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ABSTRACT

Cells on Microfabricated Elastic Substrates:
Effects of Substrate’s Mechanical Property on Cell Behavior

Abel Lianzauk Thangawng

Cells are known to respond to external stimuli such as chemical, physical and mechanical cues
from their microenvironments. In this work, we developed the technology to to complement the
previously reported studies that deal with substrates’ mechanical property by developing thin
polydimethlysiloxane (PDMS) membrane microdevices using microfabrication technology.
Typically, multiples substrates, each with different stiffness, are used to study the differences in
cell’s response to the different mechanical properties. With the PDMS membrane devices, a
variation in stiffness across a single substrate was generated by strategically integrating
micropatterns on a freely suspended PDMS membrane. Human epidermal keratinocytes (HEK)
were seeded on the devices and cell migration and accumulation trends, laminin-332 secretion,
and focal adhesion and hemidesmosome assembliy were monitored. It was observed that cells
within the regions with a small gradient of stiffness were very static while their counterparts on
regions with a large gradient of stiffness were extremely active and mobile. This suggests that
not only the changes in the property of substrate affect the cells, but the rate at which the changes
occur, gradient of stiffness, play a critical role in determining the cells’ response. Preliminary
data also suggest that HEK specifically secreted more laminin on the softer region of the

membrane. Focal adhesion complexes are more prominent on the stiffer region while
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hemidesmosomes complexes are better developed on the softer region. Concurrently, the same
cellular matrix organization on compliant PDMS substrates with Young’s modulus ranging from
~1.2 Pa to 744 kPa was studied. Similar to the membrane devices, more laminin protein secretion
and more exptensive hemidesmosome assemblies were observed on the softer substrate while
focal adhesions were more prominent, size and number, on the stiffer substrates. We speculate
that assembly of hemidesmosome on a less stiff substrate by HEK 1is typical of normal tissue
while enhanced assembly of focal adhesion on stiff substrates reflects what occur when cells

interact with the matrix of diseased tissue.
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Chapter 1: INTRODUCTION

1.1. Background

With the advance of micro and nanofabrication techniques, there have been unique opportunities
to apply them in many different fields. In this study, the technology was employed to study how
the cellular microenvironment affects cells. Since cells are the bases of all living organisms, it is
critical to understand basic mechanisms by which they interact with their environment. Cells are
extremely sensitive to their environment, detecting mechanical (substrate stiffness) [1-16],
chemical [15, 17, 18], ligands (adhesive molecules) [8, 15, 20-30], and topographical [31-45]
signals among many other environmental cues. Among these stimuli, the effects of chemical and
topography are the most widely studied. This thesis deals with the development of micrfabricated
tools/devices to study cell-substrate interaction. In this introduction, I will discuss what is

currently known about the effects of some of these microenvironmental stimuli on cells.

1.1.1. Mechanotaxis (Durotaxis)

Recently, the effects of substrate’s mechanical properties on a cell’s behavior have become a hot
topic since the discovery that there are changes in morphologies and motility of both normal rat
kidney epithelial and 3T3 fibroblastic cells on substrates with different stiffness [1]. The cells
were well spread on stiffer substrate with Young’s modulus, E, ~ 65 Pa where as they were

irregularly shaped on softer substrate with E ~ 16 Pa. 3T3 cells were also observed to migrate
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faster on more compliant substrate, 0.06 pm/min for E ~ 65 Pa and 0.55 pm/min for E ~ 16
Pa. Lo, et al. [2] further demonstrated the preferential migration of 3T3 cells (individual) toward
substrate with increasing stiffness. In this study two different polyacrylamide substrates with
different stiffness (E=14 and 30 kPa) were placed side by side. The individual cells (no contact
with other cells) were observed to migrate toward the stiffer side but no cell accumulation was
observed [Figure 1-1]. The traction force of the cells was also found to be stronger on the more

rigid substrate.

Figure 1-1: NIH 3T3 cells on a substrate with two different stiffness: (a) A cell moved from the soft side to the
stiff side of the substrate, and (b) A cell moved from the stiff side of the substrate toward the gradient and

moved along the boundary (Reproduced from [2]).

Using micromolding technique, Gray et al. [6] fabricated polyacrylamide and
polydimethylsiloxane (PDMS) substrates with well defined regions of soft and stiff areas.
NIH/3T3 cells were observed to migrate toward the stiff regions in both substrates [Figure 1-2].

Unlike the study done by Lo, et al. [2], cells accumulated in the stiffer region of both substrates.
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Interestingly, cell accumulation was more pronounced on PDMS compared to the
polyacrylamide. The authors speculated that the accumulation in PDMS substrate was due to the
patterns being more precise compare to that on the polyacrylamide. It should also be noted that
the Young’s modulus of the soft and the stiff region were 1.3 kPa and 34 kPa for the
polyacrylamide and 12 kPa and 2.5 MPa for PDMS respectively. Wong, et al. [5] fabricated a
substrate with a stiffness gradient varying gradually by exposing the polymer to a UV source.
The intensity of the UV light was controlled by a mask that has a gradient of transparency, which
in turn created the gradient in polymerization, resulting in the variation of stiffness. Vascular
smooth muscle cells were observed to migrate toward the stiffer region and accumulated there. It
has also been reported that the stiffness of the substrate regulates cells growth and apoptosis [3],

motility [4, 9], and differentiation [7].

A PDMS, 3 hrs | PDMS 3 hrs 3

B PDMS 24 hrs

D[

| C PDMS, 48 hrs |

[

Figure 1-2: NIH 3T3 cell preferentially accumulated on stiff region (square) of the substrates (Reproduced

from [6])
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Interestingly, there are some inconsistencies in the experimental results reported. For example,
Saez, et al. [10] reported that the traction force of epithelial cells is proportional to the rigidity of
the substrate. The deformation of the substrate (polymeric pillars) was found to be constant
regardless of the substrate stiffness. On the other hand, Freynman et al. [11] reported that the

contractile force of fibroblasts is independent of the substrate stiffness.

1.1.2. Haptotaxis

Similar to both chemical and mechanical cues, the density of ligands on a substrate has a major
influence on the behavior of the cells [8, 15, 21]. Cells tend to attach more strongly to a region of
the substrate that has a more densely packed ligand compare to a region where the ligands are
less dense. In order to properly understand the effects of ligands density on the cells, one needs
to carefully design the surface. Different research groups have studied these effects by growing
cells on individual substrates that have been treated with different density of the same ligand [8].
These experiments can be time consuming, and are quite problematic because more variables
need to be controlled at the same time. In order to overcome these problems, some workers have
developed techniques that would allow the formation of a continuous ligand on the surface with
gradually changing concentration. By exposing cells to surfaces coated with ligands that have
varying density gradient, one combines multiple experiments in one, allowing the observation of
cell behavior on such a substrate and it potentially can also be used to identify the optimal ligand
density for adhesion and motility of a cell type of interest. Several techniques have been reported
for creating surfaces with gradient ligand signals [20-30]. The techniques may be categorized
into four general groups, (1) timed dip-coating, (2) microfluidic network based mixing and

depositing, (3) mechanical induced stretch-surface activation and (4) photoactivation of surfaces.
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The timed-coating methods may be done by directly dipping the substrate in the solution and
varying the emersion time of the substrate by slowly pulling out to vary the amount of ligand
attached on the surface. The longer the substrate is exposed to the protein the more protein is
attached to the surface. On the other hand, the concentration of the ligand solution can be pre-
calculated so that the portion of the surface that comes in contact with the solution absorbs the
protein and depletes the amount of ligand that remain in the solution. As the substrate is dipped
deeper in to the solution, less and less ligand attach to the substrate due to the reduced

concentration. This eventually creates a surface that has a gradient of protein.

Recently, Dertinger, et al. [18] demonstrated the generation of gradient solution using
microfluidic networks. Jeon, et al. [19] used the device to create linear and complex gradients of
interleukin-8 and observed that neutrophils migrated preferentially toward the increasing
concentration of the chemoattractant. In the microfluidic network technique, solutions with
ligands at different concentration are injected in the fluidic channels. They are then mixed and
split continuously until the solutions reach the final branch at which point they are recombined
into one large channel. The laminar flow in the channels allows the proteins solutions to travel
straight onto the surface without further mixing to their adjacent stream of solution. This
technique was demonstrated to be capable of creating not only gradient patterns but also intricate
gradients within the final channel by simply varying the position of the solution in the initial
injection. For example, if solutions with three different ligand densities were injected adjacent to

each other in order of their density, the final surface will have ligand with gradually changing
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density. On the other hand, if the solution with the highest density is injected in the middle, the
final surface will have a peak density of ligand in the middle, and the surface will have a bell
curve density gradient. In all cases these gradients are formed in perpendicular to the channel
flow. Alternative to this novel and intricate method of mixing and branching the ligand solution,
one can simply device a simple fluidic system for a gradually gradient surface. A fluidic channel
may be placed on top of the desired surface to form reversible bonding. The solution with pre-
calculated density and volume may then be placed on the inlet of the channel, allowing the
solution to diffuse into the channel. As the solution starts flowing, the ligand will form non-
specific binding to all the exposed surfaces, which will deplete the ligand in the solution.
Consequently, less and less ligand will be deposited in the channel as the solution flows,

resulting in a gradually changing gradient of ligand density.

Mechanically induced stress for varying the ligand density was demonstrated by Genzer, et al.
[46, 47]. In this technique, the surface of the elastic substrate is treated with UVO while it is
stretched. By doing so, more of the functional groups on the surface are exposed and treated,
allowing more ligands to be attached. For simple shape substrate, the strain is uniform and thus
creates a surface that has uniform density of ligand. The density itself, however, is higher than
one that would be seen on an un-stretched membrane. By cutting the membrane in a dog bone
shape the strain distribution no longer is uniform and thus it allows the creation of gradient

protein.
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1.1.3. Topographic effects
Topological features of the substrate also play critical roles in cell’s behavior. The topologies
reported in literatures are usually uniform in size throughout the substrate and most of them are
in the form of lines (ridges and groves) [31-45]. With the advance of nano/microfabrication,
investigators have started to probe the effects of well-defined nano/micrometer length scale
topography on the cells. Typically, cells align themselves along the ridges and elongated. The
focal adhesions of the cells are reported to be mature on patterns with micrometer length scale

and they tend to be less developed on nanometer scale ridges [34, 35].

1.2. Research Purpose

In this thesis, a fabrication technology was developed for preparing suspended PDMS
mebmbranes that can be used to study cellular mechanics. As an example, the effect of a
substrate’s mechanical properties, specifically the gradient of stiffness on the substrate, on cells
was studied. Human epidermal keratinocytes (HEK) was used as a model for all studies. It
should be noted that a cell’s interaction with its environment is cell type specific. Most
researchers have studied the effect of varying stimuli, whether that be concentration of the
absorbed ligands, or the rigidity (mechanical property) of the substrates and multiple substrates
with varying properties were used. For example, Semler, et al. [8] devised an experiment where
the effects of the gradient of substrate rigidity and ligand concentration were studied in a
systematic way. However, their experimental setup used a 96-well dish, varying the substrate
rigidity in one direction and ligand concentration in the perpendicular direction. Studies with

gradient of stiffness are typically done by simply placing two substrates with very different
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mechanical properties side by side, which generate a very sharp gradient [2, 6] and perhaps
not an ideal situation in some cases since the change in the material property is abrupt where it is

more likely to be more gradual in vivo.

In this current work, two substrate systems were utilized. First, multiple compliant
polydimethylsiloxane (PDMS) substrates with varying Young’s modulus were prepared on
coverslips. For a second set of system, a PDMS micromembrane-based substrate that has
multiple gradients of stiffness was fabricated in one device. Using these devices/substrates, HEK

cells’ response to the mechanical properties of the substrates was studied.

The rest of the thesis is organized as followed. In Chapter 2, the development of unconventional
micro/nanofabrication techniques based on nanospheres lithography, and thin PDMS membrane
are described. Chapter 3 discussed the preparation of compliant PDMS substrates and fabrication
of PDMS micromembrane devices in detail. The organization of focal adhesion,
hemidesmosomes complexes, and laminin-332 secretion, and by HEK on compliant PDMS
substrates and membrane device with multiple gradients of stiffness are discussed in Chapter 4.
Chapter 4 also discussed the migration and accumulation behavior of HEK. A brief conclusion

remark is presented in Chapter 5 and some future works are discussed in Chapter 6.
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Chapter 2 : Development of Unconventional Micro-

Nanofabrication Techniques

2.1. Introduction

As more and more research utilizing nano-microfabrication technologies are interdisciplinary,
the devices that one fabricate may not be possible using existing technology. An example of this
is the fabrication of microdevices used for biological experiments. In general, biological
experiments need to be carried out in liquid. As such, there are cases where one needs to
combine the traditional fabrication processes with nontraditional ones, either changes in
processes, or addition of one or more new materials. Beyond the technical issues, there is the
issue that since much of the equipment used in nano-microfabrication technology is either
extremely expensive, or needs to be operated in a cleanroom environment, and it is not always
easy for researchers to have access. More and more devices are being developed at nanometer
length scales, or nanofeatures are being integrated with microfeatures to make the device more
sensitive or effective. Many mainstream systems such as electron beam lithography, or
nanoimprint lithography [1] are either too expensive or unsuitable for mass production due to the
serial processing nature of the technology. As such, there is a great interest in developing new
non-traditional fabrication technologies that can be combined with traditional techniques.

In this chapter, two non-traditional nano-microfabrication techniques developed during the
course of this thesis work are described. The first technique used a self-assembled monolayer of
polystyrene micro/nanospheres as a mask to transfer nano and micropatterns to the substrates.

The second technique, called bond-detach lithography (BDL), used a polydimethylsilosane
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(PDMS) stamp to transfer patterns from the stamp to PDMS film coated substrate by

selectively removing materials from surfaces that are in contact with features on the stamp.

2.2. Fabrication of Nano/Micropatterns using Nanosphere
Lithography
2.2.1. Introduction
There is great interest in the capabilities to fabricate large arrays of nanofeatures. Simple features
such as circles and lines meet the required functions of many devices. Currently, the most
popular technique to make these features is to employ electron beam (e-beam) lithography.
However, e-beam lithography used in most educational institution has limitations at the moment,
since it can only write a limited number of features, and there is also a limit on how far the
sample stage can move. The latter limitation physically limits how big an area of the substrate
can be populated with the desired nanofeatures in one single run. On top of this, e-beam
lithography is a serial process, making the process tedious. To overcome some of these
limitations, many unconventional lithographic techniques, including nanoimprint lithography [1],
dip pen nanolithography (DPN) [71], and nanosphere lithography (NSL) [72, 73] have been
developed. NSL is an attractive alternate system for creating some nanostructures as it is fairly
simple, and very cheap compared to the others. One of the goals of this thesis research is to
establish methods to prepare substrates that are biocompatible and use nano-microfabrication
technology for probing cell mechanics at the nano-micro length scale. In the following sections,
a general fabrication process using microspheres as both the etching mask and the patterns to

create submicron/nano features is described.



