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Fabricating thermoresponsive hydrogels from decellularized tissues is a trending and promising approach to develop
novel biomaterials for tissue engineering and therapeutic purposes. There are differences in the characteristics of the
produced hydrogels related to the source tissue as well as the decellularization and solubilization protocols used.
Detailed characterization of the hydrogels will support the efforts to optimize their application as biomaterials for
tissue engineering and therapeutics. Here, we describe an optimized method for fabricating an in sifu thermo-
responsive hydrogel from decellularized porcine cornea extracellular matrix (COMatrix), and provide a detailed
characterization of its structure, thermoresponsive rheological behavior (heat-induced sol-gel transition), as well as
exploring its protein composition using proteomics. COMatrix forms a transparent gel (10-min time to gelation) after
in situ curing with heat, characterized by alteration in light absorbance and rheological indexes. The rheological
characterization of heat-formed COMatrix gel shows similar behavior to common biomaterials utilized in tissue
engineering. The fibrillar structure of COMatrix gel was observed by scanning electron microscopy showing that the
density of fibers attenuates in lower concentrations. Mass spectrometry-based proteomic analysis revealed that
COMatrix hydrogel is rich in proteins with known regenerative properties such as lumican, keratocan, and laminins
in addition to structural collagen proteins (Data is available via ProteomeXchange with identifier PXD020606).
COMatrix hydrogel is a naturally driven biomaterial with favorable biomechanical properties and protein content
with potential application as a therapeutic biomaterial in ocular regeneration and tissue engineering.

Keywords: porcine cornea, extracellular matrix, hydrogel, thermal sol-gel transition, rheology, matrisome
proteomics

Impact Statement

Fabrication and application of decellularized porcine corneal extracellular matrix is an emerging approach for corneal tissue
engineering and regeneration. There are several protocols for decellularization of porcine cornea with various efficiencies.
Here, we are presenting an optimized protocol for decellularization of porcine cornea followed by fabrication of a ther-
moresponsive hydrogel from the decellularized cornea matrix. Moreover, the fabricated hydrogel was rheologically and
compositionally characterized as crucial features to be employed for further application of this hydrogel in corneal tissue
engineering and regeneration.

Introduction which is only available to <5% of new cases worldwide.'
Donor organ shortage, expensive and skill-based surgical

ORNEAL INJURIES AND diseases are a major cause of procedures and graft are major challenges of corneal
blindness worldwide. At present, the most effective transplantation.”® Therefore, tissue engineering ap-
therapy for corneal blindness is corneal transplantation, proaches have been used to overcome this obstacle. Many

'Department of Ophthalmology and Visual Sciences, Illinois Eye and Ear Infirmary, University of Illinois at Chicago, Chicago, Illinois,
USA.

Departments of “Bioengineering and *Mechanical and Industrial Engineering, University of Illinois at Chicago, Chicago, Illinois, USA.

4School of Dentistry, Marquette University, Milwaukee, Wisconsin, USA.

_5_Department of Physiology and Biophysics, University of Illinois at Chicago, Chicago, Illinois, USA.

FORCID ID (https://orcid.org/0000-0002-7518-8701).

307



Downloaded by University of Illinois Chicago from www liebertpub.com at 06/27/22. For personal use only.

308

natural or synthetic biomaterials have been investigated as
potential candidates for corneal regeneration to mimic the
unique characteristics of corneal tissue such as transpar-
ency and distinctive biomechanical properties. Most of
these studies have utilized natural biomaterials such as
combinations of collagens, gelatin, and alginate.*™°

The foremost drawback of these materials is that they are
not representative of the corneal tissue composition and
their sources are often from other organs, such as the skin
and tendon.®™® Thus, to fabricate a biomaterial/scaffold as a
representative of naive corneal tissue with balanced com-
position of collagens, glycoproteins, and sulfated glycos-
aminoglycans,'®!! two approaches have been developed to
mimic natural corneal microenvironment. First, decellular-
ization of corneas followed by recellularizationlz; second,
fabricating hydrogels from decellularized corneal extracel-
lular matrix (ECM) with ability of self-assembly at body
temperature (37°C).'%'""131% The advantage of the latter
over the former approach for ocular regenerative medicine is
that a self-assembled hydrogel could be applied in situ for
regeneration of the corneal stroma or as an ocular surface
bandage.

Recent studies on the biomaterials fabricated from other
decellularized tissues have shown that these biomaterials
can not only be applied as tissue engineering scaffolds, but
also have healing effects that have not been observed in
more guriﬁed natural biomaterials like collagens and gela-
tin.'"'7'® Moreover, corneal ECM-derived hydrogels pro-
vide a proper microenvironment for incorporating stem
cells, which results in enhancing their differentiation and
regenerative effects.'*

Fabricating and utilizing thermoresponsive hydrogels
from ocular tissues for further therapeutic and tissue en-
gineering applications is a rapidly emerging field in oph-
thalmic regenerative medicine. A few studies have
reported the production of thermoresponsive hP/dro els
from decellularized porcine or bovine corneas. *''!314
However, as of today, there is no detailed, comprehensive,
and optimized fabrication process. Studies have also
examined the composition of the ECM of the cornea.'’
Yet, we lack a detailed compositional, structural, and
rheological characterization of the produced hydrogels
from corneas.

