantation with no biodegradation [6]. In
biomedicine it is often utilized as encapsulation or substrate material [5].
In spite of all the strengths of PDMS, which makes it a robust platform for “cell on chip”
technology, it has a disadvantage of being hydrophobic. The hydrophobicity of PDMS
limits cell attachment and growth. This limitation often prevents the use of PDMS
9

substrate materials for cell adhesive culture, if without additional treatments such as cell
adhesion factor and expensive surface modification procedures[7].

In view of this the current work is focused on modifying PDMS surfaces to improve
cell/surface interaction for their use as implantable device to provide insights for the
integration of drug eluting cancer treatment device into the human body.

2.3.1 Surface Modification of PDMS
Significant research has been done to modify the physical and chemical properties of
PDMS substrates [3, 8, 9]. Some of the techniques that can be used to modify PDMS
surfaces include: UV-ozone radiation [9], oxygen plasma treatment [10], self-assemble
monolayer coating [11], or polymer/peptide grafting [12] techniques.

Park et al. (2012) have explored the surface chemistry modification of PDMS elastomers
with boiling water treatment. This was found to be an effective, inexpensive and
convenient way of enhancing the cytophilicity of PDMS. The mechanism is by
generating hydrophilic hydroxyl cell binding sites on the surfaces of hydrosilylation
cured PDMS elastomers. What makes this method more convenient is the elimination of
equipment required for conventional vapor plasma or UV-ozone methods and the
possibility of being performed in virtually any laboratory. The efficacy of this method
was demonstrated on cell culture using Human mesenchymal stem cells (hMSCs) by
showing that the boiling water treatment introduces surface hydroxyl groups to enhance
cell attachment to an extent sufficient to alter morphology and gene expression levels
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The reaction at the near end of the PDMS elastomer surface in boiling water has been
proposed as below [13]:

(-SiH) + H2O

(-Si-OH) + H2↑ ……………………………………………………….(1)

The SiOH group formed is likely to create polar hydrogen bonding sites that would offer
relief from the strong hydrophobic environment of PDMS. This will consequently make
the surface ‘cell-friendly’ and promote cell adhesion [7].

Another approach to modifying PDMS surface, is where wrinkles with a well- ordered
checkerboard pattern was created using dip-coating of poly (methyl methacrylate)
(PMMA) on a UV-ozone treated PDMS substrate [14]. This pattern was found to be
induced by swelling the substrate surface with acetonitrile and the alignment. It was
achieved by wrapping the substrate around a pipe. Also, the compressive stress in the
PMMA coating on the substrate also induced wrinkles. These two mechanisms
originating wrinkles resulted in the formation of a checkerboard pattern. This approach
resulted in PDMS surface modification at the micro-scale. The size of a unit cell of such
a checkerboard pattern was typically about 86 μm wide, 142 μm long and 10 μm deep
[14]. The images of wrinkles with a checkerboard pattern described are presented in
Figure 2.1
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Figure 2.1: (a) light (b) scanning electron microscope images of wrinkles with a
checkerboard pattern. (c) A surface profile measured using a two dimensional laser
surface profiler. (Adapted from Masashi Watanabe) [14]

2.3.2 Mechanical characterization of PDMS
When polymers are used for the fabrication of biomedical implants, target specifications
usually concern the flexibility and stiffness, compared to the surrounding tissue [5].
Elastomers are known to have varying mechanical properties, based on their curing and
operational temperatures [15]. The resistance of an elastomer to axial deformation is
characterized by Young’s modulus [16].

High modulus substrates have been found to be a key factor in determining cell behavior,
although it is by no means always so [17]. Some studies have showed that the Young’s
modulus plays an important role in regulating cellular function, such as proliferation [18],
migration [19], differentiation [20], and apoptosis [21]. It is, therefore, important to
characterize the mechanical properties of PDMS substrate to in order to study their
12

effects on cellular function. During cell/surface interactions, the ECM and the substrate
provide physical support for cell anchorage. The cells also sense the substrate stiffness
and the stiff nesses of nano- and micro-posts, as well as the ECM coatings on the textured
surfaces [17].

In as much as

curing and operational temperatures results in varying mechanical

properties, there is limited range of data regarding the variation in mechanical properties
of bulk PDMS with curing temperature by Sylgard 184. However there have been some
studies on the mechanical characterization of bulk Sylgard 184 [15]. In these studies, the
mechanical characterization of bulk Sylgard 184 has been explored. A linear relationship
was found between the curing temperature and Young’s modulus [15]. As the curing
temperature increases from room-temperature (25oC) to 200oC, the Young’s modulus
increases from 1.32 to 2.97 MPa. A decreasing linear trend was also found between
curing temperature and ultimate compressive (UCS) and tensile strength (UTS). It was
from about 5 to 3.5 MPa and 51 to31 MPa respectively for UTS and UCS. This work
provides a quantitative data for designs employing Sylgard 184 PDMS as engineering
substrate material. The influence of curing temperature on the mechanical properties of
Sylgard 184 is summarized in table 2.1

The mechanical properties of the substrate material underpin the process of cell
recognition of the material [22]. The ability of cells to react to mechanical properties of
the substrate is referred to as mechano-sensing [22]. During mechano-sensing, there is
both the action of the material on the cell and the action of the cell on the material [23].
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Harris et al. [24] first observed experimental evidence of mechano-sensing over 30 years
ago when they measured cell contractile forces on flexible rubber membranes.

Table 1.1: Influence of curing temperature on the mechanical properties of PDMS [15]
Temperature
(oC)
25
100
125
150
200

Young’s modulus, E
(MPa)
1.32 0.007
2.05 0.12
2.46 0.16
2.59 0.08
2.97 0.04

UTS (MPa)

UCS (MPa)

5.13
6.25
7.65
5.24
3.51

51.7
40.1
36.8
28.4
31.4

0.55
0.84
0.27
0.82
1.11

9.60
4.30
3.84
4.46
2.04

2.4 Cell/surface interaction

The interactions between the cell and the substrate determine the cell adhesion, motility,
growth and fate [25]. The cell/surface interaction is significantly influenced by the
surface topography and cell behavior [26, 27]. Following adhesion and cell contact with
the surface, cell spreading, proliferation and mineralization result in the formation of
tissue integrated implant structures [28].

2.4.1 Cell

The cell is the basic unit of biology [29]. It is composed of nucleic acids, proteins, and
other large and small molecules and is held together by cell-to-cell junctions to form
tissue [30]. Cells are generally known to live in the body and in the cell culture
laboratory. They exist, either in transient or long term contact with each other, or in
adhesion with surfaces [31]. These surfaces are either implanted biomaterials or natural.
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For cells to adhere to surfaces, they are often patterned with chemical or topographic
features [31]. There is a controversy about the likelihood of a cell reacting to topography
other than chemical differences [31]. However, the overall consensus in recent years
suggests that cells react significantly to the mechanical properties of the substrate, as well
as the topography and chemistry of the substrate/coating/ECM complex [32]. These
effects will be explored in the study.