34

2.2.2. Preparing microspheres coated substrate

In this work, 1.1gm diameter latex polystyrene microspheres are used. The microspheres,
suspended in water, were purchased from Duke Scientific Corporation. The microspheres can be
replaced by nanospheres if smaller features are desired. To use these microspheres for
nano/microfabricttion, they must be assembled on a substrate. First, the substrate was cleaned by
submerging it in piranha (3 to 1 ratio mixture of H,SO4 and 30% H,0O,) for 15 minutes followed
by a thorough rinsing with DI water. For the polystyrene spheres to spread and adhere to the
substrate’s surface, the surface must be hydrophilic. Thus, silicon substrates were used. To
further enhance the hydrophilicity of the surface, the piranha-cleaned substrate was further
treated by a 5:1:1 mixture of H,O, NH4OH and H,O, (30%) for 5 minutes, to enhance the
hydrophilicity [73]. Once the substrate was rinsed in DI water, it was kept fresh by keeping it
under DI water until it was needed. The sphere solution was then diluted with an equal volume of
ethanol and dispensed on a silicon substrate. Prior to dispensing the microsphere suspension, the
excess liquid from the substrate was removed by touching the edge of the substrate with a lint-
free paper. A drop of the diluted microsphere suspension is then dispensed on the substrates. 10-
15 pl of suspension was dispensed for each 1x1 cm’ of substrate area. The substrate was air-
dried. The substrate can be used at this stage or the spheres may be transferred to another
substrate. At this stage, multiple tightly packed islands of spheres along with many empty sites

(voids) were formed as shown in Figure 2-1.
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Figure 2-1: Nanospheres packing for NSL: (a) photograph of 1.1um diameter spheres packed on a 3 inch
silicon wafer, (b)-(c) SEM images of the substrate, and (d) a microscope image of the islands and voids (light

areas) on an edge of a transfer substrate

To transfer the spheres to another substrate, the monolayer was slowly immersed in a beaker of
deionized water. As the spheres touched the water, they separated from the substrate and floated
on the surface of the water, aggregating together to form a larger area of microspheres
monolayer. A new substrate was then dipped slowly into the beaker, attracting the film of
spheres due to surface tension. The substrate was then slowly pulled up along with the spheres.
The spheres were thus lifted off the water and air-dried on the final substrate. The substrate at
this stage had multiple tightly packed islands separated by grain-boundary like defects [Figure
2-1 (b)]. The final substrate could be plain silicon, silicon nitride coated substrate or others such

as silicon on insulator (SOI) or glass.
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2.2.3. Transferring nano/micropatterns using the microspheres layer as a
physical mask
A monolayer of polystyrene microspheres assembled on a substrate can be exploited in two
different ways. Firstly, the monolayer can be used directly as a mask for reactive ion etching
[74]. Secondly, the spheres can be used as tightly assembled circular patterns, more specifically
as shadow mask. In both cases, the interstitial gaps are crucial as they allow the ions or metal

particles to travel through to the substrate for the desired patterns to be transferred.

2.2.3.1. Microspheres as reacting ion etching mask

To use the spheres as an etching mask for reactive ion etching (STS 340, Surface Technology
System), the substrates with assembled spheres were etched without any further processing after
the monolayer had dried on the substrate. Many different nanofeatures can be obtained by this
technique. By exposing the substrate to SF¢ + O, plasma, nano-triangles shown in Figure 2.2 (a)
were obtained. Each nanotriangle is defined by the interstitial gap defined by three neighboring

spheres. If desired, smaller triangles could be obtained by using smaller spheres.

By changing the gas and or other parameters such as the etch time, cylindrical nano-pillars,
Figure 2.2(b), and nano-cones/pillars, Figure 2.2(c), could be obtained. The cones have six sides
since each sphere has six neighboring spheres. While anisotropic etching during the RIE process
results in cylindrical nano-pillars, coned structures rely on isotropic etching [75]. The cone
structures result from the top of the substrate being exposed to lateral etching for a longer time

than the base. Typically, CF4 + O, plasma was used for cylindrical pillar fabrication and SF¢+ O,
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plasma for conical pillars. It was possible to fabricate cones with very sharp tips (a few
nanometers in radius of curvature). By using a silicon nitride coated substrate, other structures,
such as conical structures with circular nitride caps could be obtained as shown in Figure 2.2(d).
This was possible due to different etching rates between the two materials in the RIE [76], and
also because of the difference in exposed surface area. In this case, the nitride layer was
protected from direct ion bombardment from the RIE machine and the undercutting was done to
the base silicon surface. In all of these cases, the spheres act as stencil mask. The spheres were

removed from the surface of the substrate by sonicating the substrate in ethanol.

Figure 2-2: SEM images of nanofeatures obtained by using the microspheres as etching mask: (a) Nano-
triangle (b) Nano-pillars (c) Coned silicon nano-pillars and (d) Coned silicon nano-pillars with silicon nitride

caps.
2.2.3.2. Microspheres as a shadow mask
To generate the circular patterns projected by the spheres, a metallic mask was first deposited on
a spheres-masked substrate using an electron beam evaporation system (NCR 3117, Varian).
Others have used this as a way to fabricate nanofeatures [72, 73, 77, 78] using directional

deposition of the metal. In the current technique, the samples were rotated during the metal



38
deposition to obtain a conformal coating. This way, the metal particles were able to travel
under the spheres, leaving only a small area that was unmasked under each sphere. The spheres
in this process, act as a shadow mask [79]. The final features, exposed silicon of circular
patterns, were smaller than the initial diameter of the spheres. For the 1.1um diameter spheres,
200-300 nm diameter circular features were achieved. It should be possible to further reduce this
size by depositing a thicker metallic mask. After the metallic mask deposition, the spheres were
removed by sonication in an ethanol. The patterns could then be transferred to the substrate by
RIE. If a chromium or gold mask was used, wet etching with KOH for a short time can also be

performed on the substrate.

Figure 2-3: SEM images of (a) Microspheres coated with aluminum (b) Note the rings formed under the
spheres by the metal deposition. The patterns inside the rings are the exposed silicon substrate (c) a pre-
trenched substrate after metal deposition. The darker area in each circular pattern is the bare silicon. Also

note the reduced diameter of the sphere, half of which is covered by the metal.

By combining the two uses of microspheres mentioned above, some interesting mechanical
structures can be realized, as shown in Figure 2-3(c). In this case, the spheres-masked substrate
was first etched for a short time with CF4 + O, plasma to obtain a network of shallow trenches.

At the same time these trenches are created, the oxygen plasma reduced the size of the spheres,
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making each sphere an isolated feature. Once the metallic mask was deposited as described
above, the substrate shown in Figure 2-3(c) was obtained. Since the size of the spheres was
already reduced, the final resulting pattern, the uncoated silicon, became smaller than it would be

if there were no pre-etching.

One feature that can be obtained using the micro/nanosphere mask, is an array of sub-micron
wells, described in detail in the following section. Other features fabricated using this method
include sharp silicon tips in a hexagonal array (Figure 2-4a) and a suspended porous metallic
membrane (Figure 2-4b). The silicon tips were obtained by etching the exposed silicon with an
isotropic recipe, SF¢ + O,, using RIE. Initially, an array of sub-micron size wells was obtained.
Upon over-etching, the lateral etching thins the separation between the adjacent wells, eventually
causing the walls to be completely etched away. Since the separations between the microwells
were greatest at the initial interstitial gaps in this processes, the high aspect ratio silicon
pillars/tips remained on those sites. By etching the substrate longer until the sharp tips are gone,
the metallic mask could be suspended, shown in Figure 2-4b, making a porous metallic
membrane. The porous metallic membrane could be flat (Figure 2-4b), or with raised patterns
(Figure 2-5) by using a pre-trenched substrate. The porous membrane can also be fabricated
using silicon nitride, silicon dioxide, or silicon. As seen in Figure 2-4b, there are tips still present
at the interstitial sites, under the metallic membrane. The tips are shaped by three curve surfaces

since three neighboring spheres define them. These tips can be completely removed if desired.
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Figure 2-4: SEM images of (a) Nano pillars (metal mask not yet removed) in hexagonal array obtained by

etching circular patterns obtained by the metallic mask deposition using micro/nanosphere shadow mask, (b)

Suspended metallic membrane with submicron pores.

Figure 2-5: SEM images of (a) Top and (b) slanted view of RIE etching of the exposed silicon on a pre-
trenched substrate masked with aluminum. The walls between the patterns are starting to open up in the

image shown.

2.2.4. Preparing micro/nanospheres with integrated nanofeatures

It is possible to convert the smooth micro/nanospheres into those that are covered with even
smaller nanofeatures by exposing them in Ar + O, plasma in a RIE chamber. The surfaces of the
spheres were modified as shown. Instead of a smooth surface, the exposed spheres surfaces were

covered by 50-80 nm diameter nanoparticles (Figure 2-6).
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Figure 2-6: SEM image of nanoparticles on microspheres obtained by etching the spheres with  Ar + O,

plasma.

2.2.5. Application of NSL in fabricating a membrane-based
superhydrophobic surface

Nano-micron patterns obtained by NSL have been used in many different applications including

Raman spectral based biosensors [80, 81]. Here, a fabrication of submicron wells using the

spheres as shadow mask was explored. The submicron wells were then used in preparing

superhydrophobic PDMS substrates. The super-hydrophobic surfaces may be used in surface

tension based on-chip liquid manipulation [82-91]. A schematic of the process flow along with

some SEM images depicting some of these steps are shown in Figure 2-7.

First, the microspheres assembly on a silicon substrate was carried out as described above, and
the monolayer was allowed to dry in air (step 1). The spheres’ diameter was shrunken and a
network of shallow trenches was etched (step 2) in the same process with CF4 +O; plasma using
RIE. It should be noted that high power RF can also contribute to sphere shrinkage. After the
initial RIE process, an aluminum mask was deposited (step 3) conformally using an e-beam

metal deposition system. The conformal coating was attained by rotating the substrate holder
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during deposition. The spheres were then removed (step 4) by sonicating the substrates in
ethanol, rinsed with DI water and dried. The patterns were then transferred to the substrate (step
5) using RIE. The metallic mask was then removed by wet etching (Step 7). A thin layer of
adhesion reduction agent, 10% dodecyl sodium sulfate, was spun and dried on the substrate (Step

8). The substrate could be coated with silicon nitride or silicon oxide prior to depositing the

adhesion reduction layer to reduce the size of the wells.

OO0 ;

1.

Figure 2-7: Schematic of fabrication steps for double roughened PDMS structure using NSL and SEM
images representing some of the fabrication steps (corresponding fabrication step number is shown on each

image).

To form a roughened superhydropobic surface, a thin PDMS membrane was spin-coated and
cured on the substrate that was coated with an adhesion reduction layer (Step 9). A prefabricated
PDMS structure having the primary roughness (micron size pillars) and the membrane were

treated with oxygen plasma and bonded together (Step 10). The permanent bonding was formed
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between the two PDMS parts, creating a structure that had both the micron roughness and the
nano roughness (membrane). The device was then carefully peeled from the silicon mold (Step
11). The bottom left (with inset) and bottom right of Figure 2-7 show a roughened membrane
suspended on pillars and over a groove, respectively. As apparent from the images, the
membrane suspension was not very successful due to the inadequacy of the adhesion reduction

layer. The improved fabrication technique is discussed in detail in Chapter 3.

To test the hydrophobicity of the replicated PDMS membrane surfaces obtained with the above
fabrication technique, a droplet of water was placed on the membrane that had the integrated
submicron patterns. A goniometer (AST Products Inc., VCA Optima XE, Boston, MA) was used
to take the contact angle measurement. The contact angle of water on a roughened PDMS
membrane replica was measured to be 140.3°, see Figure 2-8. It should be noted that the pillars
on the membrane were not well defined, yet the contact angle was increased by 27° on this
roughened surface compare to a flat PDMS (Figure 2-8) on which the contact angle of water was

113°.

|
6.°=140.3°

Figure 2-8: Contact angle of water on (a) flat PDMS and (b) thin membrane with submicron pillars (~850nm
diameter)

For membranes with proper roughness prepared by NSL, and assuming perfect packing of the

spheres (see Figure 2-9) for theoretical calculation, the wetted (Wenzel’s theory) [83, 85] and
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composite (Cassie’s theory) [84, 85] contact angles for cylindrical pillars can be written in

terms of the geometry of the surface [88] as:

Zﬂdl_! jcos 0, Equation 2.1
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respectively, where D is the initial spheres diameter, d is the diameter of the PDMS pillar replica,
and H is the height of the pillars. Conservatively assuming the pillar height to be 0.6 x#m, which
should be attainable with most RIE systems using 1.1xm diameter spheres as masks, the critical
point for a robust super-hydrophobic surface [88] will be attained if the pillar diameter is around
0.64m. At this critical point, the wetted and composite contact angles are equal to each other. For
the above parameters, the critical point contact angle is ~147.50°. The contact angle of 140.3°

with the imperfect sample shown above was already very close to achieving this.

—— —

Figure 2-9: Schematic showing the geometry of roughened PDMS structure fabricated by NSL
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2.2.6. Conclusion
In this section, the usefulness of a monolayer of polystyrene nano/microspheres in generating
nano/micropatterns was demonstrated. Many of the fabricated structures have diverse
applications. The porous membranes can be optimized and used for nanofiltration systems or
cellular substrates to study the interaction of two different cell types where each type is cultured
on opposite sides of the membrane to limit the interaction to occur through the nanopores. The
submicron/nanowells may also be used as a master to replicate an elastic master. The master may
then be may be manipulated mechanically, similar to Genzer, et al. [47], to change the spatial
location in one direction so as to generate with a gradient of stiffness (See Chapter 3). The
hexagonally arranged nanopillars array may also be used as the sites for nanotube growth, or as a
mold to fabricate dissolvable polymeric nanoneedles for transdermal drug delivery [75].
Fabrication processes for micro/nano integrated roughened superhydrophobic PDMS surfaces
were described in detailed as an example application, and in the process, the usefulness of NSL
in overcoming the shortcomings of other lithography systems was demonstrated. Much
improvement has been achieved in preparing the silicon mold fabrication (see step 7 in Figure
2-7) since the PDMS replicas were made. By actuating the membrane on the primary pillar
structures, there by creating a double roughened surface, it is expected that a contact angle
exceeding that of a lotus leaf [82, 85] can be achieved. The fabricated superhydrophobic
roughened surface further improves the possibility of realizing roughness induced droplet

transportation [63, 91].
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2.3. Bond-Detach Lithography (BDL) for nano/microfabrication

2.3.1. Introduction

As the name suggests, the technique is based on bonding of two parts, followed by detaching to
selectively create the patterns. It is based on bonding a PDMS stamp that has predefined
nano/microfeatures to a PDMS film formed on a substrate. Once the master mold is obtained, the
technique can be used in fabricating nano/microfeatures without needing the use of lithography
equipment. Lithography is only used during the preparation of the master mold. One can then
replicate the features of a master mold many times before needing to replace the mold. In fact,
the stamp itself can be used to fabricate a master mold by making the negative of the stamp first.
The stamps can be used multiple times, depending on the feature size. As the features get smaller
the stamp needs to be changed more frequently as PDMS membrane will be building up on the
stamp. The technique provides a very inexpensive way of nano/micropatterning where access to

the traditional lithography equipments, is unavailable.

It is very time consuming to build devices that integrate both the nano and micro length scale
features. Typically, one would fabricate the different length scale features separately, which
requires a difficult alignment. Many times, the process is too difficult as repeated resist spinning,
baking, patterning, and removing needs to be done for each set of features. If one resorts to e-
beam lithography and optical lithography, which are the most common combination in academic
setting, to do such a task, the devices have to be processed one at a time due to the serial
processing in the e-beam lithography system. Similar to nanoimprint lithography [70], BDL

requires only one master mold, from which multiple samples can be processed very quickly. The
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master may be fabricated using a combination of multiple lithography equipments and

multiple length scale. Once the master is fabricated it can last a very long time.

Not only is the technique cheap, it can also be used to fabricate critical features such as selective
protection/exposure of a device. The technique is an extension of the “dry-removal soft
lithography” technique [118] where patterned PDMS stamps are used to selectively remove part
of the anodically etched porous silicon to generate the patterns. In “dry-removal soft
lithography”, the surface of the pattern is very rough since the material patterned is porous. With
BDL technique PDMS film is used as the “resist.” Since PDMS is widely used in research for
many different applications including micro/nanofluidics  [92], insulation or
micro/nanoelectromechanical (MEMS/NEMS) devices [93], and soft lithography [94-109].
PDMS is also biocompatible [110]. The ability to pattern PDMS reliably in the form of both
thick substrates and thin membranes/films is expected to lead to expanding the scope of its

applications.

