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CHAPTER 1

INTRODUCTION

Since its beginnings in the 1980’s, the multidisciplinary field of tissue engineering has
grown as increased effort is focused on developing biological substitutes to restore, replace, or
regenerate defective tissues. Tissue engineering has three main components: a scaffold, cells, and
growth factors. These elements are sometimes referred to as the triad of tissue engineering.!!!

Scaffolds are typically made from biocompatible polymers, especially polymers that can
swell in water to form a hydrogel, because hydrogels inherently mimic the conditions of the
human body, which is roughly 60% water itself. They are also commonly three dimensional,
similar to most tissues in the body, as cells are known to behave differently when grown in
monolayer culture versus three dimensional culture.®! There are a large variety of hydrogels that
may potentially be used as scaffolds, and in order to understand the slight differences between
them it is important to understand the role that scaffolds play in an artificial tissue construct.!!!
The purpose of the scaffold is to replicate the function of the extra-cellular matrix (ECM), which
is the network of proteins that defines the volume of biological tissues, fills the space between
cells, and provides support and attachment points for cells.”®! That is to say, the scaffold performs
three primary functions: architectural, biological, and mechanical.

The architectural function of the ECM is complex and can be difficult to replicate
completely with an artificial scaffold. For example, the collagen fibers in tendons are well-
organized and highly resistant to stretching, giving tendons their high tensile strength. On the

other hand, randomly distributed collagen and elastin in skin tissue is responsible for the tissue’s



characteristic toughness and elasticity.[!! It is possible to take a tissue sample and remove the
cells to leave behind a decellularized matrix, but for true scalability the scaffold must be created
de novo due to the time and cost associated with the decellularization of a natural matrix.!*>! The
scaffold must be able to fully define the engineered tissue volume, but also have enough porosity
to accomplish a few specific functions. If the scaffold is to be seeded with cells throughout its
volume, there must be enough void volume for cells to be distributed through the scaffold or the
cells must be able to degrade the constituent material in order to create their own pathways for
propagation. Similarly, porosity or cellular degradability to encourage ingrowth of both host
tissue and vascularization is important, such that the artificial tissue can be fully integrated with
its host. Additionally, the scaffold must be porous enough to allow for nutrient diffusion during
the pre-implantation phase where it is initially seeded with cells and before vascularization has
been established in the scaffold. Finally, the scaffold must be made of a material that is
biodegradable, as the goal of tissue engineering is not to replace natural tissues, but to guide the
body’s natural healing processes in the restoration of natural tissue.l® Ideally the rate of
degradation should be roughly equal to the rate of host integration, such that the scaffold will
deteriorate as the host tissue integrates the construct into itself. Therefore the repaired tissue is
virtually indistinguishable from natural tissue.

The next function of the scaffold is biological. It should mimic the natural behavior of the
ECM that a cell would normally be found in. This is a requirement for virtually any cell, since
the only cells that routinely exist unsupported are blood cells. It is not enough that the matrix
simply exist and the cells be placed within it; the matrix must be attractive to the cells in some
way that the cells are able to sense. Natural ECM components may have bioactive regions that

provide cells with cues on regulating their activities. For example, fibronectin is a common ECM



protein that has the peptide sequence RGD, which offers binding sites for cells that come in
contact with it, leading to enhanced cell adhesion. In contrast, synthetic polymers such as
polyethylene glycol (PEG) can be used to form hydrogel scaffolds and are biocompatible, but
have no “features” visible to cells, and thus have poor cell adhesion and must be functionalized
to increase cell adhesion. Additionally, the repeating structural patterns of fibronectin can
encourage the natural directional alignment of the cells attached to the matrix.[”*!

The final function of the scaffold is mechanical. At the most basic level, the scaffold
must be able to support its own weight, as well as be mechanically robust enough to survive
handling/implantation and the ensuing healing/ingrowth process. Additionally, the scaffold must
be appropriately matched to the cells within it, as well as the tissue that it is attempting to mimic.
Cells are able to sense the mechanical properties of their surroundings, generally represented by
the modulus of the material, suggesting that the stiffness of the scaffold is important in addition
to the biological functionality of the scaffold.””! For example, hard tissue cells such as bone cells
will not proliferate as well on a scaffold with the same modulus as adipose tissue as they would
on a stiffer scaffold, even in the presence of binding sites.!]

