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ARTICLE INFO ABSTRACT

Keywords: The development of biocompatible and transparent three-dimensional materials is desirable for corneal tissue
Biomaterial engineering. Inspired from the cornea structure, gelatin methacryloyl-poly(2-hydroxymethyl methacrylate)
Cell adhesion and growth (GelMA-p(HEMA)) composite hydrogel was fabricated. GelMA fibers were produced via electrospinning and
E?Ei;sellt:s covered with a thin layer of p(HEMA) in the presence of N,N'-methylenebisacrylamide (MBA) as cross-linker by

drop-casting. The structure of resulting GeIMA-p(HEMA) composite was characterized by spectrophotometry,
microscopy, and swelling studies. Biocompatibility and biological properties of the both p(HEMA) and GelMA-p
(HEMA) composite have been investigated by 3D cell culture, red blood cell hemolysis, and protein adsorption
studies (i.e., human serum albumin, human immunoglobulin and egg white lysozyme). The optical transmittance
of the GelMA-p(HEMA) composite was found to be approximately 70% at 550 nm. The GelMA-p(HEMA) com-
posite was biocompatible with tear fluid proteins and convenient for cell adhesion and growth. Thus, as prepared
hydrogel composite may find extensive applications in future for the development of corneal tissue engineering
as well as preparation of stroma of the corneal material.

Protein adsorption

1. Introduction

Cornea, one of the avascular connective tissue present at the front of
the eye, serves two important functions. It, first, keeps safe the eye from
mechanical damage and infections and second, functions as a main
optical component by refracting 70% of the incoming light [1,2]. The
corneal stroma constitutes 90% of the thickness of the cornea and con-
sists of aligned collagen fibrils (82% of the dry weight) [3]. They form
triple-helix bundles with diameters of approximately 200-350 nm,
which line up to form a flat lamellar sheet. The lamellar sheets of the
stroma are layered on top of each other, and glycoproteins and keratin
sulfate or chondroitin sulfate are located between fibrils along with
other collagens and preserve the transparency of the cornea while
keeping it hydrated [4]. Additionally, stroma provides many biochem-
ical and biomechanical functions to the cornea including tensile strength
and stability. Corneal disease is a leading cause of blindness, affecting 10
million people in the world [5,6]. Corneal transplantation from human
donor tissue is a standard procedure for treating corneal diseases and
restoring vision. However, the lack of donors has prompted scientists to
explore alternative solutions. Poly(methyl methacrylate) is the first
clinically successful synthetic polymeric material to be recommended
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for keratoprosthesis. However, such rigid and hydrophobic materials
have been caused a variety of complications [7]. Therefore, research on
the development of artificial corneas and biocompatible scaffolds has
focused on hydrophilic soft materials that support surface cell adhesion
[8-11].

In recent years, various synthetic or natural hydrogel materials have
been used for corneal stroma tissue engineering studies in diverse forms
and formulations due to their physical properties similar to soft tissues
[8]. Among them, collagen and gelatin have been the mostly used nat-
ural materials in the fields of the tissue engineering. Gelatin is a protein
and obtained by slow heat denaturation of collagen, during this process
three-dimensional structure of the collagen gradually starts to unwind
and converted into gelatin. The biomedical applications of gelatin are
limited due to its poor thermostability and the undesired effect of the
various bifunctional crosslinking agents on its biocompatibility [12].
Generally, semi-synthetic hydrogel from gelatin is synthesized by the
reaction of amine groups of gelatins with methacrylic acid anhydride
(GelMA). The double bonds in the GelMA structures raised from the
incorporation of methacrylic acid are used for the preparation of GelMA
hydrogel by free-radical polymerization in the presence of a photo-
initiator. As reported earlier, the synthesized GelMA hydrogels have
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Fig. 1. Schematic representation of the sample preparation.

retained the biocompatibility and bioactivity properties of the gelatin,
and thus, these properties have made the GelMA hydrogel one of the
most studied soft materials for various medical applications such as
drug/gene delivery and tissue engineering [13]. In the many former
studies, GelMA hydrogels were used in cornea stroma engineering and
promising results have been obtained in terms of high cell viability and
transparency compared to natural corneal structure [8]. However, the
main drawback of the GelMA hydrogel for the tissue engineering
application is its weak mechanical property. This challenge can be
improved by combining with an accompanying polymer to enhance the
mechanical properties of GelMA hydrogels [14]. Therefore, poly(2-
hydroxymethyl methacrylate) (p(HEMA)) hydrogels can be combined
with GelMA using various methods [15,16]. p(HEMA) is a well-known
hydrogel and has been widely used in the construction of various
biomedical prostheses and is the first recommended hydrogel for kera-
toprosthesis [7]. It is hydrogel and stable against many chemical and
biochemical reactions. Additionally, it is transparent and biocompatible
material with a low cellular affinity [15,17]. Therefore, it has been used
for the manufacturing of ophthalmic materials such as soft contact
lenses and intraocular lenses [18].

Electrospinning has been actively used in many fields since the early
20th century [19]. It allows for the fabrication of fibers from micro-
meters to nanometers in km-long in one step without post-processing
[20]. The ability to control morphology including fiber diameter,
shape, and porosity by changing solution and process parameters make
electrospinning a versatile process. The final properties of the fibers are
determined by the solution parameters such as molecular weight and
polymer properties, and also processing parameters such as electrical
potential, orifice diameter, the distance between the collector and the
polymer at the orifice, and flow rate at the syringe pump [21,22].
Electrospun fibers are quite suitable for biomedical and tissue engi-
neering applications due to the high aspect ratio, high surface area, and
flexibility [23]. Previous studies show that the fabrication of composite
materials by the integration of electrospun fibers into the hydrogel
matrix have been altered the mechanical property and widen the
application area of the materials [24-27].