The cell is known to be part of a complex and dynamic architecture formed by itself,
insoluble macromolecules of the extracellular matrix (ECM), soluble morphogens and
growth factors, and surrounding cells [33]. Cells, intercellular (interstitial) substances,
especially ECM, and various body fluids make up the basic biological tissue [34].

The ECM is made up of the biological material produced by, residing in between, and
supporting cells. Cells are held together by the ECM, which provides physical support
and a matrix to which cells can adhere, signal to each other, and interact. The components
of ECM are fibers (collagen and elastin) and a largely amorphous inter-fibrillary matrix
(mainly proteoglycans, noncollagenous cell-binding adhesive glycoproteins, solutes, and
water). The principal functions of the ECM are [34]:
•

Mechanical support for cell anchorage

•

Determination of cell orientation

•

Control of cell growth

•

Maintenance of cell differentiation
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•

Scaffolding for orderly tissue renewal

•

Establishment of tissue micro-environment

•

Sequestration, storage, and presentation of soluble regulatory molecules

Cells primarily interact with surfaces through the creation of attachment points linking
the cytoskeleton (the cell’s mechanical framework) to extracellular binding sites [35].
ECM transmits environment signals to cell; therefore cell-ECM bio-interface is an
indispensable part for cell’s life [17]. In Figure 2.2 the stages of cell surface adhesion are
presented.

Figure 2.2: (A) initial contact of cell with solid substrate (B) Formation of Receptor-Ligand
Bonds; (B) Signal Transmission from Focal Adhesion Sites to Cell’s Nucleus:
(C) Cell Deformation and Cell Spreading by cytoskeletal reorganization for increased
attachment (adapted from Frederick J. Schoen and Richard N. Mitchell) [34]
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In figure 2.2 (A) the interactions of cell with foreign surface are mediated by integrin
receptors with adsorbed adhesion proteins that sometimes change their biological activity
when they adsorb [34]. The cell has been shown as a circular space with a bilayer
membrane in which the adhesion receptor protein molecules (the slingshot-shaped
objects) are partly embedded. The proteins in the extracellular fluid are represented by
circles, squares, and triangles. The receptor proteins recognize and cause the cell to
adhere only to the surface-bound form of protein; the one represented by a solid circle
will adhere to proteins in the extracellular fluid are represented by circles.

Generally, the cytoskeleton and the focal adhesions are responsible for internal
organization, shape and cell mobility [36]. Actin microfilaments and micro-tubules,
which make up the cytoskeleton, provide support and serve to maintain cell shape.
Cell/substrate contact occurs as a result of focal adhesion. They tend to ensure
cell/substrate contact [37].The focal adhesion involves integrins bound to actin filaments
in the cytoskeleton through various adhesion proteins that include vinculin (Figure 2.3)

Figure 2.3: Schematic representation of cell adhesion to a biomaterial substrate (focal
adhesions and several associated cell proteins are also shown in the schematic) (Adapted
from J. Chen, S. Mwenifumbo, C. Langhammer, J. Mcgovern, M. Li, A. Beye, and W. O.
Soboyejo) [36]
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2.4.2 Cell surface interaction on a multi-scale
Modifying surface properties over multiple length scales is critical in the optimization of
a material’s performance for a given application [38]. For instance, the adhesive and
wetting forces acting at a material interface, can be strongly influenced by the size and
shape of the micro- and nano-scale features present [39]. Several relevant length scales
exist over which modified surface topography and chemistry of a processed implant can
influence cell adhesion and hence integration into the body [32, 40].

The primary behavior of cell on biomedical surfaces, such as cell spreading and adhesion,
are influenced by multi-scale surface features. These range from chemisorption and
surface energies at the atomic scale [41, 43], to surface roughness and texture at the
micro- to meso-scales [44-45]. At the atomic scale, the modification of surfaces through
chemical processing increases adhesion. This has been shown to improve the binding of
proteins and cells [46]. Protein interactions associated with cell signaling which regulates
cell adhesion, proliferation, and differentiation can also be associated with interactions
with nanoscale features. These features can also influence the interactions of individual
cell microfilaments and microtubules in the form focal adhesion complexes. This kind of
interaction is showed in green in Figure 2.4a. At the micron-scale, texturing with features
such as grooves, craters, ridges and mountains can increase surface area and enhance
focal attachment [36]. This can also lead to the mechanical stretching of cells or
contraction to align and organize with the features in a phenomenon known as “contact
guidance” [32] (Figure 2.3b). Cells grown on substrates with contact guidance (linear
grooves) show organized regrowth and has tendency of decreasing scar tissue formation
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during healing [43]. Also, at the macro scale, textured features such as vents, dimples and
threads on the implant surface can physically be interlocked.

The overall interaction between cells and surfaces is determined by the multi-scale
modification.

Figure 2.4: (a) Osteoblast-like human osteosarcoma cells. Their vinculin and focal
adhesion points are stained green and their actin stained red. (b) Contact guidance by
linear grooves causes elongation of the cells (left) as compared to the adherence to a
polished surface (right). (Adapted from Matthew S. Brown and Craig B. Arnold) [38]

2.5 The Effects of Surface Morphology on Cell/Surface Interaction

Surface properties of biomaterials which include physiochemical properties of surface
hydrophobicity, morphology, roughness, surface modification and coatings can affect cell
adhesion, attachment, proliferation and differentiation of cell [47].

2.5.1 Roughness
As part of the impact, that surface modification has on implants on a multi – scale,
surface roughness and texture, at the micro- to meso-scale [48] is significant to final
adhesion. This significance comes to play in the initial interactions between cells and
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biomaterials occurring on a multi-scale, and subsequently playing an important role in
final cell adhesion [42]. Studying the role of surface roughness in cell/surface interactions
is critical because experimental studies have shown that surface characteristics of the
implant material play an important role in tissue response [49-51]. Surface roughness also
modulates the biological response of tissues in contact with implant.

In recent times, micro-grooves have been used to modify the surface characteristics of
biomaterials and influence the behavior of cells [43, 52]. Micro-grooves have also been
found to increase contact guidance [41-43, 53-55]. By physically roughening surfaces, it
has been shown that the soft tissue response is sensitive to variation in topology and
surface morphology [56, 57]

2.5.2 Surface Texture
The surface texture of an implant is a critical variable in the determination of soft tissue
response to a material. S.R. Taylor [58] demonstrated that implanting textured surfaces
altered the interfacial cells and kinetics of fibrous capsule development. These interfacial
cells associated with textured interfaces displayed increase in adhesion.