Once a scaffold mimicking the appropriate properties of the target tissue has been
selected, the next building block of the tissue engineering process is the cells that will grow on it.
Despite a myriad of choices for the scaffold, there are typically only two sources for the cells.
The first possible category is primary cells obtained by harvesting healthy cells from the patient;
these can then be grown into the scaffold and used to repair damaged tissue.!'"'?! This method
works for wound healing, but can have difficulty repairing diseased tissue if no suitable healthy
cells can be located, or if the harvesting of healthy cells poses a risk to the patient. In these

[13

situations, the solution is to use stem cells.!!3] Advances in medical technology have enabled the



possibility of using induced pluripotent stem cells (IPSCs), which are healthy patient primary
cells that have been regressed into stem cells. These can then be differentiated into the cell type
needed for treatment.

The final element of tissue engineering is growth factors. These are a class of small
molecules and proteins that interact with cells in order to stimulate growth, proliferation, healing,
and differentiation. Growth factor choices are limited, as each growth factor accomplishes a
specific function and is non-interchangeable.!'*!>] There are known and proven combinations of
media, growth factors, and inhibitors that are used to keep specific types of cells alive in culture,
as well as differentiate stem cells into specific primary cell lines if stem cells are used. Some of
the reagents required are quite expensive and pose a challenge when attempting to culture
multiple cell types in close spatial proximity due to different growth factor requirements for each
cell type. Any developments that reduce the need for growth factors have the potential to
increase the scalability and reduce the cost of tissue engineering.

Since the field of tissue engineering is a combination of engineering and biology, and the
primary contribution of the engineering side is the design of the scaffold, much research has been
done in designing different scaffold types. There are a variety of different hydrogel formulations
for use as scaffolds, with a variety of backbone structures, crosslinking methods, and viability
enhancing side groups. Polymers sponges and foams are also used, which do not swell in water
but maintain structural stability with very high porosities of above ~90%. They are generally
made using particle leaching techniques to leave behind an highly porous structure with empty
pores.['18] The majority of these scaffolds are static in their properties; they are formulated with
a specific set of properties and those properties remain constant or degrade as the scaffold itself

degrades. This leaves a significant gap in knowledge for the field of tissue engineering. Tissues



in the body rarely experience static conditions. The ECM in natural tissues is constantly being
degraded, rebuilt, and modified by the cells that reside in the tissue.!'”! This is in stark contrast to
the static scaffolds that are used. It would therefore be beneficial to the field to have tissues that
can be dynamically tuned so that the way cells respond to environments that have changing
mechanical properties can be studied in a controlled setting.

There have been several literature reports of scaffolds that have tunable mechanical
properties, but all possess some drawbacks. The first method that was used to create gels with
tunable properties involved reversible crosslinker units. Lin et al. developed a polyacrylamide
hydrogel in which they replaced the traditional chemical crosslinking units with complimentary
strands of DNA.[2Y Two methods were used to reverse these crosslinkers. In the first, samples
were heated. The amount of thermal energy required to break the hydrogen bonding between the
two DNA strands was calculated and then applied to the gel to tune its mechanical properties. In
the second, toehold segments on the crosslinkers were used so that unbound strands of DNA
could be added to the gel to compete with crosslinker segments and reduce crosslinker density.
In a follow-up paper, Jaing et al. showed that the presence of exogenous DNA had no effect on
the growth of two types of fibroblast, but that they did respond to changes in the mechanical
properties of the gel caused by changes in the crosslinker. The response of the fibroblasts was
also dependent on the magnitude of the change in mechanical properties.!*!! In a similar manner,
Gillette et al. developed a two-component hydrogel in which one component, collagen, was
designed to provide structural support and cell adhesion sites, and the second component,
alginate, had tunable crosslinking based on its ability to bind with a divalent cation such as Ca®".
The crosslinking action of Ca*" was undone through the use of a chelating compound that binds

to 2+ ions, which was delivered in the biocompatible form of sodium citrate.[**!



A pH responsive hydrogel was developed by Yoshikawa et al. using a pH responsive
triblock copolymer. The synthesized a biocompatible ABA triblock polymer that contained a pH
responsive block that changed conformation in response to pH changes. Using a pH of between
7 and 8 they were able to reversibly modify the modulus of the hydrogel buy up to a factor of
40.1%%) This methodology may work in culture, but under the physiological conditions than an
implant would experience it would become very difficult to control the pH of the hydrogel or
prevent it from equilibrating to the host’s physiological pH.

