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ABSTRACT

Myofibroblasts are cells that help the body to repair injuries and wounds. They are
formed through the differentiation of other cells, though the precise signals that instigate this
differentiation are not well understood. To determine critical length scales in chemical and
mechanical cues that are necessary for the development of myofibroblasts, it is necessary to
create and characterize an ordered microenvironment in which the cell exists. This research has
focused on forming that ordered environment through block copolymer (BCP) self-assembly,
and characterizing it through atomic force microscopy (AFM), in the process developing a
protocol which can then be used to form large quantities of BCP substrata for use in cell
signaling studies. For this study, several different polymerizations of Polystyrene-blockpolymethylsiloxane (PS-PDMS) were spin coated onto silicon and glass substrates and formed
into bulk polymer discs. The polymers’ microphase separation was characterized by AFM. PSPDMS demonstrated consistent phase-separation with spherical, cylindrical, and lamellar
morphologies. Additionally, cells were cultured on BCP discs under various conditions. The
results obtained indicate that PS-PDMS will be a useful BCP medium for future study of how the
nanoscale architecture of cell adhesive sites regulates cell signaling and behavior.
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Chapter 1
Introduction

Block Copolymers

Polymers, generally, are macromolecules composed of repeating subunits, or monomers.
When all monomers that form a polymer are identical, the polymer is referred to as a
homopolymer. Homopolymers are ubiquitous in the modern world; the vast majority of plastics,
such as polyvinylchloride (PVC), polyethylene (PE), polyester (PES), are homopolymers.
Less common, but no less interesting, are copolymers, polymers formed of multiple
distinct monomers. There are multiple types of copolymers, including random, alternating, and
block copolymers. The first two types of copolymers are somewhat self-explanatory; alternating
copolymers consist of an alternating pattern of the constituent monomers, while random
copolymers consist of a random sequence of monomers. Block copolymers (BCPs) feature two
or more extended homogenous-monomer sequences, covalently bonded. In essence, block
copolymers are two or more homopolymers that have been bonded together at a central junction
block (1). Figure 1 shows these various forms of copolymers, where the red and blue circles
represent two distinct monomers. Though not as ubiquitous as homopolymers, copolymers do
have a variety of current applications, including as thermoplastic elastomers, which can be used
in anything from adhesives to wine-bottle stoppers (2).
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Figure 1: Types of Copolymers
BCPs themselves come in many distinct forms, based on the number of different
monomers present, the number of blocks, and the way in which those blocks are bonded
together. Figure 2 shows several of these copolymer structures, though many more exist. Once
again, each color represents chain of distinct monomers.

Figure 2: Block Copolymer Structers
When many BCP chains exist in bulk, intermolecular forces may cause the similar ends
of each copolymer chain – the regions containing the same monomer constituents — to
aggregate together. The phenomenon is somewhat similar to the macrophase separation that is
observed when two immiscible liquids, such as oil and water, are combined. The notable
difference, however, is that the covalent linkage between the blocks of each copolymer prevents
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the formation of large compositionally homogenous regions. Instead, BCPs exhibit phase
separation on a microscopic level, forming regions rich in each monomer type that have length
scales comparable to the polymers’ length. This phenomenon is called microphase separation (1).
The microdomains created by BCP phase separation are far from random; rather, BCPs
have somewhat predictable equilibrium morphologies that correspond to the arrangement of
microdomains that minimize internal energy. Figure 3 shows a BCP that has adopted a lamellar
morphology. Other common morphologies include spherical and cylindrical.

Figure 3: Diblock Copolymer Lamellar Morphology
There are several factors that contribute to the precise morphology a BCP will adopt
when in bulk. The most straightforward is the ratio of the lengths of each of the BCP’s blocks.
This ratio is defined by the parameter fA, or the fraction of monomers in the BCP that are of type
A (1). For a diblock copolymer, a relatively even distribution of monomers (fA ≈ 0.5), yields a
lamellar morphology, similar to that seen in Figure 3. A less compositionally balanced BCP may
adopt a cylindrical or spherical morphology, with the less favored block forming the cylinders or
spheres.
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Beyond chain length, BCP morphology depends heavily on the interactions between the
various monomers that compose the BCP. This is represented by the Flory-Huggins Interaction
Parameter, defined in Equation 1 (1).
Equation 1: Flory-Hubbins Interaction Parameter (1)