In the past, GelMA-p(HEMA) composite hydrogels were reported to
be used in cornea and stroma of cornea engineering applications [15]. In
this study, opaque GelMA fibers with sub-micron diameter were fabri-
cated using the electrospinning method and embedded in p(HEMA)
hydrogel as like the corneal stroma. Thus, the satisfactory and
biocompatible properties of the GeIMA fibers and p(HEMA) were com-
bined for the development of a corneal engineering candidate material
with improved transparency and sufficient mechanical properties. This
promising combination and design of the composite hydrogels have not

been reported up to now in the literature according to the best of our
knowledge. To achieve this goal, the p(HEMA) and GelMA-p(HEMA)
were prepared via UV initiated photo-polymerization in the presence
of a photo-initiator. The biocompatibility and cell adhesion profiles
were investigated using in vitro experiments. GelMA was used instead of
collagen fibers and p(HEMA) was employed as a glue instead of glyco-
proteins to combine two different hydrogels in one body. As prepared
composite hydrogels had appropriate mechanical strength for handling,
high transparency, and biocompatibility. These findings indicated that
the hydrogel materials would be a good candidate as an artificial stroma
for anterior lamellar keratoplasty.

2. Materials and methods
2.1. Materials

Gelatin methacryloyl (GelMA, bloom 300, 80% degree of substitu-
tion), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, >99%), 2-hydroxyethyl
methacrylate (HEMA, 97%), 2-hydroxy-4'-(2-hydroxyethoxy)-2-meth-
ylpropiophenone (Irgacure 2959, 98%), N,N'-methylenebisacrylamide
(MBA, >99.5%), phosphate buffered saline (PBS) tablet were purchased
from Sigma Aldrich (St. Louis, MO, USA). Endothelial cell of Bos taurus
cow cornea, BCE C/D-1b (ATCC® CRL-2048™), were purchased from
ATCC. Human serum albumin, human immunoglobulins and lysozyme
were supplied from Sigma-Aldrich and used as received. All other
chemicals were of analytical rank and obtained from Merck KGaA,
Darmstadt, Germany.

For cell culture studies; BCE C/D-1b corneal endothelial cell line
(ATCC® CRL2048™), Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), phosphate buffer saline (PBS), sodium pyru-
vate, trypsin-EDTA from GIBCO (Grand Island, NY), and resazurin so-
dium salt, penicillin-streptomycin (P/S) from Sigma (St. Louis, MO)
were used. Live/Dead™ Cell Viability Assay Kit was obtained from AAT
Bioquest.

2.2. Optimization of electrospinning condition

In the fabrication of electrospun fibers, DC power supply (ES 40P,
Gamma High Voltage Research) and syringe pump (NE-300, New Era
Pump Systems, Inc.) were used. For the fabrication of submicron, ho-
mogeneous and bead-free fibers, various parameters such as the con-
centration of polymer and potential difference were examined. First, the
effect of polymer concentration was investigated, to this, GelMA solu-
tions were prepared by dissolving GelMA macro-monomer into HFIP at
three different concentrations (i.e., 3, 5, and 10% w/v). The GelMA
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solutions were stirred at room temperature continuously for 6.0 h before
use. Electrospinning of the GelMA solutions at various concentration
were realized by applying a constant potential difference of 11 kV, at
0.8 mL h™! flow rate with a nozzle collector distance of 12 cm and at
23.6 °C under 50% humidity. Aluminum foil with a dimension of 13 x
11 cm? was used as a collector. The effect of voltage on the fiber prop-
erties was studied under the same experimental conditions (i.e., 11, 16,
and 20 kV).

2.3. Preparation of p(HEMA) and GelMA-p(HEMA) hydrogels

Fabrication steps of samples were shown in Fig. 1. The prepolymer
solution was prepared by mixing HEMA (as monomer), N,N methylene
bisacrylamide (0.4% w/v of the amount of HEMA, as cross-linker) and
Irgacure 2959 (10% w/v of the amount of HEMA, as a photoinitiator),
the polymerization mixture was sonicated in ultrasonic bath for 15 min
for homogenous distribution of the ingredients. Then, the solution was
washed with nitrogen gas for 15 min for the removal of oxygen gas from
the mixture. For the preparation of p(HEMA) samples, the prepolymer
solution cast onto a polydimethylsiloxane (PDMS) mold, covered with a
glass slide, and exposed to UV (365 nm) light for 10 min. The composite
GelMA-p(HEMA) samples were prepared by adding 0.1 pL precursor
polymer solution to the per mm? of membrane containing about 33 x
10~* mg of fiber. For the production of the composite material, a 10 x
10 mm? fiber was placed in a flat glass petri dish, and a 10 pL of the
polymerization solution was added over the GelMA fibers. The cover of
the glass petri dish was modified with an inlet and outlet port for ni-
trogen gas. It was then covered with aluminum foil and nitrogen gas was
purged approximately 15 min during incubating at the dark. After this
period, photo-polymerization was realized by exposing the system to UV
light (0.5 W/cm?) at 365 nm a distance of 25 cm for 10 min.

2.4. Characterization of hydrogels

2.4.1. Morphology of fibers and hydrogels

Scanning electron microscopy (SEM, FEI Quanta 250 FEG, Oregon,
US) was used for determination of the surface morphology of the elec-
trospun GelMA fibers, GelMA-p(HEMA) composite and cross-section of
materials. The samples were coated with a thin layer of gold then their
surface was scanned by electron microscopy. To examine the cross-
section of the composite material, the composite sample was
immersed in liquid nitrogen for 1 min, and then broken to open the
cross-sectional surface. Average fiber diameter was calculated from the
SEM images using ImageJ software and analyzed by OriginPro 9.0
(OriginLab). The calculation was realized by measuring at least 100
representative fibers.

2.4.2. FT-IR study

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR)
spectra of the GelMA fibers, pure p(HEMA) and GelMA-p(HEMA) com-
posite were studied with an ATR-FTIR spectrometer (Frontier MIR/FIR
Spectrometer, PerkinElmer Inc., USA). The spectrum was obtained in a
range of 600-4000 cm .