Here, we present an optimized protocol decellularize and
then digest porcine corneas to produce a thermoresponsive
COrneal extracellular Matrix (COMatrix) hydrogel. We
further provide the first detailed characterization of the
protein composition of COMatrix hydrogel by mass mass-
spectrometry-based proteomics and have compared it with
the ECM of human amnion, a material commonly used
clinically in ophthalmic care. Furthermore, detailed struc-
tural, thermal gelation kinetics, and rheological properties
of fabricated corneal ECM hydrogel are presented. Fur-
thermore, the detailed and comprehensive methodological
protocols for porcine cornea decellularization and fabrica-
tion of thermoresponsive hydrogel from the decellularized
tissue could pave the way for researchers to produce this
natural biomaterial. The methods and results of this study
could be used as a reference for future studies to develop
novel approaches for corneal tissue engineering and re-
generation.
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Method
Fabrication of COMatrix hydrogel

The fabrication of COMatrix hydrogel including decellular-
ization and solubilization in addition to performed character-
ization analyses are given in Figure 1. Fresh intact porcine
eyeballs were obtained from a certified abattoir (Park Packing
Co., Inc., Chicago, IL). Under sterile conditions, the porcine
corneas (PCs) were dissected and washed with phosphate-
buffered saline (PBS, 1x) containing 1% gentamicin, 1% pen-
icillin, and 1% streptomycin. Human amnion, an ECM-rich
tissue in clinical use, was used as a positive control. To obtain
human amnion, placentas were obtained from elective caesar-
ean sections following mother’s written informed consent, un-
der an approved protocol by the University of Illinois at Chicago
Institutional Review Board here is the part mentioning the IRB
approval for harvesting human placentas.

The placentas were transferred to the lab immediately and
human amnions were peeled and dissected in sterile con-
dition as described earlier.”® The amnions were washed with
PBS (1x) containing 1% gentamicin, 1% penicillin, and 1%
streptomycin.

The decellularization process for PCs and human amnions
were performed as described before'' with some optimiza-
tion to improve efficiency (Illustrated in Fig. 1). The PCs
were cut into pieces with an average size of 2x2mm? and
amnions were cut into 1x 1cm? pieces. The tissue pieces
were first stirred in 20 mM ammonium hydroxide solution
(Sigma) containing 0.5% Triton X-100 (Fisher Scientific) in
distilled water for (pH 10) 4 h for decellularization. Tissues
were then transferred to 10 mM Tris-HCI (Sigma) contain-
ing 0.5% EDTA (Fisher Scientific) in distilled water (pH
7.5) and stirred for 24 h at room temperature. After that, PCs
and amnion pieces stirred in 10 mM Tris-HCl containing 1%
(v/v) Triton X-100 (pH 7.5) for 24 h at 37°C. To remove the
DNA remnants, the tissue fragments were agitated in 50 mM
Tris-HCI containing 7.5 U/mL deoxyribonuclease (Sigma)
in molecular biology grade water (pH 7.5; Fisher Scientific)
for 16h at 37°C. To further remove cell remnants and
chemicals, the samples were stirred in PBS (pH 7.5) for 48 h
while changing the PBS twice per day. The bioburden of
decellularized PCs and amnion pieces was reduced by stir-
ring in 0.1% peracetic acid (32 wt% in dilute acetic acid;
Sigma) in 4% ethanol in molecular biology grade water for
20h. After stirring the tissues in molecular biology grade
water three times for 2h, the tissues were snap frozen in
liquid nitrogen and lyophilized for 48 h at —55°C and <0.133
mBar. The lyophilized tissues were than stored at —80°C
until further experiments for no more than 6 months.

To fabricate COMatrix hydrogel from decellularized PC-
ECM (illustrated in Fig. 1), lyophilized tissue pieces were cryo-
milled using a freezer mill (Spex 6700). The resultant fine powder
was sieved using a mesh (size 40; Sigma) and partially digested
by slow stirring in 0.01 M HCI (20 mg/mL) containing 1 mg/mL
pepsin (>400 U/mg; Sigma) for 72h at room temperature. To
form a hydrogel, the digested PC-ECM was neutralized to pH 7
using one-ninth 0.1 M NaOH and one-tenth PBS 10, while on
the ice. The hydrogel was diluted to the desired concentrations
using PBS. To induce gelation, the cool COMatrix hydrogel was
incubated at 37°C for 3045 min. Decellularized human amnions
were solubilized using the same protocol for the PCs.
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FABRICATION, PROTEOMICS, AND RHEOLOGY OF CORNEAL HYDROGEL

FIG. 1. [Illustration of optimized protocol for decellularization of porcine cornea (left) fabrication of thermoresponsive cornea
matrix (COMatrix) hydrogel (middle), and the performed characterizations in this study (right). Color images are available online.

Experiment
Evaluating the efficiency of decellularization

The efficiency of decellularization was assessed by he-
matoxylin and eosin (H&E) and DAPI staining. The de-
cellularized tissue pieces were fixed in the Tissue-Tek™
optimum cutting temperature solution and froze on dry ice.
After sectioning using Cryostat (Fisher Scientific) and
transferring on the histological slides, the sections were
fixed in 4% paraformaldehyde for 15 min and washed with

deionized (DI) water. The slides incubated in hematoxylin
(Fisher Scientific) for 2 min followed by washing with DI
water. After that, the slides were briefly treated with 70%
ethanol/1% HCI and washed with DI water. The slides were
then stained with eosin (Fisher Scientific) for 7 min and then
washed briefly with 95% ethanol. The sections were then
dehydrated with 100% ethanol for 10 min followed by in-
cubating in xylene (Fisher Scientific) for 10 min. After
drying in room temperature, one drop of mountant with
DAPI (ProLong™ Diamond Antifade Mountant with DAPI)
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was applied on the slide and a coverslip (22 x40 mm) was
placed on the tissue sections and sealed with nail polish
solution. The stained tissue sections were visualized and
imaged with a fluorescence/light microscope (Zeiss).