A different mechanism for tuning the mechanical properties of a hydrogel was developed
by Kong et al. in the form of an engineered protein that was able to fold and unfold in response
to changes in the oxidation state of a disulfide bond. This leads to a dramatic change in the
protein’s effective length as well as the mechanical properties of the protein itself.?*! The protein
was designed such that it could be integrated into a hydrogel as a crosslinking unit through a

251 The reduced and oxidized states were achieved

well-developed photocrosslinking method.!
through the use of dithiolthreitol (DTT) and hydrogen peroxide. The effects of these chemicals
and the changes in oxidation state that they cause were not tested on cells; only the mechanical
properties of the gel were investigated.

Systems that can be manipulated with light offer an alternative control route to chemical
control; one that does not require the addition of reagents from an outside source. Kloxin et al.
developed PEG scaffolds with a photodegradable unit located adjacent to the crosslinking site.?!
With harmless levels of UV light, the modulus of the gel can be reduced significantly by
reducing the crosslinking density through photolysis. Similarly, Guvendrien et al. used a

hyaluronic acid based system that was able to undergo sequential addition and radical

polymerization crosslinking reactions in response to UV light.!*”) This led to an increase in the



modulus of the gel in response to light exposure. Both systems allow for spatial and temporal
control over the changes in modulus, but both can only go in one direction, stiffer or softer, and
are irreversible.

All of these methods possess the ability to manipulate the mechanical properties of the
scaffold, but they also come up short in important ways. Some require the addition of external
reagents that may interact indiscriminately with cells embedded in the scaffold rather than their
intended targets, and others provide mechanical tunability in an irreversible manner.

One of the more promising platforms for the reversible and non-invasive control of the
properties of a hydrogel matrix is the use of a photoisomer, principally azobenzene compounds.
Azobenzene compounds have been used to control other properties in hydrogels such as the gel-

(28311 The photoisomerization of azobenzenes was first

sol transition and the swelling ratio.
reported in 1937 and has been used in a variety of other fields.**3®! This has led to the
development of a large body of knowledge on the function of azobenzenes. They are of
particular interest in biology because they absorb light in a biologically compatible region (350-
550nm).?7) In small molecule systems, azobenzene photoisomerizes from the trans to cis isomer
in a very efficient reaction (80-95% conversion). Removal of the UV light or irradiation with
visible light can regenerate the trans isomer with yields >99% due to the large thermodynamic
driving force.!*®!

Azobenzene has found a very specific niche in biology due to its regulating ability
through changes in effective molecular length. Due to its photoisomerization, azobenzene

containing caps can be put on the ends of ion channels allowing neurons to be fired remotely

using UV light.[*”) This method has also been adapted to drug delivery; the pores in mesoporous



Si nanoparticles are capped with photoresponsive azobenzen derivatives and targeted drug
delivery is achieved through the selective irradiation of diseased tissues with UV light.[%!
Azobenzene compounds do not require an initiator of any kind; the photoismoerization
reaction proceeds with light alone. There are no reactive species produced, and no free radicals.
Additionally, the light stimulus can be introduced noninvasively and requires no modification of
the chemical environment of the scaffold. Moreover, the azobenzene molecule undergoes
structural changes related to rotation about a bond only, so we expect that photoisomerization
can occur without changing the connective properties of the matrix.
In the work presented here, an azobenzene derivative, azodianiline (ADA), is incorporated into a
gelatin based hydrogel using microbial transglutaminase (mTG) in order to modulate the
mechanical properties of the resulting hydrogel using 365 nm light and broad spectrum white
light. The photoisomerization has been reported to disrupt the hydrogen bonding in loosely
associated portions of the hydrogel, leading to a reduction in mechanical properties that can be

fully reversed upon heating or exposure to visible light.[*®!



CHAPTER 2

METHODS

2.1 Light Sources
The same light source was used for all experiments. Two LEDs were attached to the same
heatsink using thermal adhesive. One LED was a 2.9W UV LED (365nm, LED Engin LZ4-
44UV 00-0000) and the other was a white light LED. Both LEDs were run using the same power
supply, with the white LED being run with 0.6A at 3.2V and the UV LED being run with 0.6A at

15V.

