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Abstract: Purpose: The purpose of this study was to develop an enzyme-triggered, therapeutic-
releasing bandage contact lens material using a unique gelatin methacrylate formulation (GelMA+).
Methods: Two GelMA+ formulations, 20% w/v, and 30% w/v concentrations, were prepared through
UV polymerization. The physical properties of the material, including porosity, tensile strain, and
swelling ratio, were characterized. The enzymatic degradation of the material was assessed in the
presence of matrix metalloproteinase-9 (MMP-9) at concentrations ranging from 0 to 300 pug/mL. Cell
viability, cell growth, and cytotoxicity on the GeIMA+ gels were evaluated using the AlamarBlue™
assay and the LIVE/DEAD™ Viability / Cytotoxicity kit staining with immortalized human corneal
epithelial cells over 5 days. For drug release analysis, the 30% w/v gels were loaded with 3 pg of
bovine lactoferrin (BLF) as a model drug, and its release was examined over 5 days under various
MMP-9 concentrations. Results: The 30% w/v GeIMA+ demonstrated higher crosslinking density,
increased tensile strength, smaller pore size, and lower swelling ratio (p < 0.05). In contrast, the
20% w/v GelMA+ degraded at a significantly faster rate (p < 0.001), reaching almost complete
degradation within 48 h in the presence of 300 ug/mL of MMP-9. No signs of cytotoxic effects were
observed in the live/dead staining assay for either concentration after 5 days. However, the 30% w/v
GelMA + exhibited significantly higher cell viability (p < 0.05). The 30% w/v GelMA+ demonstrated
sustained release of the BLF over 5 days. The release rate of BLF increased significantly with higher
concentrations of MMP-9 (p < 0.001), corresponding to the degradation rate of the gels. Discussion:
The release of BLF from GelMA+ gels was driven by a combination of diffusion and degradation
of the material by MMP-9 enzymes. This work demonstrated that a GelMA+-based material that
releases a therapeutic agent can be triggered by enzymes found in the tear fluid.

Keywords: bandage contact lens; corneal wounding; gelatin methacrylate; GelMA+; MMP-9

1. Introduction

Corneal injury and subsequent damage to the corneal epithelium can lead to corneal
scarring, vision loss, and potentially blindness. An estimated 1.5 to 2.0 million cases of
monocular blindness are caused by ocular trauma and corneal ulceration annually [1].
Historically, the standard treatment for a corneal abrasion is the insertion of a lubricant
onto the ocular surface, followed by patching the eye to prevent blinking, permitting the
epithelium to heal under the patch. However, the use of an eye patch leads to frustration
for the patient due to the loss of binocular vision. Furthermore, if the eye patch is not worn
appropriately, then it can lead to delays in epithelial recovery, and it is also cumbersome
for clinicians to assess the wound healing progress as this requires the removal of the
patch [2,3]. Since the advent of more oxygen-transmissible silicone hydrogel materials in
the late 1990’s, the standard of care for managing a corneal abrasion has switched to the
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use of bandage contact lenses (BCLs), in which a soft lens is typically worn for 7-10 days
without removal [4-7].

The use of BCLs overcomes the aforementioned problems by allowing the patient
to retain binocular vision while undergoing treatment, and clinicians can easily track the
wound healing progression without having to remove the lens, as they can view the eye
through the transparent lens material [2,3,8-10]. Unfortunately, current BCLs alone do
not outperform ocular lubricants in terms of efficacy or speed of recovery, as they lack
the ocular surface factors or therapeutics that are essential to aid ocular surface repair.
Therefore, it would be beneficial if BCLs could also deliver topical therapeutic agents
concurrently to the surface of the eye while in situ [11]. A soft BCL consists of hydrophilic
polymers that can absorb large volumes of fluid [12,13]. As a result, these materials can also
absorb and release soluble compounds, such as drugs, from their gel matrix [14]. However,
previous studies have shown that commercial contact lens materials are unable to maintain
sustained drug release, and the vast majority of adsorbed drugs are released within the
first few hours of exposure to the eye, thus not providing a desirable release profile [15-19].
Modifications to current materials are needed to improve the release kinetics of currently
available BCLs.

Among the various types of hydrogels available, gelatin is one of the most common
polymers used in biomedical applications [20]. It is an amphoteric protein [20,21]. de-
rived from the hydrolysis of collagen [22], a naturally occurring polymer in the human
cornea [23]. It is a water-soluble, non-cytotoxic polymer with low immunogenicity, and is
biodegradable and highly biocompatible [24-26]. Additionally, it contains many bioactive
sequences, such as arginine-glycine-aspartic acid, which can facilitate cell attachment and
adhesion [20,27,28], making it an ideal material for developing devices used in corneal
wound healing [27]. Not surprisingly, gelatin-based hydrogels have been widely used in
drug delivery and tissue engineering applications [29-31]. However, unmodified gelatin is
relatively weak mechanically, making it a poor material for use as a BCL. These mechanical
disadvantages of gelatin-based hydrogels can be overcome by chemical modifications or
by integrating them with other monomers or polymers [20,32,33]. Gelatin methacrylate
(GelMA), a derivative of porcine-derived gelatin, is produced by substituting the free amine
groups of gelatin with methacrylate anhydride [20]. This polymer can be photo-crosslinked
with a photoinitiator to produce a stronger permanent gel on exposure to ultraviolet (UV)
radiation [20].

A previous publication showed that GelMA can be converted to GelMA+ by forming
a gel at 4 °C before the UV crosslinking step [34]. The resulting gel has eight times higher
mechanical strength than that of conventional GeIMA [34]. The gelation step leads to the
construction of triple helix and physical networks, which enhances the crosslinking density
and produces a more homogenous microstructure [34].

An important feature of GeIMA and its derivatives is the presence of matrix metallopro-
teinase-sensitive sites, which allows the gel to be biodegraded by matrix metalloproteinase
(MMP) enzymes [35-37]. Several in vitro studies have shown that GelMA can be degraded
in the presence of MMPs [36,37]. Of note with respect to the use of GeIMA in the ocular
environment is that elevated levels of MMP enzymes are observed following a corneal
wound, in particular MMP-2 (72 kDa type IV collagenase) and MMP-9 (92 kDa type IV
collagenase) [38—41]. Therefore, it would be possible to use GelMA as a primary polymer
in an enzyme-triggered drug delivery system in which the release trigger is exposure to an
MMP enzyme. The GeIMA can be used to entrap drugs, drug nanoparticles, or therapeutics,
which are then released when the gel is degraded by the MMPs present at the wound site.
This study aimed to evaluate the release of a wound-healing therapeutic, bovine lactoferrin
(BLF), from GelMA+ materials in the presence of MMP-9.
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Incubate at 60°C for 48 h

2. Materials and Methods
2.1. Materials

Gelatin Type A, BLF (80 kDa), methacrylic anhydride, and Irgacure 2959 were obtained
from Sigma—Aldrich (St. Louis, MO, USA). MMP-9 was obtained from Gibco Thermo Fisher
Scientific (Grand Island, NY, USA). The BLF ELISA kit was obtained from Bethyl Laborato-
ries Inc. (Montgomery, TX, USA). The Spectrum™ Spectra/Por™ 4 RC Dialysis Membrane
Tubing 12,000 to 14,000 Dalton MWCO was purchased from Fisher Scientific (Carlsbad, CA,
USA). The EpiGRO™ Human Ocular Epithelia Complete Media kit was obtained from
Millipore Sigma (Burlington, MA, USA). The LIVE/DEAD™ Viability / Cytotoxicity Kit
for mammalian cells and the AlamarBlue™ Cell Viability Reagent were purchased from
Invitrogen™ by Thermo Fisher Scientific (Eugene, OR, USA).

2.2. Gelatin Methacrylate Synthesis

The method for the synthesis of GelMA+ has been previously described [34]. In brief,
5 g of gelatin (type A) was dissolved in 50 mL of phosphate-buffered saline 1x (PBS) (10%
w/v) with continuous magnetic stirring at 50-60 °C until the gelatin dissolved. 10 mL of
methacrylic anhydride (20% v/v) was then added dropwise at 50-60 °C with continuous
magnetic stirring and the reaction continued for 1 h. The resulting mixture was diluted
with PBS and dialyzed in deionized (DI) water for 5 days at 40 °C using 12-14 kDa cut-off
dialysis membrane tubes. The GeIMA solution was then frozen at —80 °C and lyophilized.

2.3. Preparation of GelMA+ Hydrogels and BLF-Loaded GelM A+ Hydrogels

Lyophilized GelMA was mixed in a 1x PBS solution containing the photo-initiator
0.5% w/v Irgacure 2959 to obtain mixtures with 20% and 30% w/v of GeIMA. The mixture
was incubated at 60 °C for 48 h and centrifuged for 10 min at 5000 rpm. The mixtures were
further incubated for 30 min at 60 °C before being carefully pipetted into an acrylic mould
to create circular disks (thickness~0.65 mm, diameter~6 mm). The samples were then
incubated at 4 °C for 1 h, before being exposed to UV radiation (360-420 nm) at an intensity
of 32 mW/cm? and polymerized in a Dymax ultraviolet curing chamber (Torrington, CT,
USA) for 5 min to create GelMA+ gels. For the BLE-loaded GeIMA+ hydrogels, 60 uL of
50 ng/mL of BLF was added to the mixture after the 48 h incubation period at 60 °C, then
centrifuged for 10 min at 5000 rpm. Afterwards, the same procedure for the preparation of
the GeIMA+ hydrogel was followed (see Figure 1).