In Equation 1, the first term contains physical properties. In that term kB is the Boltzmann
Constant, T is absolute temperature, and Z is the number of nearest neighbors that each monomer
has. The second term contains the interactions between the various types of monomers. This is
obtained by subtracting the self-interaction energy of each monomer (ԑAA and ԑAB) from the
interaction energy between two unlike monomers ԑAB. Positive xAB values indicate net repulsion
between unlike monomers, and result in microphase separation. Because Equation 1 describes
the forces acting on a single monomer, the total segregative forces acting on an entire BCP is
given by xABN, where N is the number of monomers in the BCP, commonly referred to as the
degree of polymerization. Figure 4 shows microphase morphologies that a linear diblock BCP
will adopt based on its fA and xABN values, based on the projections of self-consistent mean-field
theory (1).
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Figure 4: Expected Conformations of BCP in Bulk. Reprinted with permission from
Macromolecules (3). Copyright 1996, American Chemical Society.
In Figure 4, “L” denotes a lamellar morphology, “H” denotes a cylindrical morphology,
and “Qlm3m” denotes a spherical morphology. The area labeled “Qla3d” represents a more novel
“gyroidal” morphology, in which the BCP forms two continuous regions—each containing one
type of monomer—that weave through one another. Figure 4 also exhibits the importance of xN
in the process of forming BCPs; polymers with an xN value lower than approximately 10.5 will
not exhibit microphase separation, instead forming a disordered mix of polymers (1).
Another factor in BCP morphology is the environment in which it exists. While Figure 4
models morphologies of BCPs that exist in bulk, thin films of BCPs are also of interest. BCP thin
films are defined as having a thickness of approximately 100 nm (4).
In thin films, the surface effects can influence the BCP’s morphology. These effects stem
from energetic interactions between a particular block of the BCP and the film’s boundary. For
example, in this study, thin films were spin coated onto silicon substrates. As a result, one
surface of the BCP film was adjacent to the silicon substrate, while the other was adjacent to
atmosphere, a surface commonly referred to as a “soft” interface (4). If one block has a
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preferential interaction with the substrate, then a lowest-energy conformation for the BCP would
tend to include that block at that interface (4). At the “soft” interface, the conformation may be
impacted by the surface tensions of each block. In that case, the lowest-energy conformation
commonly results in the block with lower surface tension segregating to the interface (4).
Furthermore, confinement can lead to changes in BCP morphology. Confinement results
from the relationship between the thin film thickness (t) and the domain spacing of the BCP (4).
A BCP’s domain spacing (marked as λ in Figure 3), characterizes the distance between repeating
morphological features (1). In the case of the lamellar structure in Figure 3, for instance, it is the
distance between lamellae composed of the same block. In the case of BCPs that form lamellae
parallel to the surface of the film, the film thickness will tend towards either even or odd
multiples of 0.5λ, depending on surface energetics (4). Specifically, if different block
preferentially segregate to each interface, the ideal thickness would be as shown in Equation 2.
Alternatively, if the same block preferentially segregates to both the substrate and free surface of
the film, the ideal film thickness would be as shown in Equation 3.
Equation 2 (4)

Equation 3 (4)

When film thickness is not a multiple of λ, the BCP is subjected to forces that lead to
energetically unfavorable compression or stretching the BCP chains. To avoid these effects, the
BCP may adopt different conformations (4). Alternatively, the film may maintain the parallel
lamellar morphology, but develop islands and holes with a step size of λ (4). In this way, though
the average film thickness is not an ideal value, the thickness at any given location on the film is.
Figure 5 demonstrates this principle. In figure 5, the red block segregates preferentially to the
substrate (grey), while the blue block preferentially segregates to the surface, such that Equation
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2 governs the ideal film thickness. Each black-outlined box represents a single polymer layer,
containing BCP chains that, of course, include both red and blue blocks. The thickness of each of
these layers is ½ λ. As is apparent in the figure, the base film thickness in this case is 1.5 λ, with
an island of thickness λ on its surface. Therefore, at any point on the film, the total thickness is
1.5 λ or 2.5 λ, consistent with the ideal thicknesses predicted by Equation 2, despite the fact that
the average film thickness is not 1.5 λ or 2.5 λ, but somewhere in between the two.