Other methods of PDMS patterning have been reported in the literature. The simplest form of
patterned PDMS is a perforated membrane which was accomplished by spin-coating PDMS on a
substrate with predefined photoresist posts [111]. Ryu, et al. [112] reported patterning PDMS by
pouring it on a substrate with predefined patterns and removing the excess PDMS by traversing
it with a blade. The process produced PDMS structures with concave profiles. Moreover, the
operation of the blade traversing the photoresist can destroy the patterns. Pawlowski, et al. [113]

used a similar method to create a PDMS mask that was used to fabricate glass structures by
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powder blasting. Garra, et al. [114] also attempted to pattern PDMS by both wet chemical
etching and dry (plasma) etching, but the patterned PDMS had a very high surface roughness that
is likely to prevent its use for some applications. Childs, et al. [115] developed “decal transfer
microlithography (DTM)” where patterned PDMS is added to a substrate (an additive method).
The cohesive mechanical failure patterning process in DTM is achieved by bonding a patterned
PDMS mold to the substrate and peeling it until the mold is torn and the patterns are left behind.
This technique is reliable only for smaller features and the torn surface is very rough. In selective
pattern release, an alternate procedure to DTM, the PDMS is spin-coated on a master, followed
by a surface treatment to create a nonstick surface. The support PDMS layer is then cast on the
pattern and cured. The pattern is removed from the master and bonded to a substrate. The handle
PDMS is then peeled off, leaving behind the patterned PDMS. In the DTM technique, the PDMS
patterning is achieved by a molding process and has to be done each time the pattern is
transferred. Decal transfer lithography has been used for patterning non-planar substrates [116]

and for large area patterning of coinage thin metal films [117].

2.3.2. Forming ultra thin PDMS film

Sylgard 184, a two-part elastomer from Dow Corning Corporation, was used in all the processes
reported in this thesis. The first step of BDL requires the formation of a PDMS membrane with
the desired thickness. To make a thin PDMS film, the PDMS (10:1 ratio of elastomer to curing
agent) was first diluted by weight in hexane. Dilution ratio is given by the content of hexane in
the solution, e.g. 10:1 dilution indicates 10 g hexane and 1 g mixed PDMS. The dilution level

was varied according to the desired membrane thickness. The diluted PDMS solution was spin-
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coated on the substrates using a spin coater (PMW101, Headway Research), and cured on a
hot plate (TP781, Sigma Systems) for 15 minutes at 95°C. The spin-coating parameters (6000
RPM, duration of 150 seconds) were kept constant for all samples. The thickness of the
membrane was determined by removing a portion of the membrane using BDL, and then

measuring the thickness with an AFM (MultiMode SPM; Digital Instruments) in contact mode.

Table 2-1: PDMS film thickness on 3 different types of substrates

Dilution Silicon Photoresist Teflon
ratio [nm] [nm] [nm]
5:1 NA 1250 [91 NA
10:1 NA 800 [91] NA
15:1 NA 500 [91] 800
20:1 375 NA 451
50:1 158 180 160
75:1 123 129 96

100:1 71 56 75

The film thickness on different substrates with multiple dilution ratios is shown in Table 2-1 and
Figure 2-10. The three types of substrates (diced to 1x1 cm?) used for the data presented in
Figure 2-10 were (a) (100)- P-Type silicon, (b) silicon wafer coated with Shipley 1818
photoresist, and (c) silicon wafer coated with Teflon® AF diluted with FC-77 Fluorinert (3M). In

all three cases, the membrane thickness decreases dramatically as the dilution ratio increases
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until it approached 20, after which the decrease in membrane thickness becomes gradual and

eventually leveled off at around 70 nm.
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Figure 2-10: PDMS film thickness on 3 different types of substrates for different dilution ratios with hexane.

2.3.3. Patterning PDMS film

The BDL fabrication process is shown in Figure 2-11. A thin PDMS film, ~50-100 nm thick, was
first spin-coated on a substrate (Step 1A). For the PDMS stamp, the master mold was fabricated
by patterning the desired features with photoresist (SU8, MicroChem Corp) on a silicon substrate
(Steps 1B-2B). Undiluted PDMS was poured on the substrate and spun at low speed (~500 RPM)
for a few seconds to obtain a ~300-500 um thick structure (Step 3B). After curing the PDMS
film and stamp on a hot plate for 15-60 minutes at 95°C, the stamp that had the desired final
PDMS film pattern was peeled from the substrate. The surfaces of the PDMS film and the stamp
were then treated with air plasma to make the surface more hydrophilic (Steps 2A, 4B).
Typically, the surfaces were treated with plasma for about 15 seconds at an RF power of ~70W.
The two parts were then bonded by placing an edge of the patterned side of the stamp on the film

and slowly lowering the stamp until the two surfaces formed contact (Step 5). The bonding
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process was found to be easier with a more flexible substrate, and thus the stamps were made
relatively thin. Placing a drop of ethanol on the membrane or structure was found to be an
affective means of ensuring good contact between the patterned structure and the film [111]. The
ethanol allowed the stamp to spread out due to the surface tension, and delayed bonding. The two
parts were bonded after the ethanol evaporated from the surface. This is especially useful for
nanoscale features in low density to ensure that (a) the patterns contact the film, and (b) the
mechanical force that tends to “press” the stamp is eliminated. Applying pressure on the stamp
usually causes the undesirable formation of larger contact areas and results in larger features than

are present on the designed patterns (Figure 2-13).

Membrane Fabrication Pattern Fabrication Nanopattern Fabrication by

KOH-etched substrate
~.ssm

»
.

02 Plasma 02 Plasma 3

EEEE R IR R ERRE I
4. I 48 L1 1T

L 1R

1 e 5.
5.
g”i’. 6.
6.
7. I

Figure 2-11: Process flow for the Bond-Detach Lithography technique. (The process flow for nanofeature

patterning using a KOH-etched substrate is also shown.)
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After a few minutes of bonding the two PDMS parts, the stamp was carefully peeled from the
substrate that had the PDMS film (Steps 6 and 7). If good adhesion between the PDMS film and
the stamp was achieved, the two parts became one solid piece. When the stamp was peeled, the
film was fractured and torn along the edges where there was no contact with the structure (Step
7). It is therefore easier to tear a thinner film and thus carry out patterning. However, it should be
noted that if the patterning is done directly on substrates that can form permanent bonding with
PDMS, such as silicon and silicon dioxide, and film is too thin, the bonding tends to become
permanent or so strong that the stamp cannot be peeled from the substrate without destroying
both the pattern and the structure. The detaching step should be done within a few minutes of the

bonding to prevent such permanent bonding.
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Figure 2-12: Optical images of several micropatterns of PDMS film achieved with BDL: (a) array of 511 um
diameter circles connected by 66 um wide lines, (b) array of 1 mm diameter circles (one shown here), (c)
array of 5.56 um diameter circles, (d) array of (pattern for) electrodes with 10 um gap between adjacent

electrodes, (e) lines leading to contact pads for the electrode pattern shown in d, and (f) serpentine-shaped
electrode pattern. The patterns are defined by the PDMS film left behind for (a-c) while the patterns are

defined by the removed PDMS film for (d-f).

Features were fabricated to demonstrate the BDL technique (See Figure 2-12 - Figure 2-16).

Optical lithography was used to prepare the molds for the micro patterns shown. The master for
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nanoscale features can be fabricated using other nanolithographic techniques such as e-beam
lithography. Initially, a simple KOH etch of a (100) silicon substrate and patterns generated by
nanosphere lithography [72, 73, 77] was used. A wafer with a prefabricated array of circular
nanoscale features was also employed. A silicon nanoimprint mold with an array of line features
having widths ranging from 80 nm to 3 pm was also purchased from NTT Advanced Technology

Corporation, Japan.

For the KOH-etched substrate samples, the patterns were first generated using standard optical
lithography on a silicon nitride (using LPCVD) coated 3" p-type Si (100) wafer. After removing
the silicon nitride pattern by reactive ion etching, the substrates were etched in KOH, which
created inverted nanofeatures (pits, some were elongated lines) defined by the <111> surfaces
with the <100> surface as the floor. PDMS was then poured and cured (See Figure 2-11). For the
NSL molds used to replicate the circular nano patterns, the fabrication process is detailed in
section 2.2. Polystyrene microspheres with a 1.1 pm diameter were used in this process to obtain

features on the order of a few hundred nanometers.

For the PDMS stamp replicated with a KOH-etched substrate, the nanoscale features were much
more flexible than the support structure since the aspect ratio (tapered) of the nanofeatures was
very large and the features were too far apart. The patterns on the PDMS stamps were
approximately 250 nm (acquired SEM images, not shown). The initial mask had 10 pm wide
lines and circular patterns with 6 um diameter. Because the structures were tall and far apart,

they collapsed during the bonding process, increasing the contact area between the film and
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substrate. This resulted in the final patterns being larger than the designed patterns (Figure
2-13). In general, the high-density features should have low aspect ratios to ensure mechanical
integrity of the structure, so that the film is torn rather than the features on the patterned
structure, and to avoid collapse of the features. Low-density features, on the other hand, should

have high aspect ratio to avoid the “snap-down” due to the surface tension force [122, 123].
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Figure 2-13: AFM scans of patterned PDMS film obtained using PDMS replicas from KOH-etched substrate.
The transferred patterns shown on the films are larger than those on the master mold due to the increase of
contact area resulting from the lateral collapse of the features during the bonding process. The feature size on
the master PDMS structures for the diameter of the circles (left image) and width of the lines (right image)

were approximately 250 nm.
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Figure 2-14: AFM scan of nanofeatures obtained by patterning the film with a PDMS replica of a substrate
prepared by nanosphere Iithography.[35] (a) A magnified view from (b) with the corresponding profile. White
spots in (b) are patterns that were not detached successfully due to the roughness of the surface of the

structural mold/stamp (AFM, picture not shown).

Since BDL relies on bonding between the PDMS film and the patterned stamp, it is critical for
the mold surface to be smooth. The individual features should have smooth, continuous surfaces,
and all features should be in the same plane if they are to be transferred to one surface. When the
surfaces of the features are flat and have good contact with the film, the patterns can be
transferred successfully as shown in Figure 2-14 and Figure 2-15. Figure 2-14a shows a
magnified view with the profile of an area from Figure 2-14b. The smallest feature in Figure
2-14 is ~350 nm. As apparent from the image, only features that had good contact with the
membrane transferred the patterns. The irregular features on the films are due to defects present
on the stamp, which are formed by a cluster of three or four features. Figure 2-15 shows a 100

nm thick PDMS film patterned using a replica of a silicon nanoimprint mold (NTT Corp.) with
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line features ranging from 80 nm to 3 pm. Features down to 80 nm were successfully
transferred using this mold as shown in Figure 5. These feature sizes are comparable with that of
many nontraditional lithographic techniques [94-109]. The larger features, 1um and 3um lines,
failed during experiments because the PDMS stamp collapsed (“roof collapse™) on the film.
Some smaller patterns, 80-500 nm lines, also failed due to lateral collapse. If a mold is designed
so that the stamp does not collapse, BDL should be a reliable, wafer-level nanopattern transfer
technique. A so-called “hard PDMS” has already been developed to improve the resolution of
features on the PDMS stamp, and it was also shown to eliminate roof and lateral collapses in soft
lithographic processes [97, 123]. With the “hard PDMS” stamp, one can expect to eliminate the
patterning failures and also minimize defects since the features will be defined with higher

resolution.

®
Figure 2-15: SEM images of nanofeatures patterned on silicon substrate with replica of commercially

obtained mold: (a) 300 nm (b) 100 nm and (c) 80 nm lines
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2.3.4. Nanofeatures generated by adhesion failure between PDMS stamp
and membrane

When the surface on the stamp is not flat and good contact with the film is not achieved, the film
cannot be successfully patterned. Instead of obtaining the intended features, raised patterns
(nanobumps) were obtained as shown in the SEM images in Figure 2-16. The white spots from
Figure 2-14b are also nanobumps. The height of the nanobumps is usually around 130 nm (AFM
data, not shown). SEM images are shown in Figure 2-17 of the PDMS stamps used to obtain the
patterns in Figure 2-16. It seems likely that the nanobumps were created when the film was
stretched and started to delaminate from the substrate but adhesion between the film and
structure failed before the film was torn. This patterning “failure,” however, can be thought of as
a different patterning mechanism to achieve nanoscale features. It is in fact related to the soft
molding technique [99, 100]. In the soft molding process, part of the wet film that patterned
structure contacts are removed, whereas in our method the contacted parts have raised features.
By tailoring parameters such as RF power, exposure time, gas flow rate during the plasma
treatment, and time before the PDMS film and stamp are brought into contact, one can likely

ensure failure of the adhesion rather than the tearing of the film as occurs in BDL.



58

Figure 2-16: SEM images of nanobumps obtained due to the weak bonding of the PDMS stamps to the
PDMS film. (a) Pattern from an NSL mold replica and (b) pattern from a replica of prefabricated substrate.

(Both samples were tilted during imaging.)

Figure 2-17: SEM images of PDMS replica from (a) substrate prepared by NSL (with Au coating), and (b)

prefabricated substrate used to make nanobumps. (Both samples were tilted during imaging.)

2.3.5. Pattern transfer by microfabrication processes

2.3.5.1. Pattern transfer by reactive ion etching (dry etching)

If BDL is to become a viable lithography technique, it should allow the transfer of patterns onto
the base substrate. This was tested by first etching the silicon substrate, already patterned with
PDMS features, with RIE. CF4+O; plasma was used for the patterns shown in Figure 2-18. The
PDMS patterns acted as the etching masks in this case. The PDMS membrane is also etched by
CF4+0; plasma but at a much slower rate compare to the silicon. Just as in traditional

lithography, the remaining resist needs to be removed. Depending on what kind of patterns were
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transferred, the remaining PDMS film may be removed by polishing, BDL with a new
featureless stamp, or by using commercially available solvents such as Dynasolve 220 (Dynaloy
Inc) [124] for removing PDMS and other silicones. The light spots on the protected portion of
the pattern in Figure 2-18a were due to the particles present on the film during the spin-coating.
By carefully measuring the thickness of the PDMS film and the etch rate of the film by the RIE,
a range of allowable etch times can be defined. The nanobumps obtained from the failed
adhesion were also transferred to the base substrate by RIE etching. The pattern of bumps
obtained by etching in CF4+O; plasma is shown in Figure 2-18c. A more controlled (timed)
etching will improve (preserve) the shapes of these features. More importantly, the fact that the
nanobumps can be transferred suggests that the PDMS film is thicker where the bumps are, or
that the etch rate is slower above the bumps. This allows one to transfer the projected surface
features (circles for example) if the patterning is done on a metal-coated substrate. Chromium
and aluminum, for example, may be used as the etch stop for CF4+0O; plasma. The exposed Cr or

Al film could then be removed by their respective etching solutions. (See section 2.3.5.)

2.3.5.2. Pattern transfer by wet chemical etching

For the second pattern transfer process, the PDMS film was formed on a Cr/Au (15/30 nm)-
coated silicon substrate. The metallic layers were deposited using an electron beam evaporator.
After generating microfeatures using BDL, the exposed metal layers were removed by
appropriate etching solutions. The adhesion of the film edge to the surface was visually checked
under a light microscope after removing each metal layer . Only a very slight under-etching

occurs after 1 minute of etching for each metal (Figure 2-19). This process seems to be an ideal
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way to transfer the patterns since the metal layer can act as electrodes and also as an etch mask

for RIE. To obtain features with well-defined edges, the film should be very thin since it is easier

to tear compared to the thicker film.

Loonge: 4562 o

-ranga: 1.0 frm

“0gaT

Fawnge 157 [merf

Figure 2-18: Pattern transfer to silicon substrate by RIE process: (a) optical profile image of electrode
pattern and (b) step height profile of a. (c) SEM image of nanobumps in hexagonal array obtained from mold

fabricated by nanosphere lithography.

