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Abstract

Vocal fold scarring is the fibrotic manifestation of a variety of voice disorders, and is difficult to
treat. Tissue engineering therapies provide a potential strategy to regenerate the native tissue
microenvironment in order to restore vocal fold functionality. However, major challenges remain
in capturing the complexity of the native tissue and sustaining regeneration. We hypothesized that
hydrogels with tunable viscoelastic properties that present relevant biological cues to cells might
be better suited as therapeutics. Herein, we characterized the response of human vocal fold
fibroblasts to four different biomimetic hydrogels: thiolated hyaluronan (HA) crosslinked with
poly(ethylene glycol) diacrylate (PEGDA), HA-PEGDA with type | collagen (HA-Col 1), HA-
PEGDA with type Il collagen (HA-Col 111) and HA-PEGDA with type I and 111 collagen (HA-Col
I-Col I11). Collagen incorporation allowed for interpenetrating fibrils of collagen within the non-
fibrillar HA network, which increased the mechanical properties of the hydrogels. The addition of
collagen fibrils also reduced hyaluronidase degradation of HA and hydrogel swelling ratio.
Fibroblasts encapsulated in the HA-Col gels adopted a spindle shaped fibroblastic morphology by
day 7 and exhibited extensive cytoskeletal networks by day 21, suggesting that the incorporation
of collagen was essential for cell adhesion and spreading. Cells remained viable and synthesized
new DNA throughout 21 days of culture. Gene expression levels significantly differed between the
cells encapsulated in the different hydrogels. Relative fold changes in gene expression of MMP1,
COL1AL1, fibronectin and decorin suggest higher degrees of remodeling in HA-Col I-Col 111 gels
in comparison to HA-Col | or HA-Col 111 hydrogels, suggesting that the former may better serve
as a natural biomimetic hydrogel for tissue engineering applications.
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1. Introduction

In mechanically active tissues like vocal folds, the cellular and extracellular matrix (ECM)
organization dictate the viscoelastic properties of the tissue, which in turn, govern vibratory
mechanics required for phonation.[1] Vocal fold scarring, the resulting complication of a
variety of conditions such as trauma, radiation, surgery, and idiopathic causes, remains one
of the most elusive laryngeal complications to treat medically and with behavioral
management.[2] Tissue remodeling during natural wound healing results in excessive
collagen deposition and changes in the extracellular matrix organization,[3, 4] which disrupt
the viscoelastic properties and cause irreversible fibrosis and depreciation in voice quality.
[5] Tissue engineering aims to use biomaterial-based scaffolds, cells and growth factors to
intervene during the wound healing process and help sustain regeneration in order to restore
native tissue organization.[6] Biomaterial-based scaffolds have the potential to mediate and
modulate inflammation as well as proliferation of cells in the tissue, aiming to repair its
native architecture.[7] In particular, biological materials from the ECM of the tissue itself
are especially attractive, since they can provide the right mechanical and molecular cues for
wound healing, along with being highly biocompatible.[8]

In healthy vocal folds, an organized ECM in the lamina propria maintains the viscoelastic
properties required for the tissue vibrations typical in speech.[9] Major components of the
ECM include collagen type I and 111,[10, 11] which provide the tissue with structural
support and tensile strength, elastin,[12] which provides the tissue with elasticity to sustain
vibrations, and hyaluronan (HA),[13] which maintains tissue viscoelastic properties and acts
as a shock absorber. Of these, HA is an attractive choice in a biomaterial/scaffold because of
its polyanionic nature, bioactivity and ease of tunability.[14] In the vocal folds, HA is known
to play a vital role in cell migration, differentiation, and signaling.[15] However, native HA
is difficult to tune and has a low half-life in vivo, where it is degraded by enzymes.[16]
Several studies have introduced functional modifications to the HA backbone in order to
provide sites for crosslinking.[17-20] Of these, thiol-modified HA has been shown to be
highly biocompatible for in situ encapsulation of cells.[21] Thiol modified HA can be
crosslinked with the biologically neutral poly(ethylene glycol), PEGDA, to form a hydrogel
that degrades slower than native HA. PEGDA is known to cause some inflammation in vocal
folds[22], but used in small quantities, can enhance the residence time of the hydrogels.[23]
By varying the degree of modification (thiol groups) and crosslinker (PEGDA)
concentrations, HA can be tuned to match the mechanical characteristics of most soft
tissues.[24] Thiolated HA-PEGDA by itself, however, provides minimal sites for cell
attachment and spreading.[25]
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An ideal scaffold should provide sites for attachment and spreading of cells, and guide their
signaling for regeneration. Many strategies have been developed to improve cell attachment
on thiolated HA scaffolds. Several studies have used thiolated HA with crosslinked gelatin
to introduce sites for cell attachment through integrin binding and signaling.[21, 26] Gelatin
is an unfolded version of collagen formed by denaturation of type I collagen, and does not
mimic the 67nm D-periodicity of fibrillar collagen, resulting in a more disorganized network
and different cellular cues in comparison to native collagen.[27] An alternative approach
would be to combine thiolated HA with fibrillar collagen, but this blend has not been
explored for vocal fold regeneration. Collagen type | injections increase the tensile strength
of vocal fold tissue and result in better patient outcomes.[28] Type | collagen by itself or in
combination with other modified forms of HA has been used in tissue engineering
applications of the vocal folds [20, 29-31] due to its biocompatibility and role in regulation
of cell signaling. Moreover, collagen fibrillogenesis, the spontaneous self-assembly of
collagen monomers into fibrils, occurs at physiological conditions of 37°C and pH 7.4,[32]
making it easy to handle.

Collagens make up 43% of total vocal fold protein.[10] Fibrillar type 111 collagen is co-
expressed with type I in the vocal folds and constitutes more than 40% of total vocal fold
collagen.[33] To date, type 111 collagen has not been explored as a therapeutic candidate for
vocal fold regeneration. Type 111 collagen is upregulated during development[34] and in
wound healing.[35] Furthermore, addition of type 11l collagen to type I collagen has been
shown to regulate its fibril diameter, and results in heterotypic fibers that are more
compliant[36, 37]. Therefore incorporating both, type I collagen and type 111 collagen, might
lead to a hydrogel blend that more closely mimics the in vivo vocal fold environment.

The goal of this study was to create novel hydrogel blends with thiol-modified HA, type |
collagen, and/or type I11 collagen blends in order to harness the mechanical stability and
tunability of HA and the biological activity of the collagens in cell spreading and signaling.
Thiol-modified HA was crosslinked with PEGDA to form the base hydrogel. We
hypothesized that the incorporation of collagen would make the hydrogel blend more similar
to native tissue architecture. Self-assembly of soluble collagen into fibrils depends on pH,
temperature, ionic strength, and surfactants.[38] Electrostatic interactions between HA and
collagen are also known to affect collagen fibrillogenesis.[39, 40] Collagen fibril formation
is predominantly governed by hydrophobic interactions between non-polar regions of
adjacent molecules. To form stable interpenetrating collagen fibrils within the highly
hydrophilic nonfibrillar HA network, we reduced the net charge on the hydrogel by
increasing its pH[41] in order to drive collagen fibrillogenesis at a faster rate. The resulting
gel is an interpenetrating fibrillar network of collagen within a nonfibrillar porous HA
matrix. The effects of different types of HA - collagen blends on hydrogel microstructure,
cell viability and proliferation, and gene expression were evaluated to identify better suited
candidates for vocal fold tissue engineering applications.
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2. Materials and Methods

