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ABSTRACT: The current surgical adjunctive for vitreoretinal surgeries fails to provide an adequate 3D structure for cellular
regeneration. A one-pot synthesis of gelatin-methacryloyl (GelMA) followed by modification with 4-carboxyphenylboronic acid (4-
CPBA) was performed to fabricate 4-CPBA-modified GelMA (4CPBA@GelMA), a gelatin-based hydrogel. 4CPBA@GelMA was
photo-cross-linked by 405 nm violet light and examined using nuclear magnetic resonance (NMR), Fourier-transform infrared
spectrometry (FTIR), scanning electron microscopy (SEM), and rheometry. In vitro biocompatibility was examined by Müller cell
proliferation assays exposed to 4CPBA@GelMA and violet light. In vivo retinal biocompatibility was evaluated by
electroretinography of rat eyes that were exposed to intravitreally injected and photo-cross-linked 4CPBA@GelMA at days 3, 7,
14, and 28 post-injection. Following electroretinography, histology and immunohistochemistry were performed on the retinas. The
NMR results indicated amidation of GelMA by 4-CPBA, and FTIR confirmed the presence of the CPBA ring in 4CPBA@GelMA
samples. SEM revealed that 4CPBA@GelMA had significantly larger pores than GelMA (56.9 ± 9.5 vs 35.1 ± 2.8 μm; P < 0.001).
Rheological findings showed that, unlike GelMA and gelatin, 4CPBA@GelMA has Newtonian fluid properties at room temperature.
Exposure to 4CPBA@GelMA did not significantly affect Müller cell viability in a proliferation assay; moreover, electroretinography
findings indicated normal waveforms and implicit times, and histology and immunohistochemistry examinations revealed no
significant changes. In this study, we established the high retinal compatibility of 4CPBA@GelMA. The low viscosity of 4CPBA@
GelMA is ideal for injection via small-gauge needles, and the larger pore size and three-dimensional network both potentiate cellular
migration and growth. These features made 4CPBA@GelMA a candidate for vitreoretinal surgical adjunctive that might promote
retinal regeneration.

1. INTRODUCTION
A full-thickness macular hole (FTMH) with or without retinal
detachment is a defect in the most important part of the
neurosensory retina. Failure to close the hole in time will have
profound effects on visual acuity.1 The mainstay treatment for
a macular hole is surgical, generally involving a vitrectomy to
clear the pathological vitreous humor and additional internal
limiting membrane (ILM) peeling to promote hole closure.
After peeling of the ILM, an inverted ILM flap may be created
to cover the hole and aid hole healing.2 This ILM flap was
found to provide a scaffold for the Müller cells to migrate
toward the center of the hole and increase the production of
neurotrophic factors, which in turn promotes the migration of
the Müller cells.3−5

The additional surgical step of creating and stabilizing the
inverted ILM flap is technically challenging. It requires careful
manipulation of the created flap to position it in the ideal
location. Several other grafts have been demonstrated to
promote FTMH healing but face similar surgical challenges.6

To overcome this, surgical adjunctives can be utilized to
stabilize the positioned flap intraoperatively and post-
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operatively and can assist with healing.7 Various surgical
adjunctives have been proposed, including autologous blood
clots, autologous platelet concentrates, and ophthalmic
viscosurgical devices (OVDs).8−10

Although these surgical adjunctives have been shown to
improve outcomes, they have disadvantages. The autologous
blood and platelet concentrates must be extracted from the
patient during the vitrectomy procedure and processed
immediately; sterilization is challenging and time-consuming.
The OVD gel has been demonstrated in our previous studies
to facilitate surgeries; however, the OVD gel may be washed
away soon after application. Furthermore, none of the current
adjunctives can provide a scaffold to facilitate tissue healing.
Thus, new surgical adjunctives are necessary.
Gelatin is derived from collagen and is one of the most

investigated polymers found in nature. Gelatin dissolves in hot
water and spontaneously forms gels with a three-dimensional
(3D) network upon cooling. This property has led to its use
for preparing hydrogels, which can retain water and dissolved
materials in a gel state instead of as a liquid. These hydrogels
are extensively used in biomedical applications, including for
drug delivery and to provide a supportive environment for cell
growth.11,12 Gelatin hydrogels transition to solution between
20 and 30 °C. Although this temperature is affected by the
gelatin’s molecular weight,13 at normal human body temper-
ature (37 °C), the hydrogel becomes liquid. To maintain the
gel state at body temperature for various applications, cross-
linking modifications are often required to create covalent
bonds, such as chemical cross-linking by glutaraldehyde,
transglutaminase, or genipin.13,14