Figure 5: BCP Film Island Formation
Though BCPs display some level of patterning when in bulk or cast as thin films, they
generally do not display particularly consistent long-range order. While such order would be
thermodynamically favorable, the BCPs’ ability to reach that form is limited by their mobility
(5). For instance, when spin coating a thin film, the solvent evaporates from the substrate,
depositing the polymer, in seconds. This simply does not allow the polymer sufficient time to
reach the thermodynamically ideal long-range formation.
A solution to this problem involves the post-casting process of annealing. There are
several established processes for annealing BCPs, with two of the most common being thermal
and solvent-vapor annealing. In thermal annealing, the BCP is heating above its glass transition
temperature Tg in order to promote polymer mobility and overcome the intermediate energy
barriers required to achieve a more thermodynamically favorable state (5). In solvent vapor
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annealing, the BCP is exposed to a solvent vapor, which swells the polymer, reducing its Tg and
promoting reorganization similarly to thermal annealing (5).

9
PS-PDMS

The primary focus of this research was Polystyrene-block-Polydimethylsiloxane (PSPDMS), a linear diblock copolymer. PS-PDMS contains a linear chain of styrene monomers,
coupled to a linear chain of dimethylsiloxane monomers. The molecular diagram for PS-PDMS
is shown below.

Figure 6: Molecular Diagram of PS-PDMS (6)

Polystyrene has a x value of 0.26, which is rather high, indicating that good phase
separation can be expected of PS-PDMS BCPs with reasonable degrees of polymerization (7).
The surface tension of PS and PDMS are 40.7 and 19.9 N/m, respectively (8). As a result, in thin
films, one would expect PDMS to preferentially segregate to the surface.
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Focal Adhesions and Fibroblasts

Focal adhesions (FA) are multi-protein, integrin-containing complexes that form the
interface between cells and the world around them, called the extra-cellular matrix (ECM). Their
function is two-fold. First, they serve a structural purpose, physically anchoring a cell’s
cytoskeleton to the ECM. Secondly, they serve as signaling pathways (9). Signaling proteins can
associate and dissociate with the intra-cellular side of the FA in response to conditions in the
ECM. FAs are thus an important mechanism that allows cells to observe the world around them
and act accordingly. The structure of a focal adhesion is shown in Figure 7.

Figure 7: Diagram of a Focal Adhesion
FAs form when an integrin protein embedded within the cell membrane binds to a
suitable ligand protein in the ECM, such as fibronectin, laminin, or collagen (10). These ligand
proteins all contain a specific Arginine-Glycine-Aspartic Acid (RGD) amino-acid sequence,
which has been identified as necessary for the formation of focal adhesions (10). The binding of
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the integrin to the ECM causes a signaling cascade within the cell that results in the recruitment
of talin, a homodimer that has been identified as a key element of FA formation. Talin binds the
integrin, and also forms the initial bond to actin filaments (11). Talin is also responsible for the
binding of vinculin to the complex (12). Vinculin aids in the stabilization of the talin-actin bond
that serves as the FA’s link to the cell’s cytoskeleton in mature FAs (12).
Focal adhesions are particularly important in the understanding of myofibroblasts.
Myofibroblasts are cells that help the body to repair injuries and wounds, formed by the
differentiation from other cell types, including fibroblasts and epithelial cells (13). When a
wound occurs, this differentiation process is activated and the myofibroblasts form scar tissue to
stabilize the wound. As the wound heals, the myofibroblast cells should regress. However, this
does not always happen, and when myofibroblasts on organs such as the heart fail to regress,
they can cause deformities that lead to fibrosis (13).