Mixture pipetted into mould,

3 incubated at 4°C for 1 h and then
UV cured for 5 min

Centrifuge and incubate
for 30 min at 60°C

GelMA + Irgacure 2959

BLF GelMA + BLF gels

Figure 1. Preparation schematic for BLF-loaded GelMa+ hydrogels.

2.4. Physical Characterization
2.4.1. Scanning Electron Microscopy

The pore size and surface morphology of the various gels were observed using an
environmental scanning electron microscope (ESEM-FEI QUANTA™ 250) manufactured
by Field Electron and Ion Company (Hillsboro, OR, USA). The gels were kept in 1x PBS at
room temperature (22-24 °C) to ensure complete swelling and to enable a clear picture of the
morphology of the GelMA+ gels. The samples were observed under an accelerating voltage
of 20 kV, in a low vacuum mode with a chamber pressure of 0.8 mbar. The electron beam
energy was 20 keV. The sample surface was imaged with two detectors simultaneously:
a large field detector to detect secondary electrons, which is more morphology sensitive,
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and a backscattering electron detector to detect backscattered electrons, which is more
concentration sensitive.

2.4.2. Enzymatic Degradation of the GelMA+ Hydrogels

The degradation of the 20% w/v and 30% w/v GeIMA+ hydrogels was studied in the
presence of varying concentrations of MMP-9. The MMP-9 concentrations were 0, 10, 50,
100, 300 (ng/mL). The circular disk-shaped GelMA+ samples were weighed to determine
their initial weight (Wp) and then placed in 2 mL of varying MMP-9 concentration solutions
in a 24-well plate at 37 °C. The GeIMA+ gels were then reweighed at predetermined time
intervals (O h,4h,8h, 12 h, 24 h, 48 h, 96 h, 144 h) to determine weight changes over time
(W}). Before weighing, the gels were gently blotted using lens paper to remove any excess
moisture. The MMP-9 solutions were replaced every day to maintain enzymatic activity.
The percentage degradation was calculated using Equation (1).

Wo — Wi
0

Percent Degradation = x 100% (1)

2.4.3. Swelling Percentage and Water Content of the GelMA+ Hydrogels

To determine their swelling properties, the GeIMA+ samples were incubated in 2 mL
of PBS at 37 °C for 24 h. After 24 h, the samples were blotted dry using lens paper and
weighed (Ws). The same samples were then freeze-dried and weighed (W;). The percent
swelling was calculated using Equation (2). The water content of the gels was measured
similarly. Water content was calculated using Equation (3).

Percent Swelling = W x 100% (2)

Water Content = u
Ws

x 100% 3)

2.4.4. Mechanical Properties of the GeIMA+ Hydrogels

The stiffness of the GeIMA+ hydrogels was assessed using a Mandel-Shimadzu (AGS-
X) tensile testing unit (Shimadzu Corp., Kyoto, Japan) at room temperature (22 °C to 24 °C).
The GelMA+ samples were moulded in a rectangular shape of 7 cm by 1 cm by 0.7 cm
(length x width x thickness) and then soaked in PBS for 24 h at room temperature. The
samples were clamped with two steel clamps 5 mm apart, with Kim wipe tissues used to
hold the edges of the gels to prevent the gels from breaking at the edge of the clamp and to
prevent slippage. The rectangular-shaped gels were stretched at a rate of 1 mm/min to the
breaking point with a load of 500 N. Young’s modulus was calculated from the slope of the
linear region of the stress-strain curve.

2.4.5. Optical Transmittance of the GelMA+ Hydrogels

The optical transmittance of gels with and without BLF was measured via a UV
spectrophotometer (Biotek Citation 5; Winooski, VI, USA). The gels were placed in PBS
in a 48-well plate and the measurements were performed through a wavelength range of
450-700 nm.

2.4.6. In Vitro Release of Bovine Lactoferrin (BLF)

The in vitro release of BLF from 30% w/v GeIMA+ gels was undertaken in the presence
of varying concentrations of MMP-9 (0; 100; 300 pg/mL) at 37 °C. The samples were washed
in 2 mL of PBS for 1 h to remove any loosely bound BLE. Att =0, 1, 12, 24, 48, 72, 96, and
120 h, the samples were analyzed using the BLF ELISA kit. In brief, 100 uL of the test sample
and the standard were added to the 96-well ELISA plate. HRP (streptavidin-conjugated
horseradish peroxidase) and TMB (3,3',5,5'-tetramethylbenzidine) reagents from the kit
were added to each well to produce a colorimetric reaction. The change in yellow colour,
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proportional to the lactoferrin present in the sample, was measured at 450 nm absorbance
using a UV spectrophotometer (BioTek Cytation 5; Winooski, VT, USA).

2.5. Biological Characterizations
2.5.1. Cell Culture

The human papilloma virus (HPV) immortalized human corneal epithelial (HCEC)
cell line was obtained as frozen from the Centre for Ocular Research & Education (CORE),
School of Optometry and Vision Science at the University of Waterloo. The cells were
cultured in tissue culture treated Corning® cell culture flasks (Millipore Sigma, MA, USA)
with a canted neck plug seal cap and a surface area of 25 cm?. The nutrient media con-
sisted of EpiGRO™ Human Ocular Epithelia Complete Media along with supplements
of L-Glutamine, Epifactor O, Epifactor P, Epinephrine, rh Insulin, Apo transferrin, and
Hydrocortisone hemisuccinate (Millipore Sigma, MA, USA). The cells were seeded at a
ratio of 1:2 and grown in an incubator at 37 °C and 5% carbon dioxide.

2.5.2. Cell Culture in the Presence of GelMA+ Hydrogels

Once the HCEC cells reached 90% confluency, they were seeded on 48-well VWR
Tissue Culture (VWR International, Radnor, PA, USA) treated plates at a cell density of
5 x 10* cells/cm?. The cells were grown in the nutrient media, as described above. Freshly
prepared and sterile (UV sterilized) GeIMA+ hydrogels of both the 20% w/v and 30% w/v
formulations were placed carefully onto the cells in each well and incubated at 37 °C and
5% carbon dioxide. The disc-shaped gels were washed with sterile PBS for 4 min inside the
cell culture hood prior to exposure to the cells. The gels were washed four times in 5 mL of
fresh sterile PBS for 1 min each time to ensure that any unreacted photo crosslinker was
removed. On the 5th day, the cell growth on the hydrogels was evaluated.

2.5.3. Cell Mortality Assay

The AlamarBlue™ cell viability assay (Thermo Fischer Scientific, Eugene, OR, USA)
was conducted after 1, 5, and 7 days of incubation of the GelMA+ hydrogels with the
immortalized HCEC cells. Freshly prepared and sterile (UV sterilized) GelMA+ hydrogels
of both the 20% w/v and 30% w/v formulations were placed carefully onto the cells in each
well and incubated at 37 °C and 5% carbon dioxide. The disc-shaped gels were washed
with sterile PBS for 4 min inside the cell culture hood prior to exposure to the cells. The
gels were washed four times in 5 mL of fresh sterile PBS for 1 min each time to remove
any unreacted photocrosslinker. At each time point, the cell culture media was removed
and then 0.5 mL of 10% v/v of the AlamarBlue™ cell viability reagent prepared with
serum-free DMEM /F12 media was added to each well. The resulting solution was then
incubated at 37 °C and 5% carbon dioxide for 4 h. 100 uL of the solution from each well
was transferred to a new 96-well plate. The fluorescence was measured (excitation 540 nm,
emission 590 nm) using the BioTek Citation 5 (BioTek, Winooski, VT, USA).

2.5.4. Live/Dead Assay

The cells were cultured and incubated in the presence of the GelMA+ hydrogels
as previously described for 5 days. The media was changed on alternate days. Freshly
prepared and UV-sterilized GeIMA+ hydrogels were placed carefully onto the cells in each
well and incubated at 37 °C and 5% carbon dioxide. Before placement onto the cells, the
disc-shaped gels were washed to remove any unreacted photocrosslinker as described.
The LIVE/DEAD™ Viability / Cytotoxicity kit (Thermo Fischer Scientific, Eugene, OR,
USA) was used to stain the cells and the procedure was performed as described by the
manufacturer. 20 uL of 2 mM of EthD-1 was added to 10 mL of sterile PBS, resulting in a
4 uM EthD-1 solution. 5 pL of 4 mM calcein AM stock solution to the 10 mL EthD1 solution.
The solution was vortexed to ensure thorough mixing. The growth media was withdrawn
from the wells of the 48-well plate containing the cells and the resulting approximately
2 uM Calcein AM and 4 uM EthD-1 solution was then added directly to cells containing
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the GeIMA+ gels. The cells were incubated with dye at room temperature (22-24 °C)
for 20-30 min. Images were obtained with Citation 5 (BioTek, Winooski, VT, USA) via
fluorescence microscopy on the 5th day.

