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Abstract

Crohn's disease, a form of inflammatory bowel disease, commonly results in fistulas,
tunneling wounds between portions of the urinary, reproductive, and/or digestive sys-
tems. These tunneling wounds cause pain, infection, and abscess formation. Of Crohn's
patients with fistula formation, 83% undergo surgical intervention to either drain or
bypass the fistula openings, and ~23% of these patients ultimately require bowel
resections. Current treatment options, such as setons, fibrin glues, and bioprosthetic
plugs, are prone to infection, dislodging, and/or require a secondary removal surgery.
Thus, there is a need for fistula filling material that can be easily and stably implanted
and then degraded during fistula healing to eliminate the need for removal. Here, the
development of a shape memory polymer hydrogel foam containing polyvinyl alcohol
(PVA) and cornstarch (CS) with a disulfide polyurethane crosslinker is presented. These
materials undergo controlled degradation by amylase, which is present in the digestive
tract, and by reducing thiol species such as glutathione/dithiothreitol. Increasing CS
content and using lower molecular weight PVA can be used to increase the degrada-
tion rate of the materials while maintaining shape memory properties that could be uti-
lized for easy implantation. This material platform is based on low-cost and easily
accessible components and provides a biomaterial scaffold with cell-responsive degra-
dation mechanisms for future potential use in Crohn's fistula treatment.
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Current treatment options for intestinal fistulas include antibiotics;

setons; bowel restrictive surgery; and fistula fillers, such as fibrin-based

Fistulas are abnormal connections between the digestive, urinary,
and/or reproductive system that form due to intestinal bowel dis-
ease (IBD), childbirth, surgical complications, or cancer.! Crohn's
disease is the most common type of IBD, affecting >1,000,000 peo-
ple in the United States and Europe alone, primarily between the
ages of 15 and 302; almost 20% of Crohn's disease patients already
have a fistula at the time of their diagnosis, and ~35% of Crohn's
patients develop fistulas at some point.®> These tunneling sores
cause pain, infection, and abscess formation and can ultimately lead

to fecal incontinence, anal stenosis, or sepsis.*

glues.>”7 Over 80% of Crohn's fistula patients undergo surgery to drain
or bypass the fistula openings.® Surgery has short-term effectiveness,
but ~23% of these patients ultimately require bowel resections, in
which a portion of the colon or rectum is surgically removed.® Setons
are effective treatment options for anal fistula closure, but involve a
second removal procedure and negatively affect fecal continence.” An
alternate treatment approach is to fill fistulas to seal off the openings
and allow healing. Fibrin-based glues are an improvement to bowel
restrictive surgery, as they are minimally invasive and easily applied;

yet, they are prone to infection and dislodgement.>*°
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More recently, the development of bioprosthetic plugs has been
explored as a potential treatment. These materials are often com-
prised of lyophilized porcine submucosa, which has inherent biocom-
patibility, biodegradability, and host cell repopulation.** Bioprosthetic
plugs still have failure rates of ~44%, in part due to infectious abscess
formation.'? Other plugs have been developed using synthetic poly-
mers, such as Gore Bio-A® Fistula Plug, which is made of poly
(trimethylene carbonate). This material has demonstrated biocompati-
bility and biodegradability'®; however, material degradation is slow,
ranging up to 6 months, and is non-specific via hydrolytic and enzy-
matic degradation.'* This degradation time frame is much longer than
reported fistula healing times of 2-8 weeks, and the Gore product has
been discontinued.!? Thus, there remains a clinical need for new bio-
materials that can be implanted using minimally invasive procedures
to stably fill the fistula site and that degrade within clinically-relevant
time frames in response to healing.

Shape memory polymer (SMP) hydrogels are good candidates for
the development of new fistula plugs. SMPs are materials that can be
synthesized in a primary shape and, upon contact with an external
stimulus, can be deformed and stored in a secondary shape after
removal of that stimulus. When a second stimulus is applied, the poly-
mer will return to its original shape. Often the stimulus used for this
class of materials is heat, but other stimuli can be used, such as pH,
light, magnetic field, and water. SMPs have been previously developed
for use in a range of biomedical applications, such as dermal wounds,
aneurysms, and traumatic wounds.*>~8 For fistula filling, porous SMP
foam cylinders could be applied non-invasively in a compressed, low-
profile shape. Then, once the stimulus is applied after implantation,
the cylinders could expand to fill the fistula, Figure 1. An ideal fistula
treatment would then degrade in response to healing to avoid a sec-
ond removal procedure. The fistula environment is moist; thus, a bio-
degradable hydrogel material that is highly hydrated would likely be
beneficial for healing.