2.4.3. Mechanical property of the hydrogels

Tensile properties (i.e. tensile strength, Young’s modulus, and
elongation at break) of p(HEMA) and GelMA-p(HEMA) hydrogels were
determined by using a Texture Analyzer TA-XT2 (Stable Microsystem,
Goldalming, UK) with a 5 kg load cell. The samples were stretched with
a 0.5 mm s~ crosshead speed until failure. Hydrogel films were pre-
pared with PDMS mold into 8 x 50 mm? strips, then samples were
incubated at 37 °C in PBS for 24 h. Before the testing samples were
sprayed with distilled water to reduce the drying effect. The n = 3 was
used in calculations of hydrogels’ mechanical properties. It should be
noted that tensile testing was performed using the automatic trigger
mode of the texture analyzer. The probe of the device moves up until the
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strain gauge reaches the trigger force (0.049 N in our experiments), then
the measurement starts. For this reason, the stress-strain curves obtained
in our experiments start after the 0.049 N stress value is exceeded.

2.4.4. Transmittance of the hydrogels

The light transmittance of the composite material was measured by
using UV-Vis spectrophotometer (DR 6000 Spectrophotometer, Hach,
Colorado, US) by scanning at the visible light region at between 400 and
700 nm with a scanning interval of 5 nm. For each measurement, a 2.0 x
1.0 cm? strip sample was prepared for measurement. The sample was
incubated at 37 °C in PBS solution for 24 h. After this period, the sample
was placed on the wall of the spectrometer cuvette containing PBS so-
lution and the transmittance was measured. The PBS solution was used
as a blank in these measurements. The thickness of the p(HEMA) and
GelMA-p(HEMA) sample is ~122 pm and ~74 pm, respectively; on the
other hand, it is between 540 pm and 560 pm for the human cornea. It
should be noted that the used samples thickness was not the same as that
of the human cornea.

2.4.5. Swelling and water retention properties of the hydrogels

For the swelling test, the purified water (10 mL) was transferred into
the centrifuge tube and the samples were placed into the centrifuge tube
for 24 h. At the end of this period, the samples were removed from the
centrifuge tube and the excess water of the samples was removed by
adsorption with a filter paper. Then, it was weighted, and recorded as
wet weight (W,,). To obtain the dry weight of the sample, they were
dried in a freeze dryer (FreeZone 6 Liter Benchtop Freeze Dryer, Lab-
conco, Kansas City, US). The samples were placed in 2 mL centrifuge
tubes, covered with aluminum foil, perforated with a small stick, and
placed in the freeze dryer. The dry weight (Wy) of the sample was
weighed, and the percent swelling degree was calculated using the
following formula:

Degree of swelling (%) = [(W,, — W,)/W,] x 100

The freeze-dried samples were transferred in phosphate buffer so-
lution (PBS) and incubated in a water bath at 37 °C for 24 h. After that,
the sample was weighed after removing of the excess water by absorp-
tion with a filter paper. Then the sample was left at room temperature
(25.7 °C and 74% humidity) and weighted at predetermined time in-
tervals (Wy). In the first 60 min, the samples were weighed at 5 min time
intervals. Then, they were weighed up to 90 min with 10 min time in-
tervals. The final weighs were obtained from the samples after 120 min
incubation period. Percent of water retention was calculated by the
following formula. Thus, a reduction in the weight of the samples over
time was observed. All swelling and water retention analyzes were at
least repeated with three similar samples.

Water retention (%) = (W, — W,)/W, x 100

2.4.6. Contact angle and surface energy studies

Contact angles to water, glycerol and dimethyl sulfoxide of p(HEMA)
and GelMA-p(HEMA) samples were measured by sessile drop method at
25 °C by using a digital optical contact angle meter Phoneix 150 (Surface
Electro Optics, Korea). The measurements were the average of five
contact angles at least operated on three membrane samples. The surface
free energy parameters of as prepared samples were determined using
the average contact angle value of the probe liquids. The results are
evaluated using by the van Oss’s acid-base method [28-30].

vicos8 =y, — vy

where y; is the surface energy of the liquid, y is the interfacial energy of
solid/liquid interface and y; is the surface energy of solid. The van Oss
acid/base method is based on the contact angles against at least three
test liquids with known values of y*%, y* and y~ are measured and the
superscripts (LW), (M), and (7) refers to dispersive Lifshitz-van der Waals
and Lewis acid and base components, respectively. The obtained contact
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Fig. 2. SEM images the of electrospun fibers with various GeIMA concentration at 11 kV: (a) 3%, (b) 5% and, (c) 10% w/v. Electrospun fibers at constant GelMA
concentration (5% w/v) at various voltages: (d) 16 kV, and, (e) 20 kV. Graphs of (f) polymer concentration and (g) voltage versus fiber diameter. SEM images of cross
section of fiber membrane electrospun at 16 kV with 5% w/v (h) GelMA, (i) GelMA-p(HEMA) composite film, and (j) p(HEMA) film.

angle values for each sample are place into the following equation:
1/2 \1/2 _ 1/2
n(t+cost) = (r"vi™) "+ (rfvr) "+ (i)

The total surface energy y; is regarded as the sum of Lifshitz-van der
Waals and the Lewis acid and base components.

},TOT — ]/LW + ]/AB

where 7V designates Lifshitz-van der Waals interaction was calculated
from the measured diiodomethane contact angles, and % designates
such acid-base interactions as hydrogen bonding which is calculated
from water and glycerol contact angles, and y* and y~ refer to proton
and electron donating character, respectively [31]. All the methods
equations were solved using Phoenix 150 software.

