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ARTICLE INFO ABSTRACT

Keywords: Gelatin based adhesives have been used in the last decades in different biomedical applications due to the
Natural-based hydrogel excellent biocompatibility, easy processability, transparency, non-toxicity, and reasonable mechanical properties
G_emi“ . to mimic the extracellular matrix (ECM). Gelatin adhesives can be easily tuned to gain different viscoelastic and
gifﬁﬁ ?itéble mechanical properties that facilitate its ocular application. We herein grafted glycidyl methacrylate on the
Bioadhesive gelatin backbone with a simple chemical modification of the precursor, utilizing epoxide ring-opening reactions
Cornea and visible light-crosslinking. This chemical modification allows the obtaining of an elastic protein-based

hydrogel (GELGYM) with excellent biomimetic properties, approaching those of the native tissue. GELGYM
can be modulated to be stretched up to 4 times its initial length and withstand high tensile stresses up to 1.95
MPa with compressive strains as high as 80% compared to Gelatin-methacryloyl (GeIMA), the most studied
derivative of gelatin used as a bioadhesive. GELGYM is also highly biocompatible and supports cellular adhesion,
proliferation, and migration in both 2 and 3-dimensional cell-cultures. These characteristics along with its super
adhesion to biological tissues such as cornea, aorta, heart, muscle, kidney, liver, and spleen suggest widespread
applications of this hydrogel in many biomedical areas such as transplantation, tissue adhesive, wound dressing,
bioprinting, and drug and cell delivery.

1. Introduction macromolecular microsphere composites (MMC) [9], nanocomposite

physical hydrogels [10], double crosslinked polymeric networks [11],

Hydrogels are three-dimensional (3D) networks of crosslinked
polymers, engineered to structurally and biologically support cellular
growth, migration, and tissue formation [1,2]. Although their bio-
mimetic behaviors including biocompatibility [3], biodegradation [4],
and responsiveness to an external stimulus [5] can be controlled, their
relatively low mechanical and adhesion characteristics pose crucial
challenges, obstructing their translation into clinical medicine.

Multicomponent interpenetration polymer networks (mIPNs) [6-8],
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tetrahedron-like structures with homogeneous spacers [12], slide-ring
connected materials [13], and dynamically crosslinked systems [14,
15] are among the approaches to enhance the mechanical properties of
hydrogels. These approaches often require the incorporation of syn-
thetic materials such as polyacrylic acid (PAA) [6,8], polyacrylamide [7,
11], poly-ethylene glycol (PEG), PAA/polystyrene/poly butyl acrylate
[9], hybrid silica nano-particles (VSNPs)/PAA [10],
Tetrahydroxyl-Terminated PEG [12], Polyrotaxane (PR) [13], and
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stearyl methacrylate (C18)/dodecyl acrylate copolymer [14] along with
carboxyl-functionalized polystyrene [15] into natural-based hydrogels
matrices, involving covalent and non-covalent (i.e. electrostatic forces,
hydrophobic interactions, hydrogen bonding, van der Waals forces) or
combinations of these interactions in reinforcement process [6].

However, such incorporation may alter the chemical composition of
the hydrogel and adversely impact their biological properties. On the
other hand, many biomedical applications of hydrogels, including tissue
repair [16], drug delivery [17], wound dressings [18], and biomedical
devices [19] require strong adhesion between the hydrogel and the
dynamic surface of the host tissue. Thus, the incorporation of such
adhesion properties into the hydrogel structure is crucial and can
significantly facilitate hydrogel translation into clinical medicine [20].

One of the most widely used biomaterials for hydrogel
manufacturing, because of its cheapness and high-biocompatibility, is
gelatin and its derivatives. Gelatin is a polydisperse protein produced
from irreversible hydrolysis of collagen fibrils into lower molecular
weight polypeptides. Although the chemical composition of gelatin is
similar to those of the parent collagen, it possesses better solubility and
lesser antigenicity [21,22]. These render gelatin as an excellent
component for stimulating cellular attachment and growth, including
the possibility of regulating matrix metalloproteinase degradation.
Despite the development of various crosslinking strategies to generate
gelatin-based hydrogels [23-26], adequate mechanical and adhesion
characteristics have yet to be realized. For instance, gelatin meth-
acryloyl (GelMA), the most studied derivative of gelatin [27], demon-
strated maximum elastic modulus and ultimate tensile strength 180 +
34, 53 + 17 KPa, respectively [28], which are almost 2 orders of
magnitude lower than those reported for the human cornea (i.e. 15.86 +
1.95 and 3.29 + 1.95 MPa, respectively) [29]. A recent modification in
the crosslinking of GelMA was reported to increase the elastic modulus
and tensile strength up to 224.4 + 32.3 and 45.3 + 4.1 KPa, respectively
[30], yet fall short of those reported for human tissues.

It has been shown that enhancing the degree of methacrylation or FD
significantly enhances the mechanical properties of the resulting

Bioactive Materials 6 (2021) 3947-3961

hydrogel [27,31]. However, the methacrylation degree of gelatin has
been constrained by the low abundance of nucleophilic amino acids
(mostly primary amine bearing amino acids such as lysine and
hydroxylysine), which can undergo a single methacrylation reaction to
form amide bond [27]. To extend the functionalization degree to a wider
range, we functionalized gelatin with glycidyl methacrylate that un-
dergoes epoxide ring-opening reaction and forms a secondary amine
that can also react with another glycidyl methacrylate (Fig. 1a), gener-
ating the precursor of Gelatin-glycidyl-methacrylate hydrogel (abbre-
viated or called as GELGYM). This GELGYM precursor potentially hold
twice the methacrylate groups compared to GelMA (two glycidyl
methacrylate per each amine bearing amino acid).

GELGYM precursor generates a hydrogel after crosslinking under
low-intensity visible light. This simple modification of GelMA formed
from grafting functional crosslinkable moieties onto a gelatin backbone
facilitates the tuning of the mechanical and adhesive properties of
gelatin scaffolds. To validate that hypothesis, GELGYM was tuned based
on functional degree, precursor concentration, and crosslinking time, to
optimize its corneal application. The corneal model was used because of
its high optical and mechanical requirements, in addition to the
complexity of combining different cell populations. Finally, we obtained
robust biomaterials and strong adhesion to biological tissues, in addition
to maintaining the highly biocompatible nature of the hydrogel to
support cellular adhesion, growth, and migration. The tuning of gelatin-
based hydrogels described here might benefit various fields of biomed-
ical engineering and regenerative medicine including ophthalmology.

2. Materials and methods
2.1. Materials

All chemicals were used as received from Sigma-Aldrich (St. Louis,
MO) without further modification unless otherwise noted. Human

donated corneas were kindly provided by VisionGift (Boston, MA) for
research purposes only. Each donated cornea was obtained from
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Fig. 1. Synthesis, and chemical characterization of GELGYM. a) Schematic of chemical synthesis of GELGYM via epoxide ring-opening reaction of glycidyl meth-
acrylate with gelatin and its crosslinking with a visible LED in the presence of E (0.05 mM), TEA 0.04%, and VC (0.04%) to form a 3-dimensional network of the
hydrogel. b) 'H-NMR characterization of the GELGYM before and after crosslinking. ¢) FD tunability of GELGYM through varying the concentration of glycidyl
methacrylate in the reaction, and d) crosslinking progress dependence on the crosslinking time (CT), characterized by "H-NMR.
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cadaveric donors and processed in eye, organ, or tissue banks where the
donated cornea was de-identified. Massachusetts Eye and Ear does not
require Ethical Committee approval for the use of this type of human
samples. Human blood drawn from healthy donors was used in com-
plement activation experiments. This part of the study was performed
with the consent of the local ethical committee at Oslo University
Hospital, Norway.