2.6 The Effects of Surface Chemistry on Cell/Surface Interaction
Implants are covered in a protein – enriched film upon contact with blood which enables
adhesion to the surface via weak temporary bonds or stronger permanent covalent bonds
[59]. Collagen, fibronectin and vitronectins are proteins that are likely to adsorb onto the
surface of optimal hydrophobicity to enhance adhesion [46]. Prior work [47, 48] has
shown that the patterning of biomaterials surfaces with proteins and peptides can increase
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the level of cell adhesion. Also, cells respond differently to variations in surface
chemistry [60]. They can also distinguish between proteins or even peptides of few amino
acids [60].

Alterations in surface chemistry will effectively influence protein adsorption and
conformation, and ultimately initial cell attachment. This alteration is essential because
the surface of an implant determines which proteins adsorb to it and the orientation of
attachment [61].

The most concentrated protein in blood is Albumin (66kDa). It generally dominates the
initial cell/surface interactions. However, fibronectin (340kDa) which is lower in
concentration and arrives late at an implant surface due to its size, usually dominates the
surface protein coating because of its higher affinity for surface [62, 63]. Adsorbed
adhesive proteins mediate the attachment and activation of neutrophils, macrophages, and
other inflammatory cells.

Another key factor that governs cell response on a substrate is hydrophobicity [64]. The
surface hydrophobicity is determined by the measurement of contact angle through water
spread of a droplet on a surface. High contact angle signifies hydrophobic surfaces.
Optimal hydrophobicity is likely to allow the adsorption of proteins of cell adhesion, such
as collagen, fibronectin, and vitronectins [47]. However, high hydrophobicity and
hydrophilicity suppresses the cell adhesion because of the less protein adsorption onto it
[65, 66]
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2.7 Methods for Studying Cell/Surface Adhesion
The adhesion between cells and biomaterials is very important for the integration of
biomedical implants [67]. The significance of the cell/surface adhesion has stimulated
significant research efforts [68-73] in the development of experimental techniques for the
measurement of cell adhesion. Since cell adhesion has a significant effect on cellular
functions, such as proliferation, differentiation, etc., quantitative measurements of cell
adhesion provide us with insights into these cell functions. It is also important to note that
these cell functions occur when cells attach to a substrate and begin to spread and form an
organized actin cytoskeleton and complex transmembrane signaling regions [74]. In any
case, cell adhesion is measured using techniques such as micro-pipette aspiration [75];
laser tweezer measurements [76]; atomic force microscopy (AFM) measurement [77,78];
cell traction measurement [78], and shear assay techniques[79] (Figure 2.5 -2.8).

2.7.1 Micro-pipette Aspiration
Measurement of large number of cells gives statistically reliable information of cell
adhesion. However, direct measurement of the adhesion force of single cells is still
challenging and today’s techniques typically have an extremely low throughput (5–10
cells per day) [80]. Rita et al [80] introduced a computer controlled micropipette mounted
onto a normal inverted microscope for probing single cell interactions with specific
macromolecules. The Micropipette adhesion assay was developed in 1998 to measure
two-dimensional (2D) receptor-ligand binding kinetics [81].The assay uses a human red
blood cell (RBC) as the adhesion sensor. It also uses micro-manipulation to bring the
RBC into contact with another cell that expresses the other interacting molecule with
precisely controlled area and time to enable bond formation.
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The processes involved in the micropipette technique are described by Hochmuth [75] is
as follows: a nearly inflated red cell or lipid bilayer vesicle is aspirated into a small
micropipette until the surface of the membrane outside of the pipette is spherical; a bead
is then attached to the membrane at a point that is diametrically opposite to the mouth of
the pipette; the deflection of the bead is proportional to the force exerted on it and the
spring constant for this deflection (force per unit deflection) can be adjusted by adjusting
the suction pressure (the device can measure pN-level force). It is ideally suited for
measuring molecular bond forces

A schematic of the micropipette aspiration system is presented in Figure2.7. This shows a
common application where a cell suspended in a saline solution is partially aspirated into
the mouth of the pipette. The round shape occurs either naturally in the case of white
cells or spontaneously when cells are detached from a surface.
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Figure 2.5: Two micropipettes in a chamber. A pneumatic micromanipulator controls the
movement of a micropipette along three orthogonal axes. (a) A spherical cell being
aspirated into a micropipette with a suction pressure P. (b) An attached cell being
aspirated into a pipette. (c) A closely "fitting cell or bead moving freely in a pipette like a
piston in a cylinder. When static, the suction pressure times the cross-sectional area of the
pipette equals the attachment force F [75].

2.7.2 Laser tweezers
The laser tweezers usually are limited to the measurement of small forces on the order of
50 pN, although more powerful lasers and better alignment of the system can produce
forces that are an order of magnitude larger than this [75].
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2.7.3 AFM
Force microscopy during atomic force microscopy (AFM) is a powerful tool for probing
the mechanical behavior of living cells: by allowing 3-D manipulation of cells with
nanometric resolution with simultaneous measurement of the applied force with pN
sensitivity [82]. The use of AFM for cell adhesion measurement employs a sharp tip,
attached to a cantilever for probing cell. Upon probing, deformation occurs on the cell
and the tip is then used to estimate the force applied and the stiffness of the cell.
Radmacher et al. [84, 85] used AFM to investigate the viscoelastic properties of human
platelets. The set-up is shown in Figure 2.8.

Figure 2.6: A schematic of an AFM setup, which incorporates optical lever detection and
includes electronics for investigating viscoelastic properties of samples. (Adapted from
Radmacher et al. [84]
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2.7.4 Cell Traction Measurements
In order to survive and grow, cells in culture must adhere to a solid substrate. This makes
cells in culture typically anchorage dependent [86]. Cells develop tension via actomyosin
interactions inside cells, which is then transmitted to the underlying substrate through
focal adhesion located on substrate [87].

Measurement and characterization of this

traction force leads to the understanding of cellular and molecular mechanism of
fundamental biological processes, since cells use it to organize ECM, maintain shape, to
probe physical environment, and generate mechanical signals [88].

Figure 2.7: A representation of cell traction forces. The forces are the cell tension that is
generated by actomyosin interactions and transmitted to underlying substrate through
focal adhesion
2.7.5 Shear Assay Measurement in Parallel-Plate Flow Chambers
The interfacial strengths between the cells and the biomaterials surfaces have been
determined using shear assay technique [79]. Shear assay method offers “soft”
detachment of cells from biomedical substrates. In this method a parallel flow chamber is
used [89–90] and this allows the in-situ observation of cell deformation and detachment
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during cell culture where fluid flow across cells in a microfluidic channel [79]. In this
method the onset of cell detachment can be determined by monitoring with in-situ
microscopy.