Biodegradable hydrogels have been previously synthesized with
synthetic and natural polymers and are often based on enzymatically-
degradable peptide incorporation, naturally biodegradable polymers,
hydrolytically-labile bonds, or disulfide bonds.2"2! For example, com-
mon synthetic hydrogel materials, such as polyethylene glycol (PEG)
and polyvinyl alcohol (PVA), can be modified with hydrolytic, enzymatic,
or thiol reductive components to enable biodegradation.?2%% Hydrolytic
degradation is often slower than the wound healing rate and it is non-
specific. Enzymatic degradation via peptide incorporation relies upon
expensive and time-consuming solid-phase peptide synthesis, which
can hinder peptide sequence length increases to improve specificity.2°
Natural polymers, such as polysaccharides (e.g., chitosan, starch, and
hyaluronic acid) are also commonly employed as enzymatically degrad-
able elements.24"2¢ Polysaccharide hydrogels generally have poor
mechanical properties, but they can be combined with synthetic poly-
mers, such as PVA, to improve scaffold tunability.?”

Previously, PVA/starch hydrogels were formed using freeze-thaw
methods or glutaraldehyde crosslinking, which provided materials with
limited stability and swelling.28-3! Here, we present a method of fabri-

cating salt-leached PVA/starch polyurethane foams that are

1. Fabricate Compressed SMP Foam Hydrogel

Wet,
Compress,
then Dry

Primary
Foam Shape

Secondary
Foam Shape

2. Insert compressed hydrogel into fistula

4

3. Hydrogels expand to seal fistula after
exposure to water and heating to body
temperature

4. Fistula heals, and hydrogel degrades in
response to intestinal cell proteases and
reducing agents.

FIGURE 1 Schematic representation of proposed degradable
shape memory polymer hydrogel foam fistula closure device

crosslinked using a diisocyanate-terminated disulfide crosslinker
(DSX). PVA is hydrophilic and commonly employed in biomedical
applications; however, crosslinked PVA is biostable. Cornstarch
(CS) can degrade by amylase present in the intestines where Crohn's
fistulas form; thus, the combination of PVA and CS enables healing-
responsive scaffold breakdown after implantation.3> Both PVA and
CS are low-cost materials that are easy to access, and they have high
synthetic tunability, making them good candidates for chemical modi-
fication. Using commercially available diisocyanates, often used in
polyurethane synthesis, PVA and CS can be crosslinked into a stable
3D network using their free hydroxyl groups. To further accelerate
cell-responsive degradation, disulfides can be incorporated into the
diisocyanate linkers. These groups degrade in the presence of reduc-
ing thiol species, such as dithiothreitol (DTT) and biologically-available
glutathione, providing an additional level of control over biodegrada-
tion rates.

The combination of CS with PVA within a polyurethane network
allows tuning of scaffold properties to match those of native tissue,
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and the resulting shape memory polyurethane networks have high
shape stability and recovery ratios. By fabricating porous foams
from these materials, easy implantation of compressed, low-profile
scaffolds that expand to fill defect sites after placement and that
serve as a substrate for cellular infiltration during healing could be
achieved. The use of these combined material components could
facilitate development of an easy-to-implant, completely biodegrad-
able system with advantages over current clinical options for fistula
repair. Namely, the shape memory properties could improve material
implantation and stability within the fistula in comparison with fibrin
glue and bioprosthetic plugs, the degradability removes the need for
explantation in comparison with setons, and the overall synthetic
tunability of the system enables easy control over scaffold proper-
ties and/or introduction of new functionalities in future work, such
as cell or drug delivery mechanisms and antimicrobial properties.
This work examines the initial development of this material system,
in which the effects of hydrogel chemistry (varying ratios of CS:PVA
and PVA molecular weight) on degradation, thermal and mechanical
properties, shape memory, and cytocompatibility are characterized

to enable future development of clinically-relevant fistula filling

scaffolds.
2 | METHODS
21 | Materials

CS, hexamethylene diisocyanate (HDI), dimethyl sulfoxide, sodium
chloride (NaCl), and DTT were all purchased from Fisher Scientific.
2-Hydroxyethyl disulfide (HEDS) was purchased from TCl Chemicals

Disulfide Crosslinker (DSX)

Y

(Portland, OR). PVA of two different molecular weight (25,000 and
6000 Da) was purchased from Polysciences (Warrington, PA). All cell
culture solutions and chemical were purchased from ThermoFisher
(Waltham, MA).

