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Abstract:

There is a need to develop tissue engineering based approaches to address the shortage of
donor corneas worldwide for transplantation. To do this a novel approach to fabricate three-
dimensional hydrogels using free-radical polymerization was investigated to generate
constructs for corneal stromal tissue regeneration. Different ratios of silk fibroin (SF) to
polyacrylamide (PA) were used to fabricate semi-interpenetrating hydrogels. Scanning
electron micrograph displayed the interconnectivity of pores within the fabricated hydrogels.
Pore sizes ranged from 25 to 66 um. Scaffolds with increasing concentration of SF had
enhanced B-sheet structure (verified by Fourier transform infrared spectroscopy). The
biological response of human corneal stromal cells to these hydrogels was examined using
cellular adhesion, proliferation, cytoskeleton organization, gene expression and
immunocytochemical analysis. The fabricated hydrogels possess rapid gelation (~3min) at 37
°C, 84% porosity facilitating keratocyte migration during healing, improved cellular adhesion
and no cytotoxicity, indicating their efficiency for in-situ corneal tissue regeneration. Presence
of SF in semi-interpenetrating network hydrogel enhanced cellular proliferation, elevated
GAG deposition, and increased expression of keratocyte genes, normally associated with
healthy corneal stromal tissue. This study acts as an initial step towards fabricating SF based
semi-interpenetrating network hydrogels for developing clinically applicable ocular implants.
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Abstract:

There is a need to develop tissue engineering based approaches to address the shortage of
donor corneas worldwide for transplantation. To do this a novel approach to fabricate three-
dimensional hydrogels using free-radical polymerization was investigated to generate
constructs for corneal stromal tissue regeneration. Different ratios of silk fibroin (SF) to
polyacrylamide (PA) were used to fabricate semi-interpenetrating hydrogels. Scanning
electron micrograph displayed the interconnectivity of pores within the fabricated hydrogels.
Pore sizes ranged from 25 to 66 um. Scaffolds with increasing concentration of SF had
enhanced B-sheet structure (verified by Fourier transform infrared spectroscopy). The
biological response of human corneal stromal cells to these hydrogels was examined using
cellular adhesion, proliferation, cytoskeleton organization, gene expression and
immunocytochemical analysis. The fabricated hydrogels possess rapid gelation (~3min) at 37
°C, 84% porosity facilitating keratocyte migration during healing, improved cellular adhesion
and no cytotoxicity, indicating their efficiency for in-situ corneal tissue regeneration. Presence
of SF in semi-interpenetrating network hydrogel enhanced cellular proliferation, elevated
GAG deposition, and increased expression of keratocyte genes, normally associated with
healthy corneal stromal tissue. This study acts as an initial step towards fabricating SF based
semi-interpenetrating network hydrogels for developing clinically applicable ocular implants.
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1. Introduction:

Cornea is the outer most, transparent layer of the eye. The major structural and functional
unit of the cornea is the stroma. The stroma has a highly ordered, hierarchical organized
extracellular matrix (ECM) and quiescent keratocytes'? to maintain corneal transparency.
Corneal injury, generally caused by infection or trauma, may lead to wound healing and
impaired vision. According to World Health Organization’s (WHO) report, corneal scares are
the fourth leading cause of blindness worldwide3. Presently, corneal transplantation is one of
the most acceptable and effective, clinical treatment to restore/improve vision for stromal
corneal damage after injury. Large global shortage of corneal donors — only 1.4% of the
present demand? - restricts such transplants. Keratoplasty is necessary for many cases to
assuage the suffering, pain and to regain vision, but in some cases, the recipient may not be
able to accept an allograft. To address these issues, researchers have been exploring new
methods to obtain corneal tissue using tissue engineering. One of the most challenging tissue
to engineer is corneal stroma due to its composition, thickness, complicated highly ordered
structure, and need for transparency®. So far, most research has focused on using three-
dimensional hydrogels >®7:8° or decellularized corneal scaffolds'%11.12,

In situ hydrogel formation is a one of the most attractive choices for soft tissue regeneration
(like cornea, skin). It limits risk of infection, lowers invasive surgical complexity, strengthens
interaction between tissue and hydrogel and covers up wounds, promptly, without crumple®3,
In situ formed hydrogels show more advantages over pre-formed hydrogel regarding
entrapping of bioactive molecules, cells, or drugs with precursor molecules before the
formation of gel and efficient delivery at the target site 4. There do exist some crucial
challenges (like rapid gelation at physiologically tolerable temperatures, cross-linking in
aqueous environments and tolerance of moisture) associated with fabricating injectable, in
situ hydrogels®.

The most commonly used polymerization procedure involves radical or photo polymerization
utilizing photoinitiator. This is not favoured for in vivo injection!®. To address this issue, free
radical polymerization, providing homogeneity in the cross-linked network?’, was introduced
to fabricate in situ hydrogels system with desired biocompatibility and biodegradability*8.
Natural and synthetic polymers, which have been used extensively to fabricate hydrogel, have
certain limitations. Characteristics of natural polymer-based hydrogels vary from batch to
batch, whereas biodegradability and biocompatibility is a major problem associated with
synthetic polymer-based hydrogels'®. Faced with this conundrum, the solution would be
formulating a co-polymer system, consisting of natural and synthetic polymers — whether
blended, cross-linked, or physically entrapped??,2?.

Polyacrylamide (PA) is used as a cell-based, synthetic biomaterial. Pure PA hydrogel are
brittle, however, they possess several advantages, making it ideal for creation of in situ
hydrogels??. These include the ability to modulate the elastic modulus by adjusting the
monomer-cross linker ratio; consistent surface chemistry across a range of mechanical



properties; little nonspecific cell-receptor binding; translucent properties and the possibility
of fast free-radical polymerization.