Figure 8: Development of Myofibroblasts from Fibroblasts. Reprinted with
permission from Macmillan Publishers Ltd: Nature Review Nephrology (13), Copyright
2015.
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Focal adhesions serve a vital role in the formation of myofibroblasts from other cells
(14). Figure 8 shows the process by which a myofibroblast develops from a fibroblast cell. As
the image illustrates, the formation of myofibroblasts is characterized by the formation of focal
adhesions, and is precipitated by mechanical stresses applied to the cell. By better understanding
how those mechanical cues affect the formation of focal adhesions and the transition of cells to
myofibroblasts, it may be possible to both encourage formation to expedite wound healing and
discourage formation to prevent fibrotic deformities.
Block copolymers, by nature of their ability to create nano-patterned substrates without
requiring expensive lithography techniques, may allow for useful manipulation of the mechanical
cues provided to the fibroblast cells. BCPs have already been identified as a useful tool in
understanding FA formation in fibroblasts, as reported by Killops et al (10). However, their
study focused on using BCPs as a method of controlling the spacing and patterning of ligand
proteins. The impact of the patterning of mechanical properties on the cell growth medium
remains poorly understood, and is the purpose of this study.
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Chapter 2
Experimental Procedure

PS-PDMS Sample Formation

Several different strains of PS-PDMS were analyzed in this study, all of which are listed
in Table 1. The table shows the lengths of each monomer chain in the right column. It also
provides the fraction of polystyrene fPS and the polydisperity index (MW/MN). PS-PDMS
samples 74-10, 24-10, 5.4-10, and 13.4-10 were synthesized by Kevin Cavicchi of the University
of Akron, while PS-PDMS 26-55 was purchased from commercial polymer producer Polymer
Source (Sample # P10729-SDMS).
Table 1: PS-PDMS Strains Analyzed

Sample

fPS

MW/MN

Mn x 103 S-b-DMS

PS-PDMS (74-10)

0.87

1.31

74-b-10

PS-PDMS (24-10)

0.69

1.16

24-b-10

PS-PDMS (5.4-10)

0.33

1.06

5.4-b-10

PS-PDMS (13.4-10)

0.55

1.14

13.4-b-10

PS-PDMS (26-55)

0.30

1.25

26-b-55
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Each of the PS-PDMS strains analyzed was formed into both BCP puck and thin films.
The pucks would be expected to adopt the BCP’s bulk morphology, while the thin films’
morphology may vary, as explained previously.
The BCP pucks were prepared by heating the polymers above their melting temperature,
and forming them into 2mm-thick discs under pressure. The exact temperatures and times
required to form a smooth, well-formed disc for each polymer strain varied slightly, and are
listed in Table 2 in Appendix A. The BCP was first heated to the melting temperature without
applied pressure, then pressure was added before the disc was allowed to cool and solidify.
The thin films were prepared by spin-coating PS-PDMS solutions in toluene or
chloroform onto silicon substrates. Spin coating is a process in which a solution containing the
BCP is deposited at the center of the substrate, while it is rotating rapidly. The solution is then
spread uniformly across the substrate. As the solvent evaporates, a relatively uniform, thin
polymer film remains on the substrate. Varying the solution concentration and the rotational
speed of the substrate allow one to vary to thickness of the film. In this experiment, the solution
concentration was 20 mg PS-PDMS / mL Toluene or Chlroform, and a spin-coating velocity of
1000 RPM. Some trials were performed that involved the solvent annealing of BCP thin-films. In
those trials, the annealing was performed by placing the spin-coated sample in chamber
containing the annealing solvent for the prescribed time.
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Characterization: AFM

The BCP morphology was characterized by atomic force microscopy (AFM). Atomic
force microscopy relies on a microscopic, pointed probe attached to a cantilever. During tappingmode AFM, which was utilized in this study, the cantilever oscillates with a particular frequency,
making intermittent contact with the sample being analyzed. A laser beam is targeted at the
cantilever and reflects off it onto a photodetector, as shown in Figure 9. In that way, changes in
the tip’s height can be monitored.
The cantilever tip moves, sweeping across the sample. The height of the tip at each point
of contact along the sample provides a topographical image of the sample. However, a more
novel use of AFM, and the one of interest in this study, is to analyze patterns in a sample’s
pliability. As the cantilever oscillates, its phase varies depending on the viscoelastic properties of
the sample. It is possible to record these phase shifts, and use them to create an image showing
the relative pliability of various areas of the sample. Because PS and PDMS have differing
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viscoelastic properties, this image of pliability is akin to an image distinguishing the PS and
PDMS domains (15).