2.1 Hyaluronan Modification

Hyaluronan (HA) (MW 100 kDa, Lifecore Biomedical LLC, Chaska, MN) was thiolated
according to previous protocols.[24] Briefly, HA was dissolved at 10 mg/mL in degassed
Milli-Q water. Dithiobis (propanoic dihydrazide) (DTP, Frontier Scientific, Logan, UT) was
added at a ratio of 2 mol DTP: 1 mol HA while the solution was stirring, and the pH was
lowered to 4.75 by using 1N HCI. Next, 1-ethyl-3-[3-(dimethylamino)propyl] carbodiimide
(EDC, Thermo Scientific, Waltham, MA) was added at a ratio of 0.5mol EDC: 1mol HA and
the pH was maintained at 4.75 for 15 mins. Adding 1N NaOH to raise the pH to 7.0 stopped
the reaction. Dithiothreitol was then added in at least 5-fold molar excess relative to the
concentration of DTP to cleave the disulfide bonds and the pH was raised to 8.5 with 1N
NAOH. After 24 h, the pH was lowered to 3.5 using 1N HCI and the solution was dialyzed
against HCL solution (pH 3.5, 0.3 mM) with 100 mM sodium chloride (NaCl) for 2 weeks
and then against HCL solution (pH 3.5, 0.3 mM) for 1 week to get rid of salts. Substitution
of the glucuronate carboxyl groups by thiol groups was determined using an Ellmans assay
to quantify free sulfhydryl groups. Final percent substitution of the HA was determined to be
12% and was used for all further experiments.

2.2 Hydrogel Preparation

Poly(ethylene) glycol diacrylate (PEGDA, MW 3400, Alfa Aesar, Tewksbury, MA) was
used as a bifunctional electrophilic crosslinker that reacts with the substituted thiol groups
on hyaluronan via Michael-type addition. The hydrogel was formed by mixing HA, PEGDA,
and different formulations of collagens to form HA, HA-Col-1, HA-Col-I1l and HA-Col-I-
Col-I11I hydrogels. Stock concentrations of HA and PEGDA were prepared at 3.75% and
7.18% (wi/v) respectively in Dulbecco’s Modified Eagles Medium (DMEM) by solubilizing
them and adjusting the pH to 7.8 using 1N NaOH. The solutions were filtered through a 0.2
Syringe filter (Supor). Stock concentrations of rat-tail collagen type | (BD Biosciences,
Franklin Lakes, NJ), and bovine collagen type 111 (MilliporeSigma, St. Louis, MO) were
prepared on ice at 10 mg/mL in sterile 20 mM acetic acid. The pH of the collagen solutions
was adjusted to 7.4 on ice using sterile 10x phosphate buffered saline (PBS), 1N NaOH and
1x PBS. The neutralized, ice-cold solutions of HA, PEGDA and collagen were mixed to
form gels at a final concentration of 1.5% (w/v) HA, 0.718% (w/v) PEGDA, 4 mg/mL type |
collagen for HA-Col I, 4mg/ml type 111 collagen for HA-Col 111, and 2 mg/ml type |
collagen + 2 mg/ml type 111 collagen for HA-Col I-Col 111 (4 mg/ml total).

2.3 Rheological Characterization

The viscoelastic mechanical properties of the gels were tested on an ARG2 rheometer (TA
instruments, New Castle, DE) using 20 mm parallel plate geometry and a gap of 250-400
um. The gels were prepared on Teflon coated slides (Tekdon) and allowed to polymerize for
3 h before running frequency sweeps. The linear range of viscoelastic response was
measured in triplicate with a frequency sweep from 0.1 to 100 rad/s at a controlled stress of
1 Pa.
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2.4 Cryoscanning Electron Microscopy (Cryo-SEM) for Hydrogel Microstructure

Cryo-SEM was performed at the Purdue Electron Microscopy Facility to analyze the
microstructure of the HA-collagen gels. Hydrogels were prepared on SEM stage holders and
incubated for 2 h at 37 °C to allow polymerization. The sample holders were then moved to
a cryo holder, flash frozen by immersing in liquid nitrogen and moved to a Gatan Alto 2500
prepchamber under vacuum to be fractured. Once fractured with a scalpel, the samples were
sublimated at a temperature —90 °C for 10-15 mins and sputter coated with platinum.
Images were taken on the FEI NOVA nanoSEM at a microscope temperature of — 140 °C
using the Everhart-Thornley (ET) detector at 5kV with a spot size of 3. All samples were
tested in triplicate.

2.5 Hydrogel Swelling Ratio

Hydrogels were placed in 1X PBS at 37 °C for 48 Hours. Swelling ratio (Q) was calculated
as the ratio of the weight of the swollen gel to the weight of the dry gel. Swollen gels were
weighed and washed 5x with distilled water and then dried under vacuum for 3 days to
determine the weight of dry gels.

2.6 Degradation of HA in hydrogels

The biocompatibility of the modified HA in the HA collagen blend gels was measured using
a modified carbazole assay according to previous methods.[42] HA, HA-Col I, HA-Col 111
and HA-Col I-Col 11 gels were evaluated in this study. Hydrogel blends were polymerized
in four chamber slides (Nunc Lab-Tekll, VWR Scientific). The slides were left at 4 °C
overnight for curing. For each hydrogel blend, three replicate gels were incubated with
hyaluronidase (50 units mI~1 in PBS) at 37 °C. At selected time points of 0, 2, 4, 6, 8, and 10
h, 750 ul of hyaluronidase enzyme solution was removed and replaced with an equal amount
of fresh enzyme solution. Amount of thiolated HA degradation was measured by the release
of glucuronic acid into the supernatant using a modified carbazole assay in a 96-well plate
format. The absorbance of the collected solutions was measured on the M5 microplate
reader at a wavelength of 550 nm. Percent HA degradation was calculated across all time
points for the gels.

2.7 Cell Encapsulation in hydrogel blends

Immortalized human vocal fold fibroblasts (I-hVVFFs) obtained from Dr. Susan Thibeault’s
lab in Madison, WI[43] were trypsinized, counted and pelleted to a final concentration of 1
x 108 cells/mL and resuspended in gel solution for embedding. 10 uL aliquots of the cell-gel
suspension were pipetted onto ibidi p-slide angiogenesis (Ibidi inc). The slides were placed
in an incubator (37 °C and 5% CO») for 3 h to allow complete gelation, after which
complete I-hVFF medium [Dulbecco’s Modified Eagles Medium (DMEM, Sigma) with
10% FBS, 1% Pen/Strep, 1% minimal essential medium (MEM) non-essential amino acid
solution (Sigma), and 10 mg/mL geneticin (Teknova)] was added to the wells.

2.8 Cell Viability and Cytoskeleton Organization

To visualize cell viability, the cell gel constructs were stained using the live/dead
cytotoxicity kit (Invitrogen). Constructs were harvested at days 1, 7, 14, and 21 and stained
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with 4 uM calcein AM and 6 uM ethidium homodimer-1 in PBS for 30 mins. Adding
ethanol to one of the constructs for 45 mins was used a dead cell control. To observe actin
staining, the constructs were fixed in 4% paraformaldehyde (PFA) for 30 mins,
permeabilized with 0.1% Triton X-100 for 30 mins, blocked with 5% milk for 2 h, and
stained with Alexa Fluor 633 Phalloidin (Invitrogen) and DAPI for 1 h. The stained
constructs were imaged using a Zeiss 880 confocal microscope with a 25X oil immersion
objective. Z-stacks were taken through the range of 570 um to image the gel and the images
were displayed as maximum intensity projections using ImageJ.