Silk fibroin (SF), approved by the U.S. Food and Drug Administration (FDA)for medical use,
has established itself as an indispensable biopolymer for tissue engineering applications due
to its biocompatibility, controlled biodegradability, production of non-inflammatory by-
products, mechanical strength and an ability to stabilize labile compounds?3242>,
Furthermore, SF is almost transparent to visible light, an important criteria when choosing
biomaterials for ocular constructs 2627282930 The combination of such properties makes SF a

promising biomaterial for fabrication of corneal scaffolds.

These aspects of both polymers encourage the exploration of a PA/SF hydrogel construct. If,
in such a system, SF could be physically entrapped within the void space of the highly cross-
linked PA network without the involvement of any chemical crosslinker, that would open up
new opportunities for tissue engineering cornea. The present work reports on the
formulation of SF hydrogel through the physical entrapment of SF within the 3D hydrophilic
network of PA. Previously, SF based interpenetrating network hydrogel has been investigated
for hydrophobic drug delivery3!, controlled release of drugs3? and wound dressing33. A recent
study reported that silk fibroin based interpenetrating network hydrogels exhibited high
strength and toughness. These properties indicated the potential for future use as biological
material®*.To the best of our knowledge, this formulation method to develop SF based 3D
interpenetrating network hydrogel for corneal stromal regeneration has not previously been
examined. Further, the role of protein concentration on the resultant biomaterial’s stability,
mechanical flexibility, cytotoxicity and cellular responses with corneal stromal cells was also
evaluated.

2. Materials and methods:
All reagents and chemicals were procured from Sigma-Aldrich, unless specified otherwise.
2.1.  Isolation of silk fibroin from Bombyx mori cocoon:

Silk fibroin (SF) was extracted from Bombyx mori cocoons (Treenway silks, USA) using
previously described standard protocol?®. The SF concentration was adjusted, using 10% (w/v)
Polyethyleneglycol (PEG, 10,000 MW) solution, to 4%, 6% and 8% (wt/wt). These
concentrations were used throughout this study. The final concentration of protein solution
was measured by gravimetric analysis.

2.2.  Fabrication of composite hydrogels:

A free radical polymerization using N, N'-methylene bisacrylamide (N,N’-MBAAm) as cross-
linker, ammonium persulfate (APS) as free-radical initiator and N,N,N’,N’
tetramethylenediamine (TEMED) as catalyst, was utilized to obtain the semi-interpenetrating
network of SF and PA. 30 wt% aqueous PA solution containing 0.5 wt% N, N'-MBAAm, 5 wt%
of APS and 0.5 wt% of TEMED was mixed with equal volumes of SF solutions of the three



different concentrations to achieve required blended ratios. The PA concentration in the
fabricated hydrogel was 15 wt% while SF concentration was varied from 4 to 8 wt% in PA/SF4,
PA/SF6 and PA/SF8 respectively. Pure PA hydrogels of 15 wt% served as control, designated
as PA. The hydrogels were removed from the moulds after polymerization and washed thrice
with de-ionized water to remove of sol fraction. The hydrogels were frozen at -20 °C and
lyophilized following the previously established protocol?l. After lyophilization, hydrogels
were treated with absolute ethanol for 5 min and 70% ethanol for 20 min to form a B-sheet
structure, before conducting further studies.

2.3. Measurement of gelation kinetics:

As the gelation progressed, viscoelasticity of the precursor solutions increased continuously
until the complete network structure was achieved. The gelation time was defined as the
duration of time needed to form gel following the incorporation of APS and TEMED. Gelation
time was determined according to the time taken by the reactant mixture to turn into a
viscous solution and the viscous solution no longer tumbled in the leaned tube position3>.

2.4.  Evaluation of rheology:

Rheological analysis were conducted using a MCR 102 rheometer (Anton Paar, Austria)
assembled with temperature controlling systems, using a 25 mm diameter parallel plate!?.
Viscosity of precursor solutions was quantified by performing a frequency sweep, from 0.1 to
1000 Hz, at 5% strain at, 15 °C.

2.5.  Morphology and porosity measurement:

The hydrogels microstructure was analysed using scanning electron microscopy (SEM,
SUPRA 35 VP, Carl Zeiss). Following fabrication, the hydrogels were washed thrice with de-
ionized water to take off unreacted monomers. The fabricated hydrogels were then cryo-
fractured by dipping in liquid nitrogen (-196 °C) and lyophilized. The completely dried
resultant hydrogels were used to conduct SEM analysis after gold-coating, using a sputter
coater. The pore sizes of hydrogels were measured using Image) software (average of 30
randomly selected pores). Physical images of hydrogels have also been presented.

2.6.  Porosity measurement:

A solvent replacement method was utilized to measure the porosity of the hydrogels?!. Disc
shaped hydrogels (6 mm diameter, 6 mm height) were prepared for this study and total
volume of hydrogel (v) was determined from its dimensions. Completely dried hydrogels were
submerged in known volume (v1) of hexane at room temperature for 5 min. The hydrogels
were then taken out and the volume of unabsorbed hexane (v2) was measured.

2.7. Transparency:

The transparency and macroscopic image of fabricated hydrogels was evaluated. To measure
the light transmission, hydrogels were placed in a 12-well plate, after soaking in phosphate
buffer saline (PBS), at 37 °C, for 2 days. PBS was used as a blank control. A microplate reader



(Synergy HTX, BioTek) was used to determine the light transmittance for wavelengths
between 400 nm and 750 nm. An average of three measurements of each composition, under
each wavelength measured was considered.