(a)

(b)
((b)

Figure 2.8: The shear assay system: (a) cross-section of shear assay setup, and (b)
shear assay experimental setup and flow chamber.
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2.8 Summary
A brief introduction to microfluidic systems has been presented in this chapter. Following
a review of PDMS, some modification methods used to modify the physical and chemical
properties of PDMS, to ensure improved integration between PDMS and biological cells
/tissues were introduced. Cell was described before introducing the concepts of multiscale cell/surface interaction. Cell/Surface interaction was introduced as the interaction
between the cell and the substrate that determines the cell adhesion, motility, growth and
fate.
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3.0

CHAPTER THREE: METHODOLOGY

3.1 Introduction
This chapter presents the experimental procedures that were used for: the fabrication of
Poly (dimethylsiloxane) (PDMS) substrates; the various methods used for the surface
modification of PDMS; surface chemistry used to ascertain the chemical changes that
occurred on modified PDMS. SEM analysis was done to view to surface morphology of
unmodified and modified PDMS substrates. Also, the mechanical test that was used to
determine the stiffness of different mix ratios and curing temperatures of PDMS are
presented.

3.2 Materials and Methods
The apparatus that were used in the PDMS fabrication includes: petri dish, syringes, glass
slides, GALVAC vacuum oven (LTE Scientific LTD., Greenfield); for chemical
modification of PDMS substrates, Digital UV Ozone System (Figure 3.1 D), hot plate,
beakers, and distilled water. IR Affinity Fourier Transform Infrared (FTIR) Spectrometer
(Figure 3.1 C) was used for surface chemical assay. Also, slygard elastomer kit (Figure
3.1 B), purchased from Dow Corning Corporation, Midland, MI 48686-0994, USA was
used for PDMS synthesis.
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Figure 3.1: Chemicals and apparatus used in PDMS preparation (A) molds for PDMS
samples for mechanical test, (B) Slygard elastomer kit, syringes and petri dish, (C) FTIR
Spectrometer, (D) Digital UV Ozone System, (E) GALVAC vacuum oven
3.3 Experimental Procedures
3.3.1 Fabrication
To investigate the material property (stiffness) of Sylgard 184, multiwall moulds were
made in accordance to dimensions required by the Instron Senohydraulic Testing
Machine (Model 3360, Norwood, Massachusetts, USA). The moulds were made from
glass slides as shown in Figure 3.1A.
3.3.2 Preparation of PDMS
All experiments were performed with Sylgard-184, an elastomeric PDMS kit
manufactured by Dow Corning. The components for preparing the elastomers were
supplied in two parts, Sylgard-184A and Sylgard-184B. PDMS was prepared by mixing
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the sylgard silicon elastomer base (A) to curing agent (B) in a 10:1 volume ratio. The
mixture was stirred vigorously in a petri dish and de-gassed with a GALVAC vacuum
oven (LTE Scientific LTD., Greenfield) at -25 in Hg with no heat for an hour. This was
to ensure that bubbles or entrapped gases were adequately removed. PDMS was then cast
into the moulds and then cured in vacuum oven. Rectangular samples of equal
dimensions of 5 mm x 5 mm x 75 mm were made for mechanical testing (as shown in
Fig. 3.2).The samples were formed at different mix ratios and curing temperature as
summarized in table 3.1. For other measurements, the PDMS substrates were prepared by
casting the Sylgard-184A/Sylgard-184B mixtures into a flat glass Petri dish and cured at
60˚C for 12 hours. The cured PDMS substrates ( 0.5 mm thick) were then cut into 10×10
mm squares. The substrates were enclosed in a petri dish to prevent contamination before
use.

Table 3.1: Summary of mix ratio and curing temperature of PDMS
Mix ratio of
sample
10:1
50:1
100:1

Curing temperature (oC)
50
50
50

100
100
100
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150
150
150

Figure 3.2: PDMS samples of sizes (5 mm x 5 mm x 75 mm) for mechanical
testing

The optical transparency of cured PDMS enabled all samples to undergo a visual
inspection to identify possible tears, bubbles or other visually detectible defects that
could affect the mechanical integrity of the samples. With the exception of 100:1 mix
ratio, the others did not have tears.
3.3.3 Surface Modification of PDMS
The surfaces of PDMS samples were modified via various methods to become more cells
friendly. The methods employed in this work are UVO treatment, boiling water
technique, and Coating with poly (lactic-co-glycolic acid) (PLGA).
PLGA was considered for coating because it belongs to a family of FDA-approved
biodegradable polymers that are physically strong and highly biocompatible and have
been extensively studied as delivery vehicles for drugs [1]. It was used in this work to
observe any possible modification that could be introduced on the PDMS.
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3.3.3.1 UV/Ozone Treatment
The UVO treatment of the PDMS surface was carried out in a Digital UVO chamber
(PSD Pro Series, novascan). The PDMS substrate was placed on the UVO sample stage
at a distance of about 5mm from the UV source. The samples were incubated (with the
power off) in the ozone environment for 30 minutes. This was to allow ozone to attack
the sample. Following this, the controller was programmed at a temperature of 25◦C with
time set at 30mins. The start button is pressed and cleaning of the sample initiates until
the time exposure reached. On completion, the equipment was turned off and the samples
removed after 30 mins and kept in petri dish.
3.3.3.2 Boiling water treatment
Following the PDMS elastomer preparation previously described, it was degassed and
cured in a vacuum oven for 11 h at 60 ◦ C, followed by room temperature cooling for 3 h.
PDMS samples (1mm thick, 100mm2) were immersed in a beaker of boiling deionized
(DI) water for 0.5, 1, 1.5, and 2 h, then quickly removed and blotted dry on a wipe prior
to analysis.
3.3.3.1 UVO Treatment
The UVO treatment of the PDMS surface was carried out in a Digital UVO chamber
(PSD Pro Series, novascan). The PDMS substrate was placed on the UVO sample stage
at a distance of about 5mm from the UV source. The samples were incubated (with the
power off) in the ozone environment for 30 minutes. This was to allow ozone to attack
the sample with much ozone dissipated. Following this, the controller was programmed at
a temperature of 25˚C with time set at 30mins. The start button was pressed and cleaning
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of the sample initiated until the time exposure reached. On completion, the equipment
was turned off and the samples removed after 30 mins and kept in petri dish prior to
surface chemistry assay.
3.3.3.2 Boiling water treatment
Following the PDMS elastomer preparation previously described, it was degassed an
cured in a vacuum oven for 11 h at 65 ◦ C, followed by room temperature cooling for 3 h.
PDMS samples (1mm thick, 100mm2) were immersed in a beaker of boiling water for
0.5, 1, 1.5, and 2 h, then quickly removed and blotted dry on a wipe prior to
analysis..

Figure 3.3: Schematic of (a) PDMS modification by boiling water, (b) surface chemistry
analysis

The theory involved in the generation of the OH group on PDMS substrate is as follows:
PDMS is cured by an organometallic crosslinking reaction [2]. The constituent of PDMS
are siloxane base oligomers (containing vinyl groups) and curing agent (containing a
proprietary platinum-based) [2]. The crosslinking is typically by the Pt-catalyzed
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hydrosilylation reaction to form a flexible elastomer [3]. The curing reaction of PDMS
involves the Pt-catalyzed hydrosilylation of vinyl-terminated PDMS and vinylated silica
(their combination represented generically as PDMS-Vi) with an oligomeric siloxane
(PDMS-H) multifunctional in silicon hydride (SiH) groups to form an end-linked
network of PDMS (Figure 3.4).

