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EstimatedStiffness | Modeled Stiffness .
Percent Difference (%
(NN/pm) (nN/pum)
#5-10:1Pure PDMS 46.92 49.19 4.84
#5-3:1PDMS Blend 32.36 33.23 2.70
#5-1:1PDMS Blend 22.43 23.66 5.50
#7-10:1Pure PDMS 17.10 18.44 7.88
#7-3:1PDMS Blend 11.79 13.76 16.66

Figure 12: Autodesk Inventor Strain Model. Inventor results from the strain simulation are

shown graphically and in the table above. Graphic display is from the #7 — 3:1 PDMS Blend

simulation
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Figure 13: Post Imaging Strategy Example. The green line shows approximately where the top
image of posts is taken. The line has been lowered slightly to make it easier to see the tops of the

post in the drawing. The purple line shows where the bottom post image is taken.
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Figure 14: #7 Posts, 3:1 PDMS Blend. (A) Actin (B) Fn (C) Post tops (D) Post Bottoms
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Figure 15: #5 Posts, 1:1 PDMS Blend. (A) Post Tops (B) Post Bottoms
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After images were collected, an original force analysis algorithm written in Matlab was
used to find the magnitude of force that a cell exerts onto the substrate. Shown in Figure 16A, it
was found that the average force per cell tended to decrease as the post stiffness decreased. Force
per post data in Figure 16B agrees except for the #5, 1:1 PDMS Blend posts. An example of the

posts can be seen above in Figure 14.
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Figure 16: Force Data from Post Experiment. (A) Average force per cell. (B) Average force per
post. Except for #5, 1:1 PDMS Blend, the softer substrates had lower forces per post than the #5,
10:1 Pure PDMS sample. (C) Average Cell Area. N=#5, 10:1 Pure PDMS — 7; #5, 3:1 PDMS
Blend — 16; #5, 1:1 PDMS Blend — 5; #7, 10:1 Pure PDMS — 27; #7, 3:1 PDMS Blend — 18
*p<0.05. Groups that had no statistically significant difference are marked. Statistical differences
with p<0.05 were found between different groups. There was a statistically significant effect of

post type on cell area, force per post, and force per cell (one-way ANOVA, p<0.05)
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Chapter 4: Discussion

Blends of Sylgard 184 and Sylgard 527 should generate biomaterials with mechanical
properties that appropriately simulate physiological stiffness. To characterize these blends, we
conducted mechanical testing aimed at quantifying mechanical properties. Traditionally, the way
Pure PDMS was softened was by changing the ratio of base polymer to cross-linker. We wanted
to avoid doing this due to cytotoxic effects of excess polymer base or cross-linker. Making posts
from softer Pure PDMS would not only have potentially cytotoxic effects [27], but any Pure
PDMS would be far too soft to make posts out of. Negative molds would be destroyed and large
areas of posts would be collapsed before they would be used. Subjectively, it was found that
PDMS Blends tended to be much more “brittle” and would flake apart much more readily than
the Pure PDMS polymers, even at the 1:3 PDMS Blend. This could be due to the molecular
makeup of each type of PDMS. When making a Pure PDMS polymer, the units making up the
bulk material are all uniform. By introducing polymer chains of two different lengths,
imperfections form in the material which could cause it to be more brittle. Tensile testing also
showed that all the PDMS Blends failed abruptly while the Pure PDMS samples did not fail
during testing.

Complex moduli of Pure and Blend polymers were collected via rheometry using a DHR
Rheometer from TA Instruments set up for a small amplitude oscillatory shear test. As the upper

plate of the rheometer applied a sinusoidal strain over the range of 1 to 100 rad/sec, the

sinusoidal stress was measured and resolved into components in phase and g out of phase with

respect to the input. Stress in phase with the input was recorded as the shear elastic response
(Gg), while the out of phase stress was recorded as the shear viscous response (Gy). The complex

shear modulus (G) could then be calculated from the two outputs of the rheometer by using the
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equation 4 [28]. The complex shear modulus at the lower frequency (1 Hz) was used as the most
relevant frequency. All calculations converting shear modulus to elastic modulus used this lower
frequency complex modulus.

Values recorded from all material testing were lower than values recorded in literature.
Lower temperature during the curing process also cause the elastic modulus of PDMS to
decrease [29]. Rheometry seemed to produce lower elastic modulus values than tensile testing.
This could be because the complex modulus is a combination of the storage and loss moduli of a
material undergoing oscillating loads. During repeated loading, the material may become
fatigued and material properties may change causing slightly lower modulus values. Tensile tests
did not cycle loading in this experimental setup, so material fatigue was avoided. More testing
using PDMS cured at higher temperatures will shed light on this discrepancy. To account for the
difference between elastic modulus values, each polymer’s elastic modulus was normalized with
respect to the Pure PDMS (10:1) polymer. It is important to point out that all the PDMS Blend
samples failed during tensile testing. The point of failure was close to the clamps, suggesting that
there may have been an uneven stress distribution across the sample. Even though this could
cause some variability in the modulus values, it suggests that there may be more brittle properties
of Blends when compared to Pure PDMS. Further testing to characterize these properties are
required before any conclusions can be made.

During polymer attachment assays some differences between cell size, Fn assembly, and
nuclear count were observed. Even with some differences between cell numbers and size, it was
concluded that cells were able to attach to and assemble Fn on both Pure PDMS or PDMS
Blends. Differences between cell area and numbers could be due to the change of substrate

stiffness. Though the PDMS Blends did not seem to affect the ability of cellular attachment; size
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and number of cells on the Blends did seem to change. Further studies observing expression of a-
smooth muscle actin, as well as cell viability experiments could help to gain an understanding on
differences between cells on PDMS Blends and Pure PDMS.