2.2. Chemical synthesis of GELGYM

To synthesize GELGYM with different functionalization degree (FD),
a gelatin solution (10 g/mL) (porcine skin origin, 300 g Bloom, type A)
prepared in PBS was mixed with different amounts of glycidyl methac-
rylate (GMA) (0.0125, 0.025, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6 mL) and added
to the respective vials to form reaction solutions with varying concen-
trations of GMA (from 9.5 mM to 1.2 M). The reaction mixtures were
agitated for 4 h at 45 °C, diluted with deionized water (10 mL), and then
dialyzed for 1 week using dialysis membrane with molecular weight cut-
off of 14 kDa (Sigma-Aldrich) to make sure that unreacted glycidyl
methacrylate was washed out. Finally, they were freeze-dried for 3 days
to obtain foam-like GELGYM precursors with different FDs.

2.3. Chemical synthesis of GELMA

To synthesize GelMA with a high FD, a gelatin solution (10 g/mL)
(porcine skin origin, 300 g Bloom, type A) was dissolved in PBS, fol-
lowed by the addition of methacrylate anhydride (8 mL, 0.05 M) as
described elsewhere [30]. The reaction mixtures were agitated for 3 h at
50 °C, diluted with deionized water (10 mL), and then dialyzed for 1
week using dialysis membrane with molecular weight cut-off of 14 kDa
(Sigma-Aldrich) at 50 °C. Afterward, the GelMA solution was
freeze-dried for 3 days to obtain foam-like GelMA.

2.4. Crosslinking conditions

To prepare GELGYM solutions with different precursor concentra-
tions, PBS (2.45 mL) was added to varying amounts of GELGYM (0.334,
0.445, 0.667, 0.890, and 1.00 g) and stirred at 45 °C to generate a ho-
mogenous solution. The solution was mixed with the crosslinking solu-
tion (1 mL) containing eosin Y (0.22 mM), triethanolamine (1.78% w/
v), and vinyl caprolactam (VC) (1.78% w/v) in the dark, where eosin Y
acted as a photoinitiator, triethanolamine (TEA) as an electron donor,
and N-vinyl-caprolactam as an accelerator [32] (Fig. S1). Visible light
crosslinking eliminates the potential side effects of UV crosslinking.
Afterward, the resulting prepolymer solution was carefully transferred
to an appropriate mold or applied to the desired structure and cross-
linked for varying times (1, 2, 3, 5, and 10 min) using our hand-made
visible light source (LED with a wavelength range of 505-515 nm and
the intensity of 20 mW/cm?). In the case of GelMA, the precursor (0.890
g) was added to PBS (2.45 mL), stirred at 45 °C, and mixed with the same
crosslinking solution (1 mL) as explained above to generate GelMA so-
lution (20% w/v). We used the same light source to crosslink the GelMA.

2.5. Chemical characterization (\H-NMR)

All 'H-NMR experiments were performed on 400-MHz NMR (JEOL;
Peabody, MA) and chemical shifts reported relative to 3-(trimethylsilyl)-
propionic-2,2,3,3-d4-acid as the internal standard. A small amount of
GELGYM (10 mg) mixed with D20 (0.5 mL) in an NMR tube was heated
for 30 min at 40 °C to fully dissolve the precursor and the spectra were
recorded while the sample was maintained at 30 °C. For crosslinked
samples, the prepolymer solution (80 pL) was transferred to a cylindrical
mold (0.6 mm diameter, and 0.2 mm depth), crosslinked, and washed
with water. Afterward, the samples were incubated in collagenase so-
lution (2 mL, 10 U/ml), containing Tris-HCI buffer (0.1 M) with a pH of
7.4 supplemented with CaCl; (5 mM) at 37 °C to digest the hydrogel and
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form a homogenous solution. Then, the solutions were freeze-dried to
eliminate the water and similar to non-crosslinked samples were dis-
solved in D50 at 30 °C and their 'H-NMR spectra were acquired.

2.6. Mechanical characterization

Hydrogels with varying FD, crosslinked for varying periods of time
(1-10 min) were prepared as described above. Mechanical testing
(tensile and compression) was conducted using a mechanical tester
(Mark-10 ESM 303; Copiague, NY). For tensile tests, dumbbell-shaped
hydrogels (total length of 15 mm, a gage area of 3 x 1 mm? grip area
6 x 4 mm? and thickness of 1 mm) were fastened to the mechanical
tester grips and stretched at a rate of 2 mm/min until rupture. The stress
was recorded as a function of the strain. The obtained stress/strain curve
was used to extract elastic modulus, ultimate tensile strength, elonga-
tion, and energy at break for each specimen [n = 8].

The elastic modulus was determined from the linear derivatives of
the stress/strain plot at 0-60% strain. The energy at break was calcu-
lated from area under curve of stress/strain plot at 0-100% strain. For
compression tests, cylindrical samples (diameter (d) = 0.7 mm, and
thickness (th) = 0.2 mm) were placed in a mechanical tester and testing
was performed with the crosshead speed of 0.5 mm/min until the
maximum stress of 0.6 MPa. The compressive stress was recorded as a
function of the strain. The obtained stress/strain curve was used to
extract the compressive modulus of each specimen [n = 8].

2.7. Swelling ratio

To measure the swelling ratio, first, we made disc-shape constructs
(d = 7 mm and th = 2 mm). These were washed with water and blot
dried to obtain their initial weights (Wi) before their immersion in PBS
solution and incubated at 37 °C. After predetermined periods of time
(1-4 days), swollen hydrogel samples were rinsed with water, their
surface water was removed, and swollen weights (Ws) were measured.
The swelling ratio (S) for the hydrogels [n = 5] was obtained according
to the following equation:
(W, =W

S(%) x 100

2.8. Glucose diffusion

Designing hydrogel formulations for tissue engineering applications
requires knowledge of its diffusion permeability, especially to glucose,
to ensure the correct nutrition of the scaffold and its biointegration into
the host tissue. Therefore, a study to determine the permeability co-
efficients of GELGYM for different glucose concentrations was carried
out. A Static Franz cell system composed of 1-mL upper cell cap and a 5-
mL lower receptor chamber with a diameter of 9 mm (PermeGear;
Hellertown, PA) was used to measure the permeability of GELGYM
hydrogels and corneal samples as controls (Section B of SI). First, GEL-
GYM solution (200 pL) was prepared and transferred to a PDMS mold (d
= 15 mm and th = 0.8 mm), crosslinked for varying periods of time
(1-10 min), and washed with water to form disc-shaped GELGYM con-
structs. The constructs and 15-mm diameter discs of trephined fresh
porcine corneas (Pel-Freez Biologicals, Rogers, AR) as controls were
each inserted between the two compartments of Franz cell, creating a
barrier between the two chambers. The upper section was filled with
PBS (1 mL) and the bottom part was filled with glucose solution (5 mL,
1000 mg/dL). Both chambers were equipped with a small stirrer bar,
and the solutions were mixed with a magnetic stirrer throughout the
experiment, and the entire unit was placed inside of an incubator at
37 °C. After glucose had diffused through the membrane for different
time points, the glucose concentration in the upper chamber was
measured using a Counter Next EZ blood glucometer (Bayer; Parsip-
pany, NJ) with glucose test strips [n = 4].
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2.9. Optical transmission

The optical transmissions of GELGYM hydrogels and those of human
corneas were examined by a UV-Vis spectrometer (Molecular Devices
SpectraMax 384 Plus Microplate Reader, Molecular Devices; San Jose,
CA). First, the GELGYM solution (40 pL) was transferred to a PDMS mold
(d = 6 mm and th = 1 mm) and crosslinked for varying times (1-10 min)
to yield disc-shaped constructs. The constructs and 6-mm diameter
trephined discs of fresh human corneas (controls) were placed in indi-
vidual wells of a 96-well quartz microplate, filled with water, and their
optical transmittance was recorded from 250 to 850 nm in quartz
microplate at 1-nm wavelength increments. The transmittance of the
samples [n = 4] was corrected with blank media (distilled and filtered
water) and the mean transmittance (%) for each group calculated and
plotted as a function of wavelength.