Figure 3.4: Schematic hydrosilylation crosslinking reaction used to cure SYLGARD®
184 PDMS elastomer [3].
The presence of excess SiH groups in the cured PDMS, results in the proposed
hypothesis reaction which occurs near the PDMS elastomer surface in boiling water:

(-SiH) + H2O

(-Si-OH) + H2↑……………………………………Equation 1[4]

This reaction as previously discussed in chapter 2 makes the substrate polar and hence
cell – friendly.
3.3.3.3 Coating with PLGA
PLGA was deposited onto PDMS by spin coating process. This was done using a 400
Lite spinner (Laurell Technologies, North Wales, PA) at 1000 revolutions per minute
(rpm).

47

3.3.4 Surface Chemistry Assay
To characterize the chemical changes that took place on the surface of PDMS, Fourier
Transform Infrared (FTIR) analysis was employed. This was done using an IR Affinity
FTIR Spectrophometer. 10 scans were collected for each sample with a resolution of 4
cm−1 under constant nitrogen flux to eliminate the effect of water vapor on the collected
data. The data was collected in the range of 4000–500 cm−1.
3.3.5 Topographical Analysis of PDMS
SEM images were taken to analyze the topography of PDMS. Images of unmodified,
UVO treated and PLGA coated were taken and compared to observe the differences in
topography.
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4.0 CHAPTER FOUR: MODELLING
4.1 Introduction
This chapter presents analytical and computational model approach used to study
Au/PDMS buckling systems and shear assay. Au/PDMS system was studied analytically
by calculating the stresses required to cause buckling by coating Au on PDMS. This was
done at different pre-strain values. The bucking profiles of Au/PDMS was also observed
by computational models. Also, the effects of pre-strain, and substrate modulus on
wavelength of buckle profile was analyzed and compared to experimental result. To
study the effects of surface modification on cell adhesion, shear assay model was used.

4.2 Analytical Modelling
Coating of thin metal films on elastomeric substrates results in ordered buckling
structures [1]. The compression induced buckling instability of the thin film resulting in
surface buckling of the thin film which may also lead to fracture and delamination [2]. In
the context of interfacial fracture mechanics, the buckling profiles can be analyzed.
The driving force for crack growth can be defined in terms of the elastic strain energy
release rate, G. There has been analytical calculation of the energy release rate, G , of the
interfacial crack in buckle-driven delaminated thin film from a substrate [3]. This is
presented in equation 1:





G  (1   2f )h /( 2 E f ) ( R   c )( R3 c ) ……………………………………Equation 2
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Where E f ,  f and h are the Young’s Modulus, Poisson’s ratio and thickness of Au film
respectively;  R is the residual stress in the Au film and  c is the critical buckling stress.
It has been shown in literature that the residual stress is directly proportional to the
amplitude of buckling: an increase in amplitude of the buckling results in increase
residual stress [4]. This causes delamination to initiate. Therefore, the thin film starts to
delaminate from the substrate when residual stress exceeds the critical stress for buckling.
From this, the interfacial energy release rate, G , is expected to approach a critical value,

Gc . This critical value is presented in equation 2.







………………………………………………….. Equation 3

Gc  1   2f h 2 E f  2f

From equation 1, it is important to determine the residual stress,  R in the film and the
critical buckling stress,  c . This is because buckled structures are formed as a result of
induced residual stress on the film.
As temperature drops to room temperature after film deposition, buckling initiates when
maximum principal compressive stress attains the critical value. Below this critical stress
level, no buckling initiates within the Au film. For buckling of a film on a polymer layer,
the critical stress, equation 4 presents a solution to the calculation o of the critical stress,
for the onset buckling of thin films [7].

 c  0.52E f 1  2f 

1/ 3

E 1  
s

2
s

2/3
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……….……………………Equation 4

Where E f and E s are the Young’s moduli of the film and the substrate,  f and  s
are the Poisson ratios of the film and the substrate. The critical stress has been expressed
as a function of wavelength of the buckling as presented in equation 4 [7]. This is given
by:

 c   2 h 2 E f 32 1   2f  …………………………………………………..Equation 5

Where  is the wavelength of the buckle profile and other parameter have their usual
meaning as previously defined.
4.2.1 Residual and Applied Stresses
The formation of buckling for applications in biomedical devices for cell contact
guidance involves deposition of a thin film onto pre-stretched substrate [8]. There is
thermal expansion coefficient mismatch between the film and the substrate during
coating. This subjects the film to stress. Also by pre-stretching the substrate the film is
subjected to stress. Buckling occurs as a results of these stresses. The residual stress,  th ,
as a results of thermal expansion coefficient mismatch is presented in equation 5 [7]:

 th  E f ( f   s )(Td  T ) 1   f

……………………………………………Equation 6

where E f and  f are Young’s modulus and Poisson’s ratio of the film;  f and  s are
the thermal expansion coefficients of the film and the substrate respectively ; Td is the
deposition temperature and T corresponds to the room temperature. The stress,  app , due
to the release of the applied pre-stretched substrate can be approximated as:
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 app  E f  pre

……………………………………………………………………………… Equation

7

where  pre corresponds to the pre-strain. By applying the principle of linear
superposition, the total residual stress in the film can be expressed from Equations (5)
and (6). This is given by:

 R   th   app  E f ( f   s )(Td  T ) 1   f   E f  pre …………………………Equation8

The amount of residual stress responsible for wrinkling and delamination-induced
buckling in the thin film deposited onto pre-stretched polymeric substrate is presented in
equation 7.

4.3 Computational Modelling
4.3.1 Au/PDMS Buckling Model
Finite element analysis of Au/PDMS buckling and ECM/PDMS buckling system were
performed. The finite element analysis consists of 0.01mm thick PDMS substrate and a
100nm thick Au film , with a 1mm length of the two dimensional system. The modelling
was done in ABAQUS™ software package (ABAQUS 6.12-1, Dassault Systems
Incoporation, SA). The stress-free thin film is attached to the pre stretched substrate by
sharing the same nodes at the thin film/substrate interface. The rotational degree of
freedom in the substrate elements was constrained. 2D-Axis Symmetry model 4-node
bilinear plane stress quadrilateral was used. Very fine mesh, with the smallest element
size of (0.2), near the film/substrate interface was used to ensure that the results converge
and also to overcome the difficulties of the analysis. The type of element used was quad.
The ends of the film-PDMS model were displaced with different residual compressive
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strain (0.18, 0.36, and 0.70) to observe its effects on the buckling profile. The modulus of
the PDMS substrate used for the simulation were (1.46, 2.07, and 2.35 MPa) as obtained
from experimental work of a 10:1 mix ratio and cured 50, 100, and 150˚C respectively,
with Poisson ratio of 0.48 [6,7]. Poisson ratio of 0.33 was also used for Au. This was to
study the effects of substrate modulus on the buckling profile.
4.3.2 Shear Assay Model