2.2 Hydrogel Formation

Gelatin samples were synthesized according to the following recipes for the 5/10/15%
gelatin hydrogels: 5/10/15 g gelatin powder (Porcine, Sigma Aldrich) was added to 100 mL of
I1x Phosphate Buffered Saline(PBS) (Fisher Scientific) and was dissolved while boiling under
reflux. The solution was boiled for 1 hour and then sterile filtered with a 0.22 pm filter
(Millipore) under sterile conditions. The crosslinker, food-grade microbial transglutaminase
(mTG) (Modernist Pantry) was dissolved in 1x PBS at a concentration of 0.1 g/mL and sterile
filtered. Crosslinked gels were made by mixing the appropriate gelatin solution with mTG in a
4:1 ratio. Mixed gels were poured into molds and left in an incubator overnight to crosslink
completely. After 30 minutes of crosslinking, 1x PBS was poured over the mold to completely
submerge the gels and allow them to swell to equilibrium as they cured.

Azodianiline (ADA) (Sigma Aldrich) containing gels were synthesized as follows. A

stock solution of ADA was made with ADA dissolved in ethanol at a concentration of



0.1 g/50 mL. This stock solution was added to the gelatin solution to create gels with the
appropriate ADA concentration. The standard amount of ADA added was 50 uL of stock
solution per 10 mL of total hydrogel volume, to give a total ADA concentration of 0.001% by
weight, which is denoted by N, or normal ADA. This value was decided based on a desire to
minimize the amount of ethanol added to the system to preserve the system’s utility for work
with cells. Samples denoted with D had double the ADA amount, or 0.002% by weight. The
volume contribution from the ADA solution was small and was neglected when calculating the
gelatin percentages.

All hydrogel formation was carried out under sterile conditions to prevent the possibility

of contamination altering the mechanical properties of the gels.

2.3 Instron Tests

Mechanical testing was carried out on an Instron 5544 load cell with a 2 kN load cell and
compression platens installed. Samples for compressive testing were prepared in molds with a
diameter of 13 mm and filled with a total volume of 2 mL to produce cylinders with nominal
dimensions of 12 mm diameter by 14 mm height. Tests were conducted at a crosshead movement
rate of 2 mm/min at room temperature. Load and extension were recorded and sample
dimensions were used to convert load and extension into engineering stress and strain. Samples
were run in triplicate and the moduli of the gels were taken from the 2-8% strain region.

ADA-Gelatin samples were irradiated with UV light in a light-box with a 365 nm 2.9 W
luminous flux UV LED (LED Engin) from a distance of 6 inches for 5 minutes. The samples
were then removed from the box, measured to account for any possible dimensional changes, and
tested in a dark room to protect from incidental light exposure. Finally, the samples were

irradiated with white light for 5 minutes to test the reversibility of the modulus change.
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2.4 Rheology Measurements

Rheological measurements were collected with an AR2000 (TA Instruments). Disposable
top and bottom plates were used and the gel was adhered to the top and bottom plates with
superglue (Loctite 4541) during testing to prevent dimensional changes during irradiation from
breaking contact with the plates. A heated stage was used to ensure that the sample remained at
37°C for the duration of the test. The UV and White LEDs were placed 6 inches away from the
sample and the entire apparatus was shrouded with a blackout curtain to protect it from light
exposure. Samples were run once and discarded to prevent any effects repeated stress cycling.

Data was analyzed and exported using TA’s Universal Analysis software suite.

2.5 Confocal Microscopy

Gels were made from the same stock solutions. The 10% gelatin was chosen for the
confocal experiments. A stock solution of fluorescent polystyrene beads was made by diluting a
purchased solution of 2 pm polystyrene beads (Invitrogen) 1:100 in PBS. This stock solution was
sonicated to break up agglomerates then filtered through a 5 pm filter to remove any remaining
agglomerates. The filtered solution was then autoclaved to ensure sterility as the beads were an
order of magnitude too large to allow sterile filtering (0.22 um for sterile filter). A single drop of
the bead solution was imaged using a fluorescent microscope after autoclaving to confirm that
the sterilization did not damage the beads in solution or reduce their fluorescence. The gels were
made as described above but 1 mL of the bead stock solution was added to the gel solution and
thoroughly mixed to disperse the beads. The gels were poured in a petri dish and left in an
incubator overnight with a layer of water over the top of the gel to allow the gel to swell to