2.2 | Synthesis

2.2.1 | Disulfide crosslinker

A polyurethane DSX was synthesized using HEDS and HDI, Figure 2.
Monomers were placed into a round bottom flask in a humidity-
controlled glove box at a molar ratio of 2:1 (HDI:HEDS). DMSO dried
over molecular sieves was added to the round bottom flask in a mass
(g) to volume (ml) ratio of 0.73:1 (monomers:DMSO). The reaction
was maintained at 50°C with constant stirring under nitrogen until
Fourier transform infrared (FTIR) spectroscopy confirmed a complete
reduction of hydroxyl peak (~3200-3500 cm~2). DSX was then
stored within the glove box for further use.

222 | Hydrogel films

Previously weighed CS and PVA were dissolved in DMSO (dried
over molecular sieves) at 90°C under nitrogen to make a 10% solu-
tion (w/v). Once completely dissolved, the solutions were allowed
to cool to room temperature. DSX was added to a speed mixing
cup inside the glove box. The PVA/CS mixtures were then com-
bined in varying ratios with the DSX outside of the glove box. The
DSX:polyol weight ratio was 0.364:1. The hydrogel components

Polyols
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FIGURE 2  Schematic overview of
starch/PVA hydrogel foam synthesis.
PVA, poly(vinyl alcohol)
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were mixed using a Flacktek high speed mixer (Landrum, SC) at
3500 rpm for 10 s. The contents were poured into a glass petri dish
and crosslinked at 50°C for 8 h. Upon completion of crosslinking,
films were washed twice in deionized (DI) water for 20 min to
remove any unreacted material and residual DMSO. Synthesized
hydrogel formulations are shown in Table 1. Samples were air dried
overnight and then further dried in a 50°C vacuum oven for 24 h.

Samples were examined by FTIR after drying.

223 | Hydrogel foams

Foams were synthesized using the same protocol as the hydrogel
films with the addition of vacuum dried NaCl porogens (sieved to
300-500 um; weight ratio of 32 NaCl:1 hydrogel components) to
the speed mixer cup in the mixing step, Figure 2. After mixing, sam-
ples were vortexed for 30 s, and foams were polymerized in the
speed mixer cup. Foams were placed into DI water for 24 h on a
37°C shaker table at 100 rpm to remove NaCl porogens, and then
vacuum dried for 24 h at 50°C. Samples were examined by FTIR
after drying.

2.3 | Characterization

2.3.1 | Gelfraction

Prior to washing films with DI water, 8 mm biopsy punches were
taken (n = 3). Samples were dried in a 50°C vacuum oven for
24 h. Samples were then weighed (W;) and placed into a vial con-
taining DI water. The vials were incubated at 50°C for 24 h. DI
water was removed, and film pieces were vacuum dried at 50°C
for 24 h. The samples were then reweighed (W;). Gel fraction

was calculated by:

Gel fraction (%) = % x 100%.
i

TABLE 1 Synthesized hydrogel formulations with varying
polyvinyl alcohol (PVA):cornstarch (CS) ratios and PVA molecular
weights

Sample PVA MW (kDa) PVA ratio (%) CS ratio (%)
0:1 6 100 0
25 100 0
1:2 <) 67 &
25 67 83
1:1 6 50 50
25 50 50
2:1 6 & 67
25 88 67

2.3.2 | Porosity

Density of films (Df) and foams (D,) were measured on 6 mm biopsy
punches using mass and volume measurements (n = 3). Porosity was
determined as:

D, — Dy

Porosity (%) = pD x 100%.

p

233 | Swelling

Thin hydrogel discs were collected from casted films using a 6 mm
biopsy punch. Film samples (n = 3) were weighed in the initial dry
state (W;) then placed into vials containing 37°C DI water. Vials were
incubated in a water bath at 37°C to maintain the temperature. Sam-
ples were removed from the vials and weighed (W;) at 1, 5, 10, 30,
and 60 min and at 24 h. Swelling ratio was calculated using:

_ Wi

. W
Swell tio=———
welling ratio W

2.34 | Pore size and morphology

Foam slices (n = 3) for each formulation were cut and sputter coated
with gold for 45 s. Foams were imaged using Jeol NeoScope JCM-5000
Scanning Electron Microscope (SEM). Pore size was determined by ana-
lyzing 50 total pores per formulation using the measuring tool in ImageJ.