Figure 2-19: BDL pattern transfer by etching metal: Optical profile images of (a) after the PDMS is

patterned (b) after the Cr layer is etched, and (c) after removing the PDMS by light mechanical polishing.
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Figure 2-20: Wafer level pattern transfer on Cr/Au coated substrate: (a) photograph of before, and after
etching (inset) of Au layer on a 3” wafer and (b) light microscope image of a magnified view from the same

substrate (PDMS not yet removed).

2.3.6. Conclusion

This new “Bond-Detach Lithography” method based on bonding and detaching PDMS can be
used to generate both micro and nano scale features. It can be a cheap and quick alternative to
other lithographic techniques. Each patterning cycle takes only a few minutes and the stamp may
be used multiple times, depending on feature size. Unlike many nontraditional lithography
techniques, the BDL technique does not require external forces such as electrostatic force, heat,
pressure or complicated surface treatment, and one does not have to worry about smudging the
“ink”. BDL is a parallel process, and wafer level pattern transfer can be achieved as
demonstrated in Figure 2-20. Since the patterned stamp is flexible, pattern transfer on curved
surfaces or uneven surfaces may be possible, as was demonstrated for microcontact lithography
[101, 102]. Beside the lithographic technique, BDL has many other potential applications such as
the fabrication of spacers or adhesives, electrical insulation for devices that are designed for use
in liquid or moist environments, and adhesion or cells growth sites for biological studies. O-
rings, seals and other such micro mechanical components can also be easily formed with BDL

for other applications.
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Chapter 3 : Compliant PDMS substrates and freely suspend

PDMS micromembrane devices

3.1. Introduction

Historically, studies on cells have been carried out on hard substrates such as glass coverslips or
polycarbonate petri dishes. However, in most cases such environments are not reflective of the
natural conditions in which cells function. With the development of polymeric materials such as
PDMS and acrylamide, more physiologically relevant studies on cells can be done. Most of the
recent cell-substrate interaction and cell mechanics studies reported used PDMS or acrylamide
gel set on a solid substrate [1-16] for two-dimensional studies of cells. The Young’s modulus of
the acrylamide gel substrate can range from a few (~1) kPa to a few hundreds (300) kPa where
PDMS can be processed to have a Young’s modulus anywhere from ~1 kPa —2.5 MPa [69, 41,
69, 128, 141]. The Young’s modulus of many cells ranged from 470 Pa -15 kPa [49-55] (See
Table 3-1). Many human tissues have Young’s modulus in the range of 1 MPa — 5 MPa [16, 56-
61] (See Table 3-2). Based on these mechanical properties of the materials, PDMS seems to have
properties that can mimic a biological in vivo environment. Moreover, PDMS devices can be
easily fabricated using nano/microfabrication techniques. It has been widely adopted in
performing multiple experiments in many different fields of science. Most importantly for the
purpose of this thesis project, PDMS is biocompatible [110]. Thus, PDMS was chosen for this

cell-substrate interaction study.



63

Table 3-1: Elastic Young’s modulus of cells

Cell Type Young’s Modulus Ref:

"HUVEC  34-153  KPa 49
Human tenocyte (HTIF) 87-43 Pa 50
Cerebral endothelial cells (CEC) 0.9-38 kPa 51
Erythrocytes (Red blood cells) 27-90 kPa 52
Alveolar epithelial cells 470-910 Pa 53
Human foreskin epithelial cells (Young) 14 - 33 KPa 54
Human foreskin epithelial cell (Old) 37-110 kPa 54
Bladder epithelium cell (Normal) 7.5-9.5 kPa 55
Bladder epithelium cell (Cancerous) 03-1.0 kPa 55

3.2. Compliant PDMS substrates

The simplest soft substrate used to study the influence of a substrate’s mechanical properties on
cells is a PDMS substrate on a coverslip or culture dish. PDMS is prepared by mixing two
different parts, the primary prepolymer and the curing agent. For most applications, the
manufacturer recommends a 10:1 prepolymer to curing agent. It has been established that
changing the ratio of prepolymer to curing agent affects the elasticity of the substrate formed
upon curing [69]. On top of this, it is reported that the curing temperature of the mixed polymer

caused variations in the mechanical properties [141]. Thus there are two different important
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parameters that need to be tuned in order to get substrates that are comparable for all
experiments performed.

Table 3-2: Elastic Young’s modulus of various human tissues

Tissue Young’s Modulus Ref:

"Human Skin ~ 348-153  Mpa 56
Cancerous Skin 52 kPa 57
Breast (Fibrograndular) 1.8 kPa 58
Breast (ductile carcinoma) 12 kPa 58
Airway wall (Circumferential) 3 kPa 59
Airway wall (Axial) 9.3 kPa 59
Carotid artery (Normal) 0.28 kPa 60
Carotid artery* 0.44 kPa 60

* Spontaneous cervical artery dissection

Human gray matter 50 Pa 61
Bovine spinal cord 200 Pa 61
Thoratic aorta 1.0 MPa 16
Abdominal aorta 1.0 MPa 16
Iliac artery 3.0 MPa 16
Anterior cerebral artery 5.5 MPa 16

For this work, the PDMS mixing ratio of 10:1, 50:1, and 75:1 were chosen to cover a range of

Young’s modulus values. Typically, the two parts of the PDMS were weighed in a disposable
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plastic beaker (Fisher Scientific) and thoroughly mixed. All the processing steps were done in
a laminar flow cabinet (ESCO Technologies, Inc.). The mixed PDMS was then allowed to sit for
about 10- 15 minutes to eliminate the bubbles. Once the bubbles disappeared, the PDMS was
picked using a mixing spatula and a drop was placed on a previously cleaned coverslip (No.1,
130 — 170 pum thick) or in a 35 mm cell culture dish. In some cases glass bottom culture dishes
were used. The PDMS drop was then allowed to spread until it covered the whole surface on
which it was placed. Once that was accomplished, the substrates were transferred to an oven that
was preheated to 90°C. Typically, the lids of the culture dishes were taken off so that all samples
experienced the same heating condition. The samples were heated for 15 minutes after which

they were taken out and left at room temperature for overnight.

3.2.1. Cleaning coverslips for PDMS substrate preparation

The coveslips were meticulously cleaned prior to placing the PDMS droplet on it. First, the
coverslips were sonicated in ethanol for 30 minutes. They were then rinsed with fresh ethanol
and blow-dried with a stream of compressed N, gas. After the coverslips were dried, they were
exposed to O; plasma for 5 minutes on each side. The coverslips were then stored in a sterile

dish for later use.

3.2.2. Mechanical properties of PDMS substrates
As mentioned above, PDMS can have different Young’s modulus depending on the mixing ratio
and the processing temperature. As such, it is important that the mechanical properties of the

substrates are well characterized. Many research groups have characterized the Young’s modulus
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of PDMS and results from two groups are shown in Figure 3-1. The first set of data represents
PDMS cured at 90°C for 15 minutes [69] and the second set represents those cured at 60°C for
18-20 hours [41]. Using these experimental data, exponential fits were generated. Subsequently,
the Young’s modulus values of the PDMS substrates used in this work were estimated from the

exponential curve generated using PDMS cured at 90°C for 15 minutes, shown in Table 3-3.
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Figure 3-1: Young’s modulus of PDMS based on the mixing ratio of the base prepolymer to the curing agent
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Table 3-3: Young’s modulus of PDMS for selected base to curing mixing ratio

(Cured at 90°C 15 minutes)

Prepolymer to Curing ratio Young’s Modulus [kPa]

10:1 744
50:1 14.3
75:1 1.2

3.3. Freely suspended ultra-thin PDMS micromembrane devices

In the following, a fabrication process of PDMS membrane device is described. The membrane
device has multiple applications, including as substrates for cellular studies (See Chapter 4),
micropumps, microvalves, and as scaffold for integration of other mechanical components to
fabricate hybrid PDMS devices. Fabrication of the PDMS membrane devices involves
processing of multiple parts that are assembled together. The processes may be divided into two
groups based on the dimension of the membrane: devices with membrane thickness larger than
~500 nm with a diameter ranging from a few hundred micrometers to 2 mm, and membranes
with a thickness between 70 and 500 nm for smaller diameter membranes (of a few

micrometers), shown in Figure 3-2.

For the larger and thicker membrane devices, the steps related to making a perforated membrane
are unnecessary. In that case, the membrane can be directly bonded to the patterned PDMS
structure. Nano/micropatterns can also be incorporated onto either side of the PDMS membrane
by introducing the patterns on the mold (before curing — current work), or by directly imprinting

the patterns (during the curing of the flat membrane) [99, 133]. This is a case in which the NSL
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based nanopattern fabrication described in Chapter 2 can be used effectively. Both the top and
bottom surfaces of the large membranes are designed to be accessible for interaction with the
systems studied using these devices, and also for integrating other components or devices with
the system in future applications.
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Figure 3-2: Fabrication process for ultra-thin PDMS membrane

There are two techniques to make the membrane extremely flexible. First, the mixing ratio of the
polymer parts can be tuned to modulate the Young’s modulus. The thickness of the membrane,
however, can only be reduced down to ~3 pum [134] in the case of a pure PDMS solution.

Moreover, if the Young’s modulus is too low, it will be impossible to suspend the membrane.
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The second option is to dilute PDMS with a solvent so that the solution becomes less viscous,
allowing a thinner membrane. In this study, PDMS was diluted with hexane. This allowed the
formation of membranes as thin as ~70 nm. Unless stated otherwise, a PDMS pre-polymer to
curing agent ratio of 10:1 was used in all sample preparations in this project. The membrane
thickness as a function of the ratio of dilution of PDMS is shown in Figure 2.10. An AFM
(MultiMode SPM; Digital Instruments) or optical profilometer (MicroXam, Phase Shift
Technology) was used to measure the film thickness. In the following, the details of the

fabrication process are described.

3.3.1. PDMS base fabrication

The PDMS base is a substrate on which the membrane is suspended. It has a circular or
rectangular through hole, that is the shape of the desired membrane. For membranes with a
lateral dimension of 100 um or larger, a ~500 um thick SU8-2100 photoresist was first patterned
to the desired size and shape of the membrane on a silicon substrate (Step 1A-2A). The patterned
SU8 was hard baked at 130°C for 60 minutes. Undiluted PDMS was then spin-coated (PMW101,
Headway Research) at around 500 RPM to barely cover the SU8 pillars (Step 3A). After curing
the PDMS on a hotplate at 90°C for 15 minutes, the patterned PDMS film was peeled from the
master and cut into individual pieces. Due to the hydrophobicity of the SU8, the PDMS meniscus
was formed around the edge of the pillar, resulting a curved membrane was formed over the SUS
structure. The membranes formed over the SU8 structures were removed by peeling them off
with tweezers under a microscope (Step 6B, this can also be done after bonding as well but needs
to be done more carefully). The patterned PDMS surface that was formed against the silicon

surface, was used for suspending the membrane.
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3.3.2. Thin membrane bonding and surface treatment
To suspend a thin PDMS membrane without breaking it, the silicon substrate was first coated
with diluted Teflon® solution as an adhesion reduction layer. Teflon® AF, amorphous
fluoropolymer resin in solution was purchased from Dupont, Inc. Fluorinert electronic liquid
(FC-77) from 3M company was used to dilute the Teflon®. A dilution of 2:1 FC-77 to Teflon®
was used. After curing the Teflon® coating at 120°C for 60 minutes, diluted PDMS solution was
spin-coated (Step 1C); hexane to PDMS dilution ratios (by weight) of 15:1 and 75:1 were used
for ~490 nm and 100 nm thick membranes respectively. The membrane was then cured on a
hotplate at 90°C for 15 minutes, and then treated with air plasma (Step 2C). At the same time the
structure from the previous step (base PDMS with an opening or the perforated membrane) was
also treated with air plasma to make the surfaces hydrophilic for the bonding process. The RF
power of the plasma was kept approximately 70 W and the pieces were exposed to the plasma
for 10 seconds. The two treated surfaces were then bonded (Step 3C). After peeling the bonded
PDMS part from the silicon substrate, a freely suspended membrane over all the holes on the
base PDMS structure was obtained (Step 4C). Optical images of suspended PDMS membranes

are shown in Figure 3-3.
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Figure 3-3: Optical images of membrane devices with different diameters (a) 315 pm (b) 488 um (c) 723 um

(d) 491 pm. Membranes (a-c) are 492 nm thick while (d) is 3 um* thick. (* Undiluted PDMS)

3.3.3. Fabrication of silicon base and device assembly

In most applications, the PDMS devices will interface with other components, likely, made of
silicon or glass. Here, silicon was used due to the need to have a through hole to supply air or
other media during testing. The silicon base for this device served two purposes: (a) it prevented
the deflection of the PDMS base, and (b) it allowed the membrane to be handled more easily. To
fabricate a silicon base with a circular through hole, first, a silicon nitride layer was grown (Step
ID) on a (100) silicon substrate using a low pressure chemical vapor deposition (LPCVD)
furnace (BLUE, Process Technology Ltd.). The backside of the substrate was lithographically
patterned to open large windows for KOH etching (Step 2D). These backside openings were
designed to be much larger than the through-holes so as to not block light during characterization
with an optical profilometer. The exposed silicon was etched in a KOH bath at 95°C until only a
membrane with a thickness of approximately 50 um remains (Step 3D). Circular patterns, a little

larger than the PDMS membranes, were then opened from the front side using reactive ion
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etching (STS 340; Surface Technology Systems) after lithographically defining them (Step
4D). A hard baked Shipley 1818 photoresist was used as the etch mask the silicon nitride layer
and a 200 nm thick chromium mask (deposited using e-beam evaporator) was used for the silicon
membrane. After the silicon was etched through, the nitride layer was removed by dipping the
substrate in concentrated hydrofluoric acid (Step 5D). The PDMS device was then bonded to the
base silicon substrate (Step 6D). Since the membrane has to be aligned to the opening of the base
silicon substrate, a drop of ethanol was placed on the silicon before the two parts were brought
together. The PDMS device was then manipulated under an optical microscope to align the
membrane with the opening of the silicon base. Once the ethanol evaporated, a strong bond
formed between the two parts. If a permanent bond was desired, the two surfaces were treated
with air plasma before bonding. A thick PDMS structure with a ~5 mm diameter through-hole
was then placed on the PDMS side of the device, aligning the structure hole with the membrane.

This thick PDMS structure served as a seal for the liquid chamber during experiments.

3.3.4. Membrane with integrated patterns

3.3.4.1. Integration of patterns on top of the membrane

Pattern integration on the PDMS membrane is important since it provides a means to customize
the membrane device. The patterns may be used, for example, as adhesion or growth sites for
cells [135, 136] or as a membrane deflection readout system [137]. To integrate
micro/nanopatterns on topside of the membrane, photoresist patterns were first created on a
silicon substrate. The substrate was coated with diluted Teflon® AF solution, (tridecafluoro-

1,1,2,2-tetrahydrooctyl) trichlorosilane (TFOTS, Gelest), or a very thin layer of parylene
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(Parylene-C using PDS 2010 coater; Specialty Coating Systems) as an adhesion reduction
layer. Diluted PDMS solution was then spin-coated to form a membrane on the substrate. When
the patterned area of the membrane was suspended on another PDMS structure with an opening,

a membrane with integrated micro/nano patterns was obtained (see Figure 3-4).

Figure 3-4. PDMS membrane with integrated patterns. (a, b) Patterns on top of suspended PDMS membrane
(after suspension) and (c) Line patterns and (d) Dot patterns on the backside of the membrane (before

suspension).