equilibrium and prevent drying.
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The gels were imaged on a Zeiss 710 confocal microscope. Samples were tested for a
total of 40 minutes, with 10 minutes per experimental condition. The 4 experimental conditions
were in the following order: 1) 10 minutes of no light to get a background; 2) 10 minutes of UV
light exposure; 3) 10 minutes of no light; 4) 10 minutes of white light exposure. Images were
taken once every 6 seconds, to produce 10 images per minute and 100 images per experimental
condition. Each condition was run immediately after the previous condition. Samples were
discarded after one run to prevent error from repeated stress and relaxation events.

The image stacks were analyzed using the TrackMate plugin in FIJL.*!] The spot analysis
was run with an estimated blob diameter of 5 um and a threshold of 7.5. The algorithm was
allowed to automatically discard particles that did not meet quality noise, and these discarded
particles were assumed to be noise. The particle tracing algorithm was run using a maximum
linking distance and gap-closing max distance of 5 pm, and with a maximum frame gap of
2 frames. The algorithm exported the particle trace identifiers, the number of frames each

particle appeared in, and the total distance traveled by each particle.
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CHAPTER 3

RESULTS & DISCUSSION

To obtain a hydrogel with tunable mechanical properties, we mixed small amounts of
ADA (0.001% or 0.002% by weight) into gelatin solutions and crosslinked them with microbial
transglutaminase (mTG), which is an enzyme that binds a free amine group, from the side chain
of a lysine, to the acyl group at the end of a glutamine side chain. Both of these amino acids are
present in gelatin. ADA has a free amine on either end (Figure 1). While this amine is more
sterically hindered than that of a lysine side chain, the enzyme can still crosslink it into the
gelatin network as it crosslinks the gelatin network itself. The ADA turned the gelatin hydrogel a
bright shade of yellow, indicating that ADA was incorporated into the gel (Figure 2). However,
the water bath that the gels swelled in turned yellow as well, indicating that a portion of the ADA
did not get integrated into the gelatin network. The samples were irradiated with UV light and
exhibited a dimensional change, including tearing when exposed to too much UV light, which
was taken as evidence that at least a portion of the ADA was being crosslinked into the gelatin
structure. We attempted an alternate crosslinking method using modified gelatin (GelMA) and a
photoinitiated curing agent (Irgacure, BASF), but the ADA proved to be significantly more
effective than the curing agent at absorbing the UV radiation. Therefore, in this case the hydrogel

could not be crosslinked using a photocuring method.
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Figure 2: Comparison of a control hydrogel (left) with a hydrogel containing 0.001% ADA (right).

We irradiated the ADA stock solution with white light when it was made and stored it in
a brown glass bottle at room temperature to protect it from incidental UV exposure. All ADA in
the stock solution should have been converted to and maintained in the trans state during storage

and subsequent integration into a ADA-Gelatin network. As the trans isomer of ADA is also

14



more thermodynamically stable, time spent in the incubator would also strongly favor the trans
isomer. Therefore, the ADA in the ADA-Gelatin hydrogels should be completely in the trans

isomer at the beginning of each experiment.

Confocal microscopy was used to determine the amount of motion caused by the UV
exposure on a microscopic level. Each field of view had a significant number of particles that
were tracked. Representative fields of view are shown in Figure 3. The single images are
flattened time series, representing 10 minutes of particle tracking. The particles were divided into
two categories based on the percentage of total frames that the particle appeared in. This was to
exclude particles that moved in and out of the focal plane during the duration of the experiment.
The experimental conditions necessary to capture a field of view with a sufficiently large number
of particles led to a ratio of 14:1 for XY:Z pixel dimensions. This ratio does introduce the risk
that we are underestimating the amount of motion experienced by a particle, but the uncertainty

added in including motion in the z-direction was deemed too great.
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.
Figure 3. Flattened time series of fluorescent bead motion under specific light conditions. A) No light, before

UV exposure B) UV exposure, C) No light, after UV exposure D) White light exposure. Motion in panels B
and C are in opposite directions; all images share the same scale bar of 100 pm.