Pores size was reported as the average diameter of measured pores.

2.3.5 | Cytocompatibility

Caco-2 cells were cultured in Dulbecco's modified Eagle's medium
supplemented with 10% fetal bovine serum and 1% Penicillin/
Streptomycin (Pen/Strep). Cells were seeded into 24 well plates at a
density of 5000 cells per well 1 day prior to testing. Samples (n = 3)
weighing 10 mg (dry) were sterilized by incubating in 70% ethanol
overnight and then moving into sterile phosphate buffered saline
(PBS) for 3 h before placing directly into wells. Cytocompatibility was
measured at 24, 72, and 168 h using a resazurin assay, in which a 10%
resazurin solution (prepared in cell culture media) was added to cells
and incubated for 1 h. Using a plate reader, fluorescence absorbances
(excitation 530 nm and 590 emission) were obtained and compared to

an untreated control. Cytocompatibility was calculated by:

_ Abssample — AbSpank

Cell V|ab|||ty (%) 7m

x 100%.

2.3.6 | Mechanical properties
Film (n = 3) and foam (n = 3) samples were characterized in terms of
tensile and compressive properties, respectively (Model 100P Univer-

sal Testing Machine, Test Resources, Shakopee, MN). Films were
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FIGURE 3

(A) Fourier transform infrared spectra of poly(vinyl alcohol) (PVA) 6k hydrogels with varied cornstarch content. Swelling profiles of

(B) PVA 6k and (C) PVA 25k hydrogel films in water at 37°C. Mean + standard deviation displayed (n = 3)

TABLE 2 Characterization summary of synthesized hydrogels

Formulation 0 CS:1 PVA 1 CS:2 PVA
PVA Mw 6k 25k 6k

Gel fraction (%) 87+1 77 1 84+1

24 h swelling ratio 1.06 £ 0.01 1.04 +0.02 1.07 £ 0.04
Pore size (um) 200 £+ 40 220 £ 40 180 + 40
Porosity (%) 579 71+1 63+5

Note: Mean + standard deviation displayed (n = 3).
Abbreviations: CS, cornstarch; PVA, poly(vinyl alcohol).

swollen in 37°C PBS and cut into dog bones with gauge length of
6.25 mm and width of 1.5 mm, which were stretched at a rate
5 mm/min until failure. Cylindrical foam specimens (7 mm diameter
and 3.5 mm height) were compressed in the dry and wet states at
1 mm/min. Wet samples were tested directly after removal from PBS.

2.3.7 | Thermal analysis

Differential scanning calorimetry (DSC) was used to examine thermal

properties. Foam samples (n = 3) weighing 3-5 mg were placed into

1CS:1 PVA 2 CS:1 PVA
25k 6k 25k 6k 25k
80«3 781 712 862 732
1.03+0.11 1.19+0.12 1.17 £ 0.06 1.18 £ 0.06 1.18 £0.10
210+ 40 240 = 60 200 = 60 190 + 50 210+ 30
734 67 £2 736 577 71+2

aluminum T-Zero pans. Samples were subjected to the following ther-
mal cycle: equilibration at 0°C for 2 min, heated to 180°C at 10°C/
min, held isothermally for 2 min, cooled to 0°C at 10°C/min, held iso-
thermally for 2 min, and heated to 180°C at 10°C/min. Thermal transi-
tions were taken from the second heating cycle.