2.9 Assessment of new DNA synthesis in encapsulated cells

The 5-ethynyl-2’-deoxyuridine (EdU) proliferation assay was used to quantify cell
proliferation in encapsulated cells according to previous methods.[44] EdU, a thymidine
analogue containing a terminal alkyne group that is incorporated into newly synthesized
DNA, was added to each well at a final concentration of 1 uM for 10 h for days 1, 7, 14 and
21. To analyze the amount of newly synthesized DNA, a cell-permeable fluorescent azide
was conjugated to the EdU alkyne using copper-catalyzed click chemistry. Briefly, the gels
were fixed with 4% PFA for 30 min, rinsed 3X with DPBS, permeabilized with 0.5% Triton-
X 100 for 30 min, rinsed, blocked using 5% milk for 2 h, and incubated with Alexa Fluor
488 conjugated azide (Invitrogen) diluted in 1M Tris (pH 8.5), 25 mM copper (I1) sulfate
and 0.25 M ascorbic acid. DAPI was used to stain nuclei. Constructs were imaged using a
Zeiss 880 confocal microscope with a 25X oil immersion objective. EdU+ cells divided by
total cells counted was used to depict proliferation in cells.

2.10 Gene Expression for ECM constituents

Quantitative reverse transcription-polymerase chain reaction (QRT-PCR) was used to analyze
expression of ECM related genes for I-hVFFs embedded in the different hydrogel blends.
Once harvested, the constructs were digested in hyaluronidase (7500 U/mL) for 45 min,
centrifuged and lysed. RNA was extracted from the constructs using QlAshredders and
RNeasy mini kit (Qiagen, Frederick, MD) using the manufacturers protocol. The purified
RNA concentration was measured using a NanoDrop 2000 spectrophotometer. The RNA
was then reverse transcribed into cDNA using the high-capacity cDNA reverse transcription
kit (Applied Biosystems) following manufacturers instructions. qPCR was performed using
equal quantities (1 ng/uL) of cDNA template for 40 cycles using the TagMan gene
expression mastermix (Life Technologies, Waltham, MA), TagMan probes for B-actin,
COL1A1, COL3A1 Decorin, Fibronectin, and MMP1, and an Applied Biosystems 7500
real-time PCR machine. The cycling conditions were: 50 °C for 2 min, 95 °C for 10 min,
and 40 cycles of 95 °C for 15 sec, and 60 °C for 1 min. Each individual sample was tested in
triplicate. Data were analyzed using the linear regression of efficiency (LRE) method[45] to
determine relative copy number and PCR efficiencies to show fold difference in gene
expression compared to control (HA gels).

2.11 Statistical Analysis

Data are represented as means, with error bars corresponding to standard deviation. Single
factor equal variance ANOVA and Tukey’s post hoc tests were performed using Minitab for
analysis of rheology, swelling ratio, degradation, proliferation and gene expression. A
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probability value of 95% (P < 0.05) was used to determine statistical significance. Standard
deviation of normalized gene expression was represented as uncertainty propagation using

A all(eaV (%8
the formula f = FO0p= |E‘ (T) + (?) , where A and B are uncorrelated variables with
standard deviations o4 and o, and oris the standard deviation of the function. [46]
3. Results

3.1 Gel Preparation

Preliminary experiments to incorporate collagen in the thiolated HA hydrogels by raising the
pH of the gels between 7.2 — 7.4 were unsuccessful because the collagen precipitated out in
solution once the gels were swollen. Stable incorporation of collagen in the HA-PEGDA
gels was achieved by increasing the rate of fibrillogenesis by adjusting the pH to 7.8, which
is close to collagen’s isoelectric point.[41] Four types of HA-PEGDA hydrogel blends were
evaluated in this study: HA alone, HA with type I collagen (HA-Col I), HA with type 1lI
collagen (HA-Col I11), and HA with type I collagen and type I11 collagen (HA-Col I-Col III).

3.2 Rheological Characterization

Rheological tests were performed to examine the mechanical properties of the different gel
blends. Frequency sweeps run between 0.1 — 100 rad/s showed that the hydrogels containing
collagen have a higher storage modulus (G’) and loss modulus (G”) in comparison to HA
alone (*P<0.05) (Figure 3-1). Overall, the HA hydrogel was the weakest, with a G’ value of
188.5 + 24 and a G” value of 1.2 + 0.86 at 1 rad/s. The addition of collagen altered the
mechanical properties of the gel by increasing the linear viscoelastic range, as well as
significantly increasing the storage modulus of the gels, with G’ values ranging from
954.9+ 74.5, 881.7 + 70.9, and 812.4 £ 175.3 at 1 rad/s for the HA-Col I, HA-Col Il and
HA-Col I-Col 11 gels, respectively. At 1 rad/s, all hydrogel blends containing collagen had
significantly different G’ values in comparison to the HA alone gel (*P<0.05). The addition
of collagen displayed a trend toward increased loss moduli of the gels, with G” values
ranging from 26.5 + 8.59, 17 + 3.39, and 18.1 + 16.96 at 1 rad/s for the HA-Col I, HA-Col
I11, and HA-Col I-Col 111 gels, respectively.

3.3 Hydrogel Microstructure using Cryo-SEM

Cryo-SEM was performed to evaluate the network structure of the hydrogel blends. (Figure
3-2). For the HA alone gels, the large non-fibrillar porous structures appeared circular.
Collagen within the HA can be seen as interdigitated fibrillar networks within varying pore
sizes for all HA gels with collagen. A closer inspection of the images points to subtle
qualitative differences between the HA-Col I, HA-Col 11l and HA-Col I-Col 11 gels. The
fibrillar elements in the HA-Col 111 gels appeared smaller in comparison to the ones in HA-
Col I or HA-Col I-Col 111 gels. HA-Col I-Col 111 gels appeared to have long interpenetrating
fibrils in comparison to the short fibrils seen in HA-Col | and HA-Col 111 gels.
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3.4 Hydrogel Swelling Ratio

To quantify the swelling ratio of the hydrogels, gels were swollen to equilibrium for 48
hours in 1X DPBS, weighed, then dried using a lyophilizer and weighed again to get their
dry weight. HA hydrogels are known to swell to a large extent without dissolution of the gel.
This is evident by the high swelling ratio of = 34.6 + 3.82 for HA-only gels (Figure 3-3).
Addition of collagen to the HA hydrogels significantly reduced the swelling ratio (P < 0.05).
This is not surprising, as fibrillar collagen hydrogels are known to not swell.[47] Despite this
reduction, all hydrogels have a relatively high swelling ratio, making them highly
permeable, which should facilitate the exchange of oxygen, nutrients, and other water
soluble metabolites.

3.5 Degradation of HA in hydrogels

Enzymatic degradation of the hydrogels was monitored to mimic in vivo conditions by
incubating the gels in hyaluronidase solution. Hyaluronidase cleaves B-N-acetyl-
hexosamine-(1 — 4) glycosidic bonds in HA, releasing glucuronic acid residues, which can
be measured through the carbazole assay. At 10h, more than 90% of the HA in the HA gels
had degraded, but only more than 60% of HA-Col I, HA-Col 111, and HA-Col I-Col 111 gels
had degraded in the presence of enzyme (Figure 3—4). In sum, thiolated HA retained its
susceptibility to HAase degradation; however, the addition of both type | collagen and type
I11 collagen, reduced the amount of HA degradation after hyaluronidase by at least 10%.