Table 1 contains the average particle motion in response to UV exposure. It must be
noted that there was virtually no difference in the amount of motion detected between the no
light condition and the white light condition. In theory, the white light should have caused the
ADA to convert back to the trans isomer and undo the motion observed when the UV irradiation
occurred. Interestingly, motion in the reverse direction occurred during the period between UV
irradiation and white light irradiation. This can be explained by the experimental conditions. The
fluorescent beads that were being used to track the contraction of the scaffold were red-emitting
beads. Their excitation wavelength was green light, which was provided by an Argon laser at
514 nm. Therefore, in all conditions there is exposure to wavelengths of light that can cause the

photoisomerization of ADA from cis back to trans. This indicates that the true amount of motion
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possible is significantly greater than that which these experiments show, as a high intensity

focused laser should be very effective in providing photons to an absorber as efficient as ADA

Light Number | Avg.# | Avg. Number | Avg.# | Avg.
Condition | of Frames | Displacement | of Frames | Displacement
particles | Present | (um) particles | Present | (50%+) (um)
in 50%+ | (50%+)
HEINES
Pre-UV 227 32.16 1.34 £ 0.33 60 91.73 2.31+£0.30
uv 229 31.62 3.18 £0.33 50 87.98 8.33+0.54
Post-UV 246 31.13 224 +0.31 64 87.59 5.23+£0.59
White 301 28.21 1.06 £ 0.17 70 88.22 1.26 + 0.31
Control- 298 30.83 1.90+0.19 68 76.34 3.19+£0.34
uv
Exposure

Table 1. Measurements of the motion of fluorescent beads in ADA-Gelatin under different light exposure
conditions. Data was split into two sets; particles that were visible in more or less than half of the available
frames. The first four rows represent motion in an ADA-Gelatin hydrogel. The final row is a control sample
with no ADA.

The amounts of motion that were observed were not even. During the period of time
immediately after the end of UV exposure, the fluorescent beads were seen moving
approximately two thirds of the way back towards their original positions. This indicates that
either 10 minutes was too long an exposure time and the gel experienced deformation that left
the elastic region, or that there was a portion of the contraction that was non-local, which is to
say contraction that occurred outside of the field of view that was being directly imaged. The
non-local contraction could not have been reversed by the laser light. Thus when the white light

was applied, this non-local relaxation was not distinguishable from background motion.
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A control sample consisting of only gelatin with no ADA component was run under the
same conditions and the motion of the fluorescent beads was recorded. The control sample
exhibited some motion, but significantly less than that exhibited by ADA-Gelatin hydrogels
under exposure to UV. A possible explanation for the motion of the beads in the control sample
when exposed to UV is the addition of thermal energy and thermal expansion. The UV LED
outputs a considerable amount of power, which may be converted to heat in the hydrogel. The
microscope was equipped with a heated stage to maintain physiological temperatures, but it is
designed to maintain a constant elevated temperature and is not equipped to counteract additional

heat sources.
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Figure 4: Frequency Sweep of an ADA-Gelatin hydrogel.

A frequency sweep (Figure 4) was done on the ADA-Gelatin to determine the appropriate
parameters for the rheology experiments. The effects of frequency was tested over four orders of
magnitude, from 0.06 rad/s to 630 rad/s. We did not observe the lower limit of the frequency-

independent region, but the upper frequency limit was located; around 100 rad/s. In light of these
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results, a testing frequency of 1 rad/s was chosen as it was in the middle of the frequency-
independent linear region. A 1% strain was chosen for testing to provide a reasonable stress
response as well as a small enough displacement that there was little risk of damaging the

hydrogel.

Using the testing conditions of 1% strain applied at a rate of 1 rad/s, data was first taken
with no light exposure to understand the behavior of the hydrogel under normal conditions.
Graph A in Figure 5 shows the behavior of the hydrogel over a span of 10 minutes with no light
exposure. The shear modulus does trend slightly upwards, indicating a slight stiffening effect
from drying, but is a small change in the modulus overall. In graph B, a 15% gelatin hydrogel
containing the normal 0.001% ADA was tested. The initial rise in the modulus is due to the
superglue holding it to the plates curing. The modulus rise leveled out after 5 minutes and the
UV light was turned on. From 5 to 10 minutes on the graph the UV light was on and the
modulus was observed to drop. From 10 to 20 minutes, the sample was irradiated with white
light which stopped the modulus from dropping anymore, but did not restore the modulus to its
previously observed values. Finally, the UV light source was turned on again from 25 to 30
minutes, and the modulus can be seen to resume its downward trend. In graph C, a 10% gelatin
hydrogel containing the normal 0.001% ADA was exposed to UV light continuously. The
response in the modulus shows that there are diminishing returns experienced during extended
periods of UV exposure, with a significant portion of the softening occurring in the first 5
minutes of UV exposure. It also appears that the modulus is approaching a minimum value over
30 minutes of UV exposure time. This makes sense as the ADA can only absorb UV light once
and then it is in its cis isomer, which gives a firm limit on the amount of motion that each ADA