The flow field, in which cells are detached from the substrate, was built to model the
conditions in the shear assay chamber (Fig 2.8 a). The cell and substrate properties that
was used is presented in table 4.1. Axis symmetry grid geometry model was used. The
element type was 4-node bilinear plane stress quadrilateral. The model incorporated an
initial cell model that was built from two-dimensional image of typical undeformed cells.
The cell was put on a PDMS substrate. The thickness of PDMS and silica layer were
0.01mm and 100nm respectively. An interfacial crack of length 1µm was introduced
between the cell and the substrate. Shear and lift loads were applied to observe its effects
on crack opening. The shear and lift force were 1e-5Pa and 1e-6Pa respectively. The
energy release rate associated with crack opening was used to determine the effect of
surface modification on cell adhesion.
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Table 4:1: Materials properties incorporated in model
Materials

Mechanical Property
Young’s Modulus
(MPa)

Poisson Ratio

Cell cytoplasm

530

0.5

Nucleus

300

0.49

PDM

(1.46, 2.07, 2.35)

0.48

Silica Film

70

0.3

4.4 Reference for chapter four
[1]

N. Bowden, S. Brittain, A.G. Evans, J.W. Hutchinson, G.M. Whitesides,
“Spontaneous Formation of ordered structures in thin films of metals supported
on an elastomeric polymer,” Nature, vol. 393, (6681), pp. 146-149, 1998.

[2]

H. Mei and R. Huang, “Wrinkling and Delamination of Thin Films on Compliant
Substrates,” 13th International Conference on Fracture, June 16–21, Beijing,
China, 2013.

[3]

J. W. Hutchinson, and Z. Suo. “Mixed mode cracking in layered materials,”
Advances in applied mechanics, vol. 29, pp. 63-191, 1991.

[4]

Y. Ebata, A. B. Croll and A. J. Crosby, “Wrinkling and strain localizations in
polymer thin films,” Soft Matter, vol. 8, pp. 9086-9091, 2012.

[5]

D. H. Kim, et al., “Stretchable, curvilinear electronics based on inorganic
materials,” Advanced Materials, vol. 22, no.19, pp. 2108-2124, 2010.
55

[6]

Xu, Hao, and Keji Chen, “Integrative medicine: the experience from China,” The
Journal of Alternative and Complementary Medicine, vol.14, no. 1, pp. 3-7, 2008.

[7]

O. Akogwu, D. Kwabi, A. Munhutu, T. Tong, and W. O. Soboyejo, “Adhesion
and cyclic stretching of Au thin film on poly (dimethyl-siloxane) for stretchable
electronics,” J. Appl. Phys., vol. 108, no. 12, 123509, 2010.

56

5.0 CHAPTER FIVE: RESULTS AND DISCUSSION
5.1 Introduction
The chapter presents results and discussion of experimental methods from chapter 3
and analytical and computational results of chapter five.
As previously discussed, mechanical properties were tested for samples cured at
temperatures of 50 ◦C, 100 ◦C, and 150 ◦C. In total 24 PDMS test pieces were used
for mechanical experimental testing.
5.2 Tensile
The influence of mix ratio and curing temperature on the tensile strength of Sylgard
184 PDMS was determined by averaging the data from each of three test samples for
every curing temperature. The Young’s modulus of the PDMS samples for each curing
temperature was calculated for the linear elastic region (<40% strain) using Hooke’s
law. The stress-strain curve of PDMS is nonlinear; hence the secant modulus (Fig. 5.1)
was used to determine the young’s modulus.
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Figure 5.1: Schematic stress–strain diagram showing non-linear elastic behavior and
tangent modulus is determined [1].

The load – extension curve for one batch of samples (10:1 cured at 150oC) as obtained
from the Instron Senohydraulic Testing Machine is showed in Fig. 5.2

Figure 5.2: The load – extension curve of 10:1 samples cured at 150oC.
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From the load-extension curve in Fig 5.2, the stress was obtained by dividing the load
with the area of the sample. The strain was also obtained from the extension using the
original length of the sample. With this, the secant modulus was calculated and the results
are presented in table 5.1. Each young’s modulus presented is an average of 3 samples.
The samples mixed at 100:1 ratio did not gave inconclusive results; on curing at various
temperatures (up to 200oC), they still were not well cured.
The following equations were used in the determination on the young’s modulus of
PDMS.
……...………………...................Equation 1

The strain was calculated from the extension as:
………...………………………………Equation 9

The modulus was then calculated using equation:
........................................................Equation 10

From equation 3, young’s modulus is calculated as:
…………………………….……...……………………………….. Equation
11
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Table 5.1: Results of young’s modulus of PDMS samples of different mix ratios and
curing temperatures.
Mix ratio
of sample

Curing
Temperature
(oC)

Young’s
Modulus
(MPa)

10:1

50

1.46 0.073

100

2.07 0.1035

150

2.35 0.1175

50

0.13 0.0065

100

0.17 0.0085

150

0.19 0.0095

50:1

Figure 5.3: Relationship between curing temperature of PDMS and the resultant Young’s
modulus at different mix ratios
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The graph in Fig 5.3 shows an increase in young’s modulus with increasing curing
temperature for both mix ratios. The young’s modulus of the 10:1 mix ratio was higher
than that of 50:1 at all curing temperatures. It was found that the Young’s modulus of
the samples undergoing tensile testing was linearly dependent on their curing
temperature within the temperature range investigated. Also, increasing the sylgard
base decreases the modulus of PDMS.
The increase in modulus of PDMS with curing temperature could be attributed to the
crosslinking reaction. The siloxane base oligomers contain vinyl groups, with at least
3 silicon hydride bonds each in the cross-linking oligomers [2]. The proprietary
platinum-based catalyst contained in the curing agent catalyzes the addition of the SiH
bond across the vinyl groups, forming Si-CH2-CH2-Si linkages. This multiple reaction
sites on both the base and crosslinking oligomers allow for three-dimensional
crosslinking [2].
Lower degree of PDMS network’s crosslinking results in lower stiffness (smaller
modulus) [3]. A higher degree of PDMS network’s crosslinking will therefore imply a
stiffer sample (greater modulus). Heating is also known to accelerate the crosslinking
reaction [1]. From this reasoning it can be inferred that, increasing the curing
temperature led to a higher degree of PDMS network’s crosslinking, and subsequently
increased the modulus.
In an unstressed state PDMS is amorphous and composed of cross-linked chains that
are twisted, kinked, and coiled. During tensile loading, there is partial uncoiling,
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untwisting, and straightening, and the resultant elongation of the chains in the stress
direction [1]. This phenomenon presented in Figure 5.4