Figure 9: Diagram of an Atomic Force Microscope. Reprinted from (16) with the
permission of AIP Publishing, Copyright 1988.
An important note is that because AFM detects a sample’s pliability, it is not limited to
imaging surface morphology. Rather, it can detect phase separation beneath the sample’s surface.
This is important since, as previously explained, in thin films it is common for one block to
preferentially segregate to the film’s surface. Even if that’s the case, if there are perpendicular
features relatively near to the surface, they may be detected by atomic force microscopy. Of
course, features buried deeper below the surface may not be visible.
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Chapter 3
Results: Analysis of BCP Films and Discs
Through an analysis of various BCP discs and thin films, it became clear that BCP
morphology can vary drastically depending on the Mn of the polymer, its block fractions f, and
the form in which it exists (as a disc or thin-film).
Figure 10 shows AFM phase images of PS-PDMS 24-10 in both a polymer disc (left) and
thin-film (right). Given that the fraction of polystyrene in PS-PDMS 24-10 is 0.69, the expected
morphology of the BCP in bulk would be PDMS cylinders in polystyrene medium. The surface
of the disc as seen in Figure 10 is dominated by the polymer creating the negative phase
distortion (the darker region), which is likely polystyrene. There are some regions, however,
where phase separation can be seen, although the long-range order is not particularly good. It is
difficult to define the morphology based on that image alone, though it could be highly
disordered PDMS cylinders running parallel to the surface.
The thin-film shown in Figure 10 exhibits far greater order, with clear alternating
domains of PS and PDMS. The image once again could be consistent with PDMS cylinders
running parallel to the surface, though it would also be consistent with perpendicular lamellae.
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Figure 10: PS-PDMS 24-10 Disc (Left) and Thin Film (Right)

Similar results were obtained from the images of PS-PDMS 74-10, shown in Figure 11.
Given the excess of PS relative to PDMS in this strain (fPS = 0.87), a morphology of PDMS
spheres in PS medium would be expected. The disc image in Figure 11 is of slightly higher
quality than that of 24-10, and is consistent with PDMS spheres. Particularly on the right side of
the image, dark circles surrounded by lighter regions can be observed. While not dispositive, this
is consistent with the theoretical prediction of a spherical morphology.
The thin film of PS-PDMS 74-10 varies quite drastically from the disc, demonstrating a
morphology very similar to that of PS-PDMS 24-10. Once again, these could be cylinders or
lamellae, but appear unlikely to be spheres, as are seen in the disc’s morphology. Figure 11
demonstrates the degree to which a BCP’s environment, be it a disc or thin film, can impact its
exhibited morphology.
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Figure 11: PS-PDMS 74-10 Bulk (Left) and Thin Film (Right)

PS-PDMS 13.4-10 demonstrates a rather different, but particularly interesting disc
morphology, as seen in Figure 12. Specifically, it appears to form lameallae with a relatively
high degree of long-range order. There are also regions that do not display any patterning. This
could be indicative of parallel lamellar sheets that have ends turned up at certain points, such that
the lamellae run perpendicular to the surface and their grain can be observed. The formation of a
lamellar structure would be expected of this BCP, given its relatively even distribution between
PS and PDMS (fA = 0.55).
The thin-film image of PS-PDMS 13.4-10 is notably different. It displays no visible
patterning whatsoever; the surface appears dominated by a single block. This could also be
indicative of lamellae running entirely parallel to the surface of the film. This hypothesis is
supported by the topography of the film. Figure 13 shows an optimal microscopy (OM) image of
the film, along with a topographical AFM image.
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Figure 12: PS-PDMS 13.4-10 Bulk (Left) and Thin Film (Right)

Figure 13: PS-PDMS 13.4-10 AFM Topography (Left) and Optical Microscopy
(Right)