3.5 Cell Encapsulation, Viability and Cytoskeletal Reorganization

Encapsulation of cells in the hydrogels was achieved by mixing the cells with HA, PEGDA
and type | and/or type Il collagen followed by a two hour incubation at 37°C. The majority
of cells remained viable at day 1 in all hydrogels as seen by the live/dead assay, showing that
the in situ encapsulation process was biocompatible (Figure 3-5). The cells appeared to be
alive and densely populated at 21 days, showing viability in 3D culture in the HA-Col blend
gels throughout time of culture. However, majority of the cells in the HA alone hydrogel had
migrated away from the scaffold due to lack of adhesion to the HA.

To assess cell morphology and cytoskeletal organization, the cells were stained with
phalloidin, which binds to the actin network. At day 1, the cells showed a rounded
morphology in all the gels (Figure 3-6). By day 7, the cells in all HA-Col hydrogels
appeared to be distinctly elongated and more spindle shaped, showing organized cytoskeletal
networks. The cells maintained this elongated morphology in the HA-Col hydrogels until the
end of culture at day 21, pointing towards the role of collagen in providing a matrix for
cellular attachment and signaling. The cell morphology and distribution appeared similar
across all the different HA-Col hydrogels. Cells in the HA alone gels, however, failed to
attach and spread like the ones in HA-Col gels.

3.6 New DNA synthesis in encapsulated cells

Cells maintained their ability to proliferate in the HA-Col blend gels over 21 days, as seen
by the increase in cell number over time and the detection of EdU in the cells at 21 days
(Figure 3-7). No proliferative cells were seen in the HA alone gels after 14 days, suggesting
that the addition of collagen provided signaling cues for cell adhesion and proliferation.
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3.7 Gene expression

In order to evaluate changes in fibroblast gene expression as a function of different hydrogel
microenvironments, gene expression for various ECM constituents was analyzed after seven
days of culture. Initially, gene expression was normalized using p-actin, a commonly used
endogenous control. However, B-actin expression was not constant between the cells
encapsulated in the different hydrogel blends (Figure 3-8). Therefore, we used the LRE
method to quantify relative copy number of each reaction.[45, 48] COL1A1 and Fibronectin
gene expression levels in HA-Col | and HA-Col 111 gels were significantly lower than that of
HA-Col I-Col 111 gels (*P < 0.05). MMP1 gene expression was most significantly
downregulated in HA-Col I hydrogels while decorin gene expression was downregulated in
all hydrogels containing type | or type 111 collagen (*P < 0.05). The amplification of decorin
in HA-Col 111 gels was later than others, which prevented an accurate determination of its
expression using the LRE method; hence, it was assumed to be zero. There were no
significant differences in COL3A1 gene expression.

4. Discussion

In an effort to recapitulate the native ECM environment of the vocal folds, three of the most
abundant ECM molecules in the vocal fold lamina propria, namely type | collagen, type 111
collagen and HA were used to engineer four different hydrogel blends. Thiol-modified HA
has been used for various tissue engineering applications and is known to be compatible
with in situ encapsulation of cells. However, it has been widely used in combination with
crosslinked gelatin instead of fibrillar collagen, which more closely replicates the vocal fold
molecular composition in vivo.[21, 26] In this study, we demonstrate for the first time that
the major types of fibrillar collagens found in the vocal folds, namely type I collagen and
type 111 collagen, can be co-polymerized with thiolated HA gels. Collagen was incorporated
by increasing its rate of fibrillogenesis by adjusting the pH to 7.8, which is collagen’s
isoelectric point.[41] This is hypothesized to drive fibrillogenesis of collagen faster than the
Michael-type crosslinking between HA and PEGDA, with the ultimate result being an
interpenetrating, unaligned hydrogel network. The addition of collagen into modified HA
hydrogels not only alters the mechanical integrity of the gels, but also provides cues for
attachment and proliferation of cells. The mechanical properties, microstructure, swelling
and degradation of the hydrogels, as well as cell behavior were evaluated.

The elastic storage modulus of vocal folds lies between 100 — 1000 Pa.[1, 49] For
biologically active tissue like the vocal folds, if the hydrogel is to be implanted at the site of
scarring, it is important that the hydrogel characteristics closely match the in vivo tissue
viscoelastic environment, as cellular responses are known to vary based on stiffness of the
local physical environment.[50] Collagen hydrogels by themselves show relatively poor
mechanical properties for tissue engineering purposes.[51] Using thiol-modified HA, the
rheological properties can be tuned by varying the polymer weight and crosslinking density.
We chose HA with a molecular weight of 100 kDa, since a higher molecular weight would
result in a stiffer gel due to the added chain entanglement, and the addition of collagen
already added sufficiently to the stiffness of the hydrogels (Figure 3-1). All the hydrogels
are within the physiologically relevant range for mechanical characteristics, and have the
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potential to be used as scaffolds for tissue engineering. Storage moduli significantly
increased in the HA collagen blends, indicating that the addition of collagen modified the
elastic properties of the hydrogels. HA-Col | hydrogels showed a trend towards higher G’
values, which can be attributed to the shorter and thicker fibrils formed by type | collagen
compared to type Il collagen. Loss moduli (G”) values also showed a trend towards
increasing with the addition of collagen in comparison to HA-alone gels, indicating that the
gels became more viscoelastic.

Cryo-SEM was used to observe the microstructure of the different gels and support the data
obtained from the rheological properties of the gels. HA alone gels can be seen as a porous
network formed by the covalent crosslinks within the hydrogel. Qualitatively, the pores
appear to form a non-fibrillar network with interconnected channels. The addition of
collagen appears to change this porous microstructure as indicated by the interpenetrating
fibrillar structures present in the HA-Col blends. Various glycosaminoglycans (GAGS),
including HA, are known to alter collagen fibrillogenesis.[52] Additionally, collagen fibril
assembly is also dependent on the structure, assembly and concentration of GAGs.[53] The
subtle differences in hydrogel microstructure due to the different types of collagens can be
attributed to the chemical assembly of the HA-Col blend gels. The competing Michael-type
crosslinking between thiols and acrylates increases the solution viscosity dramatically,
inhibiting collagen mobility and rate of fibrillogenesis within the matrix. Increasing the pH
during gelation supported more rapid collagen assembly, in part overcoming the increase in
viscosity due to crosslinking. The resulting matrix formed appears to have short,
interdigitated fibrils of collagen, with fibrils of type I collagen appearing thicker than fibrils
of type 111 collagen. This is consistent with the data in the literature showing that type |
collagen fibrils have a diameter of 150-300nm and type I11 collagen fibrils have a diameter
of 25-100nm.[37]

Equilibrium swelling ratios demonstrate that the hydrogels have a high degree of swelling,
and thus, can provide access to oxygen, nutrients and metabolites required by the cells in
order to sustain long term culture. The addition of collagen type | reduces the swelling ratio
of the gels. This observation is consistent with the literature, which demonstrates the non-
swelling nature of collagen hydrogels.[47] Mehra and coworkers[53] have shown that the
addition of thiolated HA to type | collagen hydrogels inhibits commonly seen collagen
contraction in pure type I collagen gels, making the hydrogels more biocompatible due to
inhibition of contraction. This behavior is important for long-term culturing of cells, since
fibroblast-mediated contraction of collagen can provide altered signaling cues to the cells.
[54] No visible contraction of gels was seen even after 21 days in culture (data not shown),
despite the distinct spindle shaped elongated cytoskeletal processes seen in the HA-Col
blend gels.