Figure 5.4: Schematic presentation of cross-linked polymer chain molecules (a) in an
unstressed state and (b) during elastic deformation in response to an applied tensile
stress [1]

From figure 5.4, it is deduced that heavily cross-linked PDMS will have more
resistance to deformation (partial uncoiling, untwisting, and straightening). Since
increasing curing temperature results in more cross-linked PDMS, upon application of
tensile load, resistance to deformation will be high. This also explains the increase in
tensile modulus with increasing temperature.
The modulus observed for the mix ratio 10:1 was (1.46, 2.07, and 2.35) and that of
50:1 was (0.13, 0.17, and 0.19). This observation could be as a result of the effect of
curing agent to base on crosslinking. It has been reported that as the ratio of curing
agent to base is increased, a harder, more cross-linked elastomer results [2]. Ratio 10:1
implies more curing agent as compared to 50:1. Therefore ratio 10:1 is expected to
form cross-linked PDMS, hence the higher modulus.
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5.3 FTIR Results
FTIR measurement was used to elucidate information about chemical functionality
groups present in untreated PDMS and PDMS samples treated via boiling water and
UVO. In Fig 5.5 FTIR spectra is plotted for untreated PDMS (control) and boiled PDMS
samples at different times: 30 mins, 60 mins, 90 mins, and 120 mins. Fig 5.6 also show
FTIR spectra for PDMS sample treated via UVO for 30 mins and 1hour. PDMS exhibits
several characteristic IR bands in table 5.2. The most intense peaks in FTIR spectra are
associated with –CH3 rocking and ≡Si–C≡ stretching (peak 8), ≡Si–OH stretching (peak
6, 7), asymmetric Si–O–Si stretches (peak in 4), symmetric –CH3 deformations (peak 3),
asymmetric Si–CH3 stretches (peak 2), and asymmetric Si–OH stretches (peak 1).
Table 5.2: Assignment of IR Spectra of PDMS [4]
Peak in FTIR
spectra

IR Region

1

3200-3600

–OH stretching in ≡Si–OH

2

2950-2970

Asymmetric –CH3 stretching in ≡Si.CH3

3

1245–1270

Symmetric –CH3 deformation in ≡Si–CH3

4

1055–1090

Asymmetric ≡Si–O–Si≡ stretching in [–(CH2)2Si–
O–]x

5

1000-1050

In-phase and out-of-phase wagging vibrations of

Description

–(CH2)– in ≡Si–(CH2)2–Si≡ and ≡Si–CH2–Si≡
6

875-900

≡Si–O stretching in ≡Si–OH

7

825-865

≡Si–O stretching in ≡Si–OH

8

785–815

–CH3 rocking and ≡Si–C≡ stretching in ≡Si–CH3
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From a visual inspection of the FTIR spectra in Fig 5.5, it is seen that there is an increase
in –OH signal (peak 1) with increasing boiling time. This occurred with a simultaneous
decrease in the band intensity characteristic of the Si–O–Si signal (peak 4). The
occurrence of this is an indication of chain scission in the PDMS network [4]. There was
also a slight decrease in peak 8 (–CH3 signal). The decrease in –CH3, along with increase
in –OH signal implies a possibility of PDMS becoming hydrophilic as a result of
oxidative conversion of –[(CH3)2Si–O] –. As observed in Fig 5.5, the OH peak increases
with increasing boiling time. This suggest that boiling for a longer period could result in a
more hydrophilic PDMS substrate. In this work the evidence of SiOH group from the
FTIR analysis was at 3400 cm-1, with the highest absorbance at 0.025 for PDMS samples
boiled for 120 mins.
When exposed to boiling water, changes occurs in the surface of the PDMS as a result of
chain scission which leads to the formation of hydroxyl (OH) group. During chain
scission, breaking of molecular bonds occurs and allows atoms to react with themselves
[5]. This could lead to the formation of SiH. This SiH the reacts with the water to form
SiOH presented in the reaction below [6]:

(-SiH) + H2O

(-Si-OH) + H2↑.

In the reaction the proprietary platinum in the curing agent acts as a catalyst for the
chemical conversion.
The vinyl functional silica filler present in the SYLGARD® 184, could also result in
residual SiOH groups on the surface of PDMS. Although the silica present is vinyl
functionalized to minimize mobility after crosslinking, any silica near the surface may be
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susceptible to localized surface reorientation of the PDMS network to bring any
hydrophilic SiOH groups to the surface [7].

Figure 5.5: Graph showing overlays of infrared (IR) spectra from the untreated PDMS
(control) and treated PDMS substrates via boiling water at different times: Target Zone 1
shows a decrease in –CH3 peak and target zone 2 showing an increase in OH peak
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Figure 5.6: Graph showing overlays of infrared (IR) spectra from the untreated (control)
and treated PDMS substrates via UVO for 30 mins (UVO0.5hr) and 60mins (UVO1hr).

From Fig 5.6, a similar observation is made as in Fig 5.5. The decrease in peaks 3 and 8
(–CH3 signal), with an increase in peak 1 (OH signal) is an indicative of oxidative
conversion as previously discussed. The highest OH peak is observed at absorbance
(~0.035) for PDMS samples treated for 60 mins.
In UVO treatment, there is photosensitized oxidation process in which the molecules of
the treated material are excited by absorption of short wavelength UV radiation in a range
λ=185-254 [4]. The UVO treatment generates atomic oxygen in a combination of
photochemical processes. The ozone is produced from the 185nm line from molecular
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oxygen, and it is converted to atomic oxygen by the 254nm ozone line. For the treatment
of PDMS, the siloxane backbone of PDMS is attacked by this oxygen species to form
oxygen rich silica-like (SiOX) layer and Si-OH surface. The formation of the Si-OH
surface is a possible reason for the generation of OH peak in Fig 5.6. The increase in OH
peak with treatment suggests that as time increases, the concentrations of ozone and
atomic oxygen increases leading to large number of hydrophilic functionalities.

5.3 SEM Result
The SEM images revealed some physical changes on the surface of treated PDMS. The
images are presented in Figure 5.7
(a)

(b)

(c)

Figure 5.7: SEM images of (a) untreated PDMS, (b) PDMS sample treated via
UV ozone, (c) PDMS coated with PLGA
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From figure 5.7 a, it is observed that the surface of PDMS is plain. There appears to be a
layer formed on the PDMS substrate (Fig 5.7 b). This could possibly be the silica-like
layer formed upon the attack by UVO. Coating PDMS with PLGA revealed some texture
surface. The topology of the modified PDMS has the tendency to enhance cell adhesion
and growth.