2.10. In vitro biodegradation

Enzymatic degradation of GELGYM hydrogels was evaluated using
collagenase from Clostridium histolyticum, as reported elsewhere [33,
34]. Briefly, the GELGYM solution (80 pL) was transferred to a PDMS
mold (d = 6 mm and th = 2 mm) and crosslinked for varying times
(1-10 min) to yield disc-shaped constructs. Then, the discs were washed
with water, lyophilized, and weighed to obtain their dried weight (Wi).
Afterward, they were soaked in PBS for 1 h to reabsorb the water, and
along with 6-mm trephined fresh porcine corneas as a control, were
placed in a solution containing collagenase (5 U/mL) in Tris-HCI buffer
(0.1 M, pH of 7.4), supplemented with CaCl, (5 mM) and incubated at
37 °C. The collagenase solution was changed every 8 h and the residue
was carefully removed from the solution, rinsed with water and lyoph-
ilized, and its dried mass at different time points (Wf) was weighed. The
degradation rate was calculated [n = 4] using the following equation:

W, — W,
Lost Weight (%) =100 — fT x 100

2.11. Invitro and ex vivo biocompatibility

2.11.1. Live-dead assay

To evaluate the interaction of human corneal epithelial cells (HCEp),
corneal fibroblasts (HCF) and corneal endothelial cells (HCEn), and
hybrid neuroblastoma cells (NDC) with the GELGYM surface, we per-
formed a standard Live-Dead assay as described elsewhere [35,36].
Briefly, the GELGYM solution (40 pL) was transferred to a PDMS mold
(d = 15 mm and th = 1 mm), crosslinked for varying times (3, 5, and 10
min), washed with water, and immersed in PBS overnight. Samples were
trephined with a 6-mm biopsy punch to generate 6-mm “culture discs”
which then were transferred to individual wells of a 96-well plate.
Before performing the in vitro study and seeding cells, those culture
discs were sterilized with 3X antibiotic solution consisting of 300
unit/mL penicillin and 300 pg/mL streptomycin as previously described
[37]. Then, HCEp, HCF, HCEn, or NDC (10,000) were seeded on each
disc, followed by the addition of appropriate media [38] (100 pL) and
incubated at 37 °C in 5% COs. Cell culture media was changed every 3
days. After 6 days of incubation, Live-Dead staining was performed on
the cultured discs using a commercial kit (LIVE/DEAD™ viability/cy-
totoxicity kit, for mammalian cells, Thermofisher Scientific; Cambridge,
MA), where cells were double-stained with calceinacetoxymethyl and
ethidium homodimer. For Live-Dead study, calceinacetoxymethyl and
ethidium homodimer was diluted in the cell culture media with the
dilution of (1:1000), and (4:1000), respectively, which then was added
to cells cultured on the discs and incubated at 37 °C for 30 min. Then,
those cells were imaged by inverted fluorescent microscopy (Zeiss Axio
Observer Z1; Thornwood, NY) with a 10x objective. Four samples for
each group were tested and compared to the tissue culture well plate
(TCP) as a control group.
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2.11.2. 3D cell culture

To evaluate the interaction of human corneal fibroblasts (HCF) with
the GELGYM in 3D cell culture, we 3D cultured HCF for 30 days and
performed a standard Live-Dead assay. Briefly, the GELGYM (0.5 g) was
incubated and dissolved in cell culture media (5 mL) at 37 °C overnight.
Then, GELGYM solution was UV irradiated for 2 min using UV light
transilluminator (TWM-20 transilluminator; Upland, CA) to sterilize the
sample. Afterward, the solution was mixed with the crosslinking solu-
tion (1 mL) containing eosin Y (0.22 mM), triethanolamine (1.78% w/
v), and vinyl caprolactam (VC) (1.78% w/v) in the dark. Afterward, the
GELGYM solution was mixed with HCF suspended in cell culture media
to afford 200,000 cells/1 mL solution, before transferring it into a PDMS
mold (d = 6 mm and th = 1 mm) and crosslinked for varying times (3, 5,
and 10 min). The samples were immediately immersed in cell culture
media and incubated for 15 min, before transferring them to individual
wells of a 24-well plate containing the cell culture media (1 mL). Cell
culture media was changed every 2 days. After 1, 7, 14, and 28 days of
incubation, Live-Dead staining was performed on the cultured discs
using a commercial kit (LIVE/DEAD™ viability/cytotoxicity kit, for
mammalian cells, Thermofisher Scientific; Cambridge, MA), where cells
were double-stained with calceinacetoxymethyl (1:1000) and ethidium
homodimer (4:1000), and incubated at 37 37 °C for 30 min. The discs
were then imaged by confocal microscopy (Leica TCS-SP5 Upright
Confocal Laser-Scanning Microscope; Buffalo Grove, IL) on an area of 1
x 1 mm? with depth of 0.5 mm in 100 frames.

2.11.3. AlamarBlue assay

To assess the metabolic activity of the cells cultured on the GELGYM
discs, we used a standard AlamarBlue assay as described elsewhere [39].
Briefly, HCEp, HCF, HCEn, and NDC (10,000 per each well) were seeded
on GELGYM culture discs with varying crosslinking times (CT) (3, 5, and
10 min), followed by the addition of appropriate media (100 pL), as
previously described, and incubated at 37 °C and 5% COj. The Ala-
marBlue study was performed on day 2, day 4, and day 6 after cell
seeding. At each time point, the tissue culture media was removed and
replaced with fresh media (100 pL) containing resazurin sodium salt
(0.004% w/v) and incubated for 2 h. Afterward, the media (95 pL) was
removed from each well and pipetted into a new 96 well plate and read
on a BioTek plate reader (Synergy 2, BioTek Instruments; Winooski, VT)
at 530/25 nm for excitation and 600/25 nm for emission, and corrected
with the fluorescence of GELGYM discs incubated without cells. Four
samples for each group and 3-time points were tested and compared to
tissue culture well plates as a control group (corrected with TCP without
cells) and reported as mean =+ standard deviation.

2.11.4. Ex vivo retention test

To evaluate the retention of the GELGYM, human corneoscleral
limbus from several cadaveric donors were each sliced into 16 pieces (1
x 3 mm). Afterward, the GELGYM solution (FD of 175% and 22.5% w/v)
was applied at the intersection of two fragments and crosslinked for 5
min. Then, those glued fragments were incubated under culture condi-
tions in the appropriate media [DMEM/Ham’s F-12 media, supple-
mented with newborn calf serum (10%), and EGF (10 ng/mL)] for 6
months (end of the experiment), and the retention rate was extracted
from the number of constructs retaining their bonding compared to the
beginning of the experiment.

2.11.5. Transmission electron microscopy (TEM)

After 1 and 6 months, the glued fragments from the retention test
were removed from media, fixed in paraformaldehyde (4%), and then
also fixed with half-strength Karnovsky’s fixative (pH 7.4) (Electron
Microscopy Sciences; Hatfield, PA), before placing them in fresh Kar-
novsky’s fixative for 4 h. Afterward, the samples were washed (with
three repeats) with Cacodylate Buffer (0.1 M) (Electron Microscopy
Sciences) for 5 min and then rinsed with PBS. The specimens were post-
fixed with osmium tetroxide (2%) (Electron Microscopy Sciences) for
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1.5 h and stained with en bloc in aqueous uranyl acetate (2%) for 30
min. Afterward, the samples were dehydrated in ethanol and embedded
in epoxy resin (Tousimis; Rockville, MD). Ultrathin sections (80 nm)
were cut from each sample-block using a Leica EM UC7 ultramicrotome
(Leica Microsystems; Buffalo Grove, IL) with a diamond knife, and
mounted on grids. The thin sections on grids were stained with aqueous
gadolinium (III) acetate hydrate (2.5%) and Sato’s lead citrate stains
using a modified Hiraoka grid staining system [40]. Sections were
imaged by TEM with accelerating voltage at 80 kV (FEI Tecnai G2 Spirit
TEM; Hillsboro, OR).