molecule can contribute. Compounding this is the effects of attenuation of light in the hydrogel.
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There is a maximum penetration depth that the UV light is able to achieve, and past that limit

there will be no way to effect the change of the ADA from the trans to the cis isomer.
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Figure 5: Rheological data. Plot A shows the behavior of a hydrogel under a no light condition for a baseline.
Plot B shows an ADA-Gelatin hydrogel being glued to the platens and then being exposed to alternating UV
and white light. Plot C shows an ADA-Gelatin hydrogel under constant UV exposure for 30 minutes.

To understand the bulk mechanical propertied of the hydrogels, the compressive modulus
was measured (Figure 6). The modulus of the ADA-Gelatin hydrogels was first measured as
synthesized. Then the same samples were irradiated with UV light for 5 minutes and retested to
detect any changes upon exposure. Finally, the samples were exposed to white light for 5
minutes and retested to see if any changes observed after UV irradiation could be reversed. The

control sample (10C), a 10% gelatin hydrogel with no ADA, showed no changes upon exposure

to any of the lighting conditions, which indicates that the gelatin component does not interact
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with the irradiating light in any way. The gelatin concentration was not expected to alter the
nature of the hydrogel’s interaction with UV light, so the control sample was run only at 10%

gelatin and taken to be consistent across all concentrations of gelatin.
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Figure 6: Data of Compressive moduli of ADA-Gelatin hydrogels.

The results of the tests of hydrogels consisting of 10% gelatin were summarized. The
number on the x axis represents the gelatin concentration and the letter indicates the ADA
concentration, with C representing control samples with no ADA, N representing samples with
the normal 0.001% concentration of ADA, and D representing samples with the double
concentration of 0.002% ADA. The 10% ADA-Gelatin hydrogels exhibited a reduction in
modulus after exposure to UV light, down to roughly 40% of their pre-UV values. 10% gelatin
hydrogels with a double amount of ADA exhibited a smaller reduction, and dropped to an

average of 60% of their original modulus. In both cases, after exposure to white light the
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modulus recovered, and the hydrogels were found to be roughly 15-20% stiffer than they were

initially.

The samples with 15% gelatin did not exhibit as much response to the UV light as the
10% gelatin hydrogels. The 15% ADA-Gelatin hydrogels with a normal amount of ADA
exhibited a reduction in modulus after exposure to UV light, down to roughly 80% of their pre-
UV values. The 15% Gelatin hydrogels with a double amount of ADA did not show any
response to the UV light. The modulus remained virtually unchanged across the UV and white
light exposure conditions. White light restored the modulus to close to its original value for the

normal ADA condition, but had virtually no effect on the double ADA hydrogels.

We would have expected that an increase in the amount of ADA would have increased
the degree of stiffness loss upon exposure to UV light. This was not the case, however, with the
hydrogels having a lower amount of ADA losing proportionately more stiffness upon exposure
to UV light. It is likely that this is due to an increase in the attenuation of UV light as the ADA
concentration is increased. The presence of ADA stops UV light so effectively that we were
unable to use a photocrosslinking system, therefore we believe that the presence of additional
ADA is reducing the maximum penetration depth of the UV light through absorption and
reducing the magnitude of the effect of the UV light. This could also explain the lowered

response from hydrogels containing larger concentrations of gelatin.