2.4.7. Bio-compatibility studies

2.4.7.1. Interaction of hydrogels samples with tear fluid proteins. To
determine the interaction of the p(HEMA) and GelMA-p(HEMA) with
tear fluid proteins, the amount of adsorbed of human serum albumin
(HSA), human immune-globulins (HIg), and lysozyme (LYZ) was studied
at 37 °C for 12.0 h in PBS solution. The initial concentration of each
protein was 0.1 mg/mL in the individual adsorption medium. The
amount of adsorbed protein on the film surface was obtained by the
following equation:

g=(C—-C)V/S

where q is the amount of protein adsorbed onto the sample surface (ug/
cmz); C, and C are the initial and final concentrations of proteins in the
solution (mg/mL), respectively. V is the volume of the protein solution;
and S is the surface area of the sample. The amounts of laden protein
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onto the p(HEMA) and GelMA-p(HEMA) were determined using Coo-
massie Brilliant Blue as described by Bradford [32]. Calibration curves
were prepared from HSA, HIg, and LYZ and used in the calculation of the
protein content of the solutions (0.01-0.2 mg/mL).

2.4.7.2. Hemolytic activity of hydrogel samples. Hemolysis is an impor-
tant factor to assess the biocompatibility of a material [33]. Hence,
hemolytic assays were performed to examine interaction of the hydrogel
samples with red blood cell. The p(HEMA) and GelMA-p(HEMA) com-
posite were used for the measuring of the released hemoglobin. Briefly,
the fresh anticoagulated blood was obtained from Gazi University,
Faculty of Medicine, Ankara, Turkey. The whole human blood was
diluted with 1:1 ratio with PBS solution. The 0.5 mL diluted blood and
10 mL PBS solution were mixed with the tested samples. The positive
controls consisted of 0.5 mL diluted blood with 10 mL distilled water,
and the negative controls consisted 0.5 mL blood with 10 mL PBS so-
lution. The samples were incubated at 37 °C for 60 min and the samples
were removed from the test medium. Hemolytic activity was calculated
by subtracting the absorbance of the negative control (PBS solution) and
dividing by the absorbance caused by distilled water (positive control,
100%). As expected, complete hemolysis was observed in distilled
water, which was the positive control but was negligible in PBS solution
(negative control). The relative optical density compared to that of the
red blood cells incubated in distilled water was defined as the percent-
age of hemolysis and the absorbance of the samples was measured at
570 nm.

2.4.7.3. 3D cell culture and toxicity studies. BCE C/D-1b corneal endo-
thelial cells were cultured in DMEM medium supplemented with 10%
FBS, 1% sodium pyruvate and 1% penicillin-streptomycin at 37 °C and
5% CO and harvested when they reach to 80% confluency. For 3D cell
culture studies, GelMA-p(HEMA) scaffolds were immersed in UP H,0
and then sterilized under UV prior to cell seeding. Sterilized scaffolds
were conditioned overnight with DMEM medium supplemented with
10% FBS, 1% sodium pyruvate and 3% penicillin-streptomycin. After
that, 1 x 10° BCE C/D-1b cells were seeded on conditioned scaffolds. As
a control group, p(HEMA) hydrogel was used, and cells were cultured on
it by using identical parameters.

To observe toxicity, cell proliferation and viability was analyzed via
both AlamarBlue and Live/dead assays. Alamar Blue assay was con-
ducted for long term at days 1, 3, 5 and 7. After cell culturing, scaffolds
were incubated in DMEM, which contains 0.01% (v/v) resazurin sodium
salt. After 4 h. of incubation, cell proliferation and viability profiles were
analyzed through absorbance values at 570 and 600 nm. Quantitative
viability analysis (n = 3) was done via OriginPro software (North-
ampton, MA). Live/Dead assay was done to visually determine the
cellular viability and potential cytotoxic effects of GelMA-p(HEMA)
scaffold on 3D cell culture. Equal volumes of Propidium Iodide and
CytoCalcein were mixed in buffer solution and applied to the 3D cell
cultured scaffolds with equal amount of DMEM. After 30 min. Incuba-
tion cells were observed under fluorescent microscope (Zeiss Observer
Z1). Viability and image analysis were done by using Image J software
(NIH).

2.5. Statistical analysis

All independent experiments were repeated at least three times
under the same conditions. The statistical test was performed using one-
way analysis of variance (ANOVA) on OriginPro 9 software. Significance
level was set 0.05 and Tukey’s method was used for the tests. At the 0.05
level, all the results obtained in the present work were not significantly
different from the test mean.
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Fig. 3. FTIR spectra of GelMA fiber membrane, p(HEMA) and GelMA-

p(HEMA).

3. Results and discussion
3.1. Morphology of fibers and hydrogels

Fig. 2 shows SEM images of the GelMA fibers, the diameter distri-
butions of the fibers as inset, as well as the image of the cross-section of
the GelMA-p(HEMA) fibrous composite. The fibers obtained from three
different GelMA concentrations (i.e., 3, 5 and 10% w/v) are shown in
Fig. 2a, b and c, respectively. The average diameter of the fibers pro-
duced from polymer solutions with a concentration of 3, 5 and 10% w/v
were found 0.13 + 0.6 pm, 0.18 + 0.5 pm, and 1.08 + 0.4 pm, respec-
tively. Not surprisingly, the fibers become thicker as the polymer con-
centration increases (Fig. 2f). The fibers obtained from the solutions
containing 3 and 5% w/v concentration were submicron size while the
ones prepared from 10% w/v polymer were micrometer diameter. In
addition, bead formation was observed in fibers of 3% GelMA concen-
tration probably due to the existence of less entanglement, which is
necessary for the formation of stable electospun jet and eventually
continuous fibers. Fig. 2d and e show that the effect of potential dif-
ference on the fiber morphology. The average fiber diameter was found
tobe 0.15 + 0.1 pm at 16 kV (spinning distance: 12 cm, fixed throughout
the study) and 0.17 &+ 0.1 pm at 20 kV. As seen in Fig. 2d, increasing the
potential from 11 to 16 kV resulted in additional stretching of the fibers,
and caused in the narrowing of the fiber diameter. However, increasing
potential to 20 kV caused the fiber diameter distribution to widen and
the cluster of the fibers in various regions (Fig. 2e). Fig. 2g shows that
the fibers with 5% w/v polymer concentration at the voltage of 16 kV
have the finest average fiber diameter with a low standard deviation.
Therefore, the system was fixed at 5% w/v polymer solution and oper-
ated at 16 kV potential difference for further studies, and they were
referred to as GelMA fiber. The SEM image of the GelMA fibers cross-
section is presented in Fig. 2h. The thickness of the GeIMA fiber mem-
brane was found to be approximately 60 pm. Also, the cross-section and
surface morphology of the GelMA-p(HEMA) composite material is
shown in Fig. 2i. As prepared composite materials had rough surface
morphology, and it could be due to the presence of the fibers in the
composite structures. The approximate thickness of the composite ma-
terial was measured as 74 pm. As observed in the cross-section of SEM
image, the fibers appear to be homogeneously merged with prepolymer
solution and embedded in the p(HEMA) matrix. Fig. 2j shows that the
cross-section of p(HEMA) sample used in transmittance study with an
approximate thickness of 122 pm, one of the thickest point of the
composite.
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3.2. FT-IR study