2.8. Chemical and thermal characterization:

To analyse the chemical composition of the hydrogels, attenuated total reflectance-Fourier
transform infrared (ATR-FTIR, Nexus-870, Thermo Nicolet Corporation, USA), over a wave
number range of 2500-500 cm™ under ambient conditions was conducted.
Thermogravimetric Analysis (TGA) was performed (Perkin Elmer Pyris Diamond TG-DTA
thermo-gravimetric analyser) from 50°C to 300°C, at a rate of 10 °C /min, under synthetic air
(N2—02 is 80:20).

2.9.  Stability of PA/SF hydrogels:

The stability of the PA/SF hydrogels was evaluated to quantify the release of SF over time
from the composite constructs. The hydrogels were incubated in given volumes of PBS (pH
7.4) at 37 °C. To avoid fungal contamination, 0.02 wt% sodium azide was added to PBS. At
specified time-points, PBS extracts were collected and measured for protein concentration
with Bradford assay method. The protein released in PBS was quantified from the standard
curve from its corresponding OD value at 595 nm.

2.10. Evaluation of percentage equilibrium water content (EWC) and sol fraction:

Gravimetric analysis yielded the percentage of equilibrium water content of each composition
36 The fully dried hydrogels were incubated in three different sets of PBS with pH 3, 7.4 and
11 respectively at 37°C for 48 h to equilibrate. After removing excess water from the surface,
the swollen constructs were weighted immediately, and the percentage equilibrium water
content was quantified as a ratio of weights of equilibrium swollen gel to dried gel.

The remaining sol fractions after gelation was measured for all hydrogels utilizing a standard
protocol with minor modification3®. Dry weight of each lyophilized hydrogels was noted down,
and the dried hydrogels were incubated in de-ionized water at 37°C for 24 h. The swollen
hydrogels were removed after incubation, wiped properly and dried again. After re-drying,
the final weight was measured. The percentage sol fraction was determined as a ratio of
weight loss after re-drying to initial dry weight.

2.11. Evaluation of swelling ratio:

Conventional gravimetric analysis was performed to determine the swelling behaviour of the
hydrogels?!. Lyophilized hydrogels were incubated in deionized water at 37°C. After
incubating for a pre-determined time interval, samples were removed, blotted to dry and
weighed. The swollen gels were further lyophilized and re-weighed. The mass swelling ratio
was quantified from the ratio of wet weight and dry weight.

2.12. Invitro enzymatic degradation:



The in vitro biodegradation of the fabricated hydrogels was evaluated in Protease XIV (from
Streptomyces griseus, 1.0 mg/ml) and phosphate buffer solution (PBS, pH 7.4) at 37 °C, for 28
days®’. After formulation, three samples of each composition were weighed and lyophilized.
The weight after lyophilization of each hydrogel was noted to determine the percentage
monomer for each composition. The known weight, disk shaped hydrogels were immersed in
10 ml enzyme and PBS (pH 7.4) solution, with 0.02 wt% sodium azide added to prevent
bacterial contamination. The enzyme solution was changed every alternate day. At pre-
determined time interval, 3 samples of each composition were removed and lyophilized. The
weight of the lyophilized samples was determined and correlated to initial dry weight (initial
weight of each hydrogel x % macromer) to determine the percentage mass loss with time.
The results were presented as the percentage mass remaining over time.

2.13. Cell isolation and culture:

Isolation of human corneal stromal cells from donor tissue were performed as per previously
described protocol3®, in accordance with the Declaration of Helsinki. After physically
discarding the epithelium and endothelium of the corneas, the remaining stromal tissue was
cut into tiny pieces and immersed in culture media consisting of Dulbecco's Low Glucose
Modified Eagles Medium (DMEM) (Hyclone; Thermo Fisher Scientific) and supplemented with
10% fetal calf serum (Hyclone) and 1% penicillin/streptomycin onto a culture plate. When
cells had migrated out from the stromal tissue and attained confluency of around 80-90%,
they were trypsinized, centrifuged and counted using a hemocytometer after suspending
them in the medium. The cells were then cultured to evaluate the biocompatibility of
fabricated hydrogel in standard culture flasks in a controlled, humidified environment of 5%
CO,, at 37 °C. Cells at passage 2 were utilized in the current study.

The hydrogels (4 mm diameter x 2 mm thick) were sterilized by treating with 70% ethanol
followed by a 30 min exposure to UV. Hydrogels were then washed thrice using sterile PBS
(pH 7.4) for 30 min and immersed in culture medium for 6 h to assure that the hydrogels
would maintain a favourable environment to the seeded cells. The hydrogels were partially
dried before couple of hours of cell seeding to allow better cell penetration. Each hydrogel
was seeded with 100 pl of cell suspension in media containing 0.5x10° cells. For 1 h after
seeding, cell-hydrogel constructs were maintained at
37 °Cand 5% CO,, in a humidified environment, to boost cell adhesion. Cell seeded hydrogels
were cultured in serum free media containing of DMEM/F12 (Hyclone; Thermo Fisher
Scientific), supplemented with 1% penicillin/streptomycin, 100 pg/ml L-ascorbic acid and 1
ul/ml Insulin-Transferrin-Selenium (100x, Gibco) medium for up to 21 days. Cell culture media
was replaced every alternate day.

2.14. Cellular adhesion and toxicity assay:

After 1, 3 and 5 h of cell seeding, cell adhesion onto hydrogels was performed as per
previously established protocol®. Briefly, without interrupting the cell laden constructs,
culture media was flushed gently onto the culture plate to detach any cells that might have



been loosely attached to the culture plate. The concentration of unattached cells was then
counted using hemocytometer, treating the chamber with 10l of this cell suspension. The
number of adhered cells to the hydrogels was determined by subtracting the density of
unattached cells from the cell seeding density. Following the manufacturer's protocols, cell
metabolic activity was performed at pre-determined time intervals using a PrestoBlue assay
(Molecular Probes; Invitrogen, Carlsbad, CA), over 21 days of culture period.