3.3.4.2. Integration of patterns on the backside of the membrane by Soft molding

It is possible to flip over the membrane with the patterns described above so that the patterns
were on the back of the membrane. It is, however, often necessary to directly suspend the
patterns on the desired (e.g., back) side. Figure 3-5 shows the process of pattern integration on a
flat membrane. First, the PDMS membrane was spin-coated to the desired thickness on a
substrate coated with an adhesion reduction layer. A prefabricated mold (hard or soft) was then
placed on the PDMS membrane and pressure was applied, causing the mold to displace and
penetrate the uncured PDMS. The membrane, with the mold and the load intact, was then heated

to fully cure it. This imprinting pattern transfer technique is referred to as soft molding [99, 133].
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Excessive pressure can cause penetration through the film, so an appropriate pressure must be
selected. Alternatively, a height difference between the patterns and the base substrate (as
represented in Figure 3-5) can be introduced to ensure that the membrane is not penetrated

through. Figure 3-4 (¢ and d) shows 3 um lines and dots patterns created using this technique.
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Figure 3-5. Pattern integration on PDMS membrane by soft-molding or imprinting.

3.3.5. Membrane Patterning by Micro-Die Cutting Technique

Patterning the PDMS membrane has many potential applications. In this subsection, PDMS
membrane patterning by a die cutting technique is described. The fabrication process is almost
exactly the same as the pattern integration shown in Figure 3-5. The only difference is in the
cutting process, the stamp is pressed through the membrane. The process is similar to the
microcutting process used by Stutzmann, et al. [105] to cut metal films, and is a scaled down
version of the traditional die-cutting process. To cut a membrane, a cutter with sharp edges
defining the desired patterns is placed on top of the membrane and pressure is applied. In
general, it is difficult to completely cut a thin PDMS film with this method if the underlying
substrate is hard (such as silicon). The cut may be completed with reactive ion etching.

Alternatively, the membrane can be cut on a substrate that has a soft intermediate layer that will
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allow the die to penetrate past the membrane. The soft intermediate layer can be a thicker
PDMS film with a non-stick layer or parylene film, which can be deposited at room temperature,

and can easily be removed by RIE.

Figure 3-6. SEM images of silicon molds with different corners: (a) sharp 90° angle, (b) less sharp 45° angle

and (c) rounded

Figure 3-7. SEM images of (a) Silicon mold prepared by RIE and (b) the press-molded PDMS membrane,

and (c) optical image of the same PDMS membrane

Sample dies were fabricated with silicon substrate using RIE. The desired die pattern that defines
the shape of the membrane was first patterned with photolithography. The isotropic etching
behavior of RIE was exploited in this process. Lateral etching in RIE causes the top of the
patterned features to be narrower than the base. With appropriate parameters, this lateral etching
can be exploited to fabricate patterns with a sharp edge. Since isotropic etching is desired, the
corners of the features have to be rounded to eliminate the non-uniformity and discontinuity in
the edge defining the patterns, shown in Figure 3-6. CF4+0O, plasma was used to fabricate the

dies shown. An example of a cut PDMS membrane along with the die used is shown in Figure
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3-7. The membranes may then be selectively suspended to make unique devices. If desired,
wet etching of silicon with chemicals such as HNA (a mixture of hydrofluoric acid, nitric acid
and acetic acid) may also be employed to fabricate the die. HNA, in particular, is a good
candidate since it etches equally in all direction on a silicon substrate.
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Figure 3-8: Ultra-thin PDMS membrane: (a) AFM scan of the membrane, and (b) an optical profile showing
the thickness of the membrane. Inset in (b) show optical image of array of ultra-thin membrane (some are

broken)

3.3.6. Suspension of ultra-thin membranes on an array of micro features

Thickness limits the size of the membrane that can be suspended without breaking. With the
current fabrication protocol, membranes that are thinner than 150 nm can only be suspended over
features smaller than 10 pm. If only one side of the membrane needs to be accessible, the
membrane can be suspended over arrays of micro pillars or micro wells as demonstrated in

Figure 3-8. The membrane shown is 80 nm thick. On the other hand, if both sides of the
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membrane need to be accessible, the process shown in Figure 3-2 (with the suspension of a

perforated membrane being the critical process) can be followed.

3.3.7. PDMS membrane formation on hydrophobic surfaces

PDMS bonds very well, reversibly or irreversibly, to many smooth surfaces. It was noted earlier
that forming the PDMS membrane on a hydrophobic surface such as photoresist allows the
membrane to be peeled without breaking it. The more hydrophobic the surface, the easier it is to
peel the PDMS membrane. In the current project, Photoresist (Shipley 1818) and then separately
parylene coating had been used as the adhesion reduction coating for membranes thicker than 1
pm. Though the photoresist and parylene work well for membranes thicker than 1 pm, they do
not work well for membranes that are submicron thick. Thus, Teflon® AF diluted with FC-77

flourinert solution was investigated.

Diluted PDMS solution can be readily spin-coated on relatively hydrophilic surfaces such as
silicon and glass substrates. However, when a highly diluted PDMS solution is dispensed on a
hydrophobic surface such as a Teflon®-coated silicon substrate, the solution tends to roll off the
surface, as the one property of Teflon is its ability to prevent the wetting by most liquids. Due to
low surface tension between the solution and the substrate, the solution forms a sphere instead of
spreading on the surface as it would on a hydrophilic surface such as a glass. Because of this,
when spinning was initiated, the solution that might have remained on the substrate simply rolled
off and the membrane could not be formed. To prevent the diluted PDMS solution from rolling

off, the outer edge of the hydrophobic surface was patterned to expose bare silicon surface. The
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exposed silicon surface is much more hydrophilic compare to the Teflon® surface and acted
as a retainer for the solution during spin-coating. This allowed formation of submicron thick

PDMS membranes on the Teflon® coated silicon substrate.
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Figure 3-9: Two strategies for Patterning Teflon® coating to form hydrophilic ring for fluid retention

Two different methods of patterning Teflon® were developed, see Figure 3-9. The first uses
mechanical polishing to remove the coating, while RIE is used in the second. For mechanical
polishing, the Teflon®-coated substrate was spun at 2000 RPM. A polishing probe, blade or
tweezers, was brought lightly into contact with the substrate at the desired location. As the
substrate spins, the Teflon® is removed from wherever the probe is touching the substrate. When
a direct contact of the probe and the substrate is not desired, a clean room wipe, wetted with
acetone or isopropyl alcohol can be used to remove the Teflon coating. For the second patterning
technique, a circular PDMS mask was placed on top of the Teflon® coating and the exposed
Teflon® was etched in CF4+O, plasma using RIE. The PDMS mask was peeled from the

substrate after etching was completed.
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3.3.8. Analytical equation for circular membrane loaded with a uniform

pressure
For simplicity, a circular membrane was chosen for characterizing the PDMS membrane. The
geometry defining the membrane is depicted in Figure 3-10. For larger membranes (a diameter
of 300 um and larger), the bulge test was chosen for characterization. Assuming that the

membrane deflection is hemispherical, a small deflection of the membrane is given by [67, 138]

Gt Cfmt E

o -
a2 0" a4 l—V 0

P Equation 3-1

where P is the pressure applied to the membrane, w, is the maximum deflection measured at the
center of the membrane, a is the membrane radius, t its thickness, o, its residual stress, E its

Young’s modulus, and v its Poisson’s ratio. The geometrical coefficients Ci, C,, and f(v) for

circular membranes are 4, 2.67 and 1 respectively [67].

Figure 3-10. (a) A schematic showing membrane geometry and loading condition, and (b) A typical screen

shot from MicroXAM profiler output for data collection.

Equation 3-1 can be further simplified to calculate the residual stress on the membrane and the

Young’s modulus of the material. Dividing both sides of equation 3-1 by the deflection w,

yields:
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P f E
——ﬂao + <, agv)t w, Equation 3-2

1-v

which has the form Y = A+ Bx>. A plot of P versus WO2 gives a straight line and the slope can
0

be used to calculate the Young’s modulus while the intercept is used to calculate the residual

stress.

3.3.9. Characterization of PDMS substrates by bulge test

3.3.9.1. Fluidic cell design for bio/chemical experiments

Since physiological conditions will be critical for future experiments, a fluidic cell capable of
delivering cell culture media to one side of the membrane was fabricated. The system also allows
inflating the membrane (see Figure 3-11). The fluidic cell has three different ports, inlet, outlet,
and device port, each positioned at different heights. The membrane device was placed on the
lowest port and the media was supplied from the highest port, which was critical for ensuring
that full contact was maintained between the membrane and the media at all times. This also

eliminated the formation of bubbles inside the fluidic chamber.
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Figure 3-11: Experimental setup for PDMS membrane characterization.
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The membrane device was placed over the device port that had a PDMS seal on top. The
device was then clamped from the top to ensure the chamber was leak tight. Another PDMS
spacer was placed between the device and the clamp, to prevent the silicon base from breaking.
The culture media (water for all characterization experiments when liquid media was used) was
supplied from the inlet port. The air-outlet port was maintained in the open position during the
addition of the media to allow bubbles to float away. The chamber was filled with media until it
completely filled the outlet port. The air outlet port (mid level) was then plugged. The highest
port of the fluidic cell was then connected to a U-tube manometer that could be pressurized up to
10 kPa using water. The water column height could be read to within 1 mm, which corresponds
to ~10 Pa. The initial membrane deflection was measured by scanning the membrane with an
optical profilometer. The membrane was then pressurized incrementally, by adding water in the
manometer tube. The corresponding membrane deflection for each pressure increment was
scanned with the optical profiler. The change in water column height was also recorded for each
measurement. The manometer acted as both the pressure sensor and the pressure transducer. A
typical screen shot of the optical profilometer output for load-deflection data collection is shown

in Figure 3-10.

One feature of the experiment setup was that the top of the membrane was dry, which was
necessary for conducting measurements with the optical profilometer. Furthermore, it provided a
good configuration for integrating sensors for future development. A computer-controlled pump

could be easily attached to the manometer to carry out a dynamic experiment. For a small
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deflection study, the manometer can be eliminated and the media inlet port can be used as a

direct loading port for both static and dynamic loading.

3.39.2. Result and Discussion

Representative load-deflection experimental data are plotted in Figure 3-12 for two groups of
devices (493 nm and 3000 nm thick). For each group of devices, three different diameters,
approximately 300 pm, 500 um and 750 pum, were tested. For clarity, data for only a single
loading-unloading cycle is shown in the plots for each membrane. Up to four cycles of loading-
unloading data from each membrane were used to calculate the residual stresses and effective
biaxial modulus presented in Table 3.4. The membrane thickness of 492 nm is obtained by spin-
coating a 1:15 diluted PDMS (in hexane), and the 3000 nm thick membrane by spin-coating
undiluted PDMS. Note the difference in the deflection amplitudes in Figure 3-12 for membranes

of similar diameters but with different thicknesses.

As apparent from the plots, the membranes’ deflections fit extremely well with the analytical
model as given by equation 3-1. Within the range of deflections tested, the membrane response
was elastic, virtually without any hysteresis. The membranes are extremely flexible due to the
low Young’s modulus and the thickness of the PDMS. As a comparison, a 492 nm thick PDMS

membrane with a diameter of 287 um has similar load-deflection curves with a 55 nm thick 600

um (diameter) Au-polymer nanocomposite membrane reported by Jiang, et al [140].
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Figure 3-12: Load-deflection curves for membranes with different sizes and thicknesses: (a) 492 nm thick
with a diameter of [¢,®] 315.1 um, [A,v¥] 488.63 um, [®,h] 731.2 um, and (b) 3000 nm thick with a

diameter of [e, W] 287.3 um, [A, v e W] 491.32 um, [® h] 722.7 pm.

The biaxial modulus, %, are presented in Table 3-4. Assuming v = 0.5 for PDMS [69], the
—v

average values of Young’s modulus obtained from the experiments are 6.61MPa and 7.76 MPa
for undiluted and diluted PDMS films respectively. These values are much higher than the
normally reported values of 2.5 MPa. The Young’s modulus values of bulk PDMS usually fall
within 12 kPa - 2.50 MPa [6, 9, 41, 69, 128, 141], depending on the processing conditions. Since
similar values of Young’s modulus were obtained for membranes fabricated with diluted and
undiluted PDMS, the dilution of PDMS does not seems to be the primary cause of the much
larger Young’s modulus obtained. Rather, it is likely due to the fact that the membranes were
formed by spin-coating the PDMS solution at a high speed (6000 RPM) for a relatively long time

(up to 150 seconds). The Young’s modulus values reported in the literature are based on
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relatively thick (a few tens of microns to two millimeters) substrates obtained by pouring the
PDMS on a flat base. We speculated that the polymer chains are pre-stretched during spin-
coating, while they relaxed for the ones prepared by pouring without rotation. The fact that there
is a 2.51 MPa difference in the experimentally obtained biaxial modulus between the undiluted
and diluted PDMS also supports this. Undiluted PDMS is extremely viscous compare to the
diluted PDMS and it would require much more centripetal force to untangle the polymer chains.
The processing temperature can also have a major effect on the Young’s modulus of the

materials [141].

Other conditions that might have contributed to the larger Young’s modulus obtained are the
flatness of the membrane, and the uniformity of the membrane thickness. When the membranes
were peeled from the substrate, ridges were formed if the membrane got folded (small, step-wise
folding), and multiple folding may occur. These ridges could become permanent if the
membrane is exposed to O, plasma. The ridge formation was more pronounced in thinner
membranes, and also when the membrane was exposed to the O, plasma for a longer period.
Optical images showing four different membrane devices are shown in Figure 3-3. A close
inspection of these images revealed that number of ridges increases as the membrane became
more flexible. The colors of the membranes in the images also suggest that the membranes were
not completely flat. This may be attributed to the non-uniform coating of the Teflon® layer and

also the dirt particles that were introduced during the preparation of the solution.



Table 3-4: Calculated Residual stress and Young's modulus values for PDMS membranes
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Sample ID  Membrane =~ Membrane Process Residual  E/(1-v)
Diameter Thickness Temperature  Stress
[um] [nm] [°C] [MPa] [MPa]
300-1 287.3 3000 (Pure) 85 (15 min.) 0.072 10.40
500-1 491.3 3000 (Pure) 85 (15 min.) 0.050 15.60
500-I-H,O  491.3 3000 (Pure) 85 (15 min.) -0.005 14.72
750-1 722.7 3000 (Pure) 85 (15 min.) 0.048 15.06
1000-1 986.1 3000 (Pure) 85 (15 min.) 0.047 10.19
Average 0.042 13.22
Standard Deviation ~ 0.028 2.64
300-I-15:1 315.1 492 (Diluted) 90 (15 min.) 0.040 9.59
500-1-15:1  488.6 492 (Diluted) 90 (15 min.) 0.162 13.87
500-11-15:1  488.0 492 (Diluted) 90 (15 min.) 0.138 19.64
750-1-15:1 731.2 492 (Diluted) 90 (15 min.) 0.177 15.66
750-11-15:1  722.9 492 (Diluted) 90 (15 min.) 0.176 18.80
Average 0.129 15.51
Standard Deviation ~ 0.057 4.05

For future membrane fabrication, the non-uniformity in the adhesion reduction layer may be
reduced by using a vapor-deposited adhesion reduction layer. The calculated effective Young’s

modulus varied between devices due to handling during fabrication and membrane geometry, but
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each individual device exhibited reproducibility during experiments. They can therefore be
used with proper calibration, like many other mechanical devices used for precision

measurements.