2.5.5. Statistical Analysis

Statistical analysis and graphs were plotted using GraphPad Prism 6 software (Graph-
Pad, La Jolla, CA, USA). An analysis of variance (ANOVA) and a post-hoc Tukey’s test
were performed when necessary to determine the statistical significance between different
conditions. A p-value of <0.05 was considered significant.

3. Results
3.1. Physical Characterization
3.1.1. Scanning Electron Microscopy Images

Figure 2 demonstrates the surface morphology and pore size of the GelMA+ hydro-
gels at concentrations of 20% w/v and 30% w/v via SEM. The images provide a visual
representation of the internal porous structure of both GeIMA+ formulations. In Figure 2A,
the morphology of the pre-polymerized GelMA exhibits a highly porous surface, with
estimated pore sizes ranging from 150 pm to 300 pm. Figure 2B,C exhibit the internal
porous structures of the 20% and 30% w/v GelMA+ hydrogels, respectively. The surface of
the 20% w/v GelMA+ exhibits a porous texture, characterized by pore sizes ranging from
30 pm to 90 um. In contrast, the 30% w/v GelMA+ surface is more compact, with pore sizes
measuring between 0.078 pm and 0.8 pm.

Figure 2. SEM images of (A) pre-polymerised GelMA (B) 20% w/v GelMA+ hydrogel and (C) 30%
w/v GelMA+ hydrogel.

3.1.2. Enzymatic Degradation of GelMA+ Hydrogel

Figure 3 shows the degradation of the GelMA hydrogels in MMP-9 over 144 h (6 days).
Figure 3A,B shows the degradation profile of GeIMA+ in the presence of different MMP-
9 concentration solutions. For both formulations of GelMA+ gels, the degradation rate
increased with increasing concentrations of MMP-9 (p < 0.0001). The 20% w/v GelMA+ gels
degraded faster than the 30% w/v GelMA+ gels (p < 0.001). On the second day (48 h), the
circular-shaped 20% w/v GeIMA+ gels completely degraded in the presence of 300 pug/mL
of MMP-9 without any gel remnants. In contrast, the 30% w/v GelMA+ gels took almost
144 h to degrade approximately 95% of their original weight, leaving behind only a thin
piece of the original gel.

3.1.3. Swelling Profile and Water Content of GeIMA+ Hydrogel

Table 1 shows the swelling ratio and the water content of 20% w/v and 30% w/v
GelMA+ hydrogels (n = 4). Both formulations of GelMA+ substantially were swelled over
24 h in the presence of PBS to ensure that an equilibrium was achieved. After 24 h, it was
observed that the 20% w/v GelMA+ gels swelled more (p < 0.05) than the 30% w/v GelMA+.
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The water content of 20% w/v GelMA+ gels was significantly higher as compared to 30%
w/v GelMA+ gels (p < 0.05).

% Degradation of 30% w/v GelMA+
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Figure 3. Degradation profile of (A) 20% w/v GelMA+ hydrogel in varying MMP-9 concentrations,
(B) 30% w/v GeMA+ hydrogel in varying MMP-9 concentrations, (C) the shape of 20% w/v GelMA+
hydrogel in PBS after 48 h, (D) the shape of 20% w/v GelMA+ hydrogel in 100 pg/mL of MMP-9
after 48 h, (E) the shape of 30% w/v GeIMA+ hydrogel in PBS after 144 h, (F) the shape of 30% w/v
GelMA+ hydrogel in 100 pg/mL of MMP-9 after 144 h, (G) the shape of 30% w/v GelMA+ hydrogel
in 300 pg/mL of MMP-9 after 144 h. The degradation was conducted at 37 °C.

Table 1. Percent swelling, water content, tensile strain, and Young’s modulus of both GeIMA+

formulations.
Formulation 20% GelMA+ 30% GelMA+
% Swelling 303.69 + 6.95 234.68 + 8.98
Water content (%) 74.85 £ 0.67 70.85 £+ 1.81
Tensile strain (kPa) 133.06 + 8.98 181.85 +25.25
Young modulus (MPa) 2.04+£0.16 2.80 +=0.74

3.1.4. Tensile Test

Table 1 shows the influence of the increasing GelMA+ concentration on the tensile
strain and Young’s Modulus (1 = 3). The higher GeIMA+ concentration increased the tensile
strain values (p < 0.05). The 20% w/v GelMA+ gels were softer with a Young’s modulus
value of 2.04 MPa. The 30% w/v GelMA+ gels were stiffer with Young’s modulus value of
2.80 MPa with reduced elongation at breakpoints.

3.1.5. Optical Transmittance

The optical clarity (n = 5) of both the blank 20% w/v GeIlMA+ and 30% w/v GelMA+
gels and BLF-loaded GelMA+ gels (Figure 4) were measured between 450-700 nm using the
Citation 5UV spectrophotometer. The transmittances of the 30% w/v GelMA+ decreased
significantly (p < 0.0001) as opposed to 20% w/v GelMA+. The blank 20% w/v GelMA+
gels exhibited approximately 90% transmittance at 450 nm. At 630 nm, the transmittance
of 20% w/v GelMA+ was 95.59 £ 1.80%. At 450 nm, the blank 30% w/v GelMA+ gels
exhibited 86.07 + 3.88% transmittance, and at 630 nm, the transmittance was 92.69 + 2.96%.
The 20% w/v GelMA+ gels loaded with BLF exhibited 83.61 £ 3.47% transmittance at
450 nm. At 630 nm, the transmittance of the same gel was 90.82 + 3.06%. At 450 nm, the
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BLF-loaded 30% w/v GelMA+ gels exhibited 78.15 + 2.64% transmittance, and at 630 nm,
the transmittance was 89.49 + 1.29%.

% Transmittance of GelMA+ and BLF loaded GelMA+

50+
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0
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Figure 4. Optical transmittance of GelMA+ gels and BLF-loaded GelMA+ gels measured at a
wavelength range of 450 nm to 700 nm.

3.1.6. In Vitro Release of Bovine Lactoferrin

The cumulative percent in vitro release kinetics of the BLF (1 = 4) is shown in Figure 5.
The release of BLF from the 30% w/v GelMA+ hydrogel matrix significantly increased with
increasing concentration of MMP-9 (p < 0.0001). The amount of BLF released increased
over time for all MMP-9 concentrations (p < 0.0001). Due to the initial washing of the gels
for an hour, there was no burst release observed. The results show that the release of BLF
from the gels was primarily driven by the enzyme present in the solution.

Conc. of MMP-9 (ng/mL)
0
® 100
I A 300

w118

40 80 120
Time (Hours)

Figure 5. In vitro release of Bovine Lactoferrin from 30% w/v GelMA+ in the presence of varying
MMP-9 concentrations at 37 °C.

3.2. Biological Characterization
3.2.1. Cell Growth on GeIMA+ Gels

Figure 6 the growth and attachment of the immortalized HCEC cells in the presence
of both the formulations of GeIlMA+ gels (1 = 4). With 30% w/v GelMA+ gels, a greater
amount of cell growth and attachment was observed as compared to 20% w/v GelMA+.
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The images were observed phase-contrast microscopy with a 20 x objective. The images
were captured on the 5th day using Zeiss AxioVision Software (White Plains, NY, USA).

Figure 6. (A) Growth of immortalized HCEC cells on 20% w/v GelMA+ gels, (B) Growth of im-
mortalized HCEC cells on 30% w/v GelMA+ gels. On the 5th day, the cell growth on the respective

hydrogels was observed.

3.2.2. Cell Mortality Assay

Figure 7 shows the percentage of cells viable on the GeIMA+ hydrogels (n = 4) on the
1,5, and 7 days of incubation as measured by the AlamarBlue™ assay. The cell viability
was compared to the control, where the cells were grown in the absence of the GelMA+
gels, only in the presence of EpiGrow media. On the 7th day, 20% w/v GelMA+ hydrogel
showed 80% cell viability, whereas the 30% w/v GeIMA+ showed almost 95% cell viability.

120+
" . " mm 20% wiv GelMA+

e 30% wiv GelMA+

% Cell Viability
o) ©
g T

w
o
1

0 e
é\b’?"\’ @85\ “9&5\
N 13) N
Time (day)

Figure 7. Percentage of HCEC cell viability in the presence of 20% w/v and 30% w/v GelMA+
respectively in comparison to control. * p < 0.05.

3.2.3. Live/Dead Assay

Figure 8A—C show the live and dead cell distribution after 5 days in the culture media
control (no GelMA+), cells incubated with 20% w/v GeIMA+ and cells incubated with 30%
w/v GelMA+ (n = 4). The experiments were repeated on different days. Cells that were
stained green (Calcein-AM) were live cells whereas the cells that were stained red (EthD-1)
were dead cells. For both the formulations of GelMA+, a large number of cells remained
alive with no signs of cytotoxicity (as evident from the green colour of Calcein-AM) when
compared to the control after 5 days.
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100 pm

Figure 8. Live/Dead HCEC cells distribution on (A) Control (No GelMA+), (B) 20% w/v GelMA+,
(C) 30% w/v GeIMA+. The green-coloured (calcein AM) dots denote the presence of live cells and
the red-coloured dots (EthD-1) denote the presence of dead cells. These images were captured after
5 days of incubation of the HCECs on the respective GeIMA+. The images show the higher number
of live cells in the presence of GeIMA+ which is comparable to the control.