2.11.6. Immunohistochemistry (IHC)

The expression of specific markers by different cells that had
migrated on the glued area from the retention experiment was deter-
mined by fluorescence immunohistochemistry on the paraffin-
embedded tissue sections. First, paraffin was removed by xylene, and
then, the samples were rehydrated in water through a graded series of
alcohols (100%, 96%, 70%, 50%, and water). Next, tissue sections were
incubated in sodium citrate buffer (10 mM), Tween 20 (0.05% w/w, pH
6.0) at 60 °C for overnight, and washed with tris-buffered saline (TBS)
and Triton X-100 (0.025% w/w), followed by blocking any unspecific
binding sites using TBS supplemented with fetal bovine serum (FBS)
(10%) and bovine serum albumin (BSA) (1%). The sections were then
incubated with the corresponding primary antibodies, as listed below,
overnight at 4 °C in humidifying conditions: (i) Mouse monoclonal an-
tibodies against HCEp specific cytokeratin (anti-cytokeratin 3 + 12,
clone AE5; ab68260, dilution 1:50, abcam [Cambridge, MA]); (ii) mouse
monoclonal antibody against ALDH3A1 (clone 1B6; GTX84889, dilution
1:50, GenTex [Zeeland, MI]); (iii) mouse monoclonal antibodies against
alpha smooth muscle actin (clone 1A4; ab781, dilution 0.5 pg/mL,
abcam). Then, the specimens were incubated with FITC-conjugated anti-
mouse antibody (ab6785, dilution 1:100, abcam) as a secondary anti-
body for 1 h at room temperature. Finally, the slides were mounted in
VectaShield mounting media containing DAPI (Vector Laboratories,
Burlingame, CA), and imaged by an inverted fluorescent microscope
(Axio Observer Z1, Zeiss).

2.11.7. Immunocytochemistry (ICC)

To evaluate the expression of ZO-1 marker by HCEn cultured on
GELGYM, we used standard ICC assay. Briefly, HCEn (10000 cells per
well) were seeded on GELGYM culture discs with varying CT (3, 5, and
10 min). At confluency, the discs were removed from media, carefully
rinsed with PBS, and fixed in paraformaldehyde (4%). For per-
meabilization and blocking, discs were incubated in PBS containing
Triton X-100 (0.25%) for 10 min and FBS (5%) in PBS containing Tween-
20 (0.05%) for 1 h, respectively. The discs were then incubated with the
rabbit polyclonal antibody against ZO-1 (ZO-1 Polyclonal Antibody,
dilution: 1:100, ThermoFisher Scientific) as a primary antibody over-
night at 4 °C in humidifying condition. Afterward, the specimens were
incubated with Cy5-conjugated anti-Rabbit antibody (dilution: 1:200,
abcam) as a secondary antibody for 1 h at room temperature. Samples
were stained with DAPI (Vector Laboratories) for nuclear staining. Im-
ages were taken by a fluorescent microscope (Axio Observer Z1, Zeiss).

2.11.8. Ex vivo complement activation experiments

Human blood was drawn from healthy donors into Vacutainer™
tubes (Becton, Dickinson, and Co., Plymouth, UK) containing a specific
thrombin inhibitor, lepirudin (Refludan®, Aventis Pharma [Mumbai,
India]) at a final concentration of 50 pg/mL [41]. For each set of ex-
periments, 300 pL of the blood was aliquoted into each 1.8-mL
round-bottom sterile polypropylene cryogenic vial (Nunc, Thermo-
fisher Scientific) and incubated at 37 °C with two pieces of 6 mm
diameter size GELGYM. Additional aliquots were used to measure the
initial activation (TO) before starting the incubation and background
activations (T30) without GELGYM under the same conditions. After the
incubation, EDTA at 10 mM final concentration was added to all tubes to
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stop further complement activation. Plasma was collected after 30 min
of incubation. The collected plasma was preserved at —70 °C. Comple-
ment activation was assessed by measuring soluble C3bc fragments, and
the soluble terminal complement complex (sC5b-9) using ELISA as
described previously [38,42-44]. Briefly, the assays were based on
monoclonal antibodies detecting neo-epitopes exposed after activation
hence, specifically measuring only components formed upon activation.
C3bc was determined by sandwich ELISA, using mAb bH6 for capture,
biotinylated polyclonal anti-C3, and HRP-conjugated streptavidin (GE
Healthcare; Chicago, IL) for detection. sC5b-9 was determined using the
anti-neo C9 monoclonal antibody aE11 (produced in our laboratory) for
capture, and biotinylated monoclonal anti-C6 (clone 9C4, produced in
our laboratory), and finally streptavidin-HRP conjugate was added for
detection.

2.12. Ex vivo burst pressure test

To measure the adhesion strength and sealing properties of the
GELGYM to biological tissue we used an adopted burst pressure test
based on the ASTM F2392-04 standard (fresh porcine cornea was used
instead of collagen sheet) [n = 6]. Fresh porcine eyes were obtained
from adult pigs immediately after their death at a local slaughterhouse
and inspected carefully to discard those showing any corneal damage.
Selected corneas were removed from porcine eyes with a 16-mm
diameter trephine and washed with PBS. Then, the corneas were full-
thickness trephined at varying sizes (2-8 mm), and placed in an artifi-
cial corneal chamber (Barron Precision Instruments; Grand Blanc, MI)
equipped with a syringe pump (NE-300, ArrEssPro Scientific; Farm-
ingdale, NY), loaded with PBS. The syringe was primed to fill the arti-
ficial chamber with PBS, and then the GELGYM solution (20-50 pL
depending on the size of the defect) was applied into the defect using a
micropipette and crosslinked by irradiation of LED light for varying CT
(3-10 min). In case of larger perforations (>6 mm), the first 20 pL of
GELGYM solution was applied into the periphery of the either pre-
crosslinked GELGYM patch, or corneal graft and then inserted in the
perforated area. Immediately afterward, LED light for 0.5 min was
applied to crosslink GELGYM and seal the perforation. Then, 50 pL of
GELGYM solution was carefully applied onto the area and radiated for
varying CT to completely seal the wound. The syringe was set to pump
PBS (0.2 mL/min) into the chamber. The burst pressure was measured
with a pressure sensor (PS-2017, PASCO; Roseville, CA) and recorded by
computer via the PASCO Capstone interface.

Then, using PDMS mold, we generated a blood vessel-like tube with a
length of 40 mm, an internal diameter of 5 mm, and thickness of 1 mm
(5 min crosslinking). Then, the engineered tube was blocked from one
end, and attached to a 7-mm plastic Hose Barb and secured with a rubber
band (as shown in Supplementary Movie S5). The plastic valve was
connected to the pressure sensor and the syringe pump. The syringe was
filled with PBS, containing a blue dye for better visualization, and set to
pump (0.2 mL/min) the solution into the engineered valve. The burst
pressure was measured with a pressure sensor, recorded by a computer,
and filmed by a Dino Lite camera (AM73915MZTL; Torrance, CA).

2.13. Lap shear adhesion test

The adhesion of GELGYM to various organs of lamb including aorta,
muscle, heart, kidney, liver, and spleen (obtained from a local slaugh-
terhouse) [n = 8] was evaluated according to modified ASTM F2255-05
standard lap shear test. Two polymethyl methacrylate (PMMA) slides
(10 x 40 x 1 mm) were used to hold the tissue after functionalizing their
surface. First, a glass coverslip (10 mm diameter) was functionalized
with 3-(trimethoxysilyl)propyl methacrylate as previously described
[45], then they were stuck with cyanoacrylate (Superglue Loctite,
Henkel; Diisseldorf, Germany) to PMMA slide, and dried overnight (top
slide). Then, using a blade, fresh tissue was dissected into 10 x 10 x 5
mm fragments and superglued on another PMMA slide (bottom one) and
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air-dried for 1 min. Then, the prepolymer solution (50 pL) was added to
the tissue and the other slide was carefully placed on the GELGYM so-
lution. After assembly, the glue between the two slides was radiated to
attach the tissue to the functionalized glass. The two PMMA slides were
placed in the mechanical tester, and the shear test was run with 2
mm/min crosshead speed. The adhesive strength was measured at the
point of detachment of the glue from the tissue. To compare the adhe-
sion strength of GELGYM with traditional sutures (2-0, 4-0, and 9-0
Prolene sutures —Ethicon; Bridgewater, NJ-), we performed an ulti-
mate tensile strength test. Briefly, we cut the suture into 10 cm sections
and placed in the mechanical tester grips, and the ultimate tensile test
was performed with 2 mm/min crosshead speed until the suture broke
[n = 4].