2.15. Invitro biocompatibility and cytoskeletal organization:

After 5 days of culture, cell laden hydrogels were conducted for live/dead assay (Molecular
Probes, USA), where live cells were stained by calcein (green coloration; excitation: 488 nm)
and dead cells by ethidiumhomodimer (red coloration; excitation: 543 nm). The stained
hydrogels were investigated through confocal microscopy (Leica SP8, Leica).

Cytoskeletal organization of cell laden hydrogels were examined after 10 days of culture. After
fixing the constructs using 4% paraformaldehyde for 15 minutes at room temperature (RT),
the fixed constructs were permeated with 0.1% Triton X-100 for 5 min, blocked with 1%
bovine serum albumin (BSA) for 1h. and stained with phalloidin-TRITC. The constructs were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI). The Leica SP8 confocal microscope
was utilized for imaging, followed by image post-processing using LAS X Advanced software.

2.16. Immunofluorescent staining:

After 14 days of culture, cell laden hydrogels were pre-processed for immunocytochemistry
analysis. After permeabilization and blocking, constructs were incubated with primary
antibodies, overnight, at 4°C. The following primary antibodies were employed: ALDH3A1,
CD34, and a-SMA. Following incubation, three, 5-min washes with 1% BSA in PBS were carried
out to get rid of the unbound antibody. The cell laden hydrogels were then incubated with
secondary antibody for 1 h at room temperature followed by washing three times for 5 min
with 1% BSA in PBS. Constructs were then treated with DAPI to counterstain the nuclei. Only
secondary antibody staining was done as negative control. Laser scanning confocal
microscopy (Leica SP8) was used to image stained cell laden hydrogels. Details of antibodies
and the immunofluorescent staining protocol are previously reported 2.

2.17. Gene expression by real-time Real Time-PCR:

Real-time reverse transcription PCR was performed to assess relative gene expression after
14 days of culture following previously established protocol3. The following primers (Applied
Biosystems, Biosciences, Dublin, Ireland) were procured and examined: ALDH3A1l
(Hs00964880_m1), collagen type Il (COL3A1; Hs00943809_m1), collagen type | (COL1A1;
Hs00164004_m1), collagen type V (COL5A1; Hs00609133 m1), decorin (DCN;
Hs00754870_s1), glyceraldehyde-3- phosphate dehydrogenase (GAPDH; Hs02758991 gi),
keratocan (KERA; Hs00559942 m1), and lumican (LUM; Hs00929860_m1). Based on the AACt
methodology, gene expressions were normalized against reference gene, GAPDH. The gene
expression values were then determined and presented in an exponential form, 2724,



2.18. Biochemical assays:

Following previously described protocol, biochemical analysis of sulfated glycosaminoglycans
(sGAG) and DNA was evaluated after 14 and 28 days of culture periods®?. Cells in the hydrogels
were macerated utilizing a digestion solution (125 pg/ml papain, 5 mM L-cysteine, 100 mM
Na2HPO4, 5 mM EDTA, pH 6.8) for 16 h, at 60 °C. A dimethylmethylene blue (DMMB) binding
assay (Blyscan; Biocolor Ltd., Antrim, UK) was performed to measure sGAG. After mixing each
sample with the DMMB solution, the absorbance was evaluated at 590 nm wavelength. Using
a standard plot of bovine chondroitin sulfate, total sGAG of each sample was deduced and a
Bisbenzimide Hoechst 33258 DNA assay was performed to normalize data to DNA.

2.19. Statistical analysis:

One-way ANOVA was performed, followed by Tukey's post-hoc HSD test. Significant
differences are presented as ***p < 0.001; **p < 0.01; *p < 0.05. Data presented uses the
format of mean * standard deviation (SD). Sample size, unless otherwise specified, is 3.

3. Results:
3.1.  Fabrication of hydrogel network

The free radical polymerization reaction in an aqueous medium was used to fabricate PA/SF
semi-interpenetrating hydrophilic networks at room temperature. The hydrogels promptly
took the shape of moulds used for formulations. The possible mechanism of crosslinking has
been presented in Figure 1. Due to different non-covalent bonds (including hydrogen
bonding), as well as electrostatic interactions, PA formed a reversible complex in aqueous
solution®®. In the presence of aqueous SF solution, the polymerization of acrylamide
moderately induced the formulation of semi-interpenetrating network hydrogels®!.
Polymerization of PA and SF initiates and as a consequence, a semi-interpenetrating network
is developed by the cross linking of the liner polymer in the immediate presence of another®!.
APS and TEMED were used as combination of redox initiators in the current reaction system.
TEMED accelerated the reaction, and the free radicals were formed due to the dissociation of
APS. These free radicals should not be present in the resultant hydrogels as a result of their
short lifetime*2. Both, covalent and ionic bonds were present in the fabricated hydrogels. The
3D framework and rigidity of the hydrogels was supported by the covalent bonds, whilst
higher mechanical strength and pH sensitivity was significantly influenced by ionic bonds*.
Hydrogels with varying SF concentrations ranging from 4 to 8 wt% were fabricated and
designated as PA/SF4, PA/SF6 and PA/SF8, corresponding to final SF concentration in the
hydrophilic network as 4, 6 and 8 wt%. The pure PA gels (15 wt%) served as control and were
designated as PA.

3.2.  Physical characterization of hydrogels:

The protein concentration significantly affected the gelation rate of semi-interpenetrating
hydrogels (Fig. 2(a)) with the increasing SF concentration leading to longer gelation times.