2.3.8 | Shape memory properties

Foams were placed in water for 1 h and then cut into cylindrical sam-
ples (6 mm diameter, 4 mm height, n = 3). After cutting, samples were
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FIGURE 5 Mechanical properties of hydrogel foams and films. Film (A) elastic modulus and (B) strain at break in the wet state. Compressive
modulus of foams in the (C) wet and (D) dry state. Solid bars are PVA 6k formulations and hatched bars are PVA 25k formulations.
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radially compressed using a BlockWise radial crimper (Tempe, AZ). radius was measured (R;) and samples were incubated at room tem-
The crimper was then placed into a room temperature vacuum oven perature and ambient humidity for 24 h, after which samples radius

for 24 h to dry the samples in the compressed state. Upon removal, was measured again (Rg). Shape fixity was calculated by:
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FIGURE 6 Thermal and shape memory properties of hydrogel foams. (A) Differential scanning calorimetry traces of PVA 6k foams. Arrows
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6k foam. (C) Volume recovery profiles of PVA 25k formulations (n = 3). CS, cornstarch; PVA, poly(vinyl alcohol)

Ri— (R —Ri)

Shape fixity = R % 100.

i

Samples were then submerged in 37°C water, and images were
taken every 10 s for 30 min. At 30 min, samples were removed, and
diameter was measured. Using ImagelJ, sample diameter (R;) was quan-
tified at each time point by calibrating to the 60-min water exposure

length and the initial diameter (R;). Shape recovery was calculated as:

R
Shape recovery = R_t x 100.
f

24 | Degradation

Dry samples of each formulation (n = 3) weighing between 20 and
30 mg were swollen in PBS for 24 h prior to starting degradation.
Samples were weighed and placed in 5 ml of PBS (control media),
10 mM DTT (disulfide degrading media), 100 U/ml amylase
(CS degrading media, or 10 mM DTT + 100 U/ml amylase. All degra-
dation solutions were prepared in PBS. Media was changed daily.
Samples were weighed every 2 days for up to 20 days after lightly
pressing dry for 10 s using a paper towel. Swollen mass remaining was
calculated by:

M
Swollen mass remaining (%) = 78%nday . 100%.

Massiital

2.5 | Statistical analysis
Measurements are presented as mean + standard deviation. Student's
t-tests were performed to determine differences between formula-

tions, where a p-value of <.05 was taken as statistically significant.

3 | RESULTS

3.1 | Synthesis

The FTIR spectra of CS/PVA hydrogels (Figure 3A) showed a peak at
~1680 cm~* in all formulations. This peak is associated with the ure-
thane linkage formed between HEDS and HDI in the DSX. An
increased absorbance at ~1020 cm™! was observed with increasing
CS content. This peak is attributed to the glycosidic ester between
starch molecules (C-O-C). In addition, with increasing CS content, a
peak at ~1620 cm~! emerges that corresponds to the urethane link-
age between the DSX and CS. These spectra confirm successful syn-
thesis of crosslinked polyurethane-based PVA/CS hydrogels.
Figure 3A shows the PVA 6k formulations; similar trends were
observed in the PVA 25k hydrogel FTIR spectra.

3.2 | Characterization

In general, gel fractions in the PVA 6k formulations were higher than
those in the PVA 25k hydrogels and were in the range of 78%-87%
(vs. 71%-80% for PVA 25k). Hydrogels with 1:1 CS:PVA ratios had
the lowest gel fraction in both sets of hydrogels. Overall, these rela-
tively high gel fractions demonstrate successful crosslinking of
PVA/CS hydrogels with the DSX.

Equilibrium swelling ratios of hydrogel films at 24 h generally
increased with increased CS content in both hydrogel sets, Table 2.
The molecular weight of PVA did not significantly affect swelling in
any of the testing groups. Within the PVA 6k formulations
(Figure 3B), those with lower CS concentrations had a slower swell-
ing rate before achieving equilibrium. For PVA 25k hydrogels
(Figure 3C), the 0:1 formulation with no CS showed the slowest

swelling rate.
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FIGURE 7 Degradation profiles (swollen mass remaining) in (A) PBS, (B) 100 U/ml amylase, (C) 10 mM DTT, and (D) 100 U/ml
amylase + 10 mM DTT of (left) PVA 6k and (right) PVA 25k hydrogel foams (n = 3) DTT, dithiothreitol; PBS, phosphate buffered saline;

PVA, poly(vinyl alcohol)

Foam pore sizes were slightly smaller on average in the majority
of the PVA 6k hydrogels, but no statistically different pore sizes were
measured between the formulations. Porosity was also generally

lower in the PVA 6k formulations in comparison with the PVA 25k
hydrogels. Within a given PVA molecular weight, no significant differ-
ences in porosity were measured, and no clear trends were observed
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based on CS content. Uniform pore shape and distribution throughout
the scaffolds was observed in SEM images of the foam formulations
(Figure 4A).