4. Discussion

GelMA hydrogels have been previously used in various biomedical devices [42-45],
but the material lacks the mechanical strength required for high wear-tear applications, such
as for use on the eye [34]. In a previous study, the modification of a conventional GelMA
hydrogel using a sequential hybrid crosslinking process was described, involving both
physical and chemical crosslinking, to improve the mechanical properties of the resulting
material [34]. The new material, GeIMA+, demonstrated an 8-fold increase in mechanical
strength as compared to GelMA. The extra incubation period leads to improved triple
helix and physical network formation leading to enhanced crosslinking. The resulting
GelMA+ material has significantly improved mechanical strength and exhibits slower
biodegradation kinetics (both in vitro and in vivo) than GelMA [34].

The physical characterization (porosity, tensile modulus, and water swelling) and
biological parameters (cell viability and spreading) of GeIMA hydrogels are important to
determine the suitability of these hydrogel polymers for different biomedical applications.
The SEM images (Figure 2) showed the porous nature of the GelMA+ hydrogel. The
porosity of the hydrogel affects both the drug uptake and release [46,47]. Previous studies
on GelMA have shown the porous nature of the hydrogel, with pore sizes ranging from
50 pum to 77 um [48,49]. The pore size of the fully crosslinked GelMA+ was considerably
less compared to the pre-polymerized GelMA. The pore size of pre-polymerized GelMA
was around 150 pm to 300 pm, whereas the pore size for 20% and 30% w/v GelMA+ were
around 30-90 pm and 0.078-0.8 pm respectively. With an increase in the concentration
of the polymer, there was an increase in the crosslink density, which was also observed
in previous studies [50,51]. The increase in cross-linking density concurrently leads to a
decrease in the pore size.

Both the formulations showed a considerably high tensile strength. The 30% w/v
GelMA+ was stiffer, with a tensile strain of 181.85 £ 25.25 kPa, as compared to the 20%
w/v GelMA which had a tensile strain of 133.06 & 8.98 kPa (see Table 1). The higher
modulus can be attributed to an increase in crosslink density, which limits the material’s
ability to deform. These high tensile values are important to maintain the original shape
and physical dimensions of any contact lens or ocular drug-delivering insert made for
exposure to the ocular surface, which would be exposed to blinking [52]. The 30% w/v
GelMA+ was stiffer, with a Young’s modulus of 2.8 MPa, as compared to the 20% w/v
GelMA, which had a tensile modulus of 2.0 MPa (Table 1). This shows that the mechanical
property of the GeIMA+ hydrogel could be effectively regulated by increasing the GelMA+
concentration. To prepare GelMA+ gels with tensile moduli values of commercial soft
contact lens materials, which are typically around 0.3 to 0.6 MPa [53], further tuning of the
GelMA+ material is needed.

Hydrogels consist of hydrophilic polymeric networks capable of imbibing large
amounts of water [54,55]. A previous study demonstrated that hydrogels with smaller pore
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sizes have lower swelling ratios [56]. As expected (Table 1), the 20% w/v GelMA+, with its
lower cross-link density and larger pore sizes, swelled more than the 30% w/v GelMA+.
Crosslink density also affected the rate of degradation of the GelMA+ gels. In this study, the
degradation was also shown to be dependent on the presence of collagenase enzymes such
as MMPs, with increasing amounts of MMP-9 concentration increasing the degradation rate
(Figure 3). The 20% w/v GelMA+ was completely degraded in the 300 pg/mL MMP-9 in
2 days, without any remnant of the original polymer. However, the 30% w/v GelMA+ took
almost 6 days to degrade to 95% of the original polymer in the same MMP-9 concentration.
The results suggest that increasing the GelMA+ cross-link density can be used to extend
the degradation time for the GeIMA+ hydrogels by MMP enzymes. Figure 3C-G shows the
shape of the gels during the stages of degradation. In Figure 3B,D, it was observed that the
edges of the circular gels remained after degradation. This can be attributed to the shape of
the mould in which the gels were formed, which is thicker on the edges than the centre.
Based on this study, the 30% w/v GelMA+ would be an ideal candidate for encapsulation
of drugs and therapeutics.

The transmittance of contact lenses should be above 90% for optical clarity [57]. It
is evident from Figure 4 that the transmittance of both blank GelMA+ formulations is
above 90% in the visible light range. However, the 30% w/v GelMA+ gels exhibited lower
(p < 0.0001) transmittance compared to 20% w/v GelMA+. This is likely due to the higher
concentration of polymer in the 30% w/v GelMA+ [58]. With BLF-loaded GelMA+ gels,
the transmittance values were lower than the blank gels (Figure 4) owing to the presence
of BLF molecules in the GeIMA+ matrix. Commercial soft contact lenses have a central
thickness ranging from 0.06 mm to 0.24 mm [59]. The GelMA+ gels in this study have a
thickness of around 0.65 mm. The transmittance value of both the blank and BLF-loaded
GelMA+ formulations would increase if the gels were made thinner [60].

Several papers have shown that GeIMA is a favourable biopolymer for cell
growth [49,61-64] and hence proliferation and cytotoxicity tests were conducted to eval-
uate the biocompatibility of GeIMA+. Figure 6A,B indicated that the HCEC thrived and
proliferated in the presence of GelMA+, with greater cell growth on the 30% w/v GelMA+
hydrogel compared to 20% w/v GelMA+. It was hypothesized that at higher GelMA+
concentrations, there are more cell-attachment sites (Arg-Gly-Asp (RGD)). The greater
spreading of GelMA+ may also be associated with the material’s increased stiffness, which
is required as an adequate surface/matrix for HCEC growth [65]. In line with the Alamar
Blue data observed in the cell growth on GelMA+ gels (Figure 7), more cells were viable in
the presence of 30% w/v GelMA+ gels (p < 0.0001). indicating that the cells preferred the
presence of GelMA+. The Live/Dead cell assay (Figure 8A-C) indicated that neither for-
mulation was cytotoxic to the HCEC cells. A large number of cells were viable for a period
of 5 days with very few dead cells, as indicated by the red dots (EthD-1) in the live/dead
cell assay images. For both formulations of GeIMA+, a considerably large number of cells
remained alive with almost no signs of cytotoxicity. Overall, these results indicated that the
immortalized HCEC could proliferate over 5 days on all GeIMA+ hydrogels, with greater
attachment and proliferation on 30% w/v GelMA+.

Based on the porosity of the GelMA+ gels, a high molecular weight compound would
be an ideal candidate for entrapment and release from the gel when degraded by collage-
nase enzymes. It was hypothesized that smaller molecules could simply diffuse from the
gels at a faster rate than the rate of degradation. For this study, BLF was used as a model
therapeutic for wound healing, which has a molecular weight of around 80 kDA [66].
Lactoferrin, an iron-binding monomeric glycoprotein [67], is produced by the epithe-
lial cells of different mammalian organs and found in several secretions, including milk,
saliva, tears [68], digestive secretions, nasal secretions, colostrum, and vaginal fluids,
with colostrum and milk producing the highest amount of lactoferrin. It can be obtained
from several mammalian species [69-71]. BLF has been reported to promote wound heal-
ing [66,72-74] and has shown promising results in the closure of alkali-wounded corneal
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epithelial cells [66,72]. It has been shown that the C-lobe of BLF is primarily responsible for
the healing of wounded corneal epithelial cells [75].

MMPs play an important role in wound healing and inflammation [76]. These enzymes
are responsible for the cleaving and remodelling of epithelial basement components and
tight junction proteins [77,78]. MMPs are proteolytic enzymes that are produced where
ocular surfaces are stressed [79,80]. The presence of pro MMP-9 in the tears of healthy
patients was found at around 20.32 £ 5.21 ng/mL. However, patients suffering from
conjunctivochalasis had MMP-9 concentrations around 223.4 + 74.53 ng/mL [81]. In
another study, active MMP-9 among healthy patients was reported at 8.39 £ 4.70 ng/mL,
while patients suffering from severe dysfunctional tear syndrome showed a very high
MMP-9 activity of 381.24 + 142.83 ng/mL [82]. The presence of MMP-9 on the ocular
surface can be utilized to enhance the release of active therapeutic agents from GelMA+
materials, and subsequently aid in corneal wound healing. Here, as a proof of concept,
a higher level of enzymatic concentration than that typically found on the ocular surface
was chosen to trigger the release of BLF from 30% w/v GeIMA+ gels to demonstrate the
correlation between the enzymatic concentration and the release of the therapeutic agent.
However, more work will be needed to design materials that exhibit the same degradation
kinetics at physiological concentrations of MMP9s.

As the 30% w/v GelMA+ was found to be a favourable candidate for the wound
healing material, it was chosen as the hydrogel polymer to study the triggered release
of BLF dispersed in its matrix over a period 5 days in the presence of varying MMP-9
concentrations. The GelMA+ was able to release BLF over the specified study period in
an increasing manner (Figure 5). The release kinetics of BLF from the gels did not show a
burst release within the first hour, which is normally observed in drug release studies from
hydrogels [15,18,19,83]. It was hypothesized that the initial wash step for an hour removed
most of the loosely bound BLF on the surface or sub-surface of the gels, which was around
14% of the total therapeutic concentration, which could have contributed to a burst release.
In the absence of MMP-9, only 12.06 + 3.41% of the total BLF was released after 120 h,
which was due to passive diffusion. The overall results showed that the release of the BLF
is dependent on both diffusion and enzyme concentration but with a higher impact from
the latter. Thus, it is possible to control the release of the drug therapeutic from the GelMA+
by adjusting the polymer and enzyme concentration. Depending on the enzymes available
at the wounded site, the GelMA+ gels can be formulated similarly so that they degrade
completely in situ, releasing the therapeutic or drug to assist in wound healing.