GelMA, p(HEMA) and GelMA-p(HEMA) were examined by ATR-FTIR
spectrophotometer in the range of 600-4000 cm™!. The spectra of the
hydrogel samples are presented in Fig. 3. For the spectrum of the GelMA
hydrogel, a broad stretching vibration band was observed at 3304 cm ™!
and can be attributed to —OH groups of the gelatin units. The spectrum of
gelatin is generally characterized by two remarkable vibrational bands
(i.e., the amide I and the amide II band) at 1643 em ! and 1532 em ™.
The former may be due to mainly to C=O stretching of the peptide
groups of the gelatin, and the later band at 1532 cm ™! may result from
-NH bending coupled with CN stretching, and this band is only observed
in the protein structure. Additionally, N—H stretching band is observed
at 3255 cm ™! overlapped with —OH groups band and can be attributed
as amide A band. Moreover, the ATR-FTIR spectrum GelMA also showed
absorption bands at 1451 and 1245 cm ™! and these bands were assigned
in plane bending of —CHj groups in the GelMA structure. In addition,
the band at 750 cm ™ is assigned as out of plane bending for ester groups
(—C—0—) of p(HEMA). In the spectrum of p(HEMA), the —OH
stretching vibration band was observed between approximately 3550
and 3300 cm L. This wide and intense band was centered at 3389 cm L.
The antisymmetric stretching vibration band of methyl groups was
observed at 2952 cm~!, whereas the band at 1450 cm™! is corre-
sponding of -C-H stretching of the methyl groups. A strong band was
observed in the spectrum of p(HEMA) at 1709 cm . This was due to the
stretching of free carbonyl group (C=O) in the ester functionality.
Moreover, the characteristic absorption band of C—O was seen at 1251
cm ™, and the antisymmetric stretching vibration band of C—0—C was
assigned at 1162 cm~ . For the GelMA-(HEMA), after combination of

GelMA with HEMA broad stretching band of the -N-H and O—H bands
were observed in the range of 2600-3600 cm™!. Thus, the ATR-FTIR
spectrum clearly indicated that p(HEMA) was present throughout the
entire surface of GelMA fibers.

3.3. Mechanical property of the hydrogels

Biocompatible hydrogels should be mechanically durable enough to
preserve their structure for implantation and compatible so as not to
damage the surrounding tissue. The results of tensile properties of
hydrogel samples are shown in Fig. 4a-d. Panel 4a displays the stress-
strain curve of the materials. The tensile strength value of the p
(HEMA) and GelMA-p(HEMA) were found to be 995 + 107 kPa and 518
+ 1 kPa, respectively (Fig. 4b). The tensile strength of the GelMA-p
(HEMA) composite was lower approximately half of the neat p(HEMA)
hydrogel. Similar trends were also observed for Young’s modulus
(Fig. 4c) and elongation at break (Fig. 4d) graphs for the hydrogel
samples. The p(HEMA) has 10 + 3 kPa Young’s modulus and withstand
149 + 23% stretching whereas GelMA-p(HEMA) hydrogel have 7 + 1
kPa Young’s modulus and can withstand 86 + 7% stretching. The cal-
culations of the Young’s modulus of the samples are shown in Fig. S1, S2
and S3. Methacrylate based polymers form hydrogen bonding between
the polymer chains via carbonyl ester and hydroxyl groups. Thus, the
hydrogen bonding interactions may led to increase in the stiffness of p
(HEMA) compared to GelMA-p(HEMA) hydrogels [34,35]. On the other
hand, GelMA is a modified protein with methacrylic acid anhydride, and
has many large side groups on its amino acid residues. Therefore, the
density of the polymer chains near the interface are expected to be
lower. The large side groups of the amino acid residues may decrease the



T.A. Arica et al.

hydrogen bond density and lead to lower adhesion energy. Our results
are consistent with the literature. According to literature, the tensile
strength of the synthesized GelMA-p(HEMA) composite hydrogel
improved compared to the tensile strength of GelMA fibers (360 + 40
kPa) reported in previous studies [36,37]. The Young’s modulus of the
GelMA-p(HEMA) composite (7 & 1 kPa) is slightly lower than that of the
natural human corneal modulus (10-570 x 102 kPa) [38,39]. The
Young’s modulus of collagen fibril, the directional orientation of fibrils,
and the volume fraction of fibril are among the factors influencing
Young’s modulus along the corneal meridian [40]. Also, the modulus of
the crosslinked GelMA fiber depends on the degree of substitution of
methacrylic acid to the GelMA structure and the degree of crosslinking
[36,37]. The random orientation of GelMA fibers and degree of cross-
linking of the embedded GelMA in the p(HEMA) hydrogels could be
responsible for the low elastic modulus of the proposed composite
hydrogel [24,41,42].