Compositional characterization of COMatrix hydrogel

Biochemical contents of COMatrix hydrogel. Relevant
assays to measure amount of DNA, total collagen, and
sulfated glycosaminoglycans (sGAGs) in COMatrix hydro-
gel and solubilized amnion (both pepsin digested decel-
lularized ECMs) were performed. Beforehand, the samples
were digested in papain extraction solution [1:1 v/v, 50mL
of 0.2 sodium phosphate buffer (pH 6.4), 400 mg sodium
acetate, 200mg EDTA, 40 mg cysteine HCI, 250 uL of pa-
pain suspension (Sigma; p3125) containing 5 mg of enzyme)
overnight at 65°C. The DNA contents of samples were
quantified by purifying the genomic double-stranded DNA
using a commercially available kit (Catalog #G1N70; Sig-
ma) per the manufacturer’s protocol. The concentration of
the DNA samples obtained was further measured using a
NanoDrop Microvolume Spectrophotometer (Fisher Scien-
tific) at 260 nm. Total collagen content was measured using
the hydroxyproline assay.”' In brief, 100uL of papain-
digested COMatrix hydrogel and solubilized amnion were
added to 100 pL of 4 N NaOH separately and hydrolyzed by
autoclaving for 15 min. After cooling the samples to room
temperature, 100 pL. of 4 N HCI was added. Then, 100 pL of
the resultant solution was mixed with 100 pL. of chloramine-
T solution and incubated for 20 min at room temperature.
After that, 200 L. of p-dimethylaminobenzaldehyde (p-
DAB) solution was added to the mixture and the tubes were
incubated at 60°C for 30min, followed by immediate
soaking of the tubes in room temperature water for 5 min to
quench the reaction. A 100 puL sample of the prepared
mixture was transferred to a 96-well plate in triplicate, and
the mixture absorbance was measured at 540 nm. Hydro-
xyproline dissolved in sodium-phosphate buffer with con-
centrations of 200, 100, 50, 25, 12.5, 6.25, 3.125, 1.156, and
0Omg/mL was used to draw the standard curve.

The sGAG content was measured using 1,9-dimethyl
methylene blue (DMMB) assay. DMMB working solution
was the combination of SmL of formate solution (0.25¢g
sodium formate in 24 mL of 1M guanidine hydrochloride
(GuHC) and 0.2975 mL of >95% formic acid), 12.5 mL 200
proof anhydrous ethanol, 6.4 mg of DMMB (Sigma), and
7.5 mL ultrapure water. One milliliter of DMMB working
solution was added to 100 pL of papain-digested ECM or
standard, agitated at 150rpm for 30 min in room tempera-
ture, and centrifuged to precipitate a SGAG-dye complex.
The supernatant was aspirated, and 1 mL decomplexation
solution was added to the pellet, before being agitated at
150 rpm for 30 min at room temperature. The samples were
transferred to a 96-well plate in triplicate, and absorbance
was measured at 650nm. Serial dilution of chondroitin
sulfate (Sigma) from 200 pg/100puL to Opg/100 ul. was
used as standards.

Proteomic analysis

To evaluate the quality of fabricated decellularized
corneal ECMs digested with pepsin, the COMatrix
hydrogel (two replicates) and pepsin-solubilized amnion
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(two replicates) were compared with rat tail collagen and
pepsin-digested bovine tendon collagen using sodium do-
decyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE). About 7.5 pL. of each sample (6 mg/mL) was mixed
with 3.75 uL LDS 4 x sample buffer, 1.5 uL 10X reducing
agent (dithiothreitol), and 2.25 uL. DI H,O (all are NuPAGE;
Fisher Scientific) to a total volume of 15 puL. After vortexing
and spinning down, the tubes were heated at 95°C in a
heating block for 15min. Then, the samples were loaded
into a 4-12% Bis-Tris gel (10 wells, 12 pL. per well, Nu-
PAGE; Fisher Scientific) and subjected to electrophoresis
using SDS running buffer (NuPAGE; Fisher Scientific) and
constant voltage (150 V) until the dye reached the bottom of
the gel (~1.5h). Afterward, the gel was washed with
deionized water (3x5min) and stained with Bio-Safe
Coomassie Brilliant Blue G-250 (50 mL per gel; BIO-RAD)
for 1 h with gentle agitation. The stained gel was then rinsed
with deionized water for 30 min to visualize distinct bands.

To explore the composition of fabricated COMatrix hy-
drogel proteomic analyses were performed using an estab-
lished mass spectrometry (LC-MS/MS) protocol for
evaluating the “matrisome.”*** One COMatrix hydrogel
sample and one human amnion were compositionally
characterized. To digest the samples into peptides for mass
spectrometric analyses, a previously published method was
used with minor modifications.”> The samples were dehy-
drated in a low attachment tube using vacuum concentrator
to retrieve 5mg of sample. The samples were then re-
suspended in 8 M urea (200 uL) plus 4 pL of 500 mM di-
thiothreitol (final concentration 10mM) followed by
agitation at 1500rpm for 2h at 37°C for denaturation/
reduction. After that, to alkylate proteins 10 pL of 500 mM
iodoacetamide (diluted in HPLC-grade water) was added to
reach the final concentration of 25 mM and incubated for
30 min at room temperature in the dark. Deglycosylation of
proteins was performed by diluting to 2M urea by adding
642 pL of 100 mM ammonium bicarbonate pH 8.0 and then
adding 2 pL. of PNGaseF (500 U/puL) followed by agitation
at 1500rpm for 2h at 37°C. The digestion of proteins into
peptides was achieved by adding mass spectrometry-grade
endoproteinase LysC (final amount of 1 pg) and agitating at
1500 rpm for 2h at 37°C followed by adding trypsin (final
amount of 3 pg) and shaking at 1400 rpm at 37°C overnight.
The second digestion was performed by adding a second
aliquot of trypsin (final amount of 1.5 pg) and shaking for an
additional 2h at 1500rpm and 37°C. To inactivate the
trypsin, the samples were acidified by freshly prepared 50%
trifluoroacetic acid (TFA) in HPLC-grade water to pH <2,
and then centrifuged at 16,000 g for 5min at room tem-
perature. The supernatant was transferred to a clean low-
attachment tube and desalted using a desalting spin column
(Pierce™ Peptide Desalting Spin Columns; Fisher Scien-
tific) per the manufacturer’s instructions. After desalting, the
samples were dried in a speed-vac system and reconstituted
in a freshly prepared 5% acetonitrile and 0.1% formic acid
in HPLC-grade water. The peptide concentration was mea-
sured by spectrophotometry (280 nm) and analyzed by mass
spectrometry (LC-MS/MS).