One advantage of an enzyme-degradable biomaterial is that it does need to be removed
while it degrades in situ. It can be used for sustained and controlled drug delivery to deliver
drugs to the site of action in the body [84,85]. As observed from the BLF release profile, the
release of the therapeutic agent is directly proportional to the presence of MMP-9. This
implies that the drug release will respond to the wound'’s severity. Large wounds will have
higher MMP levels [86,87] and this in turn will degrade the GeIMA+ faster, leading to a
higher release of the therapeutic agents. The main disadvantage of a GeIMA+ bandage
contact lens is that it would cause vision problems as it degrades. One alternative is to
incorporate this material as a contact lens skirt or ring implant or formulate the material as
an ocular insert that is inserted under the lower lid, where slow degradation would not
impact vision but would release the therapeutic of interest.

5. Conclusions

This study investigated the use of GelMA+ gels at different concentrations (20% and
30% w/v) as potential materials for therapeutic bandage contact lenses or ocular inserts to
treat recurrent corneal erosion or other ocular surface injuries. GelMA+ gels demonstrated
degradation in the presence of MMP-9, an enzyme upregulated during corneal wounds.
The release of BLF from the GeIMA+ gel was facilitated by MMP-9. These findings suggest
that GeIMA+ gels hold promise as a biomaterial to promote corneal wound healing. Further
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research can explore ways to optimize the gel properties for faster degradation at lower,
physiologically relevant MMP-9 concentrations.

Author Contributions: Conceptualization, S.B., C.-M.P,, M.R., JW.T,, E.Y. and L.J.; Methodology, S.B.,
C.-M.P, EY. and L.J.; Validation, S.B. and C.-M.P,; Formal analysis, S.B.; Investigation, S.B.; Resources,
E.Y. and L.J.; Writing—original draft, S.B. and C.-M.P,; Writing—review and editing, S.B., C-M.P,,
M.R,, E.Y. and L.J.; Supervision, C.-M.P. and L.J.; Funding acquisition, L.]. All authors have read and
agreed to the published version of the manuscript.

Funding: This project was supported and funded by the Ontario Research Fund and the InnoHK
initiative and the Hong Kong Special Administrative Region Government.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data can be shared up on request.

Conflicts of Interest: Over the past 3 years, CORE has received research support or lectureship
honoraria from the following companies: Alcon, Azura Ophthalmics, Bausch Health, CooperVision,
Essilor, Hoya, i-Med Pharma, J&] Vision, Menicon, Novartis, Ophtecs, Oté Pharma, Santen, SightGlass,
SightSage, Topcon, and Visioneering. Lyndon Jones is also a consultant and /or serves on an advisory
board for Alcon, CooperVision, J&J Vision, Novartis, and Ophtecs.

References

1. Whitcher, J.P; Srinivasan, M.; Upadhyay, M.P. Corneal Blindness: A Global Perspective. Bull. World Health Organ. 2001, 79,
214-221. [PubMed]

2. Ross, M.; Deschenes, ]. Practice Patterns in the Interdisciplinary Management of Corneal Abrasions. Can. |. Ophthalmol. 2017, 52,
548-551. [CrossRef] [PubMed]

3. Schrader, S.; Wedel, T.; Moll, R.; Geerling, G. Combination of Serum Eye Drops with Hydrogel Bandage Contact Lenses in the
Treatment of Persistent Epithelial Defects. Graefe Arch. Clin. Exp. Ophthalmol. 2006, 244, 1345-1349. [CrossRef] [PubMed]

4. Arora, R, Jain, S.; Monga, S.; Narayanan, R.; Raina, U.K.; Mehta, D.K. Efficacy of Continuous Wear Purevision Contact Lenses for
Therapeutic Use. Contact Lens Anterior Eye 2004, 27, 39-43. [CrossRef] [PubMed]

5. Blackmore, S.J. The Use of Contact Lenses in the Treatment of Persistent Epithelial Defects. Contact Lens Anterior Eye 2010, 33,
239-244. [CrossRef] [PubMed]

6. Sun, Y.-C.; Inamoto, Y.; Wang, R.-K; Lee, S.-].; Hung, K.-F; Shen, T.-T. The Disposable Bandage Soft Contact Lenses Therapy and
Anterior Segment Optical Coherence Tomography for Management of Ocular Graft-Versus-Host Disease. BMC Ophthalmol. 2021,
21, 271. [CrossRef]

7. Mangan, M.S,; Tekcan, H.; Yurttaser Ocak, S. Efficacy of Bandage Contact Lenses Versus Eye Patching in Early Postoperative
Period of Miiller’s Muscle-Conjunctival Resection. Ophthalmic Res. 2021, 64, 139-144. [CrossRef]

8. Busin, M,; Spitznas, M. Sustained Gentamicin Release by Presoaked Medicated Bandage Contact Lenses. Ophthalmology 1988, 95,
796-798. [CrossRef]

9.  Donnenfeld, E.D.; Selkin, B.A.; Perry, H.D.; Moadel, K.; Selkin, G.T.; Cohen, A.].; Sperber, L.T. Controlled Evaluation of a Bandage
Contact Lens and a Topical Nonsteroidal Anti-Inflammatory Drug in Treating Traumatic Corneal Abrasions. Ophthalmology 1995,
102, 979-984. [CrossRef]

10. Kanpolat, A.; Ucakhan, O.O. Therapeutic Use of Focus Night & Day Contact Lenses. Cornea 2003, 22, 726-734.

11.  Ahad, M.A; Anandan, M.; Tah, V.; Dhingra, S.; Leyland, M. Randomized Controlled Study of Ocular Lubrication Versus Bandage
Contact Lens in the Primary Treatment of Recurrent Corneal Erosion Syndrome. Cornea 2013, 32, 1311-1314. [CrossRef] [PubMed]

12. Ahmadj, F; Oveisi, Z.; Samani, S.M.; Amoozgar, Z. Chitosan Based Hydrogels: Characteristics and Pharmaceutical Applications.
Res. Pharm. Sci. 2015, 10, 1-16. [PubMed]

13. Kashyap, N.; Kumar, N.; Kumar, M.N. Hydrogels for Pharmaceutical and Biomedical Applications. Crit. Rev. Ther. Drug Carr.
Syst. 2005, 22, 107-149. [CrossRef] [PubMed]

14. Hoare, T.R.; Kohane, D.S. Hydrogels in Drug Delivery: Progress and Challenges. Polymer 2008, 49, 1993-2007. [CrossRef]

15. Bajgrowicz, M.; Phan, C.M.; Subbaraman, L.N.; Jones, L. Release of Ciprofloxacin and Moxifloxacin from Daily Disposable
Contact Lenses from an in Vitro Eye Model. Investig. Ophthalmol. Vis. Sci. 2015, 56, 2234-2242. [CrossRef]

16. Hui, A.; Bajgrowicz-Cieslak, M.; Phan, C.M.; Jones, L. In Vitro Release of Two Anti-Muscarinic Drugs from Soft Contact Lenses.
Clin. Ophthalmol. 2017, 11, 1657-1665. [CrossRef]

17.  Maulvi, FEA,; Soni, T.G.; Shah, D.O. A Review on Therapeutic Contact Lenses for Ocular Drug Delivery. Drug Deliv. 2016, 23,
3017-3026. [CrossRef]

18.  Phan, C.M.; Subbaraman, L.; Liu, S.; Gu, F; Jones, L. In Vitro Uptake and Release of Natamycin Dex-B-Pla Nanoparticles from

Model Contact Lens Materials. J. Biomater. Sci. Polym. Ed. 2014, 25, 18-31. [CrossRef]


https://www.ncbi.nlm.nih.gov/pubmed/11285665
https://doi.org/10.1016/j.jcjo.2017.03.016
https://www.ncbi.nlm.nih.gov/pubmed/29217021
https://doi.org/10.1007/s00417-006-0257-y
https://www.ncbi.nlm.nih.gov/pubmed/16544115
https://doi.org/10.1016/j.clae.2003.09.004
https://www.ncbi.nlm.nih.gov/pubmed/16303526
https://doi.org/10.1016/j.clae.2010.06.004
https://www.ncbi.nlm.nih.gov/pubmed/20638323
https://doi.org/10.1186/s12886-021-02031-0
https://doi.org/10.1159/000512470
https://doi.org/10.1016/S0161-6420(88)33106-4
https://doi.org/10.1016/S0161-6420(95)30926-8
https://doi.org/10.1097/ICO.0b013e31829dec39
https://www.ncbi.nlm.nih.gov/pubmed/23974885
https://www.ncbi.nlm.nih.gov/pubmed/26430453
https://doi.org/10.1615/CritRevTherDrugCarrierSyst.v22.i2.10
https://www.ncbi.nlm.nih.gov/pubmed/15862110
https://doi.org/10.1016/j.polymer.2008.01.027
https://doi.org/10.1167/iovs.15-16379
https://doi.org/10.2147/OPTH.S141404
https://doi.org/10.3109/10717544.2016.1138342
https://doi.org/10.1080/09205063.2013.830914

Pharmaceutics 2024, 16, 26 14 of 16

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Phan, C.M.; Subbaraman, L.N.; Jones, L. In Vitro Uptake and Release of Natamycin from Conventional and Silicone Hydrogel
Contact Lens Materials. Eye Contact Lens 2013, 39, 162-168. [CrossRef]

Yue, K.; Trujillo-de Santiago, G.; Alvarez, M.M.; Tamayol, A.; Annabi, N.; Khademhosseini, A. Synthesis, Properties, and
Biomedical Applications of Gelatin Methacryloyl (Gelma) Hydrogels. Biomaterials 2015, 73, 254-271. [CrossRef]

Koshy, S.T; Desai, R.M.; Joly, P; Li, J.; Bagrodia, R.K.; Lewin, S.A_; Joshi, N.S.; Mooney, D.J. Click-Crosslinked Injectable Gelatin
Hydrogels. Adv. Healthc. Mater. 2016, 5, 541-547. [CrossRef] [PubMed]

Ward, A.J.; Courts, A. The Science and Technology of Gelatin; Academic Press: Cambridge, MA, USA, 1977.