Another unexpected occurrence was that the modulus of the hydrogel was higher after it
was exposed to white light than it was as synthesized for the 10% gelatin hydrogels. Virtually all
of the ADA in the hydrogel should have already been in the trans isomer as the hydrogel was

synthesized. One possibility is that the motion caused by the ADA contracting and expanding
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may cause the hydrogel to retain some internal stress which manifests as a higher modulus. The
confocal microscopy experiments indicated that the relaxation is not complete, so it is possible
that some internal stress remains since the fluorescent beads did not return to their original
positions. This may lead to fatigue damage if multiple cycles of UV and visible light are used to

cause repeated contraction or relaxation.
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CHAPTER 4

CONCLUSION & FUTURE DIRECTIONS

Thus far we know that the ADA-Gelatin Hydrogel is non-cytotoxic, and that its stiffness
can be reduced by UV light and recovered by subsequent exposure to visible light. Additionally,
we know that the macroscopic reduction in mechanical properties is accompanied by expansion
and contraction on the microscale. This work focused on the mechanical changes that the
hydrogels experienced, and showed that the shear modulus can be reduced with the application
of UV light, but failed to show a reversibility with white light. Instead, the shear modulus
slowed its rate of decline when exposed to white light rather than increasing its modulus to its
previous value. We were able to manipulate the compressive modulus with UV light and we
were also able to reverse the effects of the UV light with white light to restore the original
modulus, at least for ADA-Gelatin hydrogels containing 10% gelatin. Finally, we were able to
show motion on the cellular level using confocal microscopy and fluorescent beads. Preliminary
tests have been done that show that this hydrogel is non-cytotoxic and that cells will proliferate
when grown on it. These tests were done by another member of our lab (Brian O’Grady) and
have shown that ADA-Gelatin hydrogels are compatible with a variety of cell types for extended
periods of time, including MSCs and Fibroblasts for at least 3 weeks. This hydrogel platform
shows some promise for use in tissue engineering as a phototunable scaffold material, but
additional work must first be done to better understand the system before it can stand up to

current options.
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The first step is to characterize the network properties of the hydrogel more completely.
The azobenzene derivative used in this work has a similar chemical structure as the mTG target,
but it is significantly more sterically hindered. We currently do not know how effective
crosslinking is for this molecule, and it is possible that the ADA is not integrating well into the
gelatin network. Furthermore, it is possible that mTG is not able to create an isopeptide bond
between the amine side chain of the ADA and a glutamine in the gelatin preventing cross
linking. To ensure effective crosslinking, a peptide sequence could be added to our azobenzene
derivative, using a method similar to that reported by Rosales et al.*¥ Adding a peptide
sequence would allow retention of the photoresponsive azobenzene, but add the specific moiety
that the mTG enzyme is designed to target. Additionally, it would reduce steric hindrance by
moving the site that binds to the enzyme further from the bulky azobenzene structure. Finally, it
could increase the water solubility of the ADA. Currently, ADA is only slightly soluble in water,
which necessitates its dissolution in ethanol. This limits its use in hydrogel-based systems since
water solubility is key in such systems, and the use of ethanol as a solvent limits the amount of
ADA that is safe to add when cells are present, since ethanol is cytotoxic.

A prime direction for future work would be to test lower concentrations of gelatin with
the same ADA concentrations. This would answer whether or not the 15% gelatin hydrogels
with ADA responded less to UV irradiation than similar hydrogels made with only 10% gelatin
because of the increase in gelatin concentration or for some other reason. It would also make
sense to study the attenuation caused by each formulation in order to understand the maximum
penetration depth of the UV light and to see if the different gelatin concentrations influence the

attenuation of the UV light.
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Additionally, a calibration curve must be developed so that the change in the mechanical
properties of the ADA-Gelatin can be precisely controlled using UV light. Additionally, since
ADA also returns to the frams isomer thermodynamically, at both room temperature and
physiological temperatures, the half-life of the cis isomer must also be determined since the
ADA will relax over time and will need to be re-exposed to UV light to maintain constant
mechanical properties. This is very important since our goal is to manipulate cells based on their
response to the mechanical properties of the hydrogel, and if we cannot precisely control the
mechanical properties of the hydrogels to hit specific modulus targets then it results in a
significant reduction in the number of possible applications for this hydrogel.

Finally, the system should be tested for long term stability. From the confocal data, it
was apparent that the gel does not move fully back to its original position after it is compressed
with UV light. This could cause fatigue damage after multiple compression/relaxation cycles
and would limit the applications for this system, especially if the system is discovered to

thermally revert to the rans isomer fairly quickly after the UV exposure ends.
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