To perform LC-MS/MS, samples (400 ng per run) were
run on Thermo Fisher Orbitrap Velos Pro coupled with
Agilent NanoLC system (Agilent, Santa Clara, CA). The LC
columns (IS5cmx75um ID, Zorbax 300SB-C18) were
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purchased from Agilent. Two technical replicates were ac-
quired for each sample. Samples were analyzed with a 120-
min linear gradient (0-35% acetonitrile with 0.1% formic
acid) and data were acquired in a data-dependent manner, in
which MS/MS fragmentation is performed on top 12 intense
peaks of every full MS scan. Full MS scans were acquired
in the Orbitrap mass analyzer over m/z 400-2000 range
with resolution 30,000 (m/z 400). The target value was
1.00E+06. The 12 most intense peaks with charge state >2
were fragmented in HCD collision cell with normalized
collision energy of 30% and excluded for 30 s after 2 counts
within a mass window of 10 ppm. Tandem mass spectrum
was acquired in the Orbitrap mass analyzer with resolution
of 7500. The target value was 5.00E+04. The ion selection
threshold was 5000 counts, and the maximum allowed ion
accumulation times were 500 ms for full scans and 250 ms
for HCD. RAW files were converted into .mgf files using
MSConvert (from ProteoWizard). All MS/MS samples were
analyzed using Mascot (Matrix Science, London, United
Kingdom; version 2.6.2).

Porcine cornea samples: database search and protein
identification criteria. Mascot was set up to search the
Uniprot_pig_all_20201006 database (49,792 entries) as-
suming the digestion enzyme stricttrypsin. Mascot was
searched with a fragment ion mass tolerance of 0.30 Da and
a parent ion tolerance of 15ppm. O-110 of pyrrolysine,
u+49 of selenocysteine, and carbamidomethyl of cysteine
were specified in Mascot as fixed modifications. Gln->pyro-
Glu of the n-terminus, deamidated of asparagine and glu-
tamine and oxidation of lysine, methionine, and proline
were specified in Mascot as variable modifications. Scaffold
(version Scaffold_4.11.1; Proteome Software, Inc., Portland,
OR) was used to validate MS/MS-based peptide and protein
identifications. Peptide identifications (strict) were accepted
if they could be established at >98.0% probability to achieve
an FDR <1.0% by the Scaffold Local FDR algorithm. Pro-
tein identifications were accepted if they could be estab-
lished at >95.0% probability and contained at least 1
identified peptide. Protein Erobabilities were assigned by the
Protein Prophet algorithm®* (Supplementary Table S1A).

Human amnion samples: database search and protein
identification criteria. Mascot was set up to search the
Uniprot-human_20201006 database (20,385 entries) as-
suming the digestion enzyme stricttrypsin. Mascot was
searched with a fragment ion mass tolerance of 0.30 Da and
a parent ion tolerance of 15ppm. O-110 of pyrrolysine,
u+49 of selenocysteine, and carbamidomethyl of cysteine
were specified in Mascot as fixed modifications. Gln->pyro-
Glu of the n-terminus, deamidated of asparagine and glu-
tamine and oxidation of lysine, methionine, and proline
were specified in Mascot as variable modifications. Scaffold
was used to validate MS/MS-based peptide and protein
identifications. Peptide identifications (strict) were accepted
if they could be established at >96.0% probability to achieve
an FDR <1.0% by the Scaffold Local FDR algorithm. Pro-
tein identifications were accepted if they could be estab-
lished at >96.0% probability and contained at least 1
identified peptide (Supplementary Table S1B).

For both datasets, proteins that contained similar peptides
and could not be differentiated based on MS/MS analysis

alone were grouped to satisfy the principles of parsimony.
Proteins sharing significant peptide evidence were grouped
into clusters. Mass spectrometry output was further annotated
to identify ECM and non-ECM components using the ma-
trisome list we have previously devised.>>?° In brief, matri-
some components are classified as core-matrisome or
matrisome-associated components, and further categorized
into groups based on structural or functional features: ECM
glycoproteins, collagens, or proteoglycans for core matrisome
components; and ECM-affiliated proteins, ECM regulators, or
secreted factors for matrisome-associated components.25 To
define the matrisome of the two sample type profiled: CO-
Matrix and human amnion, we included proteins detected
with at least two peptides in any of the two technical repli-
cates, and for proteins detected with only one peptide, man-
dated they be detected in both technical replicates. The raw
mass spectrometry have been deposited to the Proteo-
meXchange Consortium?’ using the PRIDE®® partner repos-
itory with the dataset identifier PXD020606 and 10.6019/
PXD020606.

Transparency and ultrastructural characterization
of COMatrix hydrogel

To measure the transparency, 100 pL. of 4°C COMatrix
hydrogel (5, 15, and 25 mg/mL, each triplicate) was loaded
into a 96-well plate (~300 pm thickness) and sol-gel tran-
sition was induced and completed by incubating at 37°C for
30min. The light transmission of each well was then mea-
sured from 300 to 800 nm in a prewarmed plate reader to
37°C (BioTek™ Synergy™ H1 Hybrid).

The ultrastructure of heat-formed COMatrix hydrogel
was observed using scanning electron microscopy (SEM).
The samples (5, 10, and 15 mg/mL) were fixed with cold
glutaraldehyde overnight and then dehydrated with serial
dilutions of ethanol/hexamethyldisilazane (2:1, 1:1, 1:2, and
0:1, respectively, each step 30 min and allowed to evaporate
in the last step). After that, the samples were sputter coated
and visualized using a scanning electron microscope (JEOL
JSM-IT500HR FESEM).

Gelation kinetics and rheological characterizations
of COMatrix hydrogel

The sol-gel transition of thermoresponsive COMatrix
hydrogel heated to 37°C was characterized by both turbi-
dimetric assay and rheologic analysis. In turbidimetric as-
say, 50 uL. of cool COMatrix hydrogel (5, 15, and 25 mg/
mL, each triplicate) was loaded in each well of a cold 96-
well plate. Then, the absorbance of each well was measured
every 2min at 405nm in a prewarmed (37°C) plate reader
for 30 min.