Zimmermann, D.R.; Triieb, B.; Winterhalter, K.H.; Witmer, R.; Fischer, R.W. Type Vi Collagen is a Major Component of the Human
Cornea. FEBS Lett. 1986, 197, 55-58. [CrossRef] [PubMed]

Barbetta, A.; Dentini, M.; Zannoni, E.M.; De Stefano, M.E. Tailoring the Porosity and Morphology of Gelatin-Methacrylate
Polyhipe Scaffolds for Tissue Engineering Applications. Langmuir 2005, 21, 12333-12341. [CrossRef] [PubMed]

Chen, Y.C; Lin, R.Z.; Qi, H.; Yang, Y.; Bae, H.; Melero-Martin, ].M.; Khademhosseini, A. Functional Human Vascular Network
Generated in Photocrosslinkable Gelatin Methacrylate Hydrogels. Adv. Funct. Mater. 2012, 22, 2027-2039. [CrossRef] [PubMed]
Singh, D.; Tripathi, A.; Nayak, V.; Kumar, A. Proliferation of Chondrocytes on a 3-D Modelled Macroporous Poly(Hydroxyethyl
Methacrylate)-Gelatin Cryogel. J. Biomater. Sci. Polym. Ed. 2011, 22, 1733-1751. [CrossRef] [PubMed]

Goémez-Guillén, M.C.; Turnay, J.; Ferndndez-Diaz, M.; Ulmo, N.; Lizarbe, M.A.; Montero, P. Structural and Physical Properties of
Gelatin Extracted from Different Marine Species: A Comparative Study. Food Hydrocoll. 2002, 16, 25-34. [CrossRef]

Nichol, J.W.; Koshy, S.T.; Bae, H.; Hwang, C.M.; Yamanlar, S.; Khademhosseini, A. Cell-Laden Microengineered Gelatin
Methacrylate Hydrogels. Biomaterials 2010, 31, 5536-5544. [CrossRef]

Gnavi, S.; di Blasio, L.; Tonda-Turo, C.; Mancardi, A.; Primo, L.; Ciardelli, G.; Gambarotta, G.; Geuna, S.; Perroteau, I. Gelatin-
Based Hydrogel for Vascular Endothelial Growth Factor Release in Peripheral Nerve Tissue Engineering. J. Tissue Eng. Regen.
Med. 2017, 11, 459-470. [CrossRef]

Sharifi, S.; Islam, M.M.; Sharifi, H.; Islam, R.; Koza, D.; Reyes-Ortega, E.; Alba-Molina, D.; Nilsson, PH.; Dohlman, C.H;
Mollnes, T.E,; et al. Tuning Gelatin-Based Hydrogel Towards Bioadhesive Ocular Tissue Engineering Applications. Bioact. Mater.
2021, 6, 3947-3961. [CrossRef]

Tronci, G.; Neffe, A.T.; Pierce, B.F.; Lendlein, A. An Entropy-Elastic Gelatin-Based Hydrogel System. J. Mater. Chem. 2010, 20,
8875-8884. [CrossRef]

Maitra, J.; Shukla, V.K. Cross-Linking in Hydrogels—A Review. Am. J. Polym. Sci. 2014, 4, 25-31.

Jia, X; Kiick, K.L. Hybrid Multicomponent Hydrogels for Tissue Engineering. Macromol. Biosci. 2009, 9, 140-156. [CrossRef]
[PubMed]

Rizwan, M.; Peh, G.S.; Ang, H.-P.; Lwin, N.C.; Adnan, K.; Mehta, ].S.; Tan, W.S.; Yim, E K. Sequentially-Crosslinked Bioactive Hy-
drogels as Nano-Patterned Substrates with Customizable Stiffness and Degradation for Corneal Tissue Engineering Applications.
Biomaterials 2017, 120, 139-154. [CrossRef] [PubMed]

Van den Steen, PE.; Dubois, B.; Nelissen, I.; Rudd, PM.; Dwek, R.A.; Opdenakker, G. Biochemistry and Molecular Biology of
Gelatinase B or Matrix Metalloproteinase-9 (Mmp-9). Crit. Rev. Biochem. Mol. Biol. 2002, 37, 375-536. [CrossRef]

Xu, E; Inci, F,; Mullick, O.; Gurkan, U.A; Sung, Y.; Kavaz, D.; Li, B.; Denkbas, E.B.; Demirci, U. Release of Magnetic Nanoparticles
from Cell-Encapsulating Biodegradable Nanobiomaterials. ACS Nano 2012, 6, 6640—-6649. [CrossRef]

Xiao, W.; He, J.; Nichol, ] W.; Wang, L.; Hutson, C.B.; Wang, B.; Du, Y.; Fan, H.; Khademhosseini, A. Synthesis and Characterization
of Photocrosslinkable Gelatin and Silk Fibroin Interpenetrating Polymer Network Hydrogels. Acta Biomater. 2011, 7, 2384-2393.
[CrossRef]

Sivak, J.M.; Fini, M.E. Mmps in the Eye: Emerging Roles for Matrix Metalloproteinases in Ocular Physiology. Prog. Retin. Eye Res.
2002, 21, 1-14. [CrossRef]

Matsubara, M.; Girard, M.T.; Kublin, C.L.; Cintron, C.; Fini, M.E. Differential Roles for Two Gelatinolytic Enzymes of the Matrix
Metalloproteinase Family in the Remodelling Cornea. Dev. Biol. 1991, 147, 425-439. [CrossRef]

Mulholland, B.; Tuft, S.J.; Khaw, P.T. Matrix Metalloproteinase Distribution During Early Corneal Wound Healing. Eye 2005, 19,
584-588. [CrossRef]

Fini, M.E.; Girard, M.T.; Matsubara, M. Collagenolytic/Gelatinolytic Enzymes in Corneal Wound Healing. Acta Ophthalmol. 1992,
70 (Suppl. 1985), 26-33. [CrossRef]

Derakhshanfar, S.; Mbeleck, R.; Xu, K.; Zhang, X.; Zhong, W.; Xing, M. 3d Bioprinting for Biomedical Devices and Tissue
Engineering: A Review of Recent Trends and Advances. Bioact. Mater. 2018, 3, 144-156. [CrossRef] [PubMed]

Kim, S.-Y; Choi, A.-].; Park, J.-E.; Jang, Y.-S.; Lee, M.-H. Antibacterial Activity and Biocompatibility with the Concentration of
Ginger Fraction in Biodegradable Gelatin Methacryloyl (Gelma) Hydrogel Coating for Medical Implants. Polymers 2022, 14, 5317.
[CrossRef] [PubMed]

Feng, M.; Hu, S.; Qin, W.,; Tang, Y.; Guo, R.; Han, L. Bioprinting of a Blue Light-Cross-Linked Biodegradable Hydrogel
Encapsulating Amniotic Mesenchymal Stem Cells for Intrauterine Adhesion Prevention. ACS Omega 2021, 6, 23067-23075.
[CrossRef] [PubMed]