This was due to the higher concentration of protein being entangled within rigid polymeric
network due to physical interaction. The gelation times of the hydrogels in this study ranged
from 2 to 3.5 min. The fastest gelation was recorded by PA/SF4 (~2.2 min.), followed by
PA/SF6 and PA/SF8 respectively. Due to the rapid gelation, gelation kinetics of PA could not
be accurately quantified. The viscosity was measured by increasing shear rates at 15 °C.
Regardless of protein concentration, shear thinning characteristics were noticed in all
precursor solutions (Fig. 2(b)).

The fabricated hydrogels are required to have optical properties similar to a healthy cornea.
Quantitatively, the percentage of visible light transmittance through the hydrogels was
between 80% and 95% (Fig. 2(c)). The transmittance decreased as the light wavelength
entered the UV region.

After fabrication, hydrogels were cryo-fractured vertically to examine the native structure of
hydrogels (Fig. 2(d)). An uninterrupted homogeneous interconnected porous morphology
within fabricated hydrogels was revealed through SEM analysis. The internal morphology
(pore size and structure) was dependent on various factors like lyophilization process,
crosslinking density as well as concentration of SF and PA. The overall pore size was 20-75
um, with mean pore sizes of 669 um, 52+7 um, and 32+4 um for PA/SF4, PA/SF6, and PA/SF8
respectively. The pure polyacrylamide gel exhibited the smallest mean pore size of 253 um.
In the blended hydrogels, pore sizes reduced with increased protein concentration (refer
Table ).

3.3.  Chemical characterization by FTIR spectroscopy:

The interaction of SF and PA within the semi-interpenetrating network was investigated by
analysing the positions of the peaks of amide |, amide Il, and amide Ill in infrared spectrum.
Fig. 3(a) represents IR spectrum of SF (magnified peaks were presented inset), PA, and PA/SF
composite hydrogels. Of the major vibration peaks detected, the following three vibration
peaks associated with SF were identified: 1650-1630 cm™ for amide | (C=0 stretching), 1540—
1520 cm™ for amide-Il (secondary NH bending, due to B-sheet structure), and 1270-1230
cm-1 for amide Il (C-N and N-H functionalities)®°. Absorption peaks at ~1535 cm-1 and ~1648
cm-1 corresponded to the B-sheet structure (amide Il). Protein conformation was confirmed
from the presence of an amide | band, embodied by the C=0 stretching vibration*. Hydrogen
bond strength, for those between N-H and C=0 groups, impacts the vibration frequency of
the band. Protein backbone conformational structure controls bond strength*. Crosslinking
of SF and PA exhibited peak shift of the composite hydrogels. All the hybrid hydrogels had the
characteristic peaks of polyacrylamide, including the peak at 1682 cm-1, corresponding to the
C=0 of the amide group, the peak at 1450 cm-1 corresponding to C-N (amide Il stretching)
and the peak at 1120 cm™ [C-N and N-H bonds (amide IIl)]. Moreover, all composite hydrogels
represented all the corresponding peaks of SF and PA without major alteration and peak shift,
except for amide Il at 1534 cm-1. Generally, amide Il reflects the change in hydrogen bond
environment?!. The addition of SF into the PA network affected the hydrogen bond mediated
amide-amide interactions. The interpenetration reduced the unordered nature of SF which



supported the findings of enhanced mechanical properties of the hydrogels. This result
indicates crosslinking of SF and PA, without any major structural alteration and implies
structural stability of the hydrogels.

3.4.  Thermal analysis by TGA:

To investigate the thermal stability of the hydrogels, thermal gravimetric analysis was
performed (Fig. 3(b)). Hydrogels showed single step decomposition behaviour. A mass change
was clearly noticed over a temperature range of 95-100 °C due to the immense loss of
adsorbed water. Hydrogels experienced moderate decomposition above 100 °C. The
complete thermal decomposition (0% w/w residue) of polyacrylamide occurred at ~198°C.
This may happen due to the loss of ammonia with the formation of imide group via
cyclisation®. The decomposition temperature of hydrogels was ~186° C, ~172° C and ~163° C
for PA/SF4, PA/SF6, and PA/SF8 respectively. The decomposition temperature (onset) points
decreased with increase of SF concentration.

3.5.  Stability of SF interpenetration within the hydrogels:

Three-dimensional semi-interpenetrating network of hydrogels are capable of entrapping a
large amount of protein (~¥85%) after 21 days. A burst release of protein was observed within
the 96 h after fabrication of hydrogels. Thereafter, a sustained and stable release profile was
recorded. The total fraction of SF released was approximately 7.5, 11 and 14.8% for PA/SF4,
PA/SF6, and PA/SF8 respectively (Fig. 3(c)) (p < 0.05). Integration of SF protein within the
cross-linked network of PA gel was stable.

3.6. Swelling characteristics of the hydrogels:

The swelling characteristics of the hydrogels was clearly visible. The swelling ratio,
corresponding to water absorption, substantially increased with SF protein concentration due
to the consequence of an interaction (Fig. 4(a)). The equilibrium water content of lyophilized
hydrogels under different pH (pH 3, 7.4 and 11) of PBS has been presented in Fig. 4(b). A linear
shift in equilibrium water content was recorded with increased pH. There was no significant
difference in equilibrium water content observed among different compositions. The average
equilibrium water content of the hydrogels was 61% in a pH 3 medium. It increased to 80% (p
< 0.05) and 92% (p < 0.01) in pH 7.4 and pH 11 mediums, respectively. Sol fraction (%) of
fabricated hybrid semi-interpenetrating structural hydrogels at 37 °C has been reported at
Table I.

3.7.  Invitro degradation:

The degradation of all the hydrogels in PBS (pH 7.4) at 37° C (Fig. 4(c)) and in Protease XIV
(Fig. 4(d)) was evaluated and has been presented as %weight remaining after 28 days. The
percentage of SF significantly affected the mass loss. At day 28 in PBS, the mass left for PA,
PA/SF4, PA/SF6, and PA/SF8 were 88%, 84%, 81% and 75% respectively. Treatment with the
enzyme over 28 days showed a time dependent decrease in dry weight. At day 28 in enzyme,



the mass left for PA, PA/SF4, PA/SF6, and PA/SF8 were 74%, 64%, 56% and 48% respectively.
Controlled biodegradation is an essential feature for scaffolding materials as it can regulate
cell viability, growth and host response?®.