Alternatively, cross-linking by light (i.e., photo-cross-linking)
has been employed in some hydrogel approaches to maintain
structural integrity at high temperatures.15,16 Photo-cross-
linking has numerous advantages, such as enabling spatiotem-
poral control over the behavior of the reaction, being highly
efficient, and resulting in minimal byproducts.17 Gelatin can be
modified with methacrylamide and methacrylate groups to
produce a gelatin-methacryloyl (GelMA) hydrogel that
becomes photopolymerizable after mixing with a photo-
initiator. Rapid cross-linking can occur in GelMA upon
exposure to light with a wavelength appropriate for the
added photoinitiator.18,19 This unique property enables the
control of GelMA’s mechanical properties, making it suitable
for various applications, including 3D cell culturing and tissue
engineering.20,21 Additionally, it has been demonstrated that
GelMA can achieve in situ gel formation and provide long-
term triamcinolone delivery after injection into the eye.22

A recent study proposed further modifying GelMA by
integrating reversible covalent bonds, such as boronic ester,
disulfide, or Schiff-base bonds.23 Adding boronic ester bonds,
such as 4-carboxyphenylboronic acid (4-CPBA), prompts the
3D network within the 4-CPBA-modified GelMA (4CPBA@
GelMA) to reorganize, providing a more suitable 3D
microenvironment for tissue regeneration.24 The mechanical
scaffold that could facilitate cell proliferation and the drug
delivery potential of the hydrogel both made 4CPBA@GelMA
a surgical adjunctive candidate. In this study, we investigated
the properties of 4CPBA@GelMA and focused on its toxicity
to the retina in order to establish a foundation for applying this
material in ophthalmology.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Reagents. Gelatin from porcine skin,

N-hydroxysuccinimide (NHS), N-(3-(dimethylamino)propyl)-
N′-ethylcarbodiimide hydrochloride (EDC), 4-CPBA, dimeth-
yl sulfoxide (DMSO), sodium bicarbonate, sodium carbonate,
methacrylic anhydride (MAA), glycine, deuterium oxide
(D2O), and 2,4,6-trinitrobenzenesulfonic acid (TNBS) sol-
ution (5 w/v% in H2O solution) were purchased from Sigma-
Aldrich (St. Louis, MI, USA). HCl, sodium dodecyl sulfate
(SDS), and NaOH were purchased from J.T. Baker
(Phillipsburg, NJ, USA). Lithium phenyl (2,4,6-trimethylben-
zoyl) phosphinate (LAP) was purchased from TCI (Tokyo,
Japan).
Slide-A-Lyzer dialysis cassettes (irradiated, 10K MWCO)

were purchased from Thermo Fisher Scientific (Cleveland,
OH, USA). A Millex-HA Filter Unit for a 33 mm-diameter
sterile syringe filter with a 0.45 μm pore size mixed cellulose
ester membrane was purchased from Merck (Darmstadt,
Germany). Dulbecco’s phosphate-buffered saline, Dulbecco’s
modified Eagle’s medium: nutrient mixture F12 (DMEM/
F12), fetal bovine serum (FBS), phosphate-buffered saline
(PBS), and penicillin−streptomycin were purchased from
Gibco (Grand Island, NY, USA). Double-distilled water was
obtained with an Arium Advance Pure Water System
(Sartorius, Göttingen, Germany); it was prepared using a
minimum resistivity of 18.2 MΩ·cm.
2.2. GelMA and 4CPBA@GelMA Synthesis. Gelatin was

modified with MAA by using an alkalic buffer solution per the
method of Shirahama et al.14 In brief, the gelatin (type A, 175
bloom) was dissolved in carbonate−bicarbonate (CB) buffer
(250 mM, pH = 9) and stirred homogeneously at 50 °C.
Subsequently, MAA (0.1 mL per gram of gelatin concentration
at 10 w/v%) was added to the gelatin solution under magnetic
stirring at 500 rpm for 3 h, and the pH was then readjusted to
7.4 with 6 N HCl to stop the reaction. After filtration, dialysis
in the Slide-A-Lyzer cassettes, and lyophilization, the GelMA
samples were stored at −20 °C until further use.
4CPBA@GelMA was synthesized by modifying GelMA with