2.14. Statistical analysis

One-way ANOVA with Tukey post hoc was used to compare burst
pressure and metabolic activity between different groups. A value of P <
0.05 was considered statistically significant. ns, *, **, *** and
represent p > 0.05, p < 0.05, p < 0.01, p < 0.001 and p < 0.0001,
respectively. GraphPad Prism 8.0 Software (GraphPad Software; CA)

was used to analyze the data.

Fkkk

3. Results and discussion
3.1. Chemical synthesis and characterization

Gelatin-based hydrogels, and in particular, Gelatin methacryloyl
(GelMA) have been extensively studied for biomedical applications, due
to its excellent chemical and biological activities to promote cellular
attachment and growth and ease of processing [23-27,31-46]. The in-
fluence of three different parameters has been studied in the preparation
of gelatin-based hydrogels: precursor concentration ([GELGYM]),
functionalization degree (FD), and crosslinking time (CT) (Table 1,
Supplementary Information).

The FD was controlled through varying the amount of glycidyl
methacrylate reactant added into the reaction mixture, ranging from
2.6% to 175% (on average per each amine bearing amino acid 1.75
glycidyl methacrylate attached) as shown in Fig. 1a—c and Supplemen-
tary Fig. S3. The characterization and quantification of the FD of GEL-
GYM were performed using proton nuclear magnetic resonance (H-
NMR) spectroscopy through comparing a+b integrals corresponding to
the olefinic hydrogens of methacrylate (85.73 and 86.15 ppm) with ar-
omatic hydrogens present in the phenylalanine, tyrosine, and histidine
(indicated by 67.3-7.5 ppm) (Fig. 1b and c). The appearance of the
olefinic hydrogens (a+d at § = 5.8-6.2 ppm) and methyl hydrogens
[3H’s] (c at 6 = 1.9 ppm) demonstrates the grafting glycidyl methac-
rylate to the gelatin backbone. The absence of aliphatic protons’ peaks of
epoxide ring (2H, -O-CH») at 5§ = 2.82 and 2.67 ppm indicates that the
unreacted glycidyl methacrylate was completely removed from the
product during dialysis and lyophilizing process (Fig. 1b and Supple-
mentary Fig. S2) [47]. The Fourier-transform infrared (FT-IR) spec-
troscopy further demonstrated the formation of GELGYM with different
FD (Supplementary Fig. S3). The appearance of the carbonyl absorption

Table 1
Gelatin-based hydrogels prepared.
GELGYM] = 22.5% and FD (%)
CT = 5 min
2.6 11 24 57 107 157 169 175
[GELGYM] = 22.5% CT (min)
and FD = 175%
1 2 3 5 10 - - -
FD = 175% and CT = [GELGYM] (%)
5min
7.5 10 15 20 22.5 - -
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peak of methacrylate ester moieties manifested by a gradual increase in
the intensity absorbance’s ratio between the absorption peak at 1650
em ! and the un-modified characteristic absorption peak of secondary
amides from gelatin at 1545 cm ™!, along with a spectral blue shift at
1650 cm ! in FT-IR spectra further validated the formation of GELGYM
with different FD (Fig. S3).

Owing to a high abundance of methacrylate functional moieties,
GELGYM prepolymer has been shown to photocrosslink with visible
light (505-515 nm) with very low intensity (20 rnW/crnz) in the pres-
ence of eosin Y (E), triethanolamine (TEA) and vinyl caprolactam (VC)
through a radical reaction as previously has been explored to crosslink
hydrogels such as GelMA [48] and poly(ethylene glycol) diacrylate
(PEGDA) [49] (Fig. la). Visible light photopolymerization allows the
dissociation of initiator molecules into free radicals that can react with
the functionalized prepolymer. The kinetic of methacrylate polymeri-
zation through the generation of amino radicals by TEA is quite slow, so
VC was added as a comonomer in the eosin-mediated photo-
polymerization to enhance the rate of radical polymerization and the
final conversion of the polymer (Fig. S1a). The conversion of the poly-
mer (reaction progress) can be monitored with the gradual decline in the
integral of a+b hydrogen peaks, compared to aromatic hydrogens d) as a
function of CT in 'H-NMR spectra (Fig. 1b). Our analysis demonstrated a
sigmoidal correlation between the crosslinking progress and irradiation
time, where the reaction reaches to near completion in 10 min (Fig. 1d
and Supplementary Fig. S4).

3.2. Mechanical properties

The mechanical properties of GELGYM were assessed by performing
standard uniaxial tensile [50] and compression [43] experiments
(Fig. 2a-p). Tensile measurements demonstrated that the tensile moduli,
ultimate tensile, elongation, and energy at break (toughness) of GEL-
GYM are strongly dependent on its FD. Varying FD, the tensile moduli of
the hydrogel (5 min crosslinking, 22.5% w/w) could be tuned from 0.15
MPa (2.6% FD) to = 1.25 MPa (175% FD), improving the mechanical
behavior of other gelatin derivatives (0.18 MPa in the same settings for
GelMA -Fig. 2a and b- and reported 0.22 MPa [30]). GELGYM hydrogels
also showed the ability to withstand extremely high stresses before
breakage, demonstrated by their high ultimate tensile up to 1.95 MPa
(175% FD, 5 min crosslink, and 22.5% w/w), approaching those of the
human cornea (6.9 MPa) compared to 0.1 MPa for GelMA in the same
settings (Fig. 2a and d) and reported 0.05 MPa [28]. Moreover, the
GELGYM hydrogels could be stretched up to 4.1-fold (Fig. 2a) of their
initial length with the energy at break of up to 1.6 MPa (Fig. 2d), rep-
resenting superior elasticity and toughness [51] compared to existing
hydrogels such as GelMA (less than one-fold) (Supplementary Movie
S1).

Moreover, our study indicated that varying CT (Fig. 2e-h) and
GELGYM concentration (Fig. 2i-1) allows generating a library of GEL-
GYM hydrogels with a wide range of mechanical properties (with the
tensile moduli ranging from 0.034 to 1.45 MPa, ultimate tensile of
0.074-2.05 MPa, the toughness of 0.076-1.71 MPa and elasticity of
210-410%) that can be optimized according to biomedical needs.
Compressive stress-strain measurements showed a similar trend, with
the compressive moduli strongly dependent on the FD of gelatin, CT, and
GELGYM concentrations (Fig. 2m-p). We showed that the compressive
modulus of the hydrogel is programmable from 0.07 MPa (2.6% FD) to
~ 0.46 MPa (175% FD) compared to 1.69 MPa for the human cornea and
0.19 MPa for GelMA in the same settings (Fig. 2m and n) and reported
0.15 MPa [52]. Compression tests also indicated that GELGYM hydro-
gels can dissipate energy effectively as shown by the pronounced hys-
teresis (Fig. 2m). While GELGYM with a lower FD showed a greater
degree of hysteresis and dissipated more energy, those with higher FD
were demonstrated to store more energy and had an elastic behavior.
Moreover, GELGYM hydrogels were able to withstand compressive
strains as high as 80% without breaking, recovering to the initial state
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Fig. 2. Mechanical characterization of GELGYM. a) Representative tensile stress/strain curves for GELGYM (22.5% w/v and crosslinked for 5 min) with varying FD
and their corresponding mean tensile modulus (b), ultimate tensile (c) and energy at breaks (d), compared to those of GelMA (GM) and fresh human cornea (HC).
(The inset in (a) demonstrates the unique elasticity of GELGYM). e) Representative tensile stress/strain curve of GELGYM hydrogels (FD of 175% and 22.5% w/v)
with varying CT and their corresponding mean tensile modulus (f), ultimate tensile (g), and energy at breaks (h), compared to those of GelMA and fresh human
cornea. i) Representative tensile stress/strain curve of GELGYM hydrogel (FD of 175% and crosslinked for 5 min) with varying concentration and their corresponding
tensile modulus (j), ultimate tensile (k), and energy at breaks (1), compared to GelMA and fresh human cornea. (m) Representative compressive stress/strain curves
for GELGYM (22.5% w/v and crosslinked for 5 min) with varying FD. The mean compressive modulus of GELGYM with varying FD (n), CT (0), and concentration (p),
compared to those of GelMA and fresh human cornea. (The inset of (m) demonstrates the unique compressibility of the GELGYM).