To record the gelation course of COMatrix hydrogel with
rheology, a rotational rtheometer (Kinexus Ultra+; Malvern)
with a parallel 25 mm plate and temperature controller was
used. The rheometer bed was initially set to 12°C (assume
that gelation is negligible in this temperature) and COMatrix
hydrogel in different concentrations (15 and 25 mg/mL) was
loaded. The parallel gap was set to 0.9 mm and mineral oil
was applied and trimmed around the plate to prevent sample
dryness during the experiment. The rheological indexes
were measured with 0.159 Hz (1rad/s) frequency and 0.5%
strain. After 3 min of recording, the temperature was ramped
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rapidly (in 255s) to 37°C to induce gelation. The recording
was continued for 50 min to characterize the gelation ki-
netics and measure the rheological shear moduli. Moreover,
the rheological properties of heat formed hydrogel was
evaluated by frequency and strain sweeps, in which shear
elastic (G”) and viscous (G”) moduli were recorded. In fre-
quency sweep the frequency was changed from 0.1 to 10 Hz
at 0.5% strain, and in strain sweep the average complex
shear strain was changed from 0.1% to 100% at 0.159 Hz
frequency. Three different samples were characterized for
each concentration.

In vitro biocompatibility studies

To evaluate the biocompatibility of the fabricated CO-
Matrix hydrogel, the viability and proliferation of human
corneal epithelial cells (HCECs) and human corneal
mesenchymal stem cells (hcMSCs) cultured in vitro with
the hydrogel was evaluated. Immortalized HCECs were
kindly provided by Dr. Deepak Shukla (Illinois Eye and
Ear Infirmary, University of Illinois at Chicago).”> HCECs
were expanded in high-glucose DMEM (4500 mg/L; Fisher
Scientific) containing 10% fetal bovine serum (Fisher
Scientific) and 1x antibiotic—antimycotic (Fisher Scien-
tific) for no more than 40 passages. HCECs were detached
with TrypLE express enzyme (Fisher Scientific) for further
culture on top of thermally formed COMatrix hydrogel.
One hundred microliters of cold COMatrix hydrogel was
pipetted in 96-well plate (~300pum thickness) and incu-
bated at 37°C for 45min. Then, HCECs (2><103 cells/
well) were cultured on top of the formed COMatrix
hydrogel.

The hcMSCs were extracted from cadaveric human cor-
neas as described before by our group.®® The obtained
hcMSCs were expanded in o-MEM (Fisher Scientific)
containing 10% fetal bovine serum (Fisher Scientific) and
1x antibiotic—antimycotic (Fisher Scientific). HCECs at
passage 3 were detached with TrypLE express enzyme
(Fisher Scientific) for interactions with COMatrix hydrogel.
One hundred microliters of cold COMatrix hydrogel was
combined with 2x 10°> hcMSCs and transferred to a well of
a 96-well plate and incubated in humidified incubator with
5% CO, at 37°C for 45 min. Then, the full media (150 pL)
were added on top of the gel-formed hydrogel.

The viability of cultured cells with COMatrix hydrogel at
days 1 and 16 was evaluated by staining with Calcein-AM
(live cells), propidium iodide (PI; dead cells), and Hoechst
33342 (total cells, all from Sigma) for 1h by incubating at
37°C in humidified atmosphere with 5% CO,. The cells
were imaged using ZEISS Cell Observer SD Spinning Disk
Confocal Microscope (Zeiss), and the images were analyzed
using ZEN Lite software (Zeiss). Also, to evaluate the
proliferation of cells during in vitro culture with COMatrix
hydrogel, a metabolic activity assay was performed using
the Cell Counting Kit-8 (CCK-8; Sigma). Following the
manufacturer’s recommendation, 10 pL. of the provided so-
lution (WST-8) was added to each well containing 100 pL of
complete media, after which the plate was incubated in
humidified atmosphere with 5% CO, at 37°C for 2 h; and the
optical density (OD) was measured at 450 nm representing
the number of cells in each well. All experiments were
conducted in triplicate.
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Statistical analyses

Data are given as mean = standard deviation (SD). Sta-
tistical analyses were performed by GraphPad Prism soft-
ware version 8.3.0 (538) for Windows (GraphPad Software,
San Diego, CA, www.graphpad.com) using t-test for com-
paring the means between two groups and one-way analysis
of variance and Tukey posttest for more than two groups.
Values of p <0.05 were considered as statistically significant
difference between groups.

Experimental Results
Compositional characterization of COMatrix hydrogel

The efficiency of decellularization and compositional
profile of COMatrix was determined and compared with
human amnion, a commonly used biological material for
ophthalmic applications. PCs and human amnions under-
went a series of treatments with hypotonic solutions con-
taining nonionic detergents, chelating agents, and nuclease
enzymes (Fig. 1). H&E and DAPI staining showed suc-
cessful removal of the cells and nuclei, especially after
treatment with DNAse (Fig. 2A). Measuring the DNA
remnant in decellularized tissues confirmed significant re-
duction after treatment with DNAse (p <0.01, Fig. 2B). The
decellularization process did not significantly change the
total collagen and sulfated glycosaminoglycans (sGAG)
contents in both COMatrix and human amnion. The con-
centrations of total collagen in COMatrix and amnion after
decellularization were 0.72+0.1 mg and 0.71£0.1 mg per
mg, respectively (p>0.05, Fig. 2C). The sGAG contents
were 0.2+£0.03 mg and 0.12+0.02 mg per mg, respectively
(p<0.05, Fig. 2D).

Proteomic characterization of COMatrix hydrogel
composition

To evaluate the quality of fabricated ECM products from
decellularized porcine cornea and human amnion, the sam-
ples were compared with commercial rat tail and bovine
tendon collagens using SDS-PAGE. Figure 2E shows that
COMatrix hydrogel and human amnion not only have sim-
ilar protein contents to rat tail and bovine tendon collagens
but also have additional proteins. Two different samples for
COMatrix hydrogel and human amnion were loaded to show
the reproducibility of the performed process.