Another advantage of using biodegradable HA is that the degradation products of HA have
been shown to be non-toxic in tissues.[55] Previous studies in our lab have shown that
higher degrees of substitution (44%) reduce the biological activity of the HA.[42] While the
hydrogel degradation data due to hyaluronidases cannot be explained by simple enzyme
kinetics, this study demonstrated that the HA hydrogels remain bioactive despite the 12%
modification on the backbone, since the enzyme can still recognize the glycosidic linkages
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for cleavage. Reduced degradation in the gels containing collagen correlates with the cryo-
SEM and swelling data, as it is likely that the addition of collagen fibrils within the HA
pores may decrease hyaluronidase diffusion through the gels and reduce access to cleavage
sites on the HA due to the reduced swelling ratio as well as the additional volume conferred
by the presence of the collagen fibrils. Overall, these results demonstrate that, even
following thiol substitution of the HA, bioactivity is maintained.

To determine the biocompatibility of the matrices, encapsulated fibroblasts were tested for
viability until the end of culture using a live/dead assay kit. At day 1, despite the rounded
morphology, most cells appeared viable, confirming that the in situ encapsulation method
was biocompatible. Prolonged culture of vocal fold fibroblasts in the encapsulated gels
showed that collagen is essential for viability, adhesion, and retention of cells in the
matrices. Cells appeared to have migrated out of HA alone gels by day 14, owing to the lack
of polar adhesion forces and proteins required for cell spreading within HA gels. Studies
have shown that cells migrate faster on softer gels,[56] and that HA is a key player in cell
migration,[57] which can explain this observation. On the HA-Col blend hydrogels,
however, cells remained viable even at 21 days, with distinctly visible spindle shaped
morphology, confirming the biomimetic nature of the blend hydrogels. Despite maintaining
protein expression of the p1 integrin subunit at day 7 (supplementary figure 1), cells in HA
gels remained rounded, while those in HA collagen blends were able to spread, presumably
via a p1-containing integrin dimer. There is evidence in the literature that cell spreading on
fibrillar collagen is mediated through a2p1 and a11p1 integrins,[58, 59] but this interaction
is much weaker on gelatin, possibly due to a reduction in poly-proline-I1 content of gelatin.
[27] Binding to gelatin is dependent on a different set of integrins (avp3 and a.5p1),[60]
which have implications on cell signaling in vivo. Crosslinking with gelatin also affects cell
adhesion, with increasing non-specific non-integrin based adhesion seen due to increased
gelatin crosslinking density.[27] Overall, since these studies point to reduced bioavailability
of important native integrin ligands on collagen in the use of gelatin, we hypothesized that
fibrillar collagens will provide superior characteristics to the hydrogels and mimic the native
ECM environment better. In this study, viability did not seem to be affected during the 21
days of culture in collagen-containing gells, and the cells formed long cytoskeletal
projections to interact with other cells and the ECM.

The interpenetrating fibrillar network created by collagen not only supported cell viability
and adhesion, but also facilitated cell proliferation, as seen by the incorporation of EdU in
proliferating cells. Differences in the proliferation rates of the cells in the different hydrogels
at various time points indicate that the matrix environment affects cell proliferation.
However, there is no clear trend, implying that cell proliferation is not a function of the type
of collagen in the gel alone; instead, many other factors, including the overall
microstructure, and the viscoelasticity of the matrix, play an important role in proliferation.

Gene expression of ECM constituents showed that the cells responded differently to the
incorporation of type | collagen versus type | and type 11 collagen in the HA hydrogels.
MMP1 is a collagenase known to breakdown interstitial type I, Il and I11 collagens and is
overexpressed during tissue repair.[61, 62] Significant downregulation of MMP1 and
COL1A1 in gels containing type | collagen and type 11 collagen was seen in comparison to
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HA alone and HA-Col I-Col Il gels, suggesting lesser matrix turn over in HA-Col | and
HA-Col 1l hydrogels as compared to the combination hydrogels. Fibronectin is a
glycoprotein that plays an important role in wound healing by enhancing cytoskeletal
reorganization and collagen deposition, along with acting as a chemoattractant and guiding
cells to the wound healing site.[63] An upregulation in fibronectin in the HA-Col I-Col 11
gels could explain the higher expression of COL1A1 in those hydrogels, and taken together,
relative fold changes in gene expression of these proteins suggest a higher degree of
remodeling in hydrogels containing type I collagen and type 111 collagen together in
comparison to the addition of a single type of collagen. Decorin gene expression was
significantly downregulated in all hydrogels containing collagen in comparison to HA gels.
Decorin binds to type I collagen and reduces its fibril diameter, thus modulating collagen
fibrillogenesis,[64] and its expression during fibrosis is highly variable.[65] Downregulation
of decorin has been implicated in scarless wound healing in early gestation fetal fibroblasts
and fetal skin fibroblasts.[66] This effect suggests that an upregulation in decorin might be
detrimental to healthy tissue composition, as disorderly collagen fibrillogenesis might result
in matrix irregularities.

Overall, the addition of both, type | and type Il1 collagen, to the hydrogels appears to
support healthier tissue formation and regeneration as seen by the proliferation, viability, and
gene expression data. As we hypothesized, the elevated expression of type 111 collagen in
developmental tissues and elastic soft tissues like the vocal folds may play an important role
in maintaining a physiologically relevant matrix environment.

5. Conclusion

In this study, we evaluated the biocompatibility and functionality of HA and collagen
blended 3D scaffolds for in vitro static culture of vocal fold fibroblasts. Four types of
hydrogels were studied, with thiolated HA-PEGDA as the base hydrogel material. By
driving the rate of collagen fibrillogenesis faster, stable incorporation of fibrillar type |
collagen and type 111 collagen in the nonfibrillar HA network was achieved. HA, HA-Col I,
HA-Col 11l and HA-Col I-Col 111 hydrogels were evaluated for their mechanical properties,
bioavailability and biocompatibility and their influence on vocal fold fibroblast cell
behavior. All four hydrogels allowed for /n situ 1-hVFF encapsulation. The incorporation of
collagen not only significantly altered the mechanical properties of the hydrogels, but also
provided for cell attachment and adhesion in the blend hydrogels. The incorporation of both
fibrillar type I and 111 collagens within the widely characterized and biocompatible thiolated
HA hydrogels is an attractive candidate for tissue engineering due to its functional
biomimetic nature. Cells responded differently to hydrogels containing type | collagen and
type 111 collagen as seen by the differences in gene expression, suggesting that addition of
both type I and type 11 collagen provides a tissue microenvironment conducive for
remodeling. Future work will involve testing the regenerative and wound healing abilities of
the hydrogels /n vivo, alignment and density gradient formation of the collagen fibrils by
using compression or magnetic alignment,[67, 68] as well as incorporating physiologically
relevant mechanical stimulations to create in vitro functional testing models.