without deformation (Fig. 2m). Furthermore, the compressive moduli of
GELGYM could be programmed from 0.004 to 0.56 MPa via varying CT
(Fig. 20) and prepolymer concentration (Fig. 2p). Such 5-10 folds
enhancement of mechanical properties (tensile modulus, tensile
strength elongation at breaks, toughness, and compression modules) is
believed to originate from an enhanced FD and subsequent greater
crosslinking density. Moreover, the superior elasticity is attributed to
the formation of the longer linker between the gelatin backbones and the
capacity to create hydrogen bonds formed between hydroxyl groups of
the gelatin network and solvent [43].

3.3. Structural and optical properties

Hydrogel degradation and dissolution over time often result in
attenuation of the hydrogel, unless there is counteracting tissue
remodeling and regeneration [1]. Therefore, the stability of hydrogel is
a key component to define its biomedical applications. To evaluate the
stability of the hydrogel against enzymatic degradation, we incubated
the GELGYM in a solution containing collagenase and compared the
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dried mass of the sample to the initial dried mass as a function of time
[33]. Our data indicated that the biodegradation of the hydrogel can be
easily controlled from 6 to 26 h through varying CT (longer CT leads to
higher stability), approaching that of the native porcine cornea (Fig. 3a).

This higher stability is also attributed to the improved crosslinking
density of GELGYM, which might restrict the accessibility of the enzyme
to the cleavage sites of the hydrogel, along with increasing the
anchoring points of cleavable units in the gelatin backbone. We also
studied the swelling behavior of the hydrogel in PBS solution for up to 4
days at 37 °C in an incubator. The swelling ratio was shown to vary from
13 to 90% of the original size, depending on the CT of GELGYM (longer
CT leads to lower swelling ratio) (Fig. 3b). This is consistent with the
prior mechanical evaluations and can be attributed to the varying
crosslinking density between gelatin chains. The swelling degree
allowed for the determination of the crosslinking density and the
average molecular weight between nodes [53], parameters which define
the three-dimensional network structure of hydrogels. Considering the
Flory-Tehner equation, the average molecular weight between nodes
(M,) can be determined (Eq. (1)) assuming that in the equilibrium state
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the sum of free energies is zero:

v [ln( 1-v2,5) +\'2.s+)(\722,s}
1 2

Mc Mn V2,S1/3*/%

Where M, is the number average molecular weight of gelatin, v is the
specific volume of the dry polymer, V; corresponds to the molar volume
of the solvent (18.1 mL/mol for water), va,s is the polymer volume

(€8]
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fraction at equilibrium, and y is the Flory—Huggins solvent-polymer
interaction parameter (0.49 + 0.05 for Gelatin-water interaction)
[54]. From the values of the average molecular weight between nodes
(M,), the crosslinking density (px) can be calculated (Eq. (2)), which is
defined as the average number of polymer units between two consecu-
tive nodes. A low crosslinking density gives rise to a more open network
and a higher degree of hydration. However, a high crosslinking density
implies a lower degree of hydration and a less deformable hydrogel.
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1
Pi= W (2)

The M, and the crosslinking density (px) values are shown in Fig. 3c.
Increasing the crosslinking time M. decreases, that is, the molecular
weight between two consecutive nodes decreases, while the crosslinking
density increases.

Permeability studies revealed that the GELGYM has a higher glucose
diffusion rate compared to native tissue, which also has shown to
depend on the CT of the hydrogel and crosslinking density (Fig. 3d and
Supplementary Fig. S5 and section 2). Although the GELGYM cross-
linked for 10 min swelled nearly 25% after 4 days incubation in PBS at
37 °C, it showed higher glucose diffusion compared to the native tissue,
as shown in Fig. 3d.

Such aforementioned structural properties should facilitate the
application of GELGYM in a wide range of biomedical areas including
ophthalmology, where globally there is a severe scarcity of donor cor-
neas, due to issues of tissue suitability and microbial contamination.
Despite significant progress to engineer artificial scaffolds, past efforts
have to date fallen short in emulating mechanical, chemical, and other
biomimetic characteristics of the native cornea [55,56]. To test the
suitability of GELGYM in ophthalmological applications, we next eval-
uated the optical transmission of GELGYM using ultraviolet-visible
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(UV-Vis) spectroscopy in the range of 250-850 nm. Our data suggest
that GELGYM has similar transparency to the human cornea (Fig. 3e).
We observed that the hydrogels crosslinked for shorter period of time
are pale yellow, as opposed to those crosslinked for longer period of time
that are almost colorless. Moreover, increasing the CT imparted a pos-
itive effect in blocking UV light (200-350 nm) as shown in Fig. 3e and f.

3.4. In vitro biocompatibility

We further performed in vitro cell biocompatibility studies (2D-cell
culture) to demonstrate that GELGYM crosslinked hydrogels can mimic
the native cell-ECM interactions using different corneal cell cultures. For
that purpose, we evaluated the interaction of HCEp, HCF, HCEn, and
NDC with the engineered GELGYM as a function of CT. This enabled us
to consider the effect of structural properties of GELGYM with different
crosslinking densities on the cellular biocompatibility of the hydrogel.
Standard Live-Dead assays indicated that all four types of cells were able
to maintain nearly 100% viability after 48-h cell culture on GELGYM,
independently of CT (i.e. 3, 5, and 10 min) (Fig. 4a and Supplementary
Fig. S6). Similar to tissue culture plate (TCP), in vitro cultured cells were
able to spread, migrate, and proliferate on GELGYM, reaching full
confluency in less than 6 days. The metabolic activities of all four types
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Fig. 4. In-vitro biocompatibility of GELGYM. a) Representative live-dead images of the human corneal epithelial cells (HCEp), corneal fibroblasts (HCF), and corneal
endothelial cells (HCEn) along with hybrid neuroblastoma cells (NDC) cultured on GELGYM hydrogels (FD of 175% and 22.5% w/v and 5 min crosslinking) after 6-
day incubation. b) Quantification of metabolic activity using AlamarBlue assay for HCEp, HCF, HCEn, and NDC cultured onto GELGYM hydrogels with varying CT
from 3 to 10 min, compared to the cells seeded on the TCP after 2, 4 and 6 days of incubation (ns, *, **, ***, and **** represent p > 0.05, p < 0.05, p < 0.01, p <
0.001 and p < 0.0001). c) Representative stacked confocal live-dead images of HCF, 3-dimensional (3D) cultured within GELGYM hydrogels (FD of 175%, 10% w/v
and 5 min CT), during 1 month of incubation. (Green [calcein AM]: lived cells; Red [ethidium homodimer-1]: dead cells). Scale bar: 200 pm.
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of cells cultured on GELGYM with varying CT were also quantified using
AlamarBlue assay (Fig. 4b). All of the studied cells exhibited a significant
increase in relative fluorescence intensity as a function of incubation
time, yet with a distinctive pattern, suggesting enhanced cellular ac-
tivity and proliferation rate over time.