All formulations showed Caco-2 cell cytocompatibility >80% at
24, 72, and 168 h, Figure 4B. Samples containing PVA 25k showed
slightly higher cytocompatibility, with all formulations having >100%
cytocompatibility in comparison with empty control wells at 24 h.

Elastic modulus measurements of 6k hydrogel films showed that
with the addition of CS, the material becomes significantly stiffer
(Figure 5A). The 0:1 PVA 6k hydrogels had the lowest elastic modulus
of all the formulations (105 kPa, significantly lower than PVA 25k 0:1
hydrogel), with all other formulations ranging between ~340 and
400 kPa. Hydrogels synthesized with PVA 25k generally had fewer
modulus variations with the addition of CS. Strain at break was similar
between all formulations regardless of CS content and PVA molecular
weight, with the exception of the 1:2 PVA 25k hydrogel, which had a
significantly higher strain at break relative to the corollary PVA 6k
hydrogel and relative to all other PVA 25k hydrogels. This result may
be due to the packing structure of the polymer chains. The addition of
a lower concentration of CS may have disrupted the PVA network
organization, reducing overall stiffness and increasing elongation. Com-
pressive modulus of porous hydrogel foams was generally similar
between all testing groups in both the wet and dry states, Figure 5C,D.
The highest wet compressive modulus was recorded in the 0:1 foams
containing PVA 25k. Dry compressive moduli for all the formulations
were significantly higher (>2 orders of magnitude) than in the wet state.

Hydrogel foams containing PVA 6k showed glass transition tem-
peratures (T's) at ~73°C in DSC thermograms. When the molecular
weight of PVA was changed to 6k, T, dropped to ~62°C, except for
the 0:1 PVA 6k foam, which had a T; of 71°C, Figure 6A. In addition, a
shallowing of the T, step was observed with increasing starch
content.

All foams had high retention of the compressed shape after 24 h,
with shape fixity values between 97% and 99%. Additionally, all foam
formulations showed rapid shape recovery when placed into 37°C
water. Complete shape recovery to the initial wet diameter was
achieved in all formulations within 180 s, Figure 6B,C. In general,

shape recovery was slower with increased CS content.

3.3 | Degradation

Phosphate buffered saline was employed as a control degradation
media base in these studies to enable comparison with other in vitro
degradation studies in the literature and to provide an understanding
of the individual effects of amylase and DTT on hydrogel degrada-
tion. No large changes in mass were seen in PVA 6k formulations in
PBS over 20 days (Figure 7A, left). There were some visible changes
in the mass of the PVA 25k hydrogels in PBS (Figure 7A, right).
Namely, formulations containing a higher amount of PVA 25k had an
increase in swelling up to ~130% after 4 days in PBS, while higher
CS content foams had a decrease in swollen mass down to ~75%

after 4 days.
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In amylase, which can degrade CS, a general increase in mass loss
was observed in higher CS content hydrogels for both PVA molecular
weights, Figure 7B. When hydrogels were treated with DTT, which
degrades the DSX, the PVA 6k foams underwent faster degradation
than PVA 25k foams, Figure 7C. The PVA 6k foams that contained CS
underwent complete degradation within 2-8 days in DTT, with the
fastest degradation observed in the highest CS content foam (2:1).
The 0:1 PVA 6k control had an initial increase in swollen mass
followed by a steady decrease to 62% mass at 20 days. In 25k PVA
formulations, the 0:1 PVA control had an increase in swelling that
plateaued after 4 days. In the CS containing PVA 25k foams, there
was a steady loss of mass observed for all formulations, with the
slowest mass loss observed in the 1:1 formulation and faster degrada-
tion in the 1:2 and 2:1

In both PVA 6k and 25k foams, combined treatment with DTT
and amylase resulted in similar mass loss trends as seen with DTT
alone with faster overall mass losses in the CS-containing foams,
Figure 7D. The 0:1 PVA control mass loss profiles were comparable to
those obtained in DTT alone. All CS-containing PVA 6k foams had
complete mass loss within 6 days, with the fastest degradation again
observed in the 2:1 PVA 6k foam at 2 days. All CS-containing PVA
25k formulations underwent higher amounts of mass loss in the com-
bined media (19% vs. 26% swollen mass at 20 days for 2:1 foam; 32%
vs. 50% swollen mass at 20 days for 1:2 foam; and 64% vs. 85% swol-

len mass at 20 days for 1:1 foam).