Acta Biomater. Author manuscript; available in PMC 2020 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Walimbe et al. Page 13

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

This study was funded by the National Institutes of Health/National Institute on Deafness and Other
Communication Disorders (R01DC011759). The authors would like to thank Claire Kilmer, Alexander R. Ocken,
Dr. Steven C. George, Dr. Nuala Del Piccolo, Dr. Julie Liu, and Dr. Stacey Halum for their advice and help with
experiments and data analysis.

References

[1]. Chan RW, Measurements of vocal fold tissue viscoelasticity: approaching the male phonatory
frequency range, J Acoust Soc Am 115(6) (2004) 3161-70. [PubMed: 15237840]

[2]. Friedrich G, Dikkers FG, Arens C, Remacle M, Hess M, Giovanni A, Duflo S, Hantzakos A,
Bachy V, Gugatschka M, Vocal fold scars: current concepts and future directions. Consensus
report of the phonosurgery committee of the European laryngological society, Eur Arch
Otorhinolaryngol 270(9) (2013) 2491-2507. [PubMed: 23605306]

[3]. Hansen JK, Thibeault SL, Current understanding and review of the literature: vocal fold scarring, J
Voice 20(1) (2006) 110-120. [PubMed: 15964741]

[4]. Hirano S, Minamiguchi S, Yamashita M, Ohno T, Kanemaru S.-i, Kitamura M, Histologic
characterization of human scarred vocal folds, J Voice 23(4) (2009) 399-407. [PubMed:
18395421]

[5]. Bhattacharyya N, The prevalence of voice problems among adults in the United States,
Laryngoscope 124(10) (2014) 2359-62. [PubMed: 24782443]

[6]. Blitterswijk C.A.v., Tissue engineering, 2nd edition.. ed., Amsterdam : Academic Press2015.

[7]. Tong Z, Jia X, Biomaterials-Based Strategies for the Engineering of Mechanically Active Soft
Tissues, MRS Commun 2(2) (2012) 31-39. [PubMed: 25250199]

[8]. Badylak SF, The extracellular matrix as a biologic scaffold material, Biomaterials 28(25) (2007)
3587-93. [PubMed: 17524477]

[9]. Gray SD, Cellular physiology of the vocal folds, Otolaryngol Clin North Am 33(4) (2000) 679-98.
[PubMed: 10918654]

[10]. Hahn MS, Kobler JB, Zeitels SM, Langer R, Quantitative and comparative studies of the vocal
fold extracellular matrix I1: collagen, Ann Otol Rhinol Laryngol 115(3) (2006) 225-232.
[PubMed: 16572613]

[11]. Tateya T, Tateya I, Bless DM, Collagen subtypes in human vocal folds, Ann Otol Rhinol
Laryngol 115(6) (2006) 469-76. [PubMed: 16805380]

[12]. Hahn MS, Kabler JB, Starcher BC, Zeitels SM, Langer R, Quantitative and comparative studies
of the vocal fold extracellular matrix I: elastic fibers and hyaluronic acid, Ann Otol Rhinol
Laryngol 115(2) (2006) 156-164. [PubMed: 16514800]

[13]. Tateya I, Tateya T, Watanuki M, Bless DM, Homeostasis of hyaluronic acid in normal and
scarred vocal folds, J Voice 29(2) (2015) 133-9. [PubMed: 25499520]

[14]. Walimbe T, Panitch A, Sivasankar PM, A review of hyaluronic acid and hyaluronic acid-based
hydrogels for vocal fold tissue engineering, J Voice 31(4) (2017) 416-423. [PubMed: 28262503]

[15]. Ward PD, Thibeault SL, Gray SD, Hyaluronic acid: its role in voice, J Voice 16(3) (2002) 303-9.
[PubMed: 12395982]

[16]. Lebel L, Clearance of hyaluronan from the circulation, Adv Drug Deliv Rev 7(2) (1991) 221-
235.

[17]. Gaston J, Thibeault SL, Hyaluronic acid hydrogels for vocal fold wound healing, Biomatter 3(1)
(2013) £23799. [PubMed: 23507923]

[18]. Luo Y, Kobler JB, Heaton JT, Jia X, Zeitels SM, Langer R, Injectable hyaluronic acid-dextran
hydrogels and effects of implantation in ferret vocal fold, J Biomed Mater Res B App Biomater
93(2) (2010) 386-93.

Acta Biomater. Author manuscript; available in PMC 2020 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Walimbe et al.

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

[32].

[33].

[34].

[35].

[36].

Page 14

Finck CL, Harmegnies B, Remacle A, Lefebvre P, Implantation of esterified hyaluronic acid in
microdissected Reinke’s space after vocal fold microsurgery: short- and long-term results, J
Voice 24(5) (2010) 626-35. [PubMed: 19853408]

Farran AJ, Teller SS, Jha AK, Jiao T, Hule RA, Clifton RJ, Pochan DP, Duncan RL, Jia X,
Effects of matrix composition, microstructure, and viscoelasticity on the behaviors of vocal fold
fibroblasts cultured in three-dimensional hydrogel networks, Tissue Eng A 16(4) (2010) 1247—
61.

Chen X, Thibeault SL, Biocompatibility of a synthetic extracellular matrix on immortalized vocal
fold fibroblasts in 3-D culture, Acta Biomater 6(8) (2010) 2940-8. [PubMed: 20109588]
Karajanagi SS, Lopez-Guerra G, Park H, Kobler JB, Galindo M, Aanestad J, Mehta DD, Kumai
Y, Giordano N, d’Almeida A, Heaton JT, Langer R, Herrera VL, Faquin W, Hillman RE, Zeitels
SM, Assessment of canine vocal fold function after injection of a new biomaterial designed to
treat phonatory mucosal scarring, Ann Otol Rhinol Laryngol 120(3) (2011) 175-84. [PubMed:
21510143]

Vercruysse KP, Marecak DM, Marecek JF, Prestwich GD, Synthesis and in vitro degradation of
new polyvalent hydrazide cross-linked hydrogels of hyaluronic acid, Bioconjugate Chem 8(5)
(1997) 686-94.

Shu XZ, Liu Y, Palumbo F, Prestwich GD, Disulfide-crosslinked hyaluronan-gelatin hydrogel
films: a covalent mimic of the extracellular matrix for in vitro cell growth, Biomaterials 24(21)
(2003) 3825-34. [PubMed: 12818555]

Ouasti S, Donno R, Cellesi F, Sherratt MJ, Terenghi G, Tirelli N, Network connectivity,
mechanical properties and cell adhesion for hyaluronic acid/PEG hydrogels, Biomaterials 32(27)
(2011) 6456-70. [PubMed: 21680016]

Duflo S, Thibeault SL, Li W, Shu XZ, Prestwich GD, Vocal fold tissue repair in vivo using a
synthetic extracellular matrix, Tissue Eng 12(8) (2006) 2171-80. [PubMed: 16968158]

Davidenko N, Schuster CF, Bax DV, Farndale RW, Hamaia S, Best SM, Cameron RE, Evaluation
of cell binding to collagen and gelatin: a study of the effect of 2D and 3D architecture and
surface chemistry, J Mater Sci Mater Med 27(10) (2016) 148. [PubMed: 27582068]

Mallur PS, Rosen CA, Vocal fold injection: review of indications, techniques, and materials for
augmentation, Clin Exp Otorhinolaryngol 3(4) (2010) 177-182. [PubMed: 21217957]