The optical microscopy image in Figure 13 shows an uneven surface topography, with
islands approximately 10 µm in diameter. This could be a sign of dewetting, a phenomenon that
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is a product of the spin-coating process. However, as previously stated, such islands can also be
indicators of parallel lamellar structures in films where t is not a multiple of 0.5 λ.
The size of the islands is consistent with results obtained by Smith et al, when analyzing
films of PS-PMMA diblock copolymers with a similar molecular weight and polystyrene fraction
(Mn = 26,000, fPS = 0.485) (4). In their study, they found the step size, the difference in height
between the islands and surrounding lower-lying regions, to be approximately 18 nm (4).
Examining the left AFM topography image in Figure 13, the image captures sheer
changes in height, the edge of one of the islands seen in the optical microscopy image. The
height difference across each step is approximately 14 nm. Given the slightly shorter length of
the polymers used in this case (Mn = 23,400), this is approximately consistent with the step
height that would be expected for this polymer, given the results of Smith et al. Further research,
varying the spin-coating rotational speed in order to vary film thickness, would need to be
conducted to confirm that this is indeed the cause of the uneven film surface.
Polymer PS-PDMS 26-55 demonstrates a rather strange and seemingly disordered bulk
morphology, as shown in Figure 14. Given its PS fraction, one would expect the bulk
morphology to be PS cylinders in a PDMS medium. The bulk morphology could show weaving
PS cylinders (lighter in color in the left image of Figure 14), in a darker PDMS medium, though
if so the long-range order is incredibly poor.
On the other hand, the morphology of thin film in Figure 14 is fairly well ordered, and
consistent with cylinders of PS (darker in the image) oriented perpendicularly to the film surface.
This would be in contrast to the thin-film morphology of PS-PDMS 24-10, in which the
cylinders (if they are indeed cylinders) are oriented parallel to the surface. It is important to note,
however, that in PS-PDMS 24-10, the cylinders are formed by PDMS rather than PS.
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Figure 14: PS-PDMS 26-55 Bulk (Left) and Thin Film (Right)
Depending on the substrate’s affinity for one block over the other, it is unsurprising, if
not expected, that if the morphology inverts, the orientation would also invert. More to the point,
if the substrate favors PS, then for PS-PDMS 26-55 the cylinders would adopt whichever
orientation maximizes the contact between the cylinders and substrate. For the same reason, in
the case of PS-PDMS 24-10, the energetically favorable orientation would be the one that
minimizes the contact between the cylinders and substrate, which would necessarily be the
opposite orientation to that displayed by PS-PDMS 26-55.
Finally, PS-PDMS 5.4-10 shares a very similar polystyrene fraction to that of PS-PDMS
26-55, with a significantly smaller chain length. Therefore, the anticipated morphology would
once again be a medium of PDMS populated by smaller perpendicular PS cylinders. Though no
bulk sample was available for examination, two magnifications of PS-PDMS 10-5.4 are shown
in Figure 15.
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Figure 15: PS-PDMS 5.4-10 Thin Films--2 Micron (Left) and 0.5 Micron (Right)
While the phase is difficult to observe in the 2 micron image, the ½ micron image clearly
shows a morphology that is nearly indentical to that of 26-55 and consistent with the expected PS
cylinders. In terms of feature size, the average diameter of the PS cylinders in sample 5.4-10 is
approximately 17 nm. The size of the PS cylinders in sample 26-55 varies, but averages about 75
nm—4.5 times larger than in PS-PDMS 5.4-10. This is well explained by the fact that the Mn of
PS-PDMS 26-55 is approximately five times that of 5.4-10.
In summary, each polymer displayed morphologies that are consistent with the theoretical
prediction based on their polystyrene fractions and molecular weights. Additionally, each
polymer displayed very different morphologies in the polymer discs than they did in thin-films,
highlighting the ability of the polymer’s macroscopic environment to influence its microscopic
patterning.
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Effect of Annealing
As previously discussed, annealing of BCPs after they are deposited has the ability to
increase long range order. Figure 16 shows a PS-PDMS 24-10 film before and after annealing
with chloroform vapor for one minute. The control image shows good phase separation,
consistent with perpendicular cylinders and similar to what was seen in Figure 10. The longrange order in the image, however, is not particularly good. On the other hand, after annealing
with chloroform, long-range order is drastically improved. Though a single and rather simple
demonstration, it does evidence the ability of annealing conditions to improve the long-range
order of BCP domains.

Figure 16: PS-PDMS Thin Film Before (Left) and After (Right) Solvent-Vapor
Annealing
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Chapter 4
Cell Culture and Imaging
Of course, in order for BCPs to be effective as ordered substrata for the study of
fibroblast differentiation, fibroblasts need to be able to grow and thrive when cultured on a BCP
surface. Therefore, it is important to investigate the rate of cell growth on BCP surfaces.
Figure 17 shows images of NIH3t3 cells cultured on glass slides as a control, to serve as a
reference for standard in vitro growth of NIH3t3 cells. The left image shows basic bright field
microscopy. The right image shows the same field of view stained with 4',6-diamidino-2phenylindole (DAPI), a stain that binds to the cells’ DNA and leads to fluorescence of the cells’
nuclei for easier identification of individual cells (17). Five nuclei are clearly visible in Figure
17.