The majority of data presented here was from experiments where the pressurizing media was air.
Although PDMS is reported to be one of the most gas permeable polymers [142], we did not
observe any pressure change inside the fluidic chamber for the duration of our experiments,
which suggested that the gas permeation through the membrane can be neglected for such
lengths of time. The membrane response was found to be the same when the chamber was filled
with water. Data for both air and water as a function of pressure for the same membrane, with a
diameter of 491.3 um are plotted in Figure 3-12b. The difference in the membrane deflections of
the two experiments was due to the initial deflection of the membrane in the water filled
experiment. This initial deflection resulted from the built-up hydrostatic pressure as the
membrane sat lower than the highest level of water in the fluidic cell. This hydrostatic pressure

was approximately 0.30 kPa and it closely corresponded to the shift shown in Figure 3-12b. The

p

slopes of the plot — vs. W* (not shown), which were used to calculate the Young’s modulus of
w

the material, are essentially the same for the membrane tested with air or water as the pressure

media inside the fluidic chamber.
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3.4. Fabrication of PDMS membranes with precisely controlled
spatially varying stiffness
Using above process, a suspended PDMS membrane with precisely controlled spatially varying
stiffness was fabricated. These membrane devices were used to study cell-substrate interactions

described in Chapter 4. The fabrication of these particular membranes and the assembly for cell

experiment, Figure 3-13, are briefly described for clarity.
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Figure 3-13. Fabrication process of PDMS membrane device and assembly in culture dish for cellular

experiment

SU-8 2100 photoresist was spin-coated on a 4” silicon wafer [Step 1A] and patterned to form
large rectangular islands to define the overall membrane geometry [Step 2A]. These SU-8

structures were approximately 500 pum tall with lateral dimensions of 750 um X 4 mm. The
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micropatterns, 3 um dots or lines with a vertical dimension of 500 nm, to be integrated to the
membrane were also patterned on a silicon wafer using Shipley 1805 resist [Step 1B-2B]. Both
patterns were hard baked at 130°C for 60 minutes. The substrates with patterns were then coated
with diluted Teflon® and cured at 120°C for 1 hour. The thick PDMS base structure and the
PDMS membrane were then formed by spin-coating as described earlier [Step 3]. 1:15 diluted
PDMS (in hexane) was spin-coated at 6000 RPM for 90 seconds to form 492 nm thick

membranes.

The PDMS parts were then cured on a hot plate at 90°C for 15 minutes. The thick PDMS
structure was peeled from the SU8 mold and the membranes that formed on top of the SU8
structure were removed. The PDMS structure was then cut into pieces and sonicated in ethanol.
After drying, the PDMS structures and the membrane were exposed to air plasma for bonding
[Step 4]. Since the micropatterns needed to be located in the middle of the rectangular opening of
the PDMS structure, a drop of ethanol was placed on the structure and it was brought into contact
with the membrane. The base structure was manipulated to align the micropatterns [Step 5]. The
two parts formed a permanent bond and were peeled from the substrate [Step 6]. The whole
membrane device was then placed in a glass-bottom dish with two strips of PDMS as spacers
[Step 7]. The two spacers, approximately 500 um thick, formed a channel under the membrane,
which is critical for imaging purposes. If a donut shape spacer was used, bubbles formed on the
glass coverslip and interfered with imaging. By having a channel under the membrane and filling
the channel with culture media, a continuous path for the light transmission is formed and images

can be obtained normally. The height of the spacers is also critical. If it is too thin, the membrane
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collapses on the glass due to the surface tension and if it is too thick good focus cannot be

obtained for imaging.

3.4.1. Stiffness Gradient Generation

The lines or dots micropatterns were used to generate the stiffness gradient in this system. The
stiffness gradient was achieved by varying the spacing between the micropatterns along the
length of the membrane. The line micropatterns spanned across the width of the membrane, and
the spacing between any two adjacent dot micropatterns across the width was kept constant. This
ensured that the stiffness variation occurred only in one direction: along the length of the
membrane. The density of the micropatterns gradually decreased from one end to the other of the
active region. In general, the stiffness of the membrane increases spatially as the density of the
micropatterns increases. A schematic showing the geometry of the membrane is shown in Figure
3-14. Generating a stiffness gradient on the membrane using this technique is simple, yet
effective. Multiple gradients of stiffness can be incorporated on a single membrane as shown in
the computational model in the next section. A detailed drawing showing the spacing of the

micropatterns is shown in Appendix.
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Figure 3-14. Schematic showing geometry of PDMS membrane with integrated micropatterns for spatially

varying stiffness

3.4.2. Spatially varying stiffness curve by computational model

The membrane device was modeled with ANSYS® finite element software to determined the
effective stiffness at different locations. These provided the relative spring constants for different
positions. A 10 nN shear load was applied, at the midpoint along the width, to the membrane in
the direction along the length of the membrane. The load was applied on top of the microfeatures
and between two adjacent patterns. A Matlab® program was also written to estimate the stiffness
in 1D. The resulting stiffness curve showed that there are three distinct slopes within the
patterned region of the membrane. The first segment of the membrane, where the micropattern
density is highest, has the highest rate of change in stiffness. In the middle of the patterned

region, there is very little change in stiffness. The last segment of the patterned membrane area
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has slightly higher rate of stiffness change relative to the middle portion but less than the
stiffest part of the membrane. See Figure 3-15. The lower and upper curves are results of the
Matlab® and ANSYS®™ programs respectively. The difference in the magnitude of the stiffness
was due to the fact that the Matlab® program only considered a 1-D model where as the
ANSYS®™ program computed for a 3-D model. The computational model used a Young’s
modulus of 750 kPa and a membrane thickness of 500 nm with the micropatterns having a

vertical dimension of 500 nm.
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Figure 3-15: Membrane stiffness profile with lines indicating the positions of the micropatterns. The blue
curve shows 1D Matlab calculation and the red curve was obtained using 3D ANSYS model (Credit: Xavier

Diego and Wing Kam L.iu)

Local peaks can be observed on the stiffness curve generated by Matlab program (Blue). These
represent the local peak in stiffness computed right on top of the microfeatures. It should also be
noted that the stiffness curves jumped to the high limit at either side of the active region. This

high limit represents the stiffness on the thicker membrane that bounded the active region on
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either side. Another interesting result obtained from this computational model was the fact that
there were vertical components in the displacement calculation even tough there was no vertical
component in the load. This vertical displacement in fact can be sometimes larger than the in-
plane displacement as shown in Figure 3-16, and Figure 3-17. It should be noted from these plots
that the vertical component of the membrane deflection increases as the thickness of the

membrane decreases.

Table 3-5: Summary of substrate deflection for a 10 nN point load parallel to the suface

Sample Type Thickness  Deflection Deflection  Deflection

X- Dir Z- Dir Total

[nm] [nm] [nm] [nm]

Membrane (suspend) 500 3.8 10.7 11.2
Membrane (suspend) 1000 2.5 5.2 5.2
Plain (on coverslip) 100000 4.6 0.4 4.6

To compare the effective stiffness of these suspended PDMS membrane with that of plain PDMS
substrates, the two systems were modeled with a multiphysics modeling software (COMSOL).
The systems were subjected to similar loading condition (10nN point load parallel to the
surface). For these models, Young’s modulus of 7.75 MPa was used for the PDMS membrane
while 750 kPa was used for plain PDMS substrate. The deflections of the three different
substrates are summarized in Table 3-5. As the seen from these results, although the Young’s
modulus of the PDMS membrane is an order of magnitude larger than the plain PDMS

substrates, the effective stiffness of the two systems are comparable.
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Figure 3-16. Deflection of suspended PDMS membrane (500 nm thick) (FEM modeled by COMSOL): 10 nN

point load applied parallel to the surface
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Figure 3-17: Deflection of PDMS membrane (1000 nm thick) (FEM modeled by COMSOL): 10 nN point load

applied parallel to the surface
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Figure 3-18: Deflection of plain PDMS substrate (FEM modeled by COMSOL): 10 nN point load applied
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3.5. Conclusion

In this chapter, a detailed fabrication process for ultra-thin PDMS membrane device was
described. The bulge test showed the extreme flexibility of the PDMS membranes. The ease of
fabrication of both plain membranes and those having integrated micro/nanopatterns, and
PDMS’s biocompatibility and biologically relevant mechanical properties make the system a
good candidate to study cellular mechanics. By strategically integrating micropatterns, a
membrane that has spatially varying stiffness was fabricated. Effects of substrate’s mechanical
properties on cell behavior that was studied on these devices are described in the following
chapter. The membrane devices may also be further developed as bio/chemical sensors or a

scaffold for integrating and assembling other micro devices.
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Chapter 4 : Effect of substrate’s stiffness on cellular matrix

organization

4.1. Introduction

In this chapter, some preliminary results of the influence of substrate’s mechanical property on
cell behaviors will be discussed. As a mean to qualitatively quantify the effects of the mechanical
property, laminin-332 (Laminin-5 with subunit a333y2) secretion and organization, and also the
assembly of focal adhesion complexes and hemidesmosomes by human epidermal keratinocytes

(HEK) were monitored.

Two different types of substrates were used in these experiments. The first set consists of PDMS
substrates with a mixing ratio of 10:1, 50:1, and 75:1 with Young’s modulus of 744 kPa, 14.3
kPa, and 1.2 kPa respectively (See Chapter 3). These substrates were formed on glass coverslips.
The second type of substrates are the freely suspend PDMS membrane with spatially varying
stiffness, and the fabrication process was described in detail in the previous chapter. All the
substrates were exposed to O, plasma and treated with aminosilane before seeding cells. No
extra cellular matrix was coated on any of the substrates so that the direct effects of the
mechanical property of the substrate only on the cells could be assayed. The three different

cellular matrices monitored are briefly described in the following.
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41.1. Laminin-332

Laminins are extracellular glycoproteins that are involved in important biological processes such
as tissue development, wound healing, and tumorigenesis [154]. There are at least sixteen
isoforms of laminin. Laminin-332, one of the isoforms in particular, is involved in maintaining
tissues integrity and it has been reported that skin blistering disease, such as junctional
epidermolysis bullosa (JEB), results when laminin is absent [155-157]. The laminin-332 is also a
major adhesive protein that links between the basement membrane and the hemidesmosome in
HEK [144, 145]. As it is generally deposited everywhere the cell migrates, laminin-332 can be
used to determine the migration behavior of the cells. Moreover, the level of laminin-332
expression was shown to change for tumor cells when compared to normal tissues. In general,
the laminin expression increases for tissues derived from those that normally express laminin-
332, but in a few cases they actually decreases, such as in basal cells carcinomas, advanced
breast and prostate cancers [154]. It should also be pointed out that laminin-332 promote the

formation of focal adhesion and hemidesmosomes in epithelial cells.

4.1.2. Focal Adhesion

Focal adhesions are adhesion sites where the extracellular matrix connects to the cell’s
cytoskeleton [126, 159]. Unlike hemidesmosomes which interact with intermediate filaments,
FAs interacts with the actin microfilaments of the cytoskeleton structure. In both cases, the
interactions are not direct, but through intermediate proteins and signaling molecules. A
simplified schematic showing the major filaments in a cell is shown in Figure 4-1. FA plays at

least two very significant function, one of which is force transmission for adhesions to the
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substrates for attachment [126, 159]. Most cells apply traction forces at these FA sites for
migration on the substrate [126]. Measuring these traction force is also of important research
topic as evident in the literature [125-132]. The second significant function of FA is as a
signaling center through which they are involved in regulating/influence the cell. FAs are very
dynamic structures; attaching and detaching frequently as the cell continuously remodel its
cytoskeletal structures upon migration. In migrating cells, FAs formed at the leading edge of the
cell will remain stationary until the rest of the cell structure move past/over them at which point
they become the trailing edge. At that point, FA disassembled and the cycle continues [159 and

references there in].

Actin Network

Moving cell

Intermediate Filaments

Microtubules

Figure 4-1: Schematic of the cytoskeleton of a cell: actin filament arrays (red), the microtubules (blue), and

the intermediate filaments (green). (Reproduced from [160])
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4.1.3. Hemidesmosome
Hemidesmosomes (HD) are integrin-containing multiprotein complexes that mediate the
adhesion of epithelial cells to basement membrane [148, 149, 150, 162]. HD provides
continuous, similar to focal adhesions, linkage between the cell (but though intermediate
filament cytoskeleton) and the underlying basement membrane. In particular, o4, integrin
heterodimer in HD functions as receptor for various laminins, and binds with the highest affinity
to laminin-221 and laminin-332 [163]. Lack of hemidesmodomes or mutation in o or B4 gene
have been linked to certain skin diseases [162]. HD is expressed by cells from a host of tissues
including skin, cornea, mammary gland, and bladder [150]. Similar to FA, HD was shown to be
dynamic protein complexes [162], assembling and disassembling as necessary. On top of the
linkage that it provides, HD has been suggested to be involved in cell signaling through the op4

integrin [149, 163].

4.2. PDMS surface treatment

Cells cannot readily attach to polymers, including PDMS. Surface modification is needed to
ensure cells attachment to the substrate. Most papers [1-17] have reported using the absorption or
covalent bonding of integrin, fibronectin, and collagen as the adhesive layer on the substrate for
cell attachment. To lengthen the adhesion time of these ligand coatings on PDMS, Genzer and
Efimenko [46] developed a technique in which they stretched the PDMS mechanically and
expose it to UV+0O; at the same time. Layer-by-layer assembly of alternating positively charged
and negatively charged polymers was also recently reported to treat PDMS surface [62]. For all

experiments carried out in this work, the PDMS substrates were treated with aminosilane
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(Adapted from C. Waters, et al. [48]) and if briefly described here. After the PDMS
substrates were cured at 90°C for 15 minutes in an oven, they are typically set in room
temperature for overnight. The substrates are then treated with oxygen plasma [Plasma Preen II,
Plasmatic Systems] for 60 seconds at an RF power of ~70W. The oxygen plasma treatment
makes the PDMS surface temporarily hydrophilic by activating the carboxyl group on the
surface. An aminosilane [3-aminopropyl trimethoxysilane, Sigma-Aldrich] was coupled to the
oxidized membrane according to a method described by Waters et al. [48]. A solution of 1%
aminosiliane and 94% anhydrous methanol with 5% ultra pure water was prepared in a flow
chamber. The substrates are then filled with the aminosilane solution for 5 minutes, followed by
rinsing them three times in methanol for 1 minute. The substrates are then kept in culture dishes

until they are used.

4.3. Cell culture

Human epidermal (WT) keratinocytes were a gift from Dr. Lou Laimins of Northwestern
University. The cells were immortalized using human papilloma virus E6 and E7 genes (Kaur et
al., 1989). They were maintained at 37°C in defined keratinocyte serum-free medium [plus
growth supplements; Invitrogen Corp., Carlsbad, CA] and penicillin/streptomycin [100 IU/mL;
Invitrogen Corp.]. The substrates were washed with phosphate buffered silane (PBS) and
incubated for 15 minutes with the media prior to seeding the cells. The culture media is changed
every two days.

More specifically, newly thawed HEKs were seeded in 100 mm cell culture dish. Two or three

days after the cells are seeded, the media was aspirated and the cells are quickly rinsed with
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phosphate buffered silane (PBS). After the PBS rinse, the cells were trypsinized to detach
them from the culture dish. After keeping the cells with trypsin in an incubator for 2-3 minutes to
promote the detachment, trypsin was quickly neutralized using serum-containing media.
Typically, 3 ml of trypsin and equal amount of neutralizing media were used for 100 mm culture
dish. After thoroughly mixing the cell suspension with pipette, the suspension was spun for 5
minutes in a centrifuge at approximately 1200 RPM. The media was then aspirated from the tube
and the cells were resuspended with the HEK media. The volume of culture media, before and
after centrifuging, was kept the same. The suspended cells were then plated onto the desired

culture substrates.