Hiwatashi N, Hirano S, Mizuta M, Kobayashi T, Kawai Y, Kanemaru SI, Nakamura T, Ito J,
Kawai K, Suzuki S, The efficacy of a novel collagen-gelatin scaffold with basic fibroblast growth
factor for the treatment of vocal fold scar, J Tissue Eng Regen Med 11(5) (2017) 1598-1609.
[PubMed: 26119035]

Ohno S, Hirano S, Kanemaru S, Kitani Y, Kojima T, Tateya |, Nakamura T, Ito J, Implantation of
an atelocollagen sponge with autologous bone marrow-derived mesenchymal stromal cells for
treatment of vocal fold scarring in a canine model, Ann Otol Rhinol Laryngol 120(6) (2011)
401-8. [PubMed: 21774449]

Hahn MS, Teply BA, Stevens MM, Zeitels SM, Langer R, Collagen composite hydrogels for
vocal fold lamina propria restoration, Biomaterials 27(7) (2006) 1104-9. [PubMed: 16154633]

Kadler KE, Hill A, Canty-Laird EG, Collagen fibrillogenesis: fibronectin, integrins, and minor
collagens as organizers and nucleators, Curr Opin Cell Biol 20(5-24) (2008) 495-501. [PubMed:
18640274]

Munoz-Pinto D, Whittaker P, Hahn MS, Lamina propria cellularity and collagen composition: an
integrated assessment of structure in humans, Ann Otol Rhinol Laryngol 118(4) (2009) 299-306.
[PubMed: 19462852]

Cuttle L, Nataatmadja M, Fraser JF, Kempf M, Kimble RM, Hayes MT, Collagen in the scarless
fetal skin wound: detection with picrosirius-polarization, Wound Rep Regen 13(2) (2005) 198—
204.

Betz P, Nerlich A, Wilske J, Tubel J, Penning R, Eisenmenger W, Analysis of the
immunohistochemical localization of collagen type 111 and V for the time-estimation of human
skin wounds, Int J Legal Med 105(6) (1993) 329-32. [PubMed: 8518198]

Stuart K, Panitch A, Characterization of Gels Composed of Blends of Collagen I, Collagen I,
and Chondroitin Sulfate, Biomacromol 10(1) (2009) 25-31.

Acta Biomater. Author manuscript; available in PMC 2020 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Walimbe et al.

Page 15

[37]. Asgari M, Latifi N, Heris HK, Vali H, Mongeau L, In vitro fibrillogenesis of tropocollagen type
111 in collagen type | affects its relative fibrillar topology and mechanics, Sci Rep 7(1) (2017)
1392. [PubMed: 28469139]

[38]. Bella J, Collagen structure: new tricks from a very old dog, Biochem J 473(8) (2016) 1001-25.
[PubMed: 27060106]

[39]. Xin X, Borzacchiello A, Netti PA, Ambrosio L, Nicolais L, Hyaluronic-acid-based semi-
interpenetrating materials, J Biomat Sci Polym Ed 15(9) (2004) 1223-1236.

[40]. Yang Y.-I., Kaufman LJ, Rheology and Confocal Reflectance Microscopy as Probes of
Mechanical Properties and Structure during Collagen and Collagen/Hyaluronan Self-Assembly,
Biophys J 96(4) (2009) 1566-1585. [PubMed: 19217873]

[41]. Highberger JH, The isoelectric point of collagen, J Am Chem Soc 61(9) (1939) 2302-2303.

[42]. Eng D, Caplan M, Preul M, Panitch A, Hyaluronan scaffolds: A balance between backbone
functionalization and bioactivity, Acta Biomater 6(7) (2010) 2407-2414. [PubMed: 20051273]

[43]. Chen X, Thibeault SL, Novel isolation and biochemical characterization of immortalized
fibroblasts for tissue engineering vocal fold lamina propria, Tissue Eng C 15(2) (2009) 201-12.

[44]. Calve S, Odelberg SJ, Simon H-G, A transitional extracellular matrix instructs cell behavior
during muscle regeneration, Dev Biol 344(1) (2010) 259-271. [PubMed: 20478295]

[45]. Rutledge RG, Stewart D, A kinetic-based sigmoidal model for the polymerase chain reaction and
its application to high-capacity absolute quantitative real-time PCR, BMC Biotech 8 (2008) 47—
47.

[46]. Farrance I, Frenkel R, Uncertainty of Measurement: A review of the rules for calculating
uncertainty components through functional relationships, Clin Biochemist Rev 33(2) (2012) 49—
75.

[47]. Lai VK, Nedrelow DS, Lake SP, Kim B, Weiss EM, Tranquillo RT, Barocas VH, Swelling of
collagen-hyaluronic acid co-gels: an in vitro residual stress model, Ann Biomed Eng 44(10)
(2016) 2984-2993. [PubMed: 27150674]

[48]. Liu W, Saint DA, Validation of a quantitative method for real time PCR kinetics, Biochem
Biophys Res Commun 294(2) (2002) 347-53. [PubMed: 12051718]

[49]. Teller SS, Farran AJ, Xiao L, Jiao T, Duncan RL, Clifton RJ, Jia X, High-frequency viscoelastic
shear properties of vocal fold tissues: implications for vocal fold tissue engineering, Tissue Eng
A 18(19-20) (2012) 2008-19.

[50]. Yeung T, Georges PC, Flanagan LA, Marg B, Ortiz M, Funaki M, Zahir N, Ming W, Weaver V,
Janmey PA, Effects of substrate stiffness on cell morphology, cytoskeletal structure, and
adhesion, Cell Motil Cytoskel 60(1) (2005) 24-34.

[51]. Vazquez-Portalati NN, Kilmer CE, Panitch A, Liu JC, Characterization of collagen type | and 11
blended hydrogels for articular cartilage tissue engineering, Biomacromol 17(10) (2016) 3145-
3152.

[52]. Yang YL, Kaufman LJ, Rheology and confocal reflectance microscopy as probes of mechanical
properties and structure during collagen and collagen/hyaluronan self-assembly, Biophys J 96(4)
(2009) 1566-85. [PubMed: 19217873]

[53]. Mehra TD, Ghosh K, Shu XZ, Prestwich GD, Clark RA, Molecular stenting with a crosslinked
hyaluronan derivative inhibits collagen gel contraction, J Investig Dermatol 126(10) (2006)
2202-9. [PubMed: 16741511]

[54]. Feng Z, Wagatsuma Y, Kikuchi M, Kosawada T, Nakamura T, Sato D, Shirasawa N, Kitajima T,
Umezu M, The mechanisms of fibroblast-mediated compaction of collagen gels and the
mechanical niche around individual fibroblasts, Biomaterials 35(28) (2014) 8078-91. [PubMed:
24976242]

[55]. Zheng Shu X, Liu Y, Palumbo FS, Luo Y, Prestwich GD, In situ crosslinkable hyaluronan
hydrogels for tissue engineering, Biomaterials 25(7-8) (2004) 1339-48. [PubMed: 14643608]

[56]. Ghosh K, Pan Z, Guan E, Ge S, Liu Y, Nakamura T, Ren X-D, Rafailovich M, Clark RAF, Cell
adaptation to a physiologically relevant ECM mimic with different viscoelastic properties,
Biomaterials 28(4) (2007) 671-679. [PubMed: 17049594]

Acta Biomater. Author manuscript; available in PMC 2020 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Walimbe et al.

[57].

[58].
[59].

[60].

[61].

[62].

[63].
[64].

[65].

[66].

[67].

[68].