Wang, J.-H.; Tsai, C.-W.; Tsai, N.-Y.; Chiang, C.-Y.; Lin, R.-S.; Pereira, R.-F,; Li, Y.-C.-E. An Injectable, Dual Crosslinkable Hybrid
Pectin Methacrylate (Pecma)/Gelatin Methacryloyl (Gelma) Hydrogel for Skin Hemostasis Applications. Int. J. Biol. Macromol.
2021, 185, 441-450. [CrossRef] [PubMed]


https://doi.org/10.1097/ICL.0b013e31827a7a07
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1002/adhm.201500757
https://www.ncbi.nlm.nih.gov/pubmed/26806652
https://doi.org/10.1016/0014-5793(86)80297-6
https://www.ncbi.nlm.nih.gov/pubmed/3512309
https://doi.org/10.1021/la0520233
https://www.ncbi.nlm.nih.gov/pubmed/16343011
https://doi.org/10.1002/adfm.201101662
https://www.ncbi.nlm.nih.gov/pubmed/22907987
https://doi.org/10.1163/092050610X522486
https://www.ncbi.nlm.nih.gov/pubmed/20843432
https://doi.org/10.1016/S0268-005X(01)00035-2
https://doi.org/10.1016/j.biomaterials.2010.03.064
https://doi.org/10.1002/term.1936
https://doi.org/10.1016/j.bioactmat.2021.03.042
https://doi.org/10.1039/c0jm00883d
https://doi.org/10.1002/mabi.200800284
https://www.ncbi.nlm.nih.gov/pubmed/19107720
https://doi.org/10.1016/j.biomaterials.2016.12.026
https://www.ncbi.nlm.nih.gov/pubmed/28061402
https://doi.org/10.1080/10409230290771546
https://doi.org/10.1021/nn300902w
https://doi.org/10.1016/j.actbio.2011.01.016
https://doi.org/10.1016/S1350-9462(01)00015-5
https://doi.org/10.1016/0012-1606(91)90300-R
https://doi.org/10.1038/sj.eye.6701557
https://doi.org/10.1111/j.1755-3768.1992.tb02165.x
https://doi.org/10.1016/j.bioactmat.2017.11.008
https://www.ncbi.nlm.nih.gov/pubmed/29744452
https://doi.org/10.3390/polym14235317
https://www.ncbi.nlm.nih.gov/pubmed/36501711
https://doi.org/10.1021/acsomega.1c02117
https://www.ncbi.nlm.nih.gov/pubmed/34549107
https://doi.org/10.1016/j.ijbiomac.2021.06.162
https://www.ncbi.nlm.nih.gov/pubmed/34197849

Pharmaceutics 2024, 16, 26 15 of 16

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Ukmar, T.; Maver, U.; Planinsek, O.; Kau¢i¢, V.; Gabers¢ek, M.; Godec, A. Understanding Controlled Drug Release from
Mesoporous Silicates: Theory and Experiment. J. Control. Release 2011, 155, 409-417. [CrossRef]

Siboro, S.A.; Anugrah, D.S.; Ramesh, K.; Park, S.H.; Kim, H.R.; Lim, K.T. Tunable Porosity of Covalently Crosslinked Alginate-
Based Hydrogels and Its Significance in Drug Release Behavior. Carbohydr. Polym. 2021, 260, 117779. [CrossRef]

Noshadi, I.; Hong, S.; Sullivan, K.E.; Sani, E.S.; Portillo-Lara, R.; Tamayol, A.; Shin, S.R.; Gao, A.E.; Stoppel, W.L,;
Black, L.D., IIL; et al. In Vitro and in Vivo Analysis of Visible Light Crosslinkable Gelatin Methacryloyl (Gelma) Hydrogels.
Biomater. Sci. 2017, 5,2093-2105. [CrossRef]

ur Rehman, S.R.; Augustine, R.; Zahid, A.A.; Ahmed, R.; Tariq, M.; Hasan, A. Reduced Graphene Oxide Incorporated Gelma
Hydrogel Promotes Angiogenesis for Wound Healing Applications. Int. |. Nanomed. 2019, 14, 9603. [CrossRef]

Yang, J.; Wang, F,; Tan, T. Controlling Degradation and Physical Properties of Chemical Sand Fixing Agent-Poly (Aspartic Acid)
by Crosslinking Density and Composites. J. Appl. Polym. Sci. 2009, 111, 1557-1563. [CrossRef]

Peng, Z.; Chen, F. Hydroxyethyl Cellulose-Based Hydrogels with Various Pore Sizes Prepared by Freeze-Drying. ]. Macromol. Sci.
Part B Phys. 2010, 50, 340-349. [CrossRef]

Tranoudis, I.; Efron, N. Tensile Properties of Soft Contact Lens Materials. Contact Lens Anterior Eye 2004, 27, 177-191. [CrossRef]
[PubMed]

Bhamra, T.S.; Tighe, B.J. Mechanical Properties of Contact Lenses: The Contribution of Measurement Techniques and Clinical
Feedback to 50 Years of Materials Development. Contact Lens Anterior Eye 2017, 40, 70-81. [CrossRef] [PubMed]

Peppas, N.A.; Hoffman, A.S. Hydrogels. In Biomaterials Science; Wagner, W.R., Sakiyama-Elbert, S.E., Zhang, G., Yaszemski, M.].,
Eds.; Academic Press: Cambridge, MA, USA, 2020; pp. 153-166.

Wang, Y.; Nian, G.; Kim, J.; Suo, Z. Polyacrylamide Hydrogels. Vi. Synthesis-Property Relation. |. Mech. Phys. Solids 2023,
170,105099. [CrossRef]

Yacob, N.; Hashim, K. Morphological Effect on Swelling Behaviour of Hydrogel. AIP Conf. Proc. 2014, 1584, 153-159.

Wang, Z.; Li, X.; Zhang, X.; Sheng, R.; Lin, Q.; Song, W.; Hao, L. Novel Contact Lenses Embedded with Drug-Loaded Zwitterionic
Nanogels for Extended Ophthalmic Drug Delivery. Nanomaterials 2021, 11, 2328. [CrossRef] [PubMed]

Gupta, S.; Goswami, S.; Sinha, A. A Combined Effect of Freeze--Thaw Cycles and Polymer Concentration on the Structure and
Mechanical Properties of Transparent Pva Gels. Biomed. Mater. 2012, 7, 015006. [CrossRef] [PubMed]

Lira, M.; Pereira, C.; Real Oliveira, M.E.; Castanheira, E.M. Importance of Contact Lens Power and Thickness in Oxygen
Transmissibility. Contact Lens Anterior Eye 2015, 38, 120-126. [CrossRef]

Kapfelsberger, A.; Eckstein, J.; von Ahrentschildt, A.; Bischoff, J.; Marx, S.; Sickenberger, W. Ultraviolet and Visible Transmittance
of Soft Contact Lenses with and without Ultraviolet Blockers. Optom. Vis. Sci. 2021, 98, 1270-1278. [CrossRef]

Wang, H.; Zhou, L,; Liao, J.; Tan, Y.; Ouyang, K.; Ning, C.; Ni, G; Tan, G. Cell-Laden Photocrosslinked Gelma-Dexma Copolymer
Hydrogels with Tunable Mechanical Properties for Tissue Engineering. . Mater. Sci. Mater. Med. 2014, 25, 2173-2183. [CrossRef]
Augustine, R.; Hasan, A ; Dalvi, Y.B.; Rehman, S.R.U.; Varghese, R.; Unni, R.N.; Yalcin, H.C.; Alfkey, R.; Thomas, S.; Al Moustafa,
A.E. Growth Factor Loaded In Situ Photocrosslinkable Poly(3-Hydroxybutyrate-Co-3-Hydroxyvalerate) / Gelatin Methacryloyl
Hybrid Patch for Diabetic Wound Healing. Mater. Sci. Eng. C-Mater. Biol. Appl. 2021, 118, 111519. [CrossRef]

Fathi, A.; Lee, S.; Breen, A.; Shirazi, A.N.; Valtchev, P.; Dehghani, F. Enhancing the Mechanical Properties and Physical Stability
of Biomimetic Polymer Hydrogels for Micro-Patterning and Tissue Engineering Applications. Eur. Polym. ]. 2014, 59, 161-170.
[CrossRef]

Liu, B.; Wang, Y.; Miao, Y.; Zhang, X; Fan, Z.; Singh, G.; Zhang, X.; Xu, K,; Li, B.; Hu, Z.; et al. Hydrogen Bonds Autonomously
Powered Gelatin Methacrylate Hydrogels with Super-Elasticity, Self-Heal and Underwater Self-Adhesion for Sutureless Skin and
Stomach Surgery and E-Skin. Biomaterials 2018, 171, 83-96. [CrossRef] [PubMed]

Sun, Y,; Deng, R.; Ren, X.; Zhang, K.; Li, J. 2d Gelatin Methacrylate Hydrogels with Tunable Stiffness for Investigating Cell
Behaviors. ACS Appl. Bio Mater. 2018, 2, 570-576. [CrossRef] [PubMed]

Pattamatta, U.; Willcox, M.; Stapleton, F.; Cole, N.; Garrett, Q. Bovine Lactoferrin Stimulates Human Corneal Epithelial Alkali
Wound Healing in Vitro. Investig. Ophthalmol. Vis. Sci. 2009, 50, 1636-1643. [CrossRef] [PubMed]

Groves, M.L. The Isolation of a Red Protein from Milk2. J. Am. Chem. Soc. 1960, 82, 3345-3350. [CrossRef]

Flanagan, J.L.; Willcox, M.D. Role of Lactoferrin in the Tear Film. Biochimie 2009, 91, 35-43. [CrossRef] [PubMed]

Gruden, S.; Poklar Ulrih, N. Diverse Mechanisms of Antimicrobial Activities of Lactoferrins, Lactoferricins, and Other Lactoferrin-
Derived Peptides. Int. |. Mol. Sci. 2021, 22, 11264. [CrossRef]

Masson, P.L.; Heremans, ]J.F. Lactoferrin in Milk from Different Species. Comp. Biochem. Physiol. Part B 1971, 39, 119-129.
[CrossRef]

Masson, P; Heremans, J.; Dive, C. An Iron-Binding Protein Common to Many External Secretions. Clin. Chim. Acta 1966, 14,
735-739. [CrossRef]