The protein profiles of fabricated COMatrix hydrogel and
solubilized human amnion were further evaluated using an
established mass spectrometry protocol for analyzing the
protein composition of ECMs, or the ‘‘matrisome,’” of tis-
sues.”*> Computational annotation of mass spectrometry
output classifies proteins into core, structural matrisome,
and matrisome-associated proteins. The core-matrisome
proteins are collagens, proteoglycans, and other ECM gly-
coproteins, and the matrisome-associated proteins are ECM
regulators, ECM-affiliated proteins, and secreted factors.?®
The detected normalized peptide spectrum shows that >99%
of both the COMatrix hydrogel and the decellularized hu-
man amnion are composed of ECM proteins (Fig. 3A) and
more specifically of fibrillar type I collagen, encoded by the
Collal and Colla2 genes. This result indicates efficient
decellularization of both PCs and human amnion and
maintaining the ECM and ECM-associated proteins in the
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Porcine Cornea (PC)

Not Decellularized Decellularized

Decellularized without DNAse with DNAse

Human Amnion

Not Decellularized D arized

with DNAse

-

Jecellularized without DNAse

FIG. 2. (A) H&E staining of decellularized porcine cornea and human amnion indicating the role of DNAse in removing
genomic DNA. (B) DNA content of COMatrix hydrogel and pepsin-solubilized human amnion after decellularization with
and without DNAse. (C) Total collagen content of naive tissue and decellularized COMatrix hydrogel and pepsin-
solubilized human amnion. (D) Total sGAG content of naive tissue and decellularized COMatrix hydrogel and pepsin-
solubilized human amnion. (E) SDS-PAGE of COMatrix hydrogel and pepsin-solubilized human amnion in comparison
with purified rat tail collagen and pepsin-digested bovine tendon collagen. ***p <0.001; **p<0.01; *p<0.05. sGAG,
sulfated glycosaminoglycans; H&E, hematoxylin and eosin; SDS-PAGE, sodium dodecyl sulfate—polyacrylamide gel

electrophoresis. Color images are available online.

samples. The analysis of technical replicates further con-
firms the reproducibility of our analytical pipeline (Sup-
plementary Table S1A, B). The mass spectrometry results
based on the matrisome subgroups are also presented in
Figure 3B. With the criteria and strict thresholding applied,
we detected 13 types of collagen (Supplementary
Table S1A), 1 glycoprotein (the y1 chain of laminin), and 2
proteoglycans (lumican and keratocan) in the COMatrix
hydrogel (Fig. 3B and Supplementary Table S1A), whereas
we detected 15 collagens (Supplementary Table S1B),
3 ECM glycoproteins (periostin, the transforming
growth factor beta-induced protein, and procollagen
C-endopeptidase enhancer 1), 2 proteoglycans (lumican and

decorin), and 1 ECM-affiliated protein (annexin A2) in the
solubilized human amnion constituted (Fig. 3B and Sup-
plementary Table S1B). We also detected the proteoglycan
fibromdulin, but with only 1 peptide in only 1 of the two
COMatrix technical replicates (Supplementary Table S1A).
The numbers of unique peptides and the total spectral counts
in each sample run are summarized in Figure 3C and D,
respectively. The Venn diagrams in Figure 3E and F indi-
cate the number of identified matrisome proteins in each
sample replicate. The low difference in detected matrisome
proteins between the replicates in both COMatrix and hu-
man amnion samples indicates the high reproducibility of
used proteomic approach.
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FIG. 3. The proteomic analyses of COMatrix hydrooel and pepsin-solubilized human amnion based on previously
developed matrisome pipeline using LC-MS/MS.?!** (A) Relative proportion of ECM and non-ECM proteins based on
normalized spectral count. (B) Number of proteins in COMatrix hydrogel and pepsin-solubilized human amnion classified
according to their matrisome categories (see Materials and Methods section). (C, D) Number of unique peptides and total
spectral counts of identified proteins. (E, F) The number of detected proteins in each sample run of COMatrix hydrogel and
human amnion. ECM, extracellular matrix. Color images are available online.
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Figure 4 summarizes the protein overlap between CO-
Matrix hydrogel and solubilized human amnion (Fig. 4A),
as well as the identified matrisome proteins in all samples
(Fig. 4B). We found that 10 matrisome proteins were
common to both the COMatrix hydrogel and the ECM of

FIG. 4. (A) Summarizing the protein overlap between
COMatrix hydrogel and solubilized human amnion. (B) The
normalized spectral count of peptides for identified proteins in
COMatrix hydrogel and solubilized human amnion samples
(the detailed summary of detected proteins is available in
Supplementary Table S1). Color images are available online.

human amnion. Collagens were the most abundant pro-
teins in both sample types as given in Figure 4B sum-
marizing the normalized spectral counts for each
matrisome protein in COMatrix hydrogel and solubilized
human amnion samples, and which serves as a proxy to
protein abundance. In summary, with this preliminary
analysis, the protein composition of the COMatrix hy-
drogel is rich in proteins with known corneal regenerative
effects, such as lumican, laminin, and keratocan.>' ™7
Lumican is the protein found in both COMatrix and hu-
man amnion digest.

Transparency and ultrastructure of COMatrix hydrogel

The heat-formed COMatrix gel is optically transparent as
given in Figure S5A. Quantitative measurement of gel-
formed COMatrix transparency shows high light transmis-
sion in visible spectrum (Fig. 5B). The light transmission of
15 mg/mL COMatrix hydrogel from 300 to 800 nm ranged
from 78.5%+1.8 to 97.6x£0.5. The ultrastructure of gel-
formed COMatrix was also characterized by scanning
electron microscopy. As given in Figure 5C, known repre-
sentation of collagen fibers could be seen and by increasing
the concentration of COMatrix hydrogel, the fibers’ density
also increases.