3.4. Transmittance of the hydrogels

As shown in Fig. 4e and f, the structurally homogenous p(HEMA)
hydrogel was observed to be optically transparent in visible light as
expected [43]. The composite GelMA-p(HEMA) hydrogel transmits most
of the light in the studied visible region (Fig. 4a and g), a part of the
incident light is attenuated. The reason of attenuation (decreasing
transmittance) may be due to the occurrence of rigorous optical scat-
tering. Since the fiber and matrix have refractive index mismatch, op-
tical scattering takes place. It was observed that the transmittance varies
depending on the wavelength and increased from 58% to 74% in the
studied range (400-800 nm). In this regard, the transmittance trend of
GelMA-p(HEMA) composite resembles that of the human cornea [44],
but still needs to be improved to get complete optical clarity.

3.5. Swelling and water retention properties of the hydrogels

The p(HEMA) is classified as moderately or poorly swollen hydro-
gels, and the degree of swelling may vary depending on the degree of
crosslinking and type of crosslinker [45]. GeIMA has a high degree of
swelling ratio and this value decreases as the degree of substitution in-
creases [46,47]. The degree of substitution of GeIMA used in this study is
80%. Fig. 4h shows the average degree of the swelling ratios of the
hydrogels. They were found to be 63% =+ 1 for p(HEMA) and 66% =+ 2 for
GelMA-p(HEMA). The degree of swelling ratio of the p(HEMA) increased
slightly with the inclusion of the GelMA electrospun fibers. The study of
water retention capacity was performed between 0 and 120 min and the
results are shown in Fig. 4i. The p(HEMA) reached equilibrium water
retention within 2 h with slower deswelling rate, while GelMA-p(HEMA)
reached within 1 h. It was observed that the initial water retention ca-
pacity of p(HEMA) and GelMA-p(HEMA) decreased by approximately
78% and 81% and reached equilibrium water retention values of 10%
and 8% (at room temperature and at 74% humidity), respectively. These
results indicate low retention capacity for both hydrogels.

3.6. Contact angle and surface energy studies

The contact angle data of the materials have been used to estimate
the surface feature of the materials. The contact angle values of the test
liquids were measured by putting a sessile drop of test liquid on the
surface of the materials [33]. The materials surfaces can have various
functional groups (such as —OH, —NHjy, —NH, —COOH, —CHjy, —CH3,
—S03H, —PO4H; and aromatic molecules) for ionic, polar and hydro-
phobic interactions with biological macromolecules and cells. These
physiological groups are highly important for the improving of bio-
materials in the area of tissue engineering and regenerative medicine.
The wettability of a material surface can be investigated by measuring
the contact angles for water and diiodomethane since these two solvents
are often used as reference liquids in analyses of interaction of polar and
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Table 1
Contact angle values of the p(HEMA) and GelMA-p(HEMA) hydrogels to various
test liquids (i.e., water, glycerol, and diiodomethane).

Type of Contact angles (6°) of test liquids with their surface tension (y;)
hydrogels
y1=71.3mN/ 71 = 64.0 mN/m 71 = 50.8 mN/m
m water glycerol diiodomethane
p(HEMA) 55.3 £ 0.8 53.4+1.3 40.1+£21
GelMA-p 40.3 £ 1.6 379 +21 36.8+1.2
(HEMA)
Table 2

Surface free energy parameters (mN/m) of the p(HEMA) and GelMA-p(HEMA)
hydrogels according to the van Oss et al. method.

Type of [ y v B yror Polarity
hydrogel (mN/ (mN/ (mN/ (mN/ (mN/ (%)

m) m) m) m) m)
p(HEMA) 39.48 0.49 4.51 4.81 44.27 10.9
GelMA-p 43.98 1.07 5.17 12.8 55.97 21.6

(HEMA)

apolar liquids with solid material surface. In the present study, three
different test liquids (i.e., purified water, glycerol and diiodomethane)
were used to measure contact angle values of p(HEMA) and GelMA-p
(HEMA) hydrogels. According to the Young equation, the smaller the
surface tension of the test liquid, the smaller becomes the contact angle
measured on the surfaces of samples. The data provide relatively
different contact angle values depending on the occurrence of functional
groups on the hydrogel materials. The contact angle value of a test
material with a polar liquid is expected to be higher for a hydrophobic
surface bed wetting or vice versa. As presented in Table 1, the highest
contact angle values of the hydrogels were achieved with water,
whereas diiodomethane yield the lowest contact angles. Both hydrogel
samples were in hydrophilic nature and the water contact angles values
p(HEMA) and GelMA-p(HEMA) were found to be 55.3 &+ 0.8 and 40.3 +
1.6, respectively. The GelMA-p(HEMA) hydrogel surface was more hy-
drophilic compared to neat p(HEMA). Not surprisingly, the GelMA has
many hydrophilic amino acid residues on its surface (such as histidine,
arginine, lysine, aspartic acid, glutamic acid and hydroxyl-proline), and
these amino acid residues create a polar surface. As earlier reported, the
increased surface wettability of the biomaterial could increase the
biocompatibility for interaction of cells, which may suggest that slightly
hydrophilic surfaces are more desirable for many biomedical applica-
tions [33].