4-CPBA through an NHS/EDC-mediated carbodiimide cross-
linking reaction following Xie et al.24 First, 1.0 g of GelMA was
dissolved in 50 mL of pure water in a 45 °C bath.
Simultaneously, 0.8 g of 4-CPBA, 2.0 g of NHS, and 3.0 g of
EDC were dissolved in 30 mL of DMSO for 2 h for activation.
The activated 4-CPBA solution was then added dropwise to
the GelMA water solution, and the reaction proceeded for 16 h
in a 37 °C oven environment. The product was dialyzed in a
dialysis bag (molecular weight cutoff of 12−14 kDa, Rainbow
Biotechnology, Taipei, Taiwan) for 4−5 days to remove the
byproducts; it was then freeze-dried for 3 days to obtain a
foam-like powder.
2.3. Fabrication of a Photo-Cross-Linking Device and

Mixing the Hydrogel with a Photoinitiator. To deliver the
light for photo-cross-linking, a homemade device was printed
using a 3D printer (Ender-3 V2 3D, Creality 3D, Shenzhen,
China) with polylactic acid (Figure S1). A modular 405 nm
violet-light-emitting diode (LED) was mounted on the device
by tenoning.
To prepare the hydrogel for photo-cross-linking, the

4CPBA@GelMA was dissolved in pure water to prepare a
20% stock solution. Next, 1% LAP as a photoinitiator solution
was added into 4CPBA@GelMA at a 1:1 ratio in a centrifuge
tube, and the working solution (10% 4CPBA@GelMA with
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0.5% LAP) was mixed in a vortex mixer for 30 s before placing
it in a dry bath incubator set to 40 °C for at least 10 min. This
hydrogel-LAP photoinitiation mixture had a sol−gel transition
2 min after exposure to 405 nm violet light.
2.4. Nuclear Magnetic Resonance, Fourier-Transform

Infrared Spectrometry, and Scanning Electron Micros-
copy. To verify the substitution, 1H nuclear magnetic
resonance (NMR) spectroscopy was performed as previously
described.14,24 Gelatin, GelMA, and 4CPBA@GelMA samples
were separately dissolved at approximately 20 mg/mL in
deuterium oxide. The chemical shift of each sample was
measured at 37 °C and analyzed with a 600 MHz NMR
spectrometer (AVANCE III HD 600, Bruker, Switzerland).
The compositions of the gelatin, GelMA, and 4CPBA@GelMA
samples were recorded with a Fourier-transform infrared
spectroscopy (FTIR) device (Nicolet iS 5; Thermo Scientific,
Waltham, MA, USA) between 4000 and 400 cm−1 by using its
attenuated total reflection mode at room temperature.
The scanning electron microscopy (SEM) images were used

to compare the microstructures of the cross-linked GelMA and
4CPBA@GelMA hydrogels.25,26 After mixing with LAP,
photo-cross-linking was performed by exposing the hydrogels
to 405 nm violet light for 2 min. The samples were then frozen
for 2 days at −80 °C, followed by freeze-drying at −50 °C for 3
days to obtain foamy fragments. The samples were sputter-
coated with a layer of platinum particles before the
photographs were taken within high vacuum mode at 10 kV
for field emission SEM (Hitachi SU8220, Tokyo, Japan). The
pore size of the hydrogels was calculated from five randomly
selected SEM photographs using ImageJ software (National
Institutes of Health, USA). The P value was calculated using
Student’s t-test.
2.5. Determination of the Degree of Functionaliza-

tion. To quantify the degree of functionalization (DoF), a
TNBS assay was performed with the technique used by
Habeeb et al.27 and modified by Shirahama et al.14 In brief,
GelMA and gelatin samples were separately dissolved in
sodium bicarbonate buffer (0.1 M, pH = 8.5) at a
concentration of 1.6 mg/mL. Each solution was then mixed
with 0.2% TNBS solution (in 0.1 M sodium bicarbonate
buffer); both solutions were 250 μL and then incubated at 37
°C for 3 h. Next, 250 μL of 10% (w/v) SDS and 125 μL of 1
M HCl were added to each solution to stop the reaction. The
absorbance of each sample was measured at 335 nm. The
glycine standard curve was then plotted to determine the
concentration of the amino group; sample solutions were
prepared at 0, 0.8, 8, 16, 32, and 64 μg/mL.
2.6. Rheological Analysis, Transparency and Swelling