Gelation kinetics and rheological characterization
of COMatrix hydrogel

The thermoresponsive gelation kinetics of in situ ther-
moresponsive gel formation of COMatrix were character-
ized by recording the alterations in light absorbance of the
hydrogel (turbidimetric assay) and measuring the changes in
rheological indexes of COMatrix hydrogel while cured with
mild heat (37°C). The turbidimetric assay showed that the
COMatrix hydrogel starts to form a gel soon after exposure
to mild heat. The time needed to reach 50% of maximum
gelation (#1,,) was 4 min and the gelation was completed in
10min (Fig. 6A). The rheological gelation kinetics charac-
terizations showed that COMatrix hydrogel had negligible
gelation at 12°C (first 3 min of recording), but as soon as the
temperature was increased to 37°C, gel formation started
(Fig. 6B). Gel formation is indicated by the increase in both
elastic (G”) and viscous (G”) components of shear modulus
at 37°C. Complete gel formation was achieved in 10 min.
The highest elastic shear moduli (G”) for 15 and 25 mg/mL
hydrogels were 42.1+11.4 (Pa) and 83.3%+4.2 (Pa), re-
spectively, and the highest viscous moduli (G”) were
4.9+2.7 (Pa) for 15 mg/mL and 12.9+7.2(Pa) for 25 mg/mL
samples. Figure 6C and D shows the heat-formed COMatrix
gel on the rheology machine plate and a COMatrix gel after
treating with heat in a conical tube, respectively. The ther-
mally formed gel could preserve the shape of conical tube
bottom (Fig. 6D). Moreover, Supplementary Video S1
shows a gel-formed COMatrix hydrogel after rheological
tests.

The rheological properties of COMatrix gel in different
concentrations (15 and 25mg/mL) was evaluated with
frequency sweep and strain sweep (Fig. 6E—H). The strain
sweep from 0.1% to 100% showed that the linear visco-
elastic (LVE) behavior of COMatrix is <0.631% (Fig. 6E,
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FIG. 5. Transparency and ultrastructure of COMatrix hydrogel in different concentrations. (A) Photographies showing the
transparency of gel-formed COMatrix hydrogels. (B) Light transmittance of COMatrix hydrogel (~300 um thickness) in
the range of 300-800 nm. (C) The porous and fibrillar ultrastructure of COMatrix hydrogel imaged by scanning electron

microscopy. Color images are available online.

G). Therefore, the 0.5% strain (in the LVE range) was
used to perform the frequency sweep. The results of fre-
quency sweep showed the gel behavior of the heat-formed
COMatrix hydrogel (Fig. 6F, H).

In vitro biocompatibility of thermoresponsive
COMatrix hydrogel

To evaluate the biocompatibility of fabricated ther-
moresponsive COMatrix hydrogel, HCECs were cultured
on top of the gel-formed hydrogel and hcMSCs were
combined with COMatrix hydrogel followed by induction
of gel formation by incubating at 37°C. The live-dead
assay results at days 1 and 16 after culture shows sig-
nificant viability of cells (>90%; Fig. 7A). Moreover, the

metabolic assay representative of cells’ proliferation
showed that the cells are actively proliferating and the
number of cells were significantly increased while cul-
tured in vitro with COMatrix hydrogel (Fig. 7B).

Discussion

In this study, an in situ thermoresponsive and transpar-
ent hydrogel from decellularized porcine cornea ECM,
COMatrix, was fabricated and characterized for further ap-
plications as an ocular therapeutic and tissue engineering
biomaterial/scaffold. Structural and rheological character-
ization of COMatrix hydrogel showed it has the appropriate
properties to be used as a scaffold for ocular tissue engineering
purposes or an in situ hydrogel with thermal-induced sol-gel

>

FIG. 6. Thermal gelation kinetics of COMatrix hydrogel and rheological characterizations. (A) Turbidimetric assay results
indicating the gelation of COMatrix hydrogel in ~ 10 min. (B) Gelation kinetics of COMatrix hydrogel recorded by rheological
evaluation. (C) A thermally gel-formed COMatrix hydrogel on the theometry machine bed. (D) A gel-formed COMatrix in a
conical tube. The COMatrix preserves the shape of conical tube bottom. (E, F) Strain and frequency sweeps of 25 mg/mL
COMatrix hydrogel. (G, H) Strain and frequency sweeps of 15 mg/mL COMatrix hydrogel. Color images are available online.
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FIG.7. Biocompatibility studies of COMatrix hydrogel. (A) Live-dead assay results at days 1 and 16 following culture of
HCECs on top of gel-formed COMatrix hydrogel and hcMSCs combined with COMatrix hydrogel. (B) The result of
metabolic cytotoxicity assay on the cells cultured with the thermo-gelated COMatrix showing that the fabricated hydrogel is
not only toxic to the cells, but also the cells preserve the proliferation potential. ***p <0.001. HCEC, human corneal
epithelial cell; hcMSC, human corneal mesenchymal stem cell. Color images are available online.

transition. Evaluating the protein composition of COMatrix
hydrogel by mass spectrometry proteomics showed the pres-
ence of specific proteins with known corneal healing effects.

The first step in fabricating an ECM construct is to effi-
ciently decellularize the tissue to remove all cellular com-
ponents as potential antigens. There are several published
decellularization protocols for cornea or amnion, which
generally include applying a series of reagents followed by
washing to remove cell contents.'>***° Here, we found that
applying DNAse is crucial for effective removal of genomic
DNA. Moreover, the COMatrix hydrogel is composed of
~70% collagen and ~20% sulfated glycosaminoglycans,
which is a suitable combination of these two structural
molecules for tissue-scaffold engineering.

The proteomic analyses showed that >99% of the decel-
lularized ECMs that turned into COMatrix hydrogel by
partial pepsin digestion is matrisome proteins rather than
intracellular proteins. This also highlights a novel applica-
tion of mass spectroscopy for evaluating decellularization
efficiency. Proteomic analysis revealed the presence of
several proteins in COMatrix hydrogel with known corneal
healing effects: lumican, laminin, and keratocan.> 3442
Among these proteins detected in COMatrix, only lumican
was also detected in solubilized human amnion. On the
contrary, human amnion digest has proteins with known
corneal healing effects like decorin and periostin.”®!