The rate of in vivo degradation of the scaffolding material should ideally correspond with the
rate of new tissue formation. There are similarities between degradation of silk-based matrix
through Protease XIV and the degradation produced by some typical human enzymes®’.

3.8.  Cell adhesion and proliferation:

The adhesion of the corneal stromal cells to the surface of composite hydrogels after 5h
culture was evaluated (Fig. 5(a)). Within the first hour, approximately ~55%, ~78%, ~84% and
~82% of cells had attached to PA, PA/SF4, PA/SF6, and PA/SF8 hydrogels respectively. All
composite hydrogels showed significantly higher (p < 0.05) cellular adhesion compared with
control (PA). There was no significant difference in cellular adhesion between different
composite hydrogels 5 h after seeding. Cells that attached efficiently upon hydrogels are
further expected to form a well-ordered organized ECM? that is essential for successful tissue
regeneration.

The cells proliferated and spread out within the hydrogels over the period of culture.
Proliferation was investigated at day 3, 7, 14 and 21 (Fig. 5(b)). No significant difference in
terms of cellular proliferation for short-term culture period (day 3) was recorded between
different composite hydrogels and the control. This result indicates the non-cytotoxicity of
material as hydrogel did not have any detrimental effect on cell growth. The cellular
proliferation was significantly increased with time in all cell-laden constructs. Cell metabolism
was significantly higher (p < 0.01) for all composite hydrogels when compared with control
after 21 days of culture. However, a slow rate of cellular proliferation for all compositions was
recorded over the whole culture period, probably due to the use of low glucose, serum-free
media. Human corneal stromal cells can survive for a long period of time in culture when
maintained in low glucose condition as well as retaining keratocyte-characteristic phenotype
in serum-free environment*8,

3.9.  Cell viability and cytoskeletal organization:

The viability of cells on different hydrogels was evaluated using a live/dead staining assay (Fig.
5(c)). Only viable cells (in green) and no dead cells (red) were observed on all hydrogels,
indicating non-cytotoxicity of the hydrogels. There appears to be more viable cells present on
PA/SF6 and PA/SF8 hydrogels, followed by PA/SF4 and PA hydrogels. This would seem to
associate with the findings from the proliferation assay and imply that hybrid hydrogels are
highly efficient at supporting cell proliferation.

The cytoskeleton organization of cells exhibits a crucial function in regulating cell adhesion,
migration and contractibility of matrix. More well distributed and stressed actin fibres were
present in cells on all composite hydrogels compared to control (PA) (Fig. 5(d)). Less number
of cells were observed on control hydrogel (PA) when compared with composite hydrogels.



Actin distribution was irregular and sparse as well as being restricted to the immediate
environs of the cell in the control samples.

3.10. Gene expression:

Gene expression of several keratocyte markers was evaluated using rtPCR after 14 days of
culture. Hybrid hydrogels significantly increased the expression of ALDH3A1, keratocan,
decorin and lumican by day 14 (Fig. 6(a)). ALDH3A1 expression was significantly increased for
PA/SF4, PA/SF6, and PA/SF8 (~9.6 + 1.2, ~11.9 + 0.89 and ~11.3 % 1.1-fold increase,
respectively) when compared to PA at day 14 (~4.7 £ 0.7—fold increase). A significant increase
in keratocan was demonstrated for PA/SF4, PA/SF6, and PA/SF8 (~6.2+1.3,7.5+1.2 and 7.81
t+ 1.4-fold increase, respectively) compared to PA (2.8 + 0.5—fold increase).Significant
increments for decorin and lumican were also recorded for all hybrid hydrogels, compared to
control. Expression of collagen type |, lll and V, the most abundant collagens in the corneal
stroma, were also assessed (Fig. 6(a)). Collagen type |, type Il and type V expression was
significantly enhanced by day 14 for PA/SF4 (~7.8,~8.9 and ~5.2 -fold increase, respectively),
PA/SF6 (~8.4,~11.5 and~7 -fold increase, respectively) and PA/SF8 (~8.3,~11.6 and ~7.4 -fold
increase, respectively) compared to ~3.7,~4.3 and ~2—fold increase in the PA hydrogel. The
increased expression of these proteins should lead to improved matrix deposition, which is
vital for tissue formation.

3.11. Characterization of ECM:

Cells are required to synthesize and secrete corneal specific ECM to develop corneal tissue.
The most common, negatively charged macromolecules, present in corneal stromal ECM, are
the glycosaminoglycan (GAG) polysaccharides. Quantification of GAG synthesis for cells on
PA/SF4 (~3.67 pg), PA/SF6 (~5.03 pg) and PA/SF8 (~4.82 pg) matrices demonstrated that
significantly more GAG was present when compared to PA (~2.11 ug) at day 14 (Fig. 6(b)). A
similar trend was present when the GAG was normalized to the DNA present at day 7 and 14
(Fig. 6(b)).

3.12. Immunocytochemistry:

Cell laden hydrogels were further analysed through immunohistochemistry (Fig. 7).
Immunocytostaining confirmed the results from rtPCR with cell-laden hydrogels staining
positive for ALDH3A1 whereas o-SMA remained negative. Expression of CD34, a
hematopoietic stem cell marker and an adhesion molecule, was also investigated for all
fabricated hydrogels. Positive staining of CD34 signifies that hydrogels may have a positive
function in keeping the keratocytes attached in their micro-niche, between the collagen
lamellae®®. However, the myofibroblastic differentiation was limited on all hybrid hydrogels.