The surface energy parameters of the studied p(HEMA) and GelMA-p
(HEMA) hydrogel were calculated from the measured contact angle
values according to the van Oss method and presented in Table 2. The
overall surface free energy (y'°7) containing of the sum of the Lif-
schitz—van der Waals (yLW) and the acid-base components (yAB) had
different values for both the examined hydrogel samples. Both p(HEMA)
and GelMA-p(HEMA) seem to exhibit “amphoteric” character. On the
other hand, the basic parameters (—) of both hydrogels are significantly
greater than those of the acidic parameter (4). Relatively, the high basic
(—) component of the surface energy of the p(HEMA) should be caused
by the electron ion pairs of oxygen atoms containing in such as hydroxyl
and carbonyl functionality. Whereas GelMA-p(HEMA) has additional
carboxyl groups functionality (from glutamic acid aspartic acid residue
in the GelMA) compared to the neat p(HEMA), which is also effective in
Lewis base sites [33]. On the other hand, GelMA-p(HEMA) has a larger
acidic parameter compared to p(HEMA) due the presence of high per-
centage of arginine (15.4%) and lysine (4.5%) in the gelatin structure.
Both amino acids have pendant amine functionality on their residues.
Both studied hydrogel samples, displayed different acid-base compo-
nents (¥*F) of the surface energy (y'°7) due to different chemical
structures of the hydrogel surfaces. As can be seen from Table 2,
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Fig. 5. Amount of protein adsorption (a) and hemolytic activity (b) of p(HEMA) and GelMA-p(HEMA) hydrogels.

hydroxyl, carbonyl, carboxyl, and amine groups functionality increase
the polarity of the material, therefore, GelMA-p(HEMA) has a high po-
larity value (21.6%) in comparison to p(HEMA). As reported earlier,
surface wettability is documented as a critical factor for interactions of
protein and cell adhesion, and these biological macromolecules tend to
attach better to slightly hydrophilic surfaces than to hydrophobic sur-
faces [48].

3.7. Bio-compatibility studies

3.7.1. Interaction of hydrogels samples with tear fluid proteins

Several studies have been focused to repair corneal tissue defect and
collagen- and gelatin-based materials are being studied [11,49]. For
corneal tissue replacement, the adsorption of protein on the designed
materials should be avoided especially for the artificial cornea and
corneal patches. The adsorption of proteins on a biomaterial, and then,
the denaturation of adsorbed proteins can increase the probability of the
attack of phagocytic and antigen-presenting cells. This can be led to
tissue damage and implant fibrosis [49]. In addition, the adsorption of
proteins on the surface of a biomaterial in a biological environment is
the first step in the bacterial biofilm formation and play a part as a
stimulator for additional bacterial adhesion. Therefore, the protein
adsorption resistivity properties of GelMA-p(HEMA) network were
tested with the major tear proteins was studied using the pure p(HEMA)
as a control system. Human serum albumin (HSA; MW 66.4 kD,),
immunoglobulin (IgG; MW 150 kD,) and lysozyme (LYZ; MW 14.4 kD)
are the major tear fluid proteins. Therefore, they were selected as
adsorbate proteins for the evaluation of the constructed composite
hydrogel system and the major tear proteins interaction experiments
were realized in a batch system. Each protein solution was prepared in
physiological buffer solution (pH 7.4) at a concentration of 0.1 mg/mL
and contacted with p(HEMA) and GelMA-p(HEMA) materials at 37 °C
for 12 h. The maximum amount of protein adsorbed on both p(HEMA)
and GelMA-p(HEMA) materials were reached approximately 6.0 h and
not significantly changed after this contact period. It should be noted
that at isoelectric point (pl) is the pH value at which a protein molecule
carries no net electrical charge on its surface. The net surface charge of a
protein molecule can be affected by the solution pH value and can
become more positively or negatively charged. Moreover, protein mol-
ecules contain both acidic and basic amino acid residues on their surface
functional groups. The isoelectric points of the HSA, IgG, and LYZ were
4.0, 6.5, and 11.2, respectively, and therefore, HSA and IgG have
negative charges whereas LYZ has positive charges at pH 7.4. Thus, if the
pH value of a medium is lower than that of the pl value of protein, then
has positive charge and above pl value is vice-versa. The gelatin (type A)
shows a plI value in the range of 6.0-9.5, therefore carries a net negative

charge at pH 7.4. The GelMA-p(HEMA) surfaces exhibited significant
increase in lysozyme adsorption with respect to p(HEMA) hydrogel. The
reasonably basic component of the GelMA-p(HEMA) composite can
generate an attractive force towards the positively charged lysozyme
molecules. On the other hand, the adsorbed amounts of HSA and IgG on
the GelMA-p(HEMA) were slightly increased compared to pure p
(HEMA) hydrogel. The amounts of the adsorbed HSA, IgG, and LYZ on
the p(HEMA) hydrogel were less than those of the GelMA-p(HEMA)
(Fig. 5a). The amount of adsorbed proteins on the p(HEMA) and
GelMA-p(HEMA) materials surface were found to be 16.2 + 0.7 and
21.4 + 0.3 for HSA, 20.8 + 1.1 and 27.9 + 0.8 for IgG, and 28.6 + 1.2
and 43.2 £ 0.9 pg/g for lysozyme, from individually tested proteins,
respectively. Amounts of adsorbed HSA were slightly lower on both
hydrogel samples with respect to IgG and lysozyme and this can be due
to the acidic properties of the HSA and it has a lowest pI value compared
to IgG and LYZ. In addition, the amounts of adsorbed protein onto both
hydrogels increased as the pI value of the test protein increased. In the
presented work, the functional amino acid residues of the gelatin in the
GelMA structure may be moved from the interior to the surface of the
GelMA-p(HEMA) materials during polymerization protocols, thus, the
gelation functional groups on the GelMA structures yielded an accessible
adsorptive site. Similar observations have been reported in the earlier
studies [50,51]. Adsorption of proteins on the composite hydrogel sur-
face indicated that there were binding sites on the surface, and similarly,
the cells could be interacted with these regions.