Although the metabolic activities of the HCEp and HCF cells cultured
on GELGYM were statistically similar to those on TCP (control) in all
time points, HCEn and NDC cells showed lower metabolic activities on
GELGYM compared to those on TCP. Lower metabolic activities are
directly proportionate to the cell number at any particular time point
and rate of proliferation. HCEn culture is sensitive for the attachment on
the culture surfaces. Usually FNC coating of the surface was done before
HCEn culture as it was previously shown that FNC coating mix signifi-
cantly reduces cell loss during rinsing [57]. However, in our study we
did not use FNC coating as it was previously showed that HCEn prefer to
growth of TCP with or without coating compare to hydrogel with or
without FNC [58]. Our result of low HCEn growth on hydrogels is
similar to previous published reports.

NDC rate of proliferation is highly regulated by the surface chemistry
of the culture surface. The authors of this manuscript previously showed
that, even on collagen surface, which is considered the standard surface
for cells culture, NDC proliferation can be altered by adding cell specific
peptide motif inside the collagen hydrogel [59]. In our case, we found
less proliferation for NDC compare to TCP which might be possible to
overcome by adding specific peptides into the hydrogel. However, cell
numbers on GELGYM hydrogels were similar.

While it has been shown that the mechanical properties of the sub-
strate influence the cell adhesion, proliferation, and differentiation [60],
we did not witness any salient differences between the proliferation
rates of cells cultured on GELGYM crosslinked for different periods,
suggesting the insensitivity of biocompatibility to varying structural
properties in the studied ranges (Supplementary Fig. S6). The biologi-
cally active matrix of GELGYM, along with its ease and biosafety of
processing, led us to evaluate the potential of the hydrogel in 3D-cell
culture. Our data showed that encapsulated fibroblasts not only retain
high viability, but also spread with different rates corresponding to the
varying CT, as demonstrated by standard Live-Dead assay (Fig. 4c and
Supplementary Figs. S7 and S8).

In recent years, cells encapsulation into biocompatible hydrogels has
drawn keen scientific interest, but still remains very challenging.
Although crosslinking prevents hydrogel shrinkage, immediately after
cell encapsulation the small mesh size of these highly crosslinked
hydrogels prevents cell spreading, and results in cells with round
morphology which ultimately delays cell proliferation, migration, and
matrix production [61-63]. Several approaches have been investigated
for increasing cellular biocompatibility of encapsulation biomaterials
[64,65]. Gelatin based hydrogels have been previously used for cell
encapsulation. Higher cell viability was observed previously with
collagen compared with GelMA cell encapsulation [66]. Similar to our
observation when fibroblasts encapsulated in gelatin hydrogel were
prepared by UV irradiation, most of the encapsulated cells survived and
almost no dead cells were found, meaning that gelatin based bio-
materials are not cytotoxic and suitable for further cell encapsulation
[67]. High cell survival is related to the biocompatible nature of gelatin
which provides active attachment point to the cells and the microporous
structure of hydrogels to facilitate the efficient transportation of nutri-
ents, water, and oxygen throughout the matrix [67]. We hypothesized
that cell survival is very important in the cell encapsulation as we
observed even on day 28, that most of our cells survived. In a real (in
vivo) scenario, due to photolytic activity, biomaterials will loosen and
cells will have more room to spread. However, in vitro data showed that
fibroblast spreading can be improved inside a hydrogel by making
interpenetrating networks (IPNs) with hyaluronic acid (HA) [68].
Increasing cell spreading early in our hydrogels through IPNs can be
studied in the future.

The 2D and 3D cell culture further validates the biomimetic
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properties of GELGYM to emulate native ECM and provide a biologically
active microenvironment to support cell-matrix and cell-cell
interactions.

3.5. Ex vivo biocompatibility and retention

To evaluate the ex vivo retention of the hydrogel after application in
the corneal tissue, we applied GELGYM as a filler-adhesive to attach two
human corneoscleral limbal pieces and incubated them under specific
culture conditions (Fig. 5a). Our study showed that the retention rate of
attachment under culture (at 37 °C) was 100% for 6 months of study
(Fig. 5b). We also noticed that full stratified epithelialization of the
glued area took place in less than a week, yet fibroblast migration into
GELGYM happened more slowly. TEM demonstrated the presence of
fibroblasts into GELGYM after a 1-month incubation. Moreover, simul-
taneous degradation of the hydrogel and the formation of new collagen
fibers secreted from migrated fibroblasts into GELGYM were also
observed by TEM, indicating synchronized degradation and bio-
integration processes. Such continuous processes led to the replacement
of the GELGYM scaffold with newly synthesized collagen, leading to
attachment and unification of the two pieces, as indicated by TEM after
6-month culture (Fig. 5¢). Phenotypic evaluation of the HCEp and HCF
in GELGYM was performed by immunohistochemistry. Our data
revealed that HCEp on the glued area expressed cytokeratin 3 + 12
(specific corneal epithelial markers) (Fig. 5d) [69,70]. It was also shown
that migrated HCF expressed ALDH3A1 protein (corneal fibroblast
marker), without expressing a-SMA (myofibroblast marker, the latter
associated with a fibrotic response) [71]. In addition, HCEn cultured on
the GELGYM scaffold expressed ZO-1 (corneal endothelial marker
associated with the presence of tight junctions) (Fig. 5e) [72], further
validating the biomimetic characteristics of the engineered hydrogel.

Depending on the type of treatment, biomaterials come in contact
with blood either continuously or during implantation. This is not only
the common scenario for vascularized organs such as the liver or kidney,
but also for the cornea in severe diseases that cause corneal neo-
vascularization. Thereafter, the implanted materials will be exposed to
recognition molecules of various branches of innate immunity. Among
these systems are the plasma cascades, of which the complement system
is one of the fundamental parts, playing a crucial role in homeostasis,
regeneration, and inflammation [38]. To evaluate the potential of
complement to be activated by GELGYM in human blood, we measured
two activation fragments of the complement system (Fig. 5f). One, C3bc,
at C3-level where C3 is cleaved into C3a and C3b, which is further
cleaved to C3c and C3dg; and another at the terminal level where the
C5b-fragment binds to C6, C7, C8, and several C9 molecules to form the
terminal complement complex C5b-9 (TCC), which when formed in the
fluid phase is a highly reliable indicator of complement activation, and
thus reflects biocompatibility [73].

We found that the level of C3bc and soluble TCC were significantly
higher in the presence of GELGYM compared to background activation
(Fig. 5f). This result demonstrates that GELGYM is a complement acti-
vating material. Extensive research into complement protein C3a has
revealed its roles in bone marrow engraftment and hematopoietic stem
cell mobilization. Progenitor cells including myeloid, erythroid, and
megakaryocytic blasts, as well as human CD34 " cells, were all found to
express the C3a receptor (C3aR) [38]. On one hand, increasing evidence
suggests that complement activation may be beneficial in bone
replacement surgery to enhance tissue regeneration and integration of
the orthopedic biomaterials [38]. On the other hand, uncontrolled
activation may trigger inflammatory and thrombotic reactions leading
to implant failure. Thus, it is still unclear to what extent complement
activation is beneficial or harmful for the integration of an implanted
material [74]. For some implantations, the absence of complement
activation and subsequent cytokine release are necessary for the
implanted “organ” to survive. In other situations, e.g., an artificial or-
thopedic device made of metal, a modest complement activation with a
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Fig. 5. Ex vivo retention and biocompatibility of GELGYM. a) Application of GELGYM as glue to attach two human corneoscleral limbal pieces (FD of 175% and
22.5% w/v and 5 min crosslinking) and their retention rate (b) as a function of incubation time (T = 37 °C and 5% CO,). c) Representative TEM images of the cross-
sectional interface of tissue-glue after 1 and 6-month incubation in culture media (the red and blue arrows show the stratified HCEp and HCF respectively (the white
and black arrows illustrate GELGYM and highly organized collagenous fibers of the tissue, respectively, separated by the interface [green arrow]. The violet arrow
shows newly synthesized and partially organized collagen fibers as the GELGYM is biodegraded by HCF, indicating tissue regeneration). d) Fluorescent immuno-
staining images of the cross-sectional interface after 6-month incubation in culture media, showing the expression (green signal) of CK 3/12 in HCEp (top), ALDH3A1
in HCF (middle), and a-SMA in HCF (bottom); all cell nuclei were counterstained using DAPI (blue). e) Representative fluorescent immunostaining image of HCEn
cultured on GELGYM, after 6 days, indicating the expression of ZO-1 (pink signal). f) Complement activation by GELGYM, noted by an increased level of C3bc and
soluble terminal complement complex (sC5b-9) compared to the background activation after 30 min (T30). (TO represents the status of complement activation

immediately after drawing the blood from the donor (*p < 0.05)).

subsequent controlled inflammatory response could indeed benefit
attachment to surrounding tissue. Thus, if the inflammatory reaction
remains below the level at which tissue damage occurs, it might benefit
integration and adhesion, reducing late loosening of the device.