Page 16

Dicker KT, Gurski LA, Pradhan-Bhatt S, Witt RL, Farach-Carson MC, Jia X, Hyaluronan: a
simple polysaccharide with diverse biological functions, Acta Biomater 10(4) (2014) 1558-70.
[PubMed: 24361428]

Barczyk M, Carracedo S, Gullberg D, Integrins, Cell Tissue Res 339(1) (2010) 269-80.
[PubMed: 19693543]

Heino J, The collagen family members as cell adhesion proteins, Bioessays 29(10) (2007) 1001-
10. [PubMed: 17876790]

Jones PL, Crack J, Rabinovitch M, Regulation of tenascin-C, a vascular smooth muscle cell
survival factor that interacts with the alpha v beta 3 integrin to promote epidermal growth factor
receptor phosphorylation and growth, J Cell Biol 139(1) (1997) 279-93. [PubMed: 9314546]

Rosas 10, Richards TJ, Konishi K, Zhang Y, Gibson K, Lokshin AE, Lindell KO, Cisneros J,
MacDonald SD, Pardo A, Sciurba F, Dauber J, Selman M, Gochuico BR, Kaminski N, MMP1
and MMP?7 as potential peripheral blood biomarkers in idiopathic pulmonary fibrosis, PLOS Med
5(4) (2008) €93. [PubMed: 18447576]

Rousseau B, Ge PJ, Ohno T, French LC, Thibeault SL, Extracellular matrix gene expression after
vocal fold injury in a rabbit model, Ann Otol Rhinol Laryngol 117(8) (2008) 598-603. [PubMed:
18771077]

Hirschi SD, Gray SD, Thibeault SL, Fibronectin: an interesting vocal fold protein, J Voice 16(3)
(2002) 310-6. [PubMed: 12395983]

Thibeault SL, Bless DM, Gray SD, Interstitial protein alterations in rabbit vocal fold with scar, J
Voice 17(3) (2003) 377-383. [PubMed: 14513960]

Zanotti S, Negri T, Cappelletti C, Bernasconi P, Canioni E, Di Blasi C, Pegoraro E, Angelini C,
Ciscato P, Prelle A, Mantegazza R, Morandi L, Mora M, Decorin and biglycan expression is
differentially altered in several muscular dystrophies, Brain 128(Pt 11) (2005) 2546-55.
[PubMed: 16183658]

Beanes SR, Dang C, Soo C, Wang Y, Urata M, Ting K, Fonkalsrud EW, Benhaim P, Hedrick MH,
Atkinson JB, Lorenz HP, Down-regulation of decorin, a transforming growth factor-beta
modulator, is associated with scarless fetal wound healing, J Pediat Surg 36(11) (2001) 1666—
1671. [PubMed: 11685698]

Novak T, Seelbinder B, Twitchell CM, van Donkelaar CC, Voytik-Harbin SL, Neu CP,
Mechanisms and microenvironment investigation of cellularized high density gradient collagen
matrices via densification, Adv Func Mater 26(16) (2016) 2617-2628.

Sharma S, Panitch A, Neu CP, Incorporation of an aggrecan mimic prevents proteolytic
degradation of anisotropic cartilage analogs, Acta Biomater 9(1) (2013) 4618-25. [PubMed:
22939923]

Acta Biomater. Author manuscript; available in PMC 2020 March 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Walimbe et al.

Page 17

Voice disorders affect about 1/3" of the US population and significantly reduce quality of
life. Patients with vocal fold fibrosis have few treatment options. Tissue engineering
therapies provide a potential strategy to regenerate the native tissue microenvironment in
order to restore vocal fold functionality. Various studies have used collagen or thiolated
hyaluronan (HA) with gelatin as potential tissue engineering therapies. However, there is
room for improvement in providing cells with more relevant biological cues that mimic
the native tissue microenvironment and sustain regeneration. The present study
introduces the use of type I collagen and type 111 collagen along with thiolated HA as a
natural biomimetic hydrogel for vocal fold tissue engineering applications.
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Figure 3-1. Rheological Characterization of Hydrogel Blends.
One way ANOVA was used to analyze significant differences in storage modulus (G’) and

loss modulus (G”) of the hydrogels and indicated that the hydrogel type affected G* (*P <
0.05). Values are represented as means with error bars showing standard deviation for n=3.
Tukey’s post hoc test revealed that the addition of both type I collagen and type 111 collagen
altered the mechanical properties of the hydrogels in comparison to HA alone hydrogels,
with an increase in the linear viscoelastic range as well as G values.
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Figure 3-2. Representative Cryo-SEM Images of Hydrogel Blends
Incorporation of collagen can be seen by the interpenetrating fibrillar structures (depicted by

white arrows) in the honeycomb-like, non-fibrillar HA. Scale bar = 5 um.
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Figure 3-3. Swelling Ratios for Hydrogel Blends.
One way ANOVA indicated that the type of hydrogel affected swelling ratios for n=3

hydrogels. Tukey’s post-hoc test revealed that the addition of type I collagen significantly
decreased the swelling ratios of the HA hydrogels.

Acta Biomater. Author manuscript; available in PMC 2020 March 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Walimbe et al.

% HA Degradation

Page 21

100

90

80

:
1
- I

70

60

50 -

40

HA

30
20 HA-Col |

== HA-Col Il

10
=&~ HA-Col I-Col Il

0 2 4 6 8 10
Time (h)

Figure 3—-4. Hyaluronidase Degradation of Thiolated HA in Hydrogels Blends.
Reduced degradation of HA was seen with the addition of collagen, correlating with the

reduced swelling ratios of the hydrogels containing HA and collagen. Error bars depict
standard deviation for n=3.
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Figure 3-5. Live Dead Viability Assay on Fibroblasts Encapsulated in Hydrogel Blends Over 21
Days.
Calcein AM in green stains live cells and ethidium homodimer in red stains dead cells.

Images are represented as maximum intensity projections of Z-stacks imaged within a total
thickness of 570 um. Majority of the cells in the HA-Col blend hydrogels remained viable
even at the end of 21 days of culture. Scale bar = 50 pm.
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Figure 3-6. F-actin Staining in Hydrogel Blends.
Phalloidin was used to stain the actin cytoskeleton of fibroblasts encapsulated in the

different hydrogel blends. Images are represented as maximum intensity projections of Z-
stacks imaged within a total thickness of 570 um. At 21 days, cells develop extensive
cytoskeletal networks as seen by their spreading in the HA-Col blend hydrogels. Scale bar =
50 pm.
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Figure 3-7. Percent Proliferation of Fibroblasts Encapsulated in Hydrogel Blends.

Fibroblasts remain in a proliferative state at the end of 21 days of culture in HA-Col blend
hydrogels as seen by the incorporation of EdU into the newly synthesized DNA. Error bars
depict standard deviation. One way ANOVA with Tukey’s post-hoc test was used to
determine statistical significance in percentage of EdU incorporation in encapsulated
fibroblasts from n=9 images (*P < 0.05).
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Figure 3-8. Gene Expression of Fibroblasts Encapsulated in Different Hydrogel Blends.
Fold changes in fibroblast ECM related genes when normalized to HA alone gels show that

cells respond differently to their microenvironments. One way ANOVA with Tukey’s post-
hoc test was used to determine differences in gene expression between cells encapsulated in
different hydrogel blends. Error bars represent uncertainty propagation of normalized data
for n=3. (*P < 0.05).
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