Post calibration was used to get the most accurate stiffness values to use in our Matlab
model. To get accurate stiffness values, multiple posts had to be modeled on top of a small layer
of PDMS as a base. This is because the posts are continuous with a small layer of PDMS on top
of glass slides. The PDMS layer on the bottom is much softer than the glass and could deform.
Modeling the posts not only gave an effective stiffness for each post, but also confirmed that
forces acting on the tops of posts only deform the posts, not the PDMS substrate underneath.
Even though there was no deformation of the PDMS under the posts, the small discrepancies
between calculated and modeled stiffness values is most likely due to the effects of this layer.
Exact measurements were shown in Figure 4A and were used in each model. Values needed to
be scaled for Autodesk Inventor to model the posts. Distances were increased by 1000, and to
accommodate the elastic modulus of the PDMS was decreased by a factor of 10°. This factor was
found by using the units of force and distance from the model (N/mm) and converting them to
units found experimentally in the posts from previous studies (nN/um) [24]. A shear force with a
magnitude of 1 N was applied in each experiment.

Interestingly, 3:1 PDMS Blends seemed to generate the most repeatable, successful fields
of posts. As discussed above, the PDMS Blends tended to be more brittle than the Pure PDMS.
This could play a role in the ease of post fabrication. During the post generation protocol,
negative molds of the posts are lifted off of freshly cured positive PDMS. Pure PDMS being
much less brittle tends to stretch more and adheres to the molds. PDMS Blends being more

brittle will deform less during the manufacturing process, allowing them to slide out of the
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negative molds easier. Though these posts are taller, therefore softer, than the #5 posts, #7 posts
made from 3:1 PDMS Blends were more successful and had fewer fields of collapsed posts.
Cellular post data shows that cell area decreased as substrate stiffness went down. This
decrease did seem to be dependent on both substrate stiffness and the polymer used. PDMS
Blends did now show any statistically significant differences between cell areas, though they
were different from posts made from Pure PDMS. Average forces per post tended to be low, and
decrease as stiffness decreased. The exception to this was #5 posts made from 1:1 PDMS Blends.
This could be due to the large amount of collapsed posts on each sample skewing data. Forces
per cell seemed to vary widely between samples, though cells on lower stiffness posts seemed to

generate lower forces
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Chapter 5: Conclusions and Future Directions

Finding softer substrates with the ability to measure cellular forces was attempted to
create new physiologically relevant models for investigating cellular forces (between 0.5 kPa and
4 kPa). Rheometry and tensile testing produced elastic moduli for PDMS Blends which were
used as parameters in the post models made in Autodesk Inventor. Finite element analysis on the
models from Autodesk Inventor simulation software provided the post stiffness for each new
PDMS Blend proposed in this study. Finally, posts were fabricated using these new PDMS
Blends and force data from NHLF cells was compiled.

Rheometry data was gathered to select PDMS Blends that would be softer than the Pure
10:1 PDMS, but stiffer than the Pure 30:1 PDMS. Pure 30:1 PDMS would theoretically be able
to generate 7 um tall posts that had an effective modulus of 1.6 kPa, but due to the material’s
softness, posts cannot stay upright through the processing required for cell fixing and staining.
Any fields of posts that are upright would be surrounded by collapsed posts, generating data that
is difficult to analyze. To combat this, 3:1 and 1:1 PDMS 184:527 Blends were selected as
polymers that would be stiff enough to fabricate viable posts, while soft enough to lower the
effective stiffness to physiological levels. After selecting the PDMS Blends that would be used,
tensile testing was completed to confirm the elastic modulus of the materials.

After quantifying mechanical properties, polymer attachment testing was completed to
ensure cells could survive on the polymer surfaces. Interestingly, the cells survived on all
surfaces even though there were some differences in cell size and count. Some of these
differences could be due to the change in substrate stiffness, but more studies are required to
understand exactly what is changing between the Pure PDMS and the PDMS Blends. Though

changes in cellular morphology and density were observed, cells were able to attach to the
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PDMS surface and survive. Posts were made using each of the blends and cells were seeded
successfully. Imaging the posts showed that cells could attach successfully to each post type
tested. Reduced cellular contact with posts helps to reduce the effects seen from the polymer
attachment experiments.

Results from this study show that PDMS blends could be a viable replacement for 10:1
Pure PDMS in any micropillar array assays. By using the new PDMS Blends, posts would be
more physiologically relevant and easier to fabricate. This could be a useful tool in gaining
insights into the mechanical properties of fibrosis. Understanding and perfecting the methods of
controlling substrate stiffness and measuring cellular forces allow another dimension of
characterization of disease states. For example, comparing the forces generated by healthy
fibroblasts versus those from patients with fibrotic disease could shed light on new angles of
treatment, while comparing NHLF cells that are healthy to COPD disease state NHLF cells could
help shed light on the loss of functionality of lung tissue and open a potential treatment avenue.
Cellular forces, extracellular matrix assembly, and substrate stiffness are all imperative for
normal tissue function. When regulation of these systems fail, the resulting fibrosis can reduce
cell, tissue, and organ function to the point of patient mortality. Healthy and disease state
substrates act very differently, so being able to fabricate a tool to measure cellular forces while
remaining faithful to physiological stiffness could have far reaching implications in many fields

of medicine.
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