4. Discussions:



We have demonstrated that interpenetrating network hydrogels based on SF and PA have the
potential to be used for in-situ repair and regeneration of damaged cornea. The fast gelation
speed of the hydrogels enables them to be injected into the repair site where they can form
a stable hydrogel. The gelation time in the current study is easily controlled by varying the
protein concentration. SF shows great promise as a material to fabricate scaffolds to repair
tissue as it can easily simulate many advantageous properties of natural ECM and bolster
cellular migration, viability and organization?. The free-radical polymerization reaction at a
close to physiological pH in an aqueous system was used to formulate three different PA/SF
composite hydrogels. The concentration of SF had a controlling effect on gelation time. We
report gelation times between 2.2 and 3.5 min and increasing SF concentration would further
prolong the gelation. A gelation time of less than 3 min is required for in situ sealants.

A compact-tighten network with smaller diameter of pores was developed within the
composite hydrogels when we used higher concentration of SF. Samples with higher protein
concentration hold less water. Any water molecules in an SF solution would exist dispersed
within an interconnected network but when immersed in liquid nitrogen, they would rapidly
turn into ice crystals®l. Upon lyophilization of the once frozen constructs, the crystals tend to
sublimate, leaving pores in their place. Smaller pores would also be subjected to greater
forces of surface tension®?. This could justify why the pore walls appear to thicken with
increasing in SF concentration. Mechanism of pore formation was textured by the
lyophilization process 3. The process comprises three stages: freezing, primary drying and
secondary drying. Cooling runs under atmospheric pressure at a constant rate from 15 °C to
— 20 °C followed by a phase at constant temperature of - 20 °C during 90 min. Primary drying
occurs at low pressure 187 (0.010 mbar) and - 20 °C for 12 h and secondary drying at 30 °C
for 2 h. The freezing temperature before lyophilization was shown to have an impact on the
characteristics of the resulting hydrogel. In particular, samples that were frozen at — 20 °C and
— 80 °*Cresulted in open pore structures after lyophilization, whereas parallel sheet structure
was obtained at — 196 °C >4,

Materials properties such as pore structure, pore size and mechanical properties were also
significantly influenced by protein concentration. No phase separation was noticed in the
micrographs, implying homogeneous entanglement of SF within the PA network. It has been
suggested that pore size > 5 um is desirable for neo-vascularization®>. Therefore, ingrowth of
keratocytes within fabricated hydrogel would be aided by the pore size of the fabricated
hydrogels. Another important property of hydrogels that needs thorough investigation is
swelling behaviour. The diffusion properties are substantially influenced by the amount of
water absorbed within the hydrogel. The swelling ratio of the fabricated hydrogels was
directly proportional to the concentration of SF. This is likely due to the structure of SF.
Though fibroin consists of mainly hydrophobic amino acids (e.g., glycine, alanine) and serine,
its overall structure is hydrophilic enough to elevate the swelling ratios of the composite
constructs®®. This increased hydrophilicity improves swelling behaviours and enzyme
receptiveness. The higher water absorbance of composite hydrogels may be associated with



an increase in the number of hydrophilic groups (-NH>/-CO) as fibroin concentration (wt%)
increased. The resultant hydrophilic network assists to form neo-tissue constructs by
improving the permeability of oxygen, nutrients and water-soluble metabolites. The flexible
3D network construct which exhibits high water absorbance capability extended the
equilibration duration of hydrogels in de-ionized water °’. Within the network, amide groups
(-NH2) hydrolysing into carboxyl groups (-COOH) increased the within-network osmotic
pressure, also potentially contributing to swelling®®. Carboxyl groups dissociate faster in
alkaline environments than in acidic environments. Consequently, the composite hydrogels
in an alkaline solution had a higher fraction of equilibrium water content than in acidic
solution. At the same time, low to negligible electro-repulsive forces in poly-ions in an acidic
region would also mean higher affinity between the polymer chains. Hydrogen bonds formed
between the carboxyl groups of different polymer improved rigidity and stability of the 3D
polymeric network of hydrogels created®®. Hydrogen bond strength is pH dependent and
reduces in alkaline pH. This decrease in hydrogen bonding strength in alkaline medium also
loosened the network, increasing water diffusion. This, in turn, exposed more of the
hydrophilic SF to water molecules, increasing swelling and enhancing degradation. The
degradation of only PA hydrogel may be due to a significant increase in mobility of the
molecule in the environment due to the more hydrophilic nature of polyacrylamide with
increased content of carboxylic groups after hydrolysis and degradation under various
environmental conditions>>0

Weight loss measured during the degradation analysis corresponded to the loss of protein
mass. The tangled polyacrylamide chains gradually become less rigid at physiological pH (7.4).
The more flexible chains in turn lead to more protein-polymer interaction and changes the
structure and distribution of the pores. These changes to the structure and distribution could
explain the variation in degradation behaviour of the constructs made from different blend
ratios. Hydrogel microstructure is known to contribute significantly to its mechanical
properties®’. The hydrogels containing higher SF fraction had smaller pores. The blended
hydrogels were more porous and their pore-walls were thicker, which should make them
more resistant to mechanical cracks %, making them less brittle.