Properties, and Degradation In Vitro. The mechanical
properties of the gelatin, GelMA, and 4CPBA@GelMA
hydrogels were characterized by an MCR 302e rheometer
(Anton Paar Physica, Ostfildern, Germany) with the PP25
measuring parallel plate accessory. The cylinder was measured
with P-PTD220 Air and C-PTD 200 heating rheometer
systems. The experimental conditions for gelatin and GelMA
were as follows: 2% shear strain with a 1 Hz frequency at a
temperature between 20 and 37 °C, 0.01 to 1000% shear strain
with a 10 s−1 angular frequency at 20 °C for the amplitude
sweep, and 0.1 to 100 s−1 shear rate at 20 °C for the flow
curve. The experimental conditions for 4CPBA@GelMA were
as follows: 2% shear strain with a 1 Hz frequency at a
temperature between 4 and 37 °C, 0.01 to 1000% shear strain

with a 10 s−1 angular frequency at 4 °C for the amplitude
sweep, and 0.1 to 100 s−1 shear rate at 4 °C for the flow curve.
Transparency was tested using the GelMA and 4CPBA@

GelMA samples after photo-cross-linking to compare the
visibility and color of the letters on the white paper. The
swelling property was examined using the photo-cross-linked
lyophilized and nonlyophilized samples, which generated two
respective swelling ratios. The initial weight of the samples was
recorded (W0), and again after the samples were immersed in
1× PBS (pH 7.4) at room temperature for 24 h (Wt). The
swelling ratio was calculated by 124,28,29

= ×W W Wswelling ratio (%) ( )/ 100%t 0 0 (1)

For the in vitro degradation examination, the weight of the
freeze-dried hydrogel samples (∼300 μL) was measured and
recorded as M0. Then, the hydrogel samples were immersed in
1× PBS (pH 7.4) and placed in an oven maintained at 37 °C.
At different time points, they were removed from the oven,
washed with pure water, lyophilized, and recorded as Mt. The
degradation rate was determined using formula 224

= ×M M Mdegradation rate (%) ( )/ 100%t0 0 (2)

2.7. Cell Line and Animals. The study was performed in
accordance with the ethical standards of the 1964 Declaration
of Helsinki. Professor Vijay Sarthy (Northwestern University,
Evanston, IL, USA)30 kindly provided the rat Müller cells
(rMC-1; #RRID: CVCL_8140). The cells were cultured with
DMEM/F12 containing 10% FBS, penicillin−streptomycin,
and 2 mM L-glutamine.
Sprague−Dawley rats were used in the current study, and all

experimental procedures were in accordance with the
Association for Research in Vision and Ophthalmology
(ARVO) Resolution on the Treatment of Animals in Research.
The animal protocol was approved by the Institutional Animal
Care and Use Committee of Chang Gung University (no.
2020121501). The rats were maintained in a 12/12 h light−
dark cycle. All surgeries were performed under sodium
pentobarbital anesthesia unless otherwise specified, and all
efforts were made to minimize suffering.
2.8. Cellular Proliferation and Adhesion Assays. To

investigate the impact of 405 nm violet light and 4CPBA@
GelMA on rMC-1, we performed a 2,5-diphenyl-2H-
tetrazolium bromide (MTT) assay with a cell counting kit-8
(CCK-8; Sigma-Aldrich, Budapest, Hungary). 96-well plates
were filled with culture medium DMEM/F12 containing 10%
FBS. In each plate, 1 × 104 Müller cells were seeded and
allowed 24 h to proliferate and then rinsed with PBS; the
excess solution was removed.
Subsequently, the cells were divided into control groups and

three experimental groups. For the LAP only group, 20 μL of
0.5% LAP was added to each plate; for the 4CPBA@GelMA
only group, 20 μL of 4CPBA@GelMA-LAP mixture was added
to each plate; and for the 4CPBA@GelMA with violet light
experimental group, the plates were further exposed to violet
light with the aforementioned homemade LED device (Figure
S1) for 2 min. The control group was not exposed to violet
light, LAP, or 4CPBA@GelMA.
After these procedures, 10 μL of CCK-8 and 90 μL of

culture medium (10% FBS and DMEM/F12) were added to
each plate, and the plates were incubated for 1 h inside a
humidified incubator for the CCK-8 to be cleaved by the
mitochondrial dehydrogenase of the alive Müller cells. The
cleaved CCK-8 formed formazan dye, which was quantified by
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an immunosorbent assay reader (VERSAmax, Molecular
Devices, Sunnyvale, CA, USA); the optical density was
calculated against a background control. Six replicates were
performed for each group.
The cell adhesion assay was modified from the study by