To maximize adhesion of the cells to the PDMS substrates effectively, the substrates were
incubated with the media for approximately 15 minutes prior to the seeding. Typically, just
enough media to cover the individual PDMS substrate was dispensed. After the incubation, the
cells suspension is added to the substrate, typically 22-44x10° cells/em”2 culture dish for the
regular PDMS substrate and 1000-2000 cells/cm”2 for the membrane devices. More media is
added only after incubating the cells without adding culture media for a few minutes to have the
cells attached to the substrate. If the substrate is buried in the culture media prior to adding the
cell suspension the cells randomly attach to allover the surface. Our current process allows the
modification of the density of cells on the device by aspirating the cell suspension after the
desired number of cells have adhered to the device. New media then can be added to support the

culture.
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4.4. Immunofluorescence microscopy

After cells are cultured for the desired length of time, they were fixed in 3.7% formaldehyde for
5 min and extracted in 0.5% Triton X-100 (4°C) for 7 min. Antibodies and/or rhodamine-
conjugated phalloidin (Molecular Probes, Eugene, OR) were overlaid onto the cells and the
preparations were incubated at 37°C for 60 min. The substrates were washed in three changes of
PBS, overlaid with appropriate fluorochrome-conjugated secondary antibodies, placed at 37°C
for 47 min, washed extensively, and mounted on slides. All preparations were viewed with a
Zeiss laser-scanning microscope (LSM) 510 confocal microscope using a 1.4 numerical aperture,
x63 objective [Zeiss Inc., Thornwood, NY]. Images were exported as TIFF files, and figures
were generated using Adobe Photoshop software. The primary antibody J18 (rabbit antiserum
against rat laminin-332) was prepared based on a published protocol (Langhofer et al, 1993
[154]), and the secondary antibodies conjugated with various fluorochromes or horseradish
peroxidase were purchased from Jackson ImmunoResearch Labs Inc. [West Grove, PA]. In all
experiments normal goat serum (diluted 1:20 in PBS) was added to the primary antibody
solutions. The primary and secondary antibodies combination used in the experiments are shown

in Table 4-1.
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Table 4-1: Antibodies and fluorescent reagents used in these studies

Primary Dilution Secondary Dilution
Focal Adhesion Paxilin 1:40 GARb-Rh 1:20
Hemidesmosomes 4 1:40 GAM-F 1:20
Laminin J18 1:50 GARDb-F 1:20
Actin Phalloidin 1:40 - -
Nuclei DAPI 1:40 - -

4.5. Cell-substrate interaction: HEK on compliant PDMS substrates
with various stiffness

4.5.1. Laminin-332 secretion by HEK increases as substrate stiffness
decreases
Typically, cells were fixed approximately 24 hours or 48 hours after they were seeded on the
substrates and stained for immunofluorescence microscopy as described above. Figure 4-2 shows
the liminin-332 secreted by a single cell on standard No.l coversalips. As apparent from the
intensity of the fluorescent in the images, more laminin was secreted as the culture time
increased (Figure 4-2a vs. Figure 4-2b). Also apparent from the image is the increase in laminin
deposition on coverslip treated with aminosilane compared to one that was not (Figure 4-2b vs.
Figure 4-2c¢). The surface treatment with aminosilane allows protein absorption and thus
promotes cell adhesion [48]. This will have effects on how quickly the cells attach to the surface,
which in turn will determine how much laminin is secreted. This effect is clearly evident from

Figure 4-2.
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Figure 4-2: Laminin-332 secretion by HEK on glass coverslips: (a) 24 hours (b) 46 hours and (c) 46 hours
after seeding. (a, b) coversips treated with aminosilane and (c) plain coverslip. More laminin are deposited as
culture time increases. More laminin was secreted on silane treated coverslip than on a plain coverslip. Scale

bar =20 um

Similar to the coverslips, more laminin-332 secretion by HEK was observed on PDMS substrate
as the culture time increases. See Figure 4.2. More importantly, it was observed that HEK
secreted more laminin as the stiffness of the base substrates decreases. See Figure 4.2. It should
be pointed out that the cells took longer to attach to softer substrate. Although this would give
cells on the less stiff substrate less time to secrete the laminin, cells on the softer substrate still
secrete more laminin, even when cultured only for 24 hours (Figure 4.2 a-d). This indicates that
the stiffness of the substrate is of critical importance to the ability of the cells to elaborate a
laminin-332 matrix. The difference in the laminin secretion level is more evident from the ones

that were cultured for 46 hours (Figure 4.2 e-d).
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PDMS 10:1 PDMS 20:1 PDMS 50:1 PDMS 75:1

Figure 4-3: Laminin-332 secreted by HEK on PDMS substrates with different stiffness: (a-d) 24 hours and (e-
h) 46 hours after seeding cell. Young’s modulus of substrates: (a, e) 744 kPa, (b, f) 244 kPa, (c, g) 14.3 kPa,

and (d, h) 1.2 kPa. Scale bars = 20 pm

It should also be noted here that for the first 24 hours of the culture, all of the cells, more or less,
moved in a circular pattern with a very minimal net migration. However, on the second day,
many cells on the stiffest substrate (PDMS 10:1) had some linear component in their migration
where those cells on the softer substrates still maintain their circular motion with very little linear
component to their migration. Although there seem to be no linear migration, these HEK
expanded the surface area they cover during the circular migration. In fact, if the surface areas
cover by the two cells on a 75:1 PDMS (softest) is approximately 80% larger than that cover by
two cells on 20:1 PDMS (7900 pm® vs. 4400 pm?). A careful examination of the cells revealed
that cells on the 75:1 PDMS substrates are about half the size of those on the stiffer 20:1 PDMS
substrates. These imply that cells on softer substrates have to move much more in order to

secrete laminin to cover the same amount surface area as those on the stiff substrates. As noted,
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the surface area of laminin secreted by cells on soft substrates are in fact much larger than
those on stiff substrate, suggesting that the cells’ motility on the soft substrate is much higher

than those on the stiffer ones as reported by other researchers.

Figure 4-4: HEK secreted laminin-332 on all surfaces it contacts regardless of the topography of the surface
(a) laminin staining and (b) phase image of primary surface of the substrate, and (c) laminin on top of the

ridges (wrinkles on substrate with E ~ 1.2 kPa). Scale bar = 20 um

Another interesting observation is that the cells seem to preferentially attach to sites where
multiple topographical features converged. This was observed with most of the cells on the
softest PDMS substrate (E~1.2 kPa) where wrinkles were formed during the oxygen plasma
treatment. To check whether HEK, on substrates with topography, secrete laminin selectively or
over all surfaces it contacts, the laminin staining was imaged at both the primary surface of the
substrate and on top of the ridges (wrinkles). Figure 4-4 proved that HEK does secrete laminin

on all surfaces, flat or curve, that it contact.

4.5.2. Focal adhesion and Hemidesmosme assembly on soft substrates
with different Young’'s modulus

Similar to other cell types reported by other groups [1, 2], the focal adhesions matured faster on

stiffer substrates as apparent from Figure 4-5. The numbers and size of FA complexes increased
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as the substrate stiffness increased. This would allow the cells to anchor it self much
stronger than on the softer substrates. This, in turn, will require much more force on the stiff
substrate to detach the focal adhesion complex. This observation is in agreement with that of the
increase in surface area covered by HEK secreted laminin on a softer substrate compared to a
stiffer one. Since it takes less energy, in general, to detach the FAs on soft substrates, HEK can
move much faster on it than on the stiff substrates. As for the hemidesmosome, it was generally
observed to be better assembled on softer substrates. On substrates shown in Figure 4-7, HEK
were seeded on compliant PDMS with two different substrates stiffness, E~744 kPa and E~14.3
kPa. These images clearly showed that the HD assemblies are more prominent on the softer

substrates for both the 24 hours and 48 hours cultured cells.

Figure 4-5: Focal adhesion assembly on PDMS substrates with different stiffness: (a-d) 24 hours and (e-h) 46
hours after seeding on PDMS with a mixing ratio of (a, €) 10:1, (b, f) 20:1, (c, g) 50:1 and (d, h) 75:1.
HEK cultured for 22 Hours. Young’s modulus of substrates: (a, €) 744 kPa, (b, f) 244 kPa, (c, g) 14.3 kPa, and

(d, h) 1.2 kPa. Scale bar = 20 um
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In all experiments, the focal adhesion complexes and the hemidesmosomes were found to be
distinctly localized [Figure 4-6, Figure 4-7, and Figure 4-8]. In some instances, the two
complexes seem to co-localized but a careful analysis (zooming) indicated that they are in fact
not co-localized. When the substrates is soft, the cells can generate wrinkles, a measure of the

force they apply, on the substrate as shown in Figure 4-8c.

Figure 4-6: Merged images of staining of FA (RED) and HD (Green) assembly on various PDMS substrates
(same cells from Figure 4.4). HEK cultured for 22 Hours. Young’s modulus of substrates: (a, e) 744 kPa, (b, f)
244 kPa, (c, g) 14.3 kPa, and (d, h) 1.2 kPa. Typically, FA are located on the periphery of the cells while the

HD are assembled in the center. Scale bar = 20 pm
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Figure 4-7: Focal adhesion (RED) and hemidesmosome (Green) assemblies on PDMS substrates: (a, b) E~744
kPa, (c,d) E ~14.3 kPa. Culture time: (a, c) 24 hours, (b, d) 48 hours. The FAs are more prominent on stiffer
substrates while the HDs are be more developed on softer substrates. In both cases the FA and HD localized

separately. Scale bar = 20 um
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45.2.1. Hemidesmosomes form anchor-like assembly on soft
substrates

Individual cells typically migrate in a random path on uniform substrates. When a small colony
of cells is formed, the cells tend to move around a centroid of the group. This is likely due partly
to the hemidesmosomes that assembled strongly in the center of the colony. These anchoring
hemidesmosmes are formed by a few numbers of cells in the middle of the colony. Cells from
the outer edge of the colony are still capable of migrating but due to the cell-to-cell interaction,
which seems to be dominantly strong, they typically move in circular pattern around the anchor.
In order for the colony to have a net migration, the hemidesomosme complexes will have to be
broken. These anchor-like assemblies of HD were observed in both very small (2 to 3 cells), and

a little larger (> 10 cells) groups of cells (see Figure 4.7).

Figure 4-8: Merged images of focal adhesion (Red) and hemidesmosome (Green) on small groups of cells. (a)
Two HEK cells and (b) a larger number of cells with staining for FA and HD. In both cases HD assembly
formed ring-like structure in the middle of the group. Young’s modulus of substrates: (a) 744 kPa, (b) 14.3

kPa. Scale bars =20 pm
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4.5.3. Effects of topographical features on HEK
As part of the substrate’s preparation for seeding cells, the PDMS substrates are exposed to
oxygen plasma as mentioned in previous section. In this process, the ions bombarded the
surfaces and when the surface is extremely soft the ion bombardment can cause topographical
features to form on the surface. Some times, very shallows ridges formed while wrinkles, raised
features, were more easily formed. Typically, the features are a few microns wide and the
vertical dimension, depth or height, is usually smaller than the height of the cells themselves.
These features are typically formed on the least rigid substrate used in the experiments, PDMS

with 75:1 base to curing mixing ratio. The Young’s modulus of these substrates is 1.2 kPa.

4.5.3.1. HEK migrate along shallow trench features

When the HEK are cultured on a surface with shallow trenches, they tend to attach preferentially
to the trenches. Once the matrix proteins are secreted, the cells migrate along the trench. This is
evident from the images of laminin secreted on the surfaces as shown in Figure 4.2d. This
happens only when there is an isolated trench. The reason for these cells migrating along the
trench is probably due to contact guidance [38, 151, 152]. In some instances, this feature may be

exploited to actively direct cell migration in such processes as wound healing.

4.5.3.2. HEK moves parallel to raised features
Contrary to the shallow trenches, the raised features have the opposite effects. Typically the

HEK cells were found to be oriented in the direction perpendicular to the ridges. Similar to the
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trenches, cells seem to preferentially attach to these features when they are randomly seeded

on the substrate [Figure 4-9].

Figure 4-9: HEK on PDMS substrate with wrinkles with staining for (a) Focal adhesion, (b)
hemidesmosomes, and (c) merged images of the (a) and (b). Note that all FAs are formed on the flat portion

of the substrate, not on the ridges where the surfaces are curved. E ~ 1.2 kPa.

In one particular experiment, it was observed that two cells that are migrating in the same
general direction generated wrinkles that span the space between them and two other cells were
migrating perpendicular to the wrinkle features, in the same direction as the other two [Figure
4-10]. The two inner cells in this case were using the wrinkles as physical cues to determine the
direction of migration. Interestingly, the focal adhesion complexes of the cells in such situations
are always observed to form just before or beyond the wrinkle features, but never directly on the
wrinkles [Figure 4-9]. Note again here that the wrinkles are features that protrude above the flat
base surface and have curve surfaces. This observation seems to support the assertion that cells
cannot form focal adhesion complexes on a curved surface [151, 152]. Dunn and Heath [151]
previously reported that chick heart fibroblasts align themselves along the axis of a cylindrical

substrate.
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Figure 4-10: Two HEK (outer) generating wrinkles while two other (inner) used that as cues for migration

direction

4.5.4. Wound healing experiment on compliant PDMS substrates

Wound healing experiments were carried out on PDMS substrates to study the effects of the
substrate’s stiffness. The wound was induced by scratching the confluent HEK cells with the tip
of a plastic pipette. The culture media was replaced prior to the time-lapse imaging. Though the
experiment was not ideal, the wound healing process was observed to be faster on the softer
substrates in general. The relative migration velocities of the cells on different PDMS substrates
are shown in Figure 4.11. HEK migration speed on the softest substrate (75:1 PDMS) is almost
twice that on the stiff (10:1 or 20:1). This is in agreement with the area coverage mentioned for

laminin-332 secretion.

An important step that should be carefully done for wound healing assay on compliant substrate
is the wounding process. With the current technique, the substrates can be physically modified
(generate tears and wrinkles) as were observed with the 75:1 PDMS substrate. One way to

correct this issue is by placing a strip of blocking material, glass or PDMS, on the surface of the
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substrate before seeding the cells. Once the cells are confluent, the blocking strip can be

removed. This will generate a very sharp edge with minimal disturbance to the system.

(b)

0.35 4 —
0.30 4
0.25 4
0.20 1
0.15 -

0.10 4

Migration Speed [wn/min]

10:1 20:1 50:1 75:1
PDMS Mixing ratio [Base: Curing agent]

Figure 4-11: Wound healing assay on various PDMS substrates. HEK migrate faster on the softer
substrates (Only one assay each for the four different substrates). Young’s modulus of substrates: (10:1) 744
kPa, (20:1) 244 kPa, (50:1) 14.3 kPa, and (75:1) 1.2 kPa. Horizontal line (red) in (a) represent initial wound
edge and the vertical line (red) indicates 100 pm, the distance traveled by leading cells for the duration of

experiment.

4.6. Cell-substrate interaction: HEK on freely suspended PDMS with
spatially varying stiffness

4.6.1. Cell accumulation trend

The fabrication of PDMS membrane with spatially varying stiffness was described in Chapter 3.

As mentioned, the patterned membrane can be divided into three different regions based on the

gradient of stiffness. The first region encompasses the portions where the micropatterns density

is high, approximately the first 33% of the patterned membrane. The second region is located in

the middle of the patterned area while the third region encompasses approximately the last 20%



of the patterned membrane. The stiffness gradient is the steepest in the first region, followed
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by the third region. In the second region, there is very minimal change in stiffness across the

length of the region.

Figure 4-12: Membrane stiffness profile with an example of HEK accumulation
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In the first region of the patterned portion of the membrane, HEK cells were found to be very

mobile and migrated toward the stiffest site (left) where the membrane is not patterned. This is

similar to what others have observed [2, 6]. These mobile cells, however, were also able to

migrate in the opposite direction within the first region. There are a few possible explaination.

(1) HEK secretes laminin-332 track as they migrate. It is also known that HEK follow the
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existing laminin track [154]. Thus, these mobile cells may be migrating back and forth on the
same track. (2) Unlike the system used by others where the change in stiffness is abrupt, the
gradient in the current membrane device was gradual, and it is possible that HEK can move back

and forth on such stiffness gradient.
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Figure 4-13: HEK accumulation on (a) PDMS membrane with stiffness variation in one direction and (b) on a

Direction of
Increasing stiffness

PDMS membrane with two converging stiffness gradient. The direction of increasing stiffness of the system is

shown with arrows in the images.