4 | DISCUSSION
Using simple polyurethane-based chemistries, we can achieve a SMP
hydrogel with high tunability and dual biodegradation mechanisms.
Previously PVA has been crosslinked into layered membranes using
an isocyanate DSX for islet encapsulation and for self-healing poly-
mers.3334 CS-based disulfide materials have also been used to
develop nanoparticles for drug delivery.3®> The synthesis method
shown in Figure 2 differs from previously published work on disulfide
reductive polymers, in that DSXs are typically based on acidic dis-
ulfides, such as dithiodipropionic acid.23¢ Other disulfide crosslinking
methods include isocyanate-terminated prepolymers synthesized
using materials without pendant OH groups, such as PEG or PCL
(i.e., only terminal OH groups), which were then crosslinked using a
disulfide-containing polyol.??3” In this approach, the disulfide linkages
are only located at the ends of prepolymer chains, limiting the overall
tunability of the materials. Additionally, using PCL in the crosslinker
can have a negative effect on hydrophilicity, swelling, and mechanical
properties.??37-38 The method we developed here allows for an easy,
single-step synthesis of a non-acidic DSX that can be employed with a
range of isocyanate-reactive materials, including polyols, such as CS
and PVA used here. Using FTIR and gel fraction measurements, we
confirmed that this approach successfully crosslinks CS and PVA into
a disulfide-containing polyurethane network.

The lower molecular weight PVA 6k hydrogels fabricated using
this method generally had higher gel fractions than the PVA 25k gels.
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We hypothesize that this result is due to higher mobility of smaller
PVA chains, which enables increased interactions with free isocya-
nates during crosslinking. A similar trend was previously reported in
PVA hydrogels crosslinked with glutaraldehyde.®® Higher gel fractions
in the PVA 6k gels correlate with lower porosity values, and the pore
size and morphology (Figure 4A) was similar between all the formula-
tions. The density of PVA 6k hydrogels is higher due to increased gel
fractions, which reduces overall porosity. In future work, porosity can
easily be adjusted by adding more salt particles and/or increasing the
size of salts used in the porogen leaching process.

The slight increase in swelling seen with higher CS content can be
attributed to the effect that CS has on polymer chain packing. More
bulky ring structures and branching increases space between polymer
chains. A previous study show that a glutaraldehyde-crosslinked PVA
starch composite had a slightly higher swelling once the composite
was 250% starch.2’ Additionally, more rapid swelling was observed
with increasing CS content (Figure 2B,C), which also correlates with
previous reports.*©

The tensile modulus of the bulk hydrogel films is very similar to
native tissue (Figure 5); colon tissue has a reported elastic modulus
between 300-800 kPa*' Additionally, the hydrogels show highly
elastic behavior with elongation at break of ~150%. This value is
~2.5-3 times larger than that reported in native tissue.**#2 This bio-
material system has an overall advantage of high synthetic tunability,
allowing us to control the modulus of our materials in future work
while better matching native tissue elasticity. For example, by chang-
ing the type of isocyanate to one with a more bulky structure, such as
methylene diphenyl diisocyanate, or by increasing the crosslink den-
sity with a higher DSX content, we could easily tune the modulus of
our material.*3

In general, using porous biomaterials allows for ingrowth of host
tissue and increased nutrient transport, with the tradeoff of reduced
stiffness with the introduction of pores. A dry compressive modulus
that is >2 orders of magnitude higher than the wet modulus in this
system enables a water-responsive SMP that changes shape after
exposure to body temperature water. This property allows us to pro-
gram a low-profile, compressed foam shape in the wet state and dry
the material for high shape fixity (>97%). Theoretically, this material
could be delivered via catheter in the compressed form. The quick
recovery (within 3 min) can be employed during implantation, so that
the material expands after delivery to fill the fistula site. Current natu-
ral bioprosthetics that are used in fistula treatment must be pre-
swollen before implantation, which increases overall procedure
time.1! One limitation to water-based shape memory is the long dry-
ing time required for fixing. Further studies on the effects of high heat
drying will be carried out to optimize translation of these materials.
While the water-responsive SMPs do show consistent thermal transi-
tions (Tg's) there is not enough modulus variability above and below
the T, to allow for traditional, thermally-induced dry shape
programing.