3.6. Adhesion properties

We further investigated the application of GELGYM as a glue for
corneal wound closure, currently achieved by the application of sutures.
Suture material can be associated with irritation, inflammation, infec-
tion, and may lead to neovascularization and astigmatism [75]. Despite
substantial efforts to design an effective adhesive to close corneal in-
cisions, none of the currently existing materials applied in clinical set-
tings are capable of meeting those requirements [76]. For instance,
fibrin glue lacks required mechanical properties, degrades quickly, and
may lead to immunological reactions [77]. PEG-based adhesives seal
corneal incisions, yet are incapable of filling stromal defects, lack cell
adhesion, and fall off quickly [78]. Cyanoacrylates, while effective for
treating small corneal perforations (<3 mm in diameter), have low
biocompatibility and are non-degradable [77], causing neo-
vascularization and inflammation [79]. ReSure® is an FDA-approved
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PEG-based ocular adhesive and used to seal corneal incisions in cata-
ract surgery. However, it is unable to fill stromal defects and falls off
quickly (less than 3 days) [38]. GelMA has also been proposed in pre-
clinical studies as a corneal bioadhesive and stromal substitute,
demonstrating its suitability for short-term wound closure [30,80]. To
evaluate the potential of GELGYM in ophthalmic surgery as an adhesive,
we examined the adhesion strength of the hydrogel to corneal tissue
using the adopted burst pressure test (Fig. 6 and Supplementary Fig. S9).

Our ex vivo data revealed that GELGYM can seal full penetrating
corneal defects of up to 4 mm-diameter (Fig. 6b) when used as a pre-
polymer solution. However, GelMA and cyanoacrylate could only seal 2-
mm perforations in similar settings as also reported by others [38].
Moreover, we demonstrate that GELGYM can function as a tissue ad-
hesive and attach either a corneal graft or pre-crosslinked GELGYM
patch to larger perforations (e.g. 6-8 mm), tolerating pressures as high
as 200 mmHg. Moreover, our studies revealed that increasing CT
significantly improves the adhesion strength of GELGYM. Considering
these properties, we envision GELGYM to have the potential to satisfy
various needs in ophthalmology including, (i) as an adhesive sealant for
corneal or corneoscleral lacerations facilitating an instant primary
closure, (ii) as a corneal glue for facilitating sutureless grafting in



S. Sharifi et al.

Pressure
sensor

Bioactive Materials 6 (2021) 3947-3961

ﬁt. Locking ring

[‘ !] Tissue retainer

Sealed perforation

—— Corneal tissue

Tissue pedestal

[ Cyanoacrylate
GelMA (5 min)

Corneal graft
GELGYM patch

KPro carrier

*kkk |
*kk*k
1200l T GELGYM

B 3 min
Bl 5 min

1000 " [ 10 min

:IE: *kkk

g 800

e

2 600

o

e

o 400

.

m 200

0

3

2

Perforation size (mm)

Fig. 6. Ex-vivo burst pressure test of GELGYM. a) Burst pressure set-up for measuring the adhesion properties of GELGYM to seal corneal perforations ranging from 2
to 8 mm. The perforated corneas were placed between the pedestal and the tissue retainer, and secured by locking ring (FD of 175% and 22.5% w/v) for varying

perforations, application approaches and CT, compared to GelMA and cyanoacrylate glue (ns, *, **,

and p < 0.0001).

anterior, endothelial and penetrating keratoplasties, and (iii) as a
corneal stromal substitute or filler to generate an immediate sutureless
keratoplasty without the need of a donor corneal stroma in anterior
lamellar and penetrating keratoplasties, including keratoprosthesis im-
plantation (Fig. 7a, and Supplementary Fig. S10 and Movies S2-S3) and
other biomedical applications (Fig. 7a and Supplementary Fig. S10).
As a proof of concept, we performed a lap shear test to study the
adhesion of GELGYM with various dynamic biological surfaces (Fig. 7b
and c) and have shown that GELGYM can strongly adhere to the wet
surface of the aorta, heart, muscle, kidney, liver, and spleen, comparing
to the tensile strength of commonly used surgical sutures (Fig. 7c) and
superseding by far, the adhesion strength of most of the widely used
adhesives such as fibrin glue (Evicel®) and PEG-based adhesive (Dura-
seal®) with a shear strength of 0.1 and 0.6 N/cm?, respectively (Fig. 7b
and c and Supplementary Movie S4) [81]. Such adhesion is believed to
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*, and **** represent p > 0.05, p < 0.05, p < 0.01, p < 0.001

arise from the diffusion of GELGYM into the collagenous tissue followed
by radical polymerization, which leads to strong mechanical anchoring
inside the tissue along with non-specific radical initiated crosslinking
through the Ilysine amino acids of the host collagen and
hydrogen-bonding, electrostatic and hydrophobic interactions. Such
mechanical anchoring also explains why the higher CT leads to
enhanced adhesion properties indicated by the burst pressure test
(Fig. 6).

To expand the applications of GELGYM, we also engineered an
artificial blood vessel and showed that it can tolerate pressures as high as
350 mmHg before failure (Supplementary Fig. S10 and Movie S5). These
studies validate the excellent mechanical, structural, biological, and
adhesive properties of GELGYM, and suggest versatile functions for this
modified biomaterial in several biomedical applications
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4. Conclusion

In this report, we engineered a versatile hydrogel with strong
adhesion to biological surfaces. It is biocompatible with a wide range of
structural characteristics, controlled by varying FD, CT, and prepolymer
concentration, allowing customizable properties according to the spe-
cific medical needs. These, along with ease and biosafety of processing
(crosslinked with low intensity of visible light and low concentration of
the crosslinking reagents) to create cellularized constructs (i.e. 3D cell
encapsulated and/or cells cultured on GELGYM surface) further
emphasize the potential applications of GELGYM not only in ophthal-
mology but also in other medical areas. Thus, GELGYM might act as
bioadhesive (e.g. tissue sealant, immobilizing medical devices, etc.), and
also as a tissue-engineered scaffold or biomaterial for 3D-bioprinting,
wound dressing, cell and gene delivery, differentiation studies, drug
development, and controlled delivery, cancer research or cell physi-
ology, among others [82].
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Abbreviations

'H-NMR proton nuclear magnetic resonance

BSA bovine serum albumin
CT crosslinking times

E eosin Y

FBS fetal bovine serum

FD functionalization degree

GELGYM gelatin glycidyl methacrylate
GelMA  gelatin methacryloyl

HCEn corneal endothelial cells

HCEp human corneal epithelial cells
HCF corneal fibroblasts

ICC immunocytochemistry

IHC immunohistochemistry

MMC macromolecular microsphere composites
NDC hybrid neuroblastoma cells

PAA poly(acrylic acid)

PEG poly(ethylene glycol)

PEGDA poly(ethylene glycol) diacrylate
PGSA poly(glycerol-co-sebacate acrylate)
PMMA  poly(methyl methacrylate)

PR Polyrotaxane

TBS tris-buffered saline

TCC terminal complement complex C5b-9
TCP tissue culture well plate

TEA triethanolamin

TEM transmission electron microscopy
UV-Vis ultraviolet-visible

vC vinyl caprolactam

VSNPs  hybrid silica nano-particles
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