Tang, L.; Wu, ].J.; Ma, Q.; Cui, T.; Andreopoulos, EM.; Gil, ]J.; Valdes, J.; Davis, S.C.; Li, ]. Human Lactoferrin Stimulates Skin
Keratinocyte Function and Wound Re-Epithelialization. Br. J. Dermatol. 2010, 163, 38—47. [CrossRef]

Engelmayer, ].; Blezinger, P.; Varadhachary, A. Talactoferrin Stimulates Wound Healing with Modulation of Inflammation. J. Surg.
Res. 2008, 149, 278-286. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jconrel.2011.06.038
https://doi.org/10.1016/j.carbpol.2021.117779
https://doi.org/10.1039/C7BM00110J
https://doi.org/10.2147/IJN.S218120
https://doi.org/10.1002/app.29003
https://doi.org/10.1080/00222341003772217
https://doi.org/10.1016/j.clae.2004.08.002
https://www.ncbi.nlm.nih.gov/pubmed/16303541
https://doi.org/10.1016/j.clae.2016.11.005
https://www.ncbi.nlm.nih.gov/pubmed/27884616
https://doi.org/10.1016/j.jmps.2022.105099
https://doi.org/10.3390/nano11092328
https://www.ncbi.nlm.nih.gov/pubmed/34578644
https://doi.org/10.1088/1748-6041/7/1/015006
https://www.ncbi.nlm.nih.gov/pubmed/22287550
https://doi.org/10.1016/j.clae.2014.12.002
https://doi.org/10.1097/OPX.0000000000001796
https://doi.org/10.1007/s10856-014-5261-x
https://doi.org/10.1016/j.msec.2020.111519
https://doi.org/10.1016/j.eurpolymj.2014.07.011
https://doi.org/10.1016/j.biomaterials.2018.04.023
https://www.ncbi.nlm.nih.gov/pubmed/29684678
https://doi.org/10.1021/acsabm.8b00712
https://www.ncbi.nlm.nih.gov/pubmed/35016320
https://doi.org/10.1167/iovs.08-1882
https://www.ncbi.nlm.nih.gov/pubmed/19060270
https://doi.org/10.1021/ja01498a029
https://doi.org/10.1016/j.biochi.2008.07.007
https://www.ncbi.nlm.nih.gov/pubmed/18718499
https://doi.org/10.3390/ijms222011264
https://doi.org/10.1016/0305-0491(71)90258-6
https://doi.org/10.1016/0009-8981(66)90004-0
https://doi.org/10.1111/j.1365-2133.2010.09748.x
https://doi.org/10.1016/j.jss.2007.12.754
https://www.ncbi.nlm.nih.gov/pubmed/18619616

Pharmaceutics 2024, 16, 26 16 of 16

74.

75.

76.

77.

78.

79.
80.

81.

82.

83.
84.

85.
86.

87.

Mouritzen, M.V.; Petkovic, M.; Qvist, K.; Poulsen, S.S.; Alarico, S.; Leal, E.C.; Dalgaard, L.T.; Empadinhas, N.; Carvalho, E,;
Jenssen, H. Improved Diabetic Wound Healing by Lfcinb Is Associated with Relevant Changes in the Skin Immune Response and
Microbiota. Mol. Ther. Methods Clin. Dev. 2021, 20, 726-739. [CrossRef] [PubMed]

Ashby, B.; Garrett, Q.; Willcox, M. Bovine Lactoferrin Structures Promoting Corneal Epithelial Wound Healing in Vitro. Investig.
Ophthalmol. Vis. Sci. 2011, 52, 2719-2726. [CrossRef] [PubMed]

Li, D.Q.; Pflugfelder, S.C. Matrix Metalloproteinases in Corneal Inflammation. Ocul. Surf. 2005, 3, 5198-5202. [CrossRef]
[PubMed]

Behzadian, M.A.; Wang, X.L.; Windsor, L.J.; Ghaly, N.; Caldwell, R.B. Tgf-Beta Increases Retinal Endothelial Cell Permeability by
Increasing Mmp-9: Possible Role of Glial Cells in Endothelial Barrier Function. Investig. Ophthalmol. Vis. Sci. 2001, 42, 853-859.
Sternlicht, M.D.; Werb, Z. How Matrix Metalloproteinases Regulate Cell Behavior. Annu. Rev. Cell Dev. Biol. 2001, 17, 463-516.
[CrossRef] [PubMed]

Pflugfelder, S.C. Antiinflammatory Therapy for Dry Eye. Am. ]. Ophthalmol. 2004, 137, 337-342. [CrossRef]

Afonso, A.A.; Sobrin, L.; Monroy, D.C.; Selzer, M.; Lokeshwar, B.; Pflugfelder, S.C. Tear Fluid Gelatinase B Activity Correlates
with Il-1alpha Concentration and Fluorescein Clearance in Ocular Rosacea. Investig. Ophthalmol. Vis. Sci. 1999, 40, 2506-2512.
Acera, A.; Vecino, E.; Duran, J.A. Tear Mmp-9 Levels as a Marker of Ocular Surface Inflammation in Conjunctivochalasis. Investig.
Ophthalmol. Vis. Sci. 2013, 54, 8285-8291. [CrossRef]

Chotikavanich, S.; de Paiva, C.S.; Chen, ].J.; Bian, F; Farley, WJ.; Pflugfelder, S.C. Production and Activity of Matrix
Metalloproteinase-9 on the Ocular Surface Increase in Dysfunctional Tear Syndrome. Investig. Ophthalmol. Vis. Sci. 2009, 50,
3203-3209. [CrossRef]

Tse, J. Gelatin Methacrylate as a Controlled Release Vehicle for Treatment of Recurrent Corneal Erosion. Master’s Thesis,
University of Waterloo, Waterloo, ON, Canada, 2018.

Langer, R. Drug Delivery. Drugs on Target. Science 2001, 293, 58-59. [CrossRef] [PubMed]

Ulijn, R.V. Enzyme-Responsive Materials: A New Class of Smart Biomaterials. . Mater. Chem. 2006, 16, 2217-2225. [CrossRef]
Da Silva, A.A.; Leal-Junior, E.C.; Alves, A.C.; Rambo, C.S.; Dos Santos, S.A.; Vieira, R.P; De Carvalho, P.D. Wound-Healing Effects
of Low-Level Laser Therapy in Diabetic Rats Involve the Modulation of Mmp-2 and Mmp-9 and the Redistribution of Collagen
Types I and Iii. J. Cosmet. Laser Ther. 2013, 15, 210-216. [CrossRef] [PubMed]

Eichler, W.; Bechtel, ]. M.; Schumacher, J.; Wermelt, J.A.; Klotz, K.E; Bartels, C. A Rise of Mmp-2 and Mmp-9 in Bronchoalveolar
Lavage Fluid Is Associated with Acute Lung Injury after Cardiopulmonary Bypass in a Swine Model. Perfusion 2003, 18, 107-113.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.omtm.2021.02.008
https://www.ncbi.nlm.nih.gov/pubmed/33738327
https://doi.org/10.1167/iovs.10-6352
https://www.ncbi.nlm.nih.gov/pubmed/21282581
https://doi.org/10.1016/S1542-0124(12)70255-0
https://www.ncbi.nlm.nih.gov/pubmed/17216119
https://doi.org/10.1146/annurev.cellbio.17.1.463
https://www.ncbi.nlm.nih.gov/pubmed/11687497
https://doi.org/10.1016/j.ajo.2003.10.036
https://doi.org/10.1167/iovs.13-12235
https://doi.org/10.1167/iovs.08-2476
https://doi.org/10.1126/science.1063273
https://www.ncbi.nlm.nih.gov/pubmed/11441170
https://doi.org/10.1039/b601776m
https://doi.org/10.3109/14764172.2012.761345
https://www.ncbi.nlm.nih.gov/pubmed/23463906
https://doi.org/10.1191/0267659103pf662oa

	Introduction 
	Materials and Methods 
	Materials 
	Gelatin Methacrylate Synthesis 
	Preparation of GelMA+ Hydrogels and BLF-Loaded GelMA+ Hydrogels 
	Physical Characterization 
	Scanning Electron Microscopy 
	Enzymatic Degradation of the GelMA+ Hydrogels 
	Swelling Percentage and Water Content of the GelMA+ Hydrogels 
	Mechanical Properties of the GelMA+ Hydrogels 
	Optical Transmittance of the GelMA+ Hydrogels 
	In Vitro Release of Bovine Lactoferrin (BLF) 

	Biological Characterizations 
	Cell Culture 
	Cell Culture in the Presence of GelMA+ Hydrogels 
	Cell Mortality Assay 
	Live/Dead Assay 
	Statistical Analysis 


	Results 
	Physical Characterization 
	Scanning Electron Microscopy Images 
	Enzymatic Degradation of GelMA+ Hydrogel 
	Swelling Profile and Water Content of GelMA+ Hydrogel 
	Tensile Test 
	Optical Transmittance 
	In Vitro Release of Bovine Lactoferrin 

	Biological Characterization 
	Cell Growth on GelMA+ Gels 
	Cell Mortality Assay 
	Live/Dead Assay 


	Discussion 
	Conclusions 
	References