In our study, corneal stromal cells attached promptly to the composite hydrogels and were
shown to undergo proliferation. They appeared to mimic their native phenotype and
morphology and displayed well organized stressed actin filaments within the composite
hydrogels. These findings go towards the biocompatible and cell supportive nature of the
fabricated hydrogels. Gene expressions associates with a native keratocyte phenotype were
also elevated for the composite hydrogels. Corneal stromal ECM is primarily made of
collagens with collagen types |, lll and V being predominant. Collagen type | is the most
abundant collagen in the stroma and it is present mainly in the fibrils. Hetero polymeric fibril
form from interactions between collagens | and V and these interactions also contribute to
controlling the fibril diameters®2. Collagen Ill, though also present in healthy cornea, its
expression in keratocytes has been shown to be upregulated subsequent to an injury®3. For



the composite hydrogels, we noted an increase in corneal ECM associated gene expression,
i.e., for COL I, lll and V. This implies the composite constructs activated keratocytes — partly
to boost wound healing while also expressing markers related to a quiescent keratocyte. Well-
ordered, organized stromal ECM and intracellular crystallines present in the keratocytes are
mainly responsible for corneal transparency®. One of the highly distinguished crystalline
protein that is expressed by keratocytes is ALDH3A1. The upregulated expression of ALDH3A1
was also recorded by cells on composite cell-scaffold hydrogels in the present investigation.

Investigating the intrinsic characteristics and biological relevance of synthetic-natural co-
polymeric hydrogels can help us to better understand their formulation mechanism and
potential applications. We employed a simple, practically feasible, and economic fabrication
method. Our approach does not necessitate any harsh, extraneous cross-linking agents. This
leads us to believe that these composite hydrogels would have immense promise in corneal
tissue regeneration and therapeutic delivery. Further consideration regarding optimization
and investigation of the system with growth factors/drugs/bioactive molecules can be
undertaken to improve cellular migration and retention of their inherent phenotype.

5. Conclusion:

In the current study, the feasibility of developing a corneal stromal substitute using a modest,
economical and rapid fabrication technique was explored. The crucial characteristics of the
composite hydrogels, such as gelation time, hydrogel micro-architecture, swelling,
equilibrium water content and degradation were affected by SF content. The formulation of
SF 3D matrix, without resorting to use of glutaraldehyde or genipin is a major
accomplishment. These semi-interpenetrating networks exhibit the favourable properties
desired for corneal stromal regeneration with good cell viability, optical properties, and cell
phenotype. SF of 6 and 8 wt% concentration accelerated cell adhesion with optimal
adsorption and thermal stability which are advantageous for corneal regeneration
therapeutics.
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Figures and Tables

Table 1: Pore size, porosity (%) and sol fraction (%) of PA/SF hydrogels fabricated at varying
SF concentrations ranges from 4 to 8 wt%. Sol fraction (%) of silk fibroin semi-interpenetrating
structural networks at 37°C. Data are shown as mean * standard deviation, n = 3

Fig. 1: The representation of the possible free-radical polymerization mechanism to develop
PA/SF semi-interpenetrating network hydrogel

Fig. 2: Physical, optical and morphology analysis: (a) Gelation time of PA/SF composite
hydrogels as a function of different silk fibroin concentration at room temperature. The total
polymer concentration was 15 wt% while the protein concentration varies 4-8 wt%. (b)
Viscosity assessments of fabricated hydrogels with increasing shear rates. (c) Light
transmittance of as-fabricated hydrogels. (d) Scanning electron micrographs of lyophilized
hydrogels with different SF concentration. Only PA hydrogel shows the smallest pores. With
the incorporation of SF protein, regular interconnected porous structure was developed

Fig. 3: Chemical, thermal and protein release profile analysis:(a) Fourier transform infrared
spectra of silk fibroin (SF) solution; polyacrylamide (PA); PA/SF cross-linked semi-
interpenetrating network hydrogels (b) Thermal stability of the fabricated hydrogels (c)
Cumulative release profiles of SF from the composite hydrogels at 37°C in PBS (pH 7.4).

Fig. 4: Bio-physical characterization:(a) Swelling ratio of PA/SF hydrogels in de-ionized water
at 37° C over time as a function of SF concentration; (b) Equilibrium swelling ratio of
composite hydrogels in PBS of different pH (3, 7.4 and 11) as a function of composition at 37°
C. The degradation of hydrogels at 37 °Cin (c) buffer solution (PBS, pH 7.4) or (d) Protease XIV
solution. The extent of degradation was expressed in terms of weight remaining (%) at each
time point.

Fig. 5: Biocompatibility studies:(a) Initial cell attachment proficiency (b) total cell metabolism
(c) viability of corneal stromal cells on different fabricated hydrogels using live/dead assay
(live cells appear green and dead cells appear red) imaged using confocal microscopy on day
5. (d) Cytoskeletal organization of corneal stromal cells after 10 days in culture after staining
actin filaments (red) and nuclei (blue).

Fig. 6: Quantification of genes and extracellular matrix: (a) Fold change gene expression
analysis of corneal keratocyte-specific markers KERA, ALDH3A1, DCN and LUM and
extracellular matrix markers COL1A1, COL3A1, COL5A1 as quantified by rtPCR. Gene
expression was normalized to GAPDH. (b) Combined sGAG production in hydrogel construct
and culture media as quantified by DMMB assay and ratio of sGAG/DNA present after 7 and
14 days.

Fig. 7: Immunofluorescent staining of protein markers ALDH3A1, aSMA and CD-34 (all green)
and nuclei (blue) after 14 days in culture. Scale bar = 100um.
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Table 1: Pore size, porosity (%) and sol fraction (%) of PA/SF hydrogels fabricated at varying
SF concentrations ranges from 4 to 8 wt%. Sol fraction (%) of silk fibroin semi-interpenetrating
structural networks at 37°C. Data are shown as mean # standard deviation, n =3

Hydrogels PA PA/SF4 PA/SF6 PA/SF8
Average pore size | 26.24+3.7 66.316.2 52.1+6.3 32.36t7.4
(nm)

Porosity (%) 79.2518.51 83.92+10.63 84.27+9.87 83.24+9.56
Sol fraction (%) 0.634+0.53 2.203+1.05 3.573+0.97 5.89611.08
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