Interestingly, cells accumulated in the second and third regions, Figure 4-13. While cell
accumulation in the second region centered on the middle of the region, in the third region it
centered at the intersection of the patterned membrane and the un-patterned regions. In the
second region of the patterned membrane, it’s likely that the minimal change in stiffness is one
of the major mechanisms, if not the only one, that cause the cells to aggregate in the middle of
the membrane. It appeared that the gradient was not large enough to cause the cells to migrate in
any particular direction. The patterned portion, active region, of the membrane is bounded by
two green lines and the accumulation regions are indicated by blue boxes in the Figure 4-13.

When HEKs were seeded on a membrane that has two similar stiffness gradient converging in
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the middle, cells accumulated on the convergence region where the stiffness peaks (Figure

4-13b).

Figure 4-14: Time history of HEK cells on suspended PDMS membrane

Unlike other regions within the patterned membrane, cells in the third region that adhere to the
transition region are exposed to two different gradients in opposite directions. To the right, the
stiffness gradient is high; in fact it is abrupt since the thickness of the film increases at least by
two times. In the opposite direction, the gradient of the membrane stiffness increases gradually
as the density of the micropatterns increases. It is speculated that the cells sense the edge created
by the two different thicknesses of the film and approach it from both directions. If cells in
general do prefer a stiffer region within a substrate as reported, the accumulation of HEK cells
on the thicker membrane side of this transition region should be expected as the membrane is
stiffer in that region. For the present situation, however, the cells seem to be pulled in both
directions and unable to overcome either one of the gradients, suggesting that there is a threshold
value of stiffness gradient that the cells need to experience before they can decide how to
reorganize themselves to migrate in a particular direction. In this case, both gradients are above

the threshold value and the cells are trapped in the middle.
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Figure 4-15: Migration trajectories of some cells from (a) region 1 and (b) region 2 and (c) a phase image of

the cells on the membrane.

While it is believed that the primary reason for cell accumulation in the regions observed are due
to the different gradients of stiffness, the possibility that the spacing of the micropatterns may
also be a contributing factor has to be considered. However, when the spacing of the integrated
micropatterns is comparable to the size of the HEK cells, two or three of these features are
spanned by the cells as can be seen in the middle or tail end of the patterned area of the
membrane [Figure 4-12, Figure 4-14]. When these cells migrate in any direction, they encounter

a very similar stiffness in all direction. Many of these cells in the accumulation regions moved in
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circular patterns while those in the steep gradient region moved back and forth along the
length of the membrane (Figure 4.14). Thus, it is reasonable to say that the spacing between the

micropatterns was not the reason for accumulation.

4.6.2. Laminin-332 secretion on PDMS membrane with spatially varying

stiffness
Laminin-332 secretion was monitored on PDMS membrane with a spatially varying stiffness in a
manner similar to that on the PDMS substrates. See Figure 4.16. Similar to the observation on
thick PDMS substrates, laminin secretion increased as the substrates’ rigidity decreased. In these
membrane devices, cells on region 3 secreted the most laminin. A set of images showing the
phase images of cells with the corresponding laminin stains are shown in Figure 4-16 and Figure
4.16, respectively. In these images, membrane stiffness gradually decreases from (b) to (k).
Figure 4-16 (a, 1) and Figure 4.16(a, 1) are images on the thick membrane that bounded the active
region of the membrane and are the stiffest parts of the membrane (flat, outer regions of stiffness

curve — Figure 4-12.)

It should be noted from these images that HEKSs initially migrated in a linear fashion on the
stiffer region while they moved in circle on the softer region. More importantly, the cells on
Figure 4-16 (b, c, d, e) migrated toward the stiffer region, to the left, from their original position.
These observations are consistent with those in the migration assay discussed above: HEK
migrated along the length of the membrane. While the trajectories shown in Figure 4-15 were

mostly for cells that are in contact with other cells, the lamin-332 track left behind by the HEK
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indicates that the individual cells does seems to sense the gradient in stiffness and initially
migrate preferentially toward the stiffer region. It should also be pointed out that HEK typically
follow the laminin protein secreted by other cells (153). Thus it is reasonable to assume that the
HEK migrating back and forth as shown in Figure 4-15 is likely due to those cells migrating

along the laminin track left behind by the original cells that migrate due to the stiffness gradient.

Figure 4-16: Phase images showing the positions of cells on suspended PDMS membrane. Substrate stiffness

decreases from (b) to (k). HEK cultured for 22 hours. Scale bars = 20 um
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Figure 4-17: Laminin-332 deposition increase as substrates gets softer.

Substrate stiffness decreases from (b) — (k). See Figure 4.16 for phase image. HEK cultured for 22 hours.

Scale bars =20 um

4.6.3. Focal adhesion and hemidesmosome assembly on PDMS

membrane with spatially varying stiffness

Figure 4-18 shows phase images of a few cells on different regions within the active area of the
PDMS membrane with spatially varying stiffness. The corresponding FA and HD stained images
are shown in Figure 4-19. Similar to the compliant PDMS substrates, the focal adhesion
complexes were better established on the stiffer regions of the freely suspended PDMS

membrane. As apparent from this and previous images, HEK take almost 24 hours to establish
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attachment to the current PDMS substrates through the focal adhesion complexes.

Hemidesmosome, on the other hand, were already well established by the same time.

Figure 4-18: Phase images showing cells on suspended PDMS membrane. Substrate stiffness decreases from

(b) to (k). HEK cultured for 22 hours. Scale bars = 20 um
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Figure 4-19: The focal adhesion and hemidesmosomes assemblies of cells shown in Figure 4.18. Substrate
stiffness decreases from (b) to (k). More developed FA can be observed on stiff region while HD is more

prominent on soft region. HEK cultured for 22 hours. Scale bars = 20 pm

4.7. Conclusion

In this section, the qualitative results indicating cells’ response to the substrate depending on the
mechanical properties of the substrates were presented. Experiments with both simple compliant
PDMS substrates on glass coverslips with multiple stiffness level and freely suspended PDMS
membrane with spatially varying stiffness suggest that human epidermal karatinocytes tend to
deposit more laminin as indicated by the increased in fluorescent intensity. When comparing the

intensity of fluorescent stained for lamin on simple compliant PDMS and freely suspended
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membrane devices, HEK tends to secrete more laminin on the freely suspended PDMS

membrane compare to the simple compliant PDMS substrates as shown in Figure 4-20.

[

(PDMS 10:1) (PDMS 20:1) (PDMS 50:1) (PDMS 75:1)
E ~744 kPa E~277 kPa E ~14.3kPa E ~12 kPa

Figure 4-20: Comparing laminin secretion on compliant PDMS substrates (Top) to Suspended PDMS

membrane. HEK cultured for 22 hours in both cases. Scale bars = 20 um

It should be noted that the Young’s modulus values of the simple compliant PDMS substrates
were much lower than that of the suspended PDMS membrane. Recall that the compliant PDMS
substrates in the current work have Young’s modulus ranging from 1.2 — 744 kPa while it was
experimentally determined to be 7.75 MPa for the suspended PDMS membrane. The fact that
more laminin was secreted on the suspended membrane in this comparison indicates that the
Young’s modulus of materials in cell’s microenvironment is important but the way the tissue
scaffold is constructed (which will affect the overall stiffness - spring constant) seems to have

more effect on the behavior of the cells.
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Current experiments also shows that the focal adhesions are more mature, larger size and
larger in numbers, on stiffer substrates/region. On the other hand, hemidesmosme assemblies
were found to be better defined and prominent on the softer substrates/region. At this point, it is
not exactly clear if the smaller stiffness is the reason why hemidesmosomes are better assembled
on softer substrates since hemidesomosomes assembly is also known to be promoted and
maintained by laminin proteins [144]. Since, more laminin-332 was secreted on softer substrates
by HEK, it is plausible that amount of secreted protein regulate how well the hemidesmosome
can be assembled by the cells. Thus, it is necessary to carry out experiments in the future that
would isolate the two possible promoters (mechanical property, and density of laminin on

substrate) from each other.

The suspended membrane devices, which incorporated a spatially varying stiffness, also provide
a mean to study the preferential cell migration on the region with a gradient in stiffness and the

peculiar accumulation of cells in a region where there was very minimal change in stiffness.
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Chapter 5: Conclusion

In this work, micro/nano fabrication technologies were developed, and they were applied to
develop substrates to study cell interaction with its mechanical environments. Two systems of
elastic substrates were used: (1) elastic PDMS substrates that are formed on coverslips, and (2)
freely suspended microfabricated PDMS membrane. In both cases cells were exposed to
variation in the stiffness of the substrates. The variation in the stiffness of the substrates in the
first system was accomplished by varying the mixing ratio of the PDMS perpolymer to the
curing agent from 10:1 to 75:1. On the second system, the variation in stiffness was generated on
the membrane by strategically incorporating micropatterns on one side of the membrane. These
micropatterns were placed in the middle of the rectangular membrane, thus forming an active
region of the membrane bounded on either side by thicker membrane. Within this active region,
the micropattern density gradually increases from one end to the other (in the direction along the

length of the membrane), which generated a gradually changing stiffness.

Human epidermal keratinocytes were used as the cell model system. In general, HEK secretes
more laminin-332, its primary adhesive protein, on softer substrates/region, which may be an
indication of a cellular mechanism by which the cells modulate their microenvironment. Similar
to other cell types, HEK form better focal adhesion complexes on stiffer substrates/region. The
hemidesmosome, on the other hand, seem to be more prominent on the softer region. It was also
observed that when two or more of these HEK cells form a group, the HD tends to form a ring-
like structure in the center of the local colony. With the observation of small groups of cell

moving on substrates in a circle, it is speculated that the HDs in the center of the colony is likely
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anchoring the group, causing cells on the outer periphery to move in a circular pattern. With
the suspended membrane device, cell migration was very dynamic in region with high stiffness
gradient, where as they are generally static and accumulate in regions with very little stiffness

change. More laminin-332 secretion was also observed on the suspended membrane devices.

In the process of developing the fabrication technique for freely suspended ultra-thin PDMS
membrane substrates, two non-traditional nano/microfabrication techniques were developed.
First, using 1.lum polystyrene spheres (nanospheres lithography), many different
nano/micropatterns were fabricated in conjunction with traditional microfabrication technology.
Secondly, a novel lithography technique, Bond-Detach lithography, was developed based on the
bonding and detaching a PDMS stamp to PDMS membrane. While the NSL technique provides
limited features assembly and shape, it allows one to fabricate a large array of these nanofeatures
relatively easily and, sometimes more importantly, very cheaply. The Bond-Detach lithography,
on the other hand, allows the fabrication of nano, micro or a mixture of these features with ease.
Though there is no theoretical limitation to what features can be patterned with BDL, there are
practical limitations such as how far or close the features can be. It should also be noted that
BDL relies on a master mold fabricated by traditional nano/microfabrication technology, and it is

a tool to easily replicate those features without using other expensive tools.
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Chapter 6 : Future Work

A solid engineering groundwork was laid for studying cell-substrate interaction using simple
PDMS substrates having different Young’s modulus and also with a suspended PDMS
membrane with varying gradient of stiffness. The developed membrane device in particular is
suitable for studying many other topics. Two important features of the membrane device that will
be exploited in the future are (1) the extreme flexibility of the membrane, and (2) the channel

that is formed under the suspended membrane during the experiment.

6.1. PDMS membrane based cell stretching device

As demonstrated during the characterization described in Chapter 3, the PDMS membrane are
extremely flexible and they exhibit very little hysteresis during repeated loading, unloading
cycles. This membrane can be outfitted with a computer controlled pressure pump such as a
syringe pump. Other actuation mechanism utilizing electromagnetic or piezoactuators can also be
incorporated. The device with an active membrane that is a few hundred micrometers to a few
millimeters can be configured to fit within any microscope stage. Such system will allow
studying cells in a dynamic environment, enabling to induce cyclic loading on cellular system
and at the same time perform a live observation using the microscope. Cells from the lung, heart

or other dynamic organs will be ideal candidate for study using this system.
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6.2. The effects of substrate’s mechanical properties and fluid flow on cellular
processes
In the current experimental set up using PDMS membrane, the membrane is suspended over two
PDMS spacers for imaging purposes. The two spacers form a channel underneath the membrane.
With a properly designed channel and integrated fluidic system, the device will be used to study

the effect of multiple environmental cues, such as mechanical properties and fluid flow.

6.3. Interaction between different cells types cultured on opposite sides of
membrane

Another simple yet interesting experiment is to culture one cell type on one side of the

membrane and another type on the opposite side. In such experiment, the interaction between the

two different cell types would be mediated through the elastic membrane separating them.

Another variation to this experiment would be, to use a porous membrane where the direct cell

types interaction will be limited/confined to the holes on the membrane.

Figure 6-1: Sample experiment setup for studying interaction between different cell types separated by elastic

membrane
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Appendix

A.l. Detail Drawing for PDMS membrane devices with precisely

controlled spatially varying stiffness
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Figure A.1: The overall geometry of PDMS membrane device
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Figure A.2: Detail dimensions for line micropatterns integrated PDMS membrane
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Figure A.3: Detail dimensions for dot micropatterns integrated PDMS membrane
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A.2. Detail information of antibodies used

Paxilin : Paxillin (N-term) Rabbit Antibody [Epitomics Inc., #1500-1]

B4 : Purified Mouse Anti-Human Monoclonal Antibody (CD 104)

[BD Biosciences, #555752]

J18: Rabbit antiserum against rat laminin-332 (Langhofer et al, 1993)

GAM-F: Fluorescence (FITC) conjucated Affini Pure Goat-Anti mouse, IgG [Jackson

Immunology Research #115-095-166]

GARD-F Fluorescence (FITC) Affini Pure Fab Fragment Goat Anti-Rabbit IgG (H+L)

[Jackson Immunology Research #111-097-003]

GARDb-Rh Rhodamine Red-X-AffiniPure Fab Fragment Goat Anti-Rabbit IgG (H+L)

[Jackson Immunology Research #111-297-003]

A.3. Materials Used

Silicon wafer:

SU8-2100:

Photoresist:

Photoresist:

Resist developer:

Resist developer:

PDMS:

Hexane:

Teflon AF®:

(100) P-Type [Polishing Corporation of America]

Thick negative resist [ MicroChem, # Y111075 0500L1GL]
Shipley S1805 positive resist [MicroChem, #41201]

Shipley S1818 positive resist [MicroChem Corp.]

Microposit 351 for Shipley 1800 series resist [MicroChem Corp.]
SU8 developer [MicroChem Corp.]

Slygard 184 [Corning Corporation]

ACS grade [Fisher Scientifics, #H292-4]

Teflon AF® resin [DuPont, #601S1-100-6]



Coverslips:

Microscope slide:

Cell culture dish:

Cell culture dish:

HEK Media:

Serum:

Pen/Strap:

Trypsin:

154
Squares No. 1 - 0.13 to 0.17mm thick; Size: 22mm
[Fisher Scientifics, #12-542B]
Fisherbrand Superfrost Excell Microscope Slides, 144 pk
[Fisher Scientifics, #22-034-985
Glass bottom Dish, 20mm well, #0 Glass,
[MatTek Corporation, #P35G-0-20-C]
100mm sterile Corning Petri Dish [Sigma Aldrich, # CLS3262]
500ml Defined Keratinocyte-SFM (1X), liquid
[Invitrogen Corp, #10744-019]
Fetal Bovine Serum [Invitrogen Corp, #16000-044]
Penicillin-Streptomycin-Glutamine (100X), liquid
[Invitrogen Corp, #10378-016]
Trypsin-EDTA (0.05% Trypsin 0.53 mM EDTAx4Na) (1X) liquid

[Invitrogen Corp, #25300054]