3.7.2. Hemolytic activity of hydrogel samples

Hemolysis of red blood cells is an important factor to assess the
biocompatibility of a material. The rupture of red blood cells, called
hemolysis, is accompanied by the release of hemoglobin. Thus, an
amplified concentration of the free hemoglobin in the plasma is a direct
indicator of the red blood cells destruction. Hence, the destruction of the
red blood cells can lead to the reduced oxygen transport to tissues and
organs in vivo and enlarged levels of the free hemoglobin could induce
toxicity in the respective tissues [52]. The hemolytic activity of the p
(HEMA) and GelMA-p(HEMA) hydrogels was studied in vitro via he-
molysis tests. As estimated, whole hemolysis was detected in distilled
water and used as a positive control. Physiological saline solution was
used as a negative control. The percentage hemolysis values of the p
(HEMA) and GelMA-p(HEMA) hydrogels were found to be 1.63 + 0.04
and 4.57 + 0.09%, respectively (Fig. 5b). The insertion of gelatin in the
polymer structure was increased hemolytic activity approximately 2.8
folds. The GelMA-p(HEMA) surface has been decorated with several
amino acid residues of the gelatin (such as arginine, histidine, lysine,
glutamic acid and aspartic acid residues) and they could be electro-
statically interacted with several biological macromolecules. These
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Fig. 6. Representative proliferation profiles of BCE C/D-1b cells on p(HEMA)
and GelMA-p(HEMA) scaffold, evaluated by AlamarBlue assay for 1,3,5 and 7
days of culture (n = 3).

amino acid residues also permit ionic complex with the phospholipids of
the red blood cells membrane and could be generate an imperfection
mechanism. In this system, the amine group residue of the arginine and
lysine could play a critical role in the GelMA-red blood cell surface in-
teractions. In consistent with the literature, the polymers containing
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primary, tertiary or quaternary amine groups showed high hemolytic
activity [53]. Thus, the hemolytic activity test result showed that the
existence of functional amino groups increases the hemolytic activity of
the material compared to p(HEMA). As stated earlier, up to 5.0% he-
molysis is acceptable for the biomaterials [54]. Thus, the hemolysis
activity of the GelMA-p(HEMA) was found to be 4.57 and could be used
as appropriate hydrogel materials for numerous biomedical
applications.

3.7.3. Cell viability and proliferation on GelMA-p(HEMA) scaffold
Biocompatibility of GeIMA-p(HEMA) scaffolds was investigated to
assess their potential as a scaffold for cornea tissue engineering. BCE C/
D1b corneal endothelial cells were grown 3D on GelMA-p(HEMA)
scaffolds to evaluate the cell proliferation and potential cytotoxic ef-
fects of GelMA-p(HEMA). Cell proliferation and viability was evaluated
and quantified through both AlamarBlue (Fig. 6) and Live/dead assays
(Fig. 7). BCE C/D-1b cells were adhered well on GelMA-p(HEMA) sur-
face and showed high viability compared to the 3D control p(HEMA)
group. The number of cells increased gradually during 1-week culturing,
where p(HEMA) control group showed decreasing proliferation profile.
Moreover, cell viability and proliferation were examined visually via
Live/dead analysis as given in Fig. 7. The number of cells slowly
increased up to day 3, which is expected due to slow cell adhesion and

Day 7

100um

Relative Viability (%)

Day 1
GelMA-p(HEMA)

I Dead
80 I

Day3 Day5 Day7  Day 1

Il Live

Day3 Day5 Day7
p(HEMA)

Fig. 7. (a) Live-dead assay, and (b) Cell viability profile of BCE C/D-1b cells on p(HEMA) and GelMA-p(HEMA) scaffold, for 1,3,5 and 7 days of culture (scale bar = 1
(Green: live cells, red: dead cell, n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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adaptation in 3D microenvironment. In contrast to p(HEMA) control
group, cell adaptation to GelMA-p(HEMA) scaffold started to increase
from day 3 and higher proliferation rate was observed from day 3 on-
wards. This result can be explained as follows: GelMA-p(HEMA) scaffold
provides a suitable 3D microenvironment, where cell-cell and cell-
material interaction is favored. In addition, cell proliferation increases
in long-term since fibrillar structure of GelMA-p(HEMA) provides more
space and increased surface area compared to p(HEMA) hydrogel itself.
Overall, BCE C/D-1b cells proliferated well within the GelMA-p(HEMA)
scaffold, which indicates that GelMA-p(HEMA) scaffold is highly
biocompatible and can be a suitable scaffold for cornea tissue
engineering.

4. Conclusions

In this study, GelMA fibers were prepared via electrospinning, and
surrounded with p(HEMA) matrix. The combination of the both com-
ponents was subsequently polymerized in the presence of a photo-
initiator using UV photo-polymerization. The synthesized GelMA-p
(HEMA) composite was characterized physical, mechanical, and bio-
logical methods using pure p(HEMA) hydrogel as a control system. The
optical transmittance trend of the composite material in visible light was
similar to that of the human cornea and it was promising for the future
use in the intended corneal repairing. For future application, the neat
GelMA was not sufficient in terms of mechanical properties and not even
hand able for the characterization of the material. Therefore, the com-
bination of p(HEMA) with GelMA notably improved mechanical prop-
erty of neat GelMA and also made to be strong enough to withstand
handling. Additionally, the GelMA-p(HEMA) hydrogel was also tested to
observe the structural integrity of the composite hydrogel for desired
incubation periods to provide as a mechanical scaffold for 3D corneal
cell culture. For this purpose, the BCE C/D—1b corneal endothelial cells
were cultured in 3D on the GelMA-p(HEMA) hydrogels. The results
demonstrated that the cultured cells were proliferating well after
adaptation period, which is day 3, and any potential cytotoxic effect was
not observed. Adsorption and growth profile of BCE C/D—1b corneal
endothelial cells on GelMA-p(HEMA) hydrogels showed promise for
biomedical applications where easy and inexpensive production could
be of paramount importance. Finally, the GelMA-p(HEMA) composite
hydrogels showed highly promising mechanical property, optical
transmittance in visible light (from 58 to 74% at 400-500 nm) and
improved biological performance. Thus, GelMA-p(HEMA) hydrogels
could have a good candidate due to promising properties as a scaffold in
tissue engineering particularly for corneal applications.
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