Degradation of these materials was tuned with both PVA molecu-
lar weight and CS content. Polymers containing PVA 6k showed faster

degradation compared to PVA 25k hydrogels in DTT-containing

media. While the molecular weight of PVA was increased in these
scaffolds, the number of available hydroxyls for crosslinking was held
constant. This property is reflected in the relatively consistent
mechanical properties between PVA 6k and 25 hydrogels. Thus, we
hypothesize that the number of crosslinks/per chain leads to a differ-
ence in degradation rate. Lower molecular weight PVA will have fewer
crosslinks per chain, which will allow for chains to be more easily
released from the network. This finding allows for even more tools to
tune the degradation rate independently of mechanical properties in
future work through the use of additional PVA molecular weights.

In the PVA 6k hydrogels, degradation rates in amylase and/or
DTT were consistently increased with increased CS content. How-
ever, in the PVA 25k foam in DTT (with or without amylase), CS con-
tent at unequal ratios relative to PVA (1:2 and 2:1) led to faster
degradation compared with the 1:1 CS:PVA 25k. This result is attrib-
uted to the organization of the polymer structure that allows for eas-
ier penetration of DTT through more consistent networks.

Amylase is produced by intestinal epithelial cells, and glutathione is
a reducing agent that is abundant in the intestinal mucous.*44> Thus,
these hydrogels have mechanisms for potential degradation by amylase
(CS) and by reducing agents (DTX) after implantation into a fistula site.
Amylase alone can partially degrade the foams, but degradation quickly
reaches a plateau, which is likely the point at which most of the CS has
been broken down, leaving behind a PVA network. This property could
enable a tunable drug release mechanism in this system in future work.
Here, DTT was used as a representative reducing agent to evaluate the
ability to degrade the DTX in the hydrogels. DTT was effective at fully
degrading the hydrogels, which was expected, as the crosslinkers were
degraded to leave behind soluble PVA and CS. Increasing CS content
increased degradation rates in DTT, which may be due to increased
water interactions (evidenced by faster swelling profiles and increased
equilibrium swelling ratios). Combined treatment with DTT and amylase
increased the degradation rate in the CS-containing hydrogels, while
the 0:1 PVA control hydrogels had similar degradation profiles in DTT
regardless of amylase addition. Again, this result is expected since amy-
lase should not affect the PVA backbone.

While this study provides a foundational understanding of the
individual attributes of this material platform, DTT is not naturally
found in the human body. Additionally, 10 mM DTT provides a much
higher concentration than that of reducing agents that would typically
be found at in human tissue, as serum levels of reducing-capable thiols
range from 0.35 to 0.55 mM.***” Therefore, the measured degrada-
tion profiles in DTT are accelerated to provide a big picture under-
standing of hydrogel structure effects on degradation properties, and
real-time degradation must be assessed using physiologically-relevant
concentrations of using glutathione. Future studies will also focus on
cellular interactions with the materials and on material degradation in
the presence of cells to further evaluate the feasibility of using this
hydrogel system as a degradable Crohn's fistula filler. The intestinal
mucosa is a unique environment in the body that is difficult to repli-
cate in vitro. Thus, real-time degradation studies will be conducted in
in vivo models in future work to provide a full understanding of mate-

rial degradation profiles.
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5 | CONCLUSIONS

This study explored the development of CS/PVA hydrogels as a
potential biomaterial strategy for future use in Crohn's fistula treat-
ment. By adjusting two parameters of this system (PVA molecular
weight and CS content), we can tune material properties. This water-
responsive SMP hydrogel has properties that are comparable to native
tissue, and it addresses the limitations of current treatment options by
providing a mechanism for easy implantation via shape memory prop-
erties and eliminating the need for a removal procedure. While this
study focuses on the uses of these hydrogels for prospective use in
Crohn's fistula healing, the low cost and highly tunable nature of the
material components provides a valuable biomaterial platform with
broad potential application in tissue engineering and regenerative

medicine applications.
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