5.4 Analytical Model Results
5.4.1 Stress Analysis of Analytical Model
There is residual stress in Au film as a result of thermal expansion coefficient mismatch
between the film and substrate, when Au is deposited on pre-stretched PDMS. Akogwu et
al., have reported the average textured Young’s Modulus for the Au film ~61 GPa, and
deposition temperature to be ~50˚C [7]. By incorporating the measured modulus of the Au
film into Equation (6) along with the temperature difference of 295K (assuming room
temperature to be 28˚C), Poison ratio (υf =0.33) and thermal expansion coefficients of the
Au-film (αf =

) and substrate (αs=

), the residual stress due to

thermal expansion mismatch was calculated to be - 8.057GPa. The stress due to the prestrained PDMS substrate (0.18, 0.36, and 0.70) was calculated from Equation (7), with the
results presented in table 5.2. By combining the thermal and applied residual stress in
equation 8, the residual stress is obtained. The calculated residual stress increases with
increasing pre-strain of the PDMS substrate.
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The critical stresses required for buckling to occur was also calculated for PDMS substrate
modulus in a range of 1-100MPa. This was then used to predict the limiting critical stress
for the Au thin film on a specific PDMS substrate (of known modulus: 1.46, 2.07, 2.35
MPa).For example, in Figure 5.4, the critical stresses of Au film on PDMS substrates of
moduli 1.46 MPa and 2.35 MPa are 0.000142 GPa and 0.00032 GPa respectively. Critical
stress increases with increasing substrate modulus.
Table 5.3: Residual stresses due to effects of thermal expansion coefficient mismatch and
pre-strained PDMS substrate.
Pre-strain

Applied
Stress

Residual Stress

0.18

10.98

2.923

0.36

21.96

13.903

0.70

42.7

34.643
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Figure 5.8: Dependence of (a) profile wavelength on critical stress (b) substrate modulus
on critical stress.
5.5 Computational Model Results
5.5.1 Buckling Profile as a Function of Pre-Strain and Substrate Elastic Modulus
The von Mises stress of the Au/PDMS structure showed a dependence of substrate elastic
modulus on stress distribution and profile amplitude. The increase in the elastic modulus
of the substrate increases the concentration of stress in the buckled structure. Also, the
buckling profile becomes well defined as the elastic modulus of PDMS increased. The
wavelength was measured as function of pre-strain in table 5.4. Comparing
computational results to experimental results showed insignificant difference.
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Table 5.4: Results wavelength measurement as a function of pre-strain
Pre-strain

Wavelength (µm)

Amplitude (µm)

Experimental

Computational

Computational

0.18

9.70

9.54

0.35

0.36

6.60

7.30

0.30

0.70

3.00

4.30

0.28

Figure 5.9: The wavelength of the profile versus pre-strain value of the PDMS substrate.
5.6 Effect of Surface Modification on Cell Adhesion
The effect of surface modification on cell adhesion was measured as a function of energy
release rate. A graph of energy release against substrate modulus was plotted in Fig 5.10.
For PDMS substrates with different moduli, the energy release rate decreased with
increasing modulus. When the silica layer was introduced onto different substrate, the
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same trend was observed. Silica layer on PDMS with stiffness of 1.46 MPa had a higher
energy release rate than PDMS with stiffness of 2.35 MPa. Also it was observed that the
stresses were virtually on the silica layer (Figure 5.11). The energy release rate is the
energy associated with a new fracture surface created. A higher energy release rate
implies a larger crack opening. Hence decreasing energy release rate implies that as the
stiffness of PDMS substrate increased, the cells did not detach. This is an indication that
as PDMS stiffness increased, cell adhesion was enhanced. Also the silica layer on the
PDMS decreased the energy release rate even the more. This is because higher stiffness
of the silica was sensed by pulling and pushing it, and transduce the force into
biochemical signals in response (mechanotransduction process). Higher substrate
stiffness tends to increase cell adhesion.

Figure 5.10: Cell detachment as a function of Energy Release Rate
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(a)

(b)

Figure 5.11: Cell detachment from (a) PDMS with silica layer, (b) PDMS with stresses
concentrated on PDMS with silica layer
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6.0 CHAPTER SIX
6.1 Implications of the Results
The Physiochemical properties of modified PDMS substrates draws much attention its
performance as a support for cell adhesion and growth. The various surface modifications
that have been used in this work have resulted in PDMS substrates being patterned with
chemical or topographic features. It has been established that patterning of surface with
chemical or topographical features enhances cell adhesion, hence the results of PDMS
surface modification implies improved cell adhesion and subsequent integration as a
biomedical implant device.
PDMS substrates treated via boiling water and UVO showed significant chemical feature
by generating OH group which reliefs PDMS of its hydrophobicity. Prior work [1] have
showed that, making PDMS hydrophilic led to significant increase in the number of cell
growth. This implies that the hydrophilic PDMS surface created by boiling and UVO
treatment will enhance cell adhesion. Hydrophilic surface allows cell attachment proteins
(vitronectins and fibronectin) to adhere and spread providing better surface for cell
adhesion. Also, Kirill et al., [2] reported a uniform silica-like layer of higher stiffness
formed on UVO-PDMS, with a thickness of about 10-30 nm. The implication of this to
this current work is an enhanced cell/surface interaction since cells are able to sense
substrate stiffness.
Coating of Au on PDMS have resulted in buckling profile with micro- groove, and
wavelength and amplitude on a micro scale. This has been validated in the current work,
where effects of increasing pre-strain led to a decrease in wavelength of buckling profile
from 9 to 3μm. It has been reported that to precisely control the cell location and growth,
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it is desirable to use a micro-pattern with size similar to the cell [3]. Analytical and
computational methods can thus be used to determine stressed required to modify the
surface of PDMS. Also, these can be used to predict the limiting pre-strain that will yield
desirable patterns for enhanced cell adhesion.
These results imply that encapsulating targeted delivery drug in modified PDMS is a step
in the right direction. Since PDMS is already biocompatible, and by these modifications,
the issues of poor cell adhesion as a result of its smoothness and hydrophobicity is
addressed.

6.2 Conclusion
This work presents the results of a combined experimental and computational study of
the PDMS surface modification. The chemical modifications were measured with FTIR
which showed results of OH group on PDMS surface, with formation of silica layer.
Increased PDMS stiffness is improves cell adhesion to an extent.
By chemically and physically modifying PDMS, different length scale modification
occurs, leading to cell-surface interaction on a multi-scale. Higher detachment forces
required to detach cells from modified surface indicates improved cell-surface
interaction.
The enhanced cell adhesion will results a better integration when PDMS is used as a
microfluidic device for localized drug delivery.
6.3 Future Work
It is recommended that, for chemistry modification such as generation of hydroxyl group
on PDMS surface, more sylgard base and little amount of crosslinking agent be used.
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This will lead to uncross-linked SiH, which can easily form OH group and make PDMS
hydrophilic.
Further studies is required to determine optimal time for UVO treatment to eliminate.
Also optimal hydrophilicity and hydrophobicity required for cell adhesion should be
established to guide modification methods used for PDMS.
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