In this study, the decellularized PCs were partially digested
with pepsin for fabrication of a thermoresponsive hydrogel.
Biologically active cryptic peptides of ECM proteins can be
released by partial pepsin digestion® and retained in the
hydrogel and could thus contribute to the healing effects
observed. It would be interesting to identify these peptic
peptides by mass spectrometry and further characterize their
biological properties. Of note, a limitation of this study is that
it did not permit the identification of such peptides because
the samples were further fully digested with trypsin before
mass spectrometry analysis and only trypsin was the protease
specified when conducting the database search aimed at
matching peptide sequences to proteins (see Experiment

section). Future compositional proteomic studies designed to
cover different digestion settings and database searches could
address this concern. Moreover, because the COMatrix hy-
drogels were partially digested with pepsin, the downstream
proteomic profiling may be biased toward the identification of
pepsin-resistant proteins. However, our preliminary data do
not seem to support this hypothesis, because the ECM pro-
teins detected in decellularized corneas vastly overlapped
with those forming the pepsin-digested COMatrix hydrogels
(data not shown). Furthermore, given that the current report is
derived from analyzing one sample of each tissue type, future
in-depth MS analysis is needed to get greater coverage of the
proteins already identified, but also to identify proteins
present in lower abundance within the COMatrix whose de-
tection is prevented by the hyper-abundance of collagens
including other proteoglycans and ECM-associated proteins
such as cytokines and growth factors.'®>?

Another important area worthy of investigation is the
presence of cryptic peptides in decellularized ECM hydro-
gels. Several studies have shown the presence of functional
peptide sequences inside the structure of large proteins called
“cryptic peptides.”>* The cryptic peptides are released and
activated by physical or chemical alteration of large proteins
such as conformational changes or proteolytic cleavages.
These peptide sequences are masked in the parent protein and
cannot be predicted from parent protein function or the amino
acid sequence.”* Although the effects and regulation of these
peptides have yet to be understood, several studies have
shown their wound healing and immunomodulatory ef-
fects.”>>® For instance, following an injury, inflammatory
cells produce proteases that break down the macromolecule
leading to the release of cryptic peptides.”’ Recent studies
have indicated the skin wound healing effects of cryptic
peptide sequences in structural ECM proteins like colla-
gens,”®? which could be also beneficial in corneal epithelial
wound healing. To study cryptic peptides from various
macromolecule sources, structural proteins such as collagens
are cleaved by proteases and the cryptic peptides with bio-
logical activities are purified.”®
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There are only a few studies that have performed pro-
teomic analyses on the pepsin/HCI partially digested ECMs
to explore the protein composition.®® Williams er al. have
shown that pepsin digestion of cardiac ECM results in ex-
posing peptide sequences that might play a role in the cell
proliferative effects of solubilized cardiac ECM.®® The au-
thors proposed that the highly cross-linked structure of the
adult heart prevents exposition of bioactive peptides; hence,
partial digestion of cardiac ECM with pepsin/HCI will un-
cover these peptides.®® This could be a potential advantage
of COMatrix hydrogel over intact tissues such human am-
nion. The partially digested structure of COMatrix hydrogel
not only provide a gel-forming regenerative biomaterial that
could be easily applied on the ocular surface, but also may
lead to exposure of cryptic peptides from the processed
ECM that may further promote wound healing.

The results of light transmittance, structural and rheo-
logical properties of COMatrix hydrogel could be further
used for ocular tissue engineering purposes. The light
transmittance of human donor corneas from 450 to 600 nm
is 80% to 95%,°" which is similar to the fabricated CO-
Matrix hydrogel in this study. The exact mechanism of
thermoresponsive gel formation of COMatrix hydrogel (or
similar hydrogels) is not known, but it seems self-
assembling feature of proteins such as collagens, laminins,
and proteoglycans is playing a major role.” The gelation
time of COMatrix hydrogel after exposure to mild heat
(37°C) is ~ 10 min. Moreover, the higher elastic component
of shear modulus (G’) compared with viscous compo-
nent (G”) after completion of gelation (Fig. 6) indicates
the solid-like property of gel-formed COMatrix hydrogel.
The thermoresponsive feature of COMatrix has different
applications in ocular regeneration. For instance, the
COMatrix hydrogel could be used as an ocular surface
bandage in corneal injuries; while following application
of the hydrogel, the gelation could be induced with mild
heat and a bandage would be formed on the ocular surface
by the hydrogel.®* As the gelation process of COMatrix
hydrogel is more controllable compared with current
materials utilized in ophthalmology, for example, fibrin
glue, it has promising potential for user-friendly clinical
application especially on the ocular surface. Furthermore,
the COMatrix hydrogel could be used for in situ repair of
corneal stromal defects. However, because the gel-formed
COMatrix is a soft hydrogel, cross-linking protocols
should be used to improve the stiffness and biomechanical
stability of COMatrix for replacing the damaged corneal
stroma. Depending on the performed cross-linking
method, the cross-linked COMatrix might have bio-
adhesive properties to be attached to recipient tissue or
could be fixed to the corneal stromal bed by sutures.
Moreover, the utilized cross-linking method would also
determine the retention time of the transplanted hydrogel
until the host cells perform the remodeling process. This
time needs to be longer in case of corneal stromal re-
generation than other tissues, because preserving the
thickness of cornea is crucial to protect the eye from
perforation. This study has shown that the in vitro bio-
compatibility of COMatrix hydrogel interacted with both
HCECs and hcMSCs. Future animal studies should be
conducted to validate the in vivo applicability of CO-
Matrix hydrogel.

Conclusion

In this study, an in situ thermoresponsive and transparent
hydrogel, COMatrix, was fabricated and characterized from
decellularized porcine cornea ECM as a potential regenerative
biomaterial for ocular therapeutic and tissue engineering ap-
plications. The bioactive constituents of COMatrix that might
potentially play a role in ocular regeneration include glyco-
proteins, proteoglycans, and cryptic peptides from collagens.
In addition, the solid-like structure of COMatrix hydrogel
after thermal gelation, make it a suitable candidate for in situ
ocular repair.
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