Figure 17: NIH3t3 Cells, Glass Slide: Brightfield (Left), DAPI Stain (Right)
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Imaging of cells grown on polymer discs presents somewhat more difficulty. The surface
of the discs is not nearly as smooth as the glass slide control, diminishing the quality of brightfield imaging to the point where cells are no longer visible. Furthermore, the polymers absorb the
dyes used in fluorescence imaging, creating background noise that reduces the clarity of the
images. However, the DAPI stained image is sufficient to at least observe the number of nuclei
present in a particular field of view. Figure 18 shows the DAPI-stained images for two polymer
disc samples. The left image shows cells cultured on discs that have been annealed and sterilized
with UV-Ozone prior to cell culturing; the right image shows a disc that was sterilized, but not
annealed.

Figure 18: DAPI Imaging of NIH3t3 Cultures on Annealed (Left) and Unannealed
(Right) PS-PDMS 26-55 Discs
Based on the two images, it is clear that cells are present, and in fact quite numerous on
the BCP substrata. The cells were more populous on the annealed disc than the as cast disc, with
twelve visible nuclei, more than double the amount seen on the glass slide control. Another
image of a different region on the annealed disc (not shown), included eight nuclei, still more
than the control. The disc that was not annealed shows five nuclei, the same amount as the
control. Further repeated experiments would need to be conducted in order to determine whether
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the larger number of cells seen on the annealed disc is a significant result or a statistical anomaly.
However, the results of the test do clearly show that cells can be effectively cultured on BCP
substrata, which will enable further studies of how BCP properties affect fibroblast growth and
differentiation.
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Chapter 5
Conclusion
Block copolymers have been shown to have potential as an effective tool for the study of
fibroblast growth and differentiation. Fibroblasts have been effectively cultured and imaged on
BCP substrata, and have shown preliminary signs that indicate that the change in substratum may
affect their behavior, specifically their growth and reproduction rate.
Furthermore, the BCP PS-PDMS has been shown to demonstrate clear phase separation,
with a morphology that may be tuned by varying the polymer’s Mn, polystyrene fraction, and
macroscopic environment (disc or thin-film). For each sample examined, the observed
morphologies were consistent with theoretical predictions based on the above-mentioned
variables. This shows the potential of BCP as a means to control, with relatively high levels of
predictability and precision, the mechanical properties of substrata for fibroblast culturing.
Further research should aim to determine the impact that varying the morphology of the
BCP substrata has on cell behavior, such as growth and focal adhesion formation. This research
will afford greater understanding of the mechanical cues that impact fibroblast differentiation to
myofibroblasts, and how that process can be controlled.
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Appendix A
Supplementary Experimental Information
The polymer discs were formed by heating 10 mg of polymer in pellet press. Initially, no
external pressure was added to the pellets. The temperatures used to create the BCP disc for each
polymer strain are shown below in Table 2. After the amount of time given in the second column
of Table 2, a weight was added to the press. The sample was heated for an additional amount of
time given in the third column of Table 2 before being cooled and removed from the press.
Table 2: BCP Disc Preparation Conditions

Sample

Time w/o Added
Pressure (min)

Time with Added
Pressure (min)

Temperature
(Celsius)

74-10

10

20

120-140

24-10

5

10

110-130

5.4-10

5

10

110-130

13.4-10

5

10

110-130

26-55

10

20

120-140
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The solutions used for spin-coating were 2% by weight, in a toluene or chloroform
solvent. The solution was coated on silicon substrates. The substrates were cleaned by
submersion in an isopropanol solution, which was then run in a water bath sonicator for 30
minutes. The silicon substrates were then rinsed with methanol and sterilized an additional 10
minutes in a UV-Ozone chamber before spin-coating. The spin-coating itself was performed in a
glove box, in the absence of oxygen or atmospheric moisture. The spin-coating was conducted
by the deposition of 200 μL of the BCP solution on the silicon substrate while rotating it at 1000
RPM.
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