Teshima et al.31 Briefly, 120 μL of 4CPBA@GelMA hydrogel
solution (10%) containing 0.5% LAP was prepared in a 48-well
tissue culture plate. After 2 min of photo-cross-linking, the
hydrogels were washed with 1× PBS thrice. Human Müller
cells (1 × 105 cells) were seeded at 37 °C under 5% CO2 for
24 h in 300 μL of GlutaMAXTM DMEM medium
supplemented with 50 U/mL penicillin, 50 g/mL streptomycin
(Invitrogen-Gibco-Life Science Technology, Karlsruhe, Ger-
many), and 10% FBS. After incubation, we used an optical
microscope (Olympus CKX31, Tokyo, Japan) to directly
observe cellular adhesion and take photographs for documen-
tation.
Data from the assays were analyzed using Excel for Mac

(version 16.7; Microsoft, Redmond, WA, USA). Continuous
variables were compared using an independent t-test, and a P
value of less than 0.05 was considered statistically significant.
2.9. Intravitreal Injection of 4CPBA@GelMA and

Photo-Cross-Linking. After 4CPBA@GelMA was mixed
with LAP as aforementioned, the photopolymerizable hydrogel
was injected into the vitreous cavity of the eyes of the rats
through the pars plana by using a 1 mL syringe and a 32-gauge
needle at room temperature. After the needle was advanced to
approximately 3−4 mm inside the eye, 5 μL of the hydrogel
was slowly injected. The needle was then withdrawn, and the
fundus reflex was checked for any vitreous hemorrhage.
Immediately after the intravitreal injection, the eyes were

exposed to violet light with the homemade LED for 2 min to
complete the photo-cross-linking. For the violet-light-expo-
sure-only group, violet light was emitted at the eyes for 5 min
without injecting the hydrogel. One eye from each rat was used
for the above experiments.
2.10. Electrophysiology Examinations. To evaluate the

functional changes of eyes exposed to 405 nm violet light and
4CPBA@GelMA, electroretinograms (ERGs) were performed
for each rat at 7,14, and 28 days post-injection. Both eyes of
each rat were examined separately with an ERG recording
system (RETIport 32 Version 4.7.2.8: Roland Consult,
Brandenburg, Germany). The rats were subjected to

adaptation overnight in a dark room before being anesthetized
using xylazine hydrochloride (12.5 mg/kg) and a mixture of
tiletamine HCl and zolazepam HCl (50 mg/kg). The pupils
were then dilated with topical 1.0% atropine sulfate, and the
corneas were kept lubricated with Viscoat OVD (Alcon, Fort
Worth, TX). Contact lenses with attached LEDs were then
placed in both eyes. Reference and ground electrodes were
fixed subdermally between the eyes and at the base of the tail,
respectively. Scotopic and photopic ERGs were recorded with
a standard white flash (3 cd·s/m2 with a duration of 10 ms)
inside a light-proof darkroom.
2.11. Histology and Immunohistochemistry Exami-

nations. At day 3 post-injection, the eyes underwent
enucleation directly without ERG examination. At days 7, 14,
and 28 post-injection, the eyes were enucleated after ERG. The
enucleated eyeballs were soaked in cryomolds containing the
optimal cutting temperature compound. Approximately 20
cryosections of 10 μm in thickness were sliced by following the
corneal apex-optic nerve center axis. The cryosections were
then fixed with 4% paraformaldehyde at room temperature.
Hematoxylin and eosin (H&E) stains were used for

histological examinations. For immunohistochemistry exami-
nations, permeabilized cryostat sections were prepared by
soaking the sections with 0.1% TritonX-100 (T8787; Sigma-
Aldrich St. Louis, MO, USA) for 15 min at room temperature
and then washed with 1× PBS three times. Next, all
cryosections were blocked with 1% bovine serum albumin
(A7030, St. Louis, MO, USA) in PBS for 30 min in a
humidified chamber at room temperature before the
administration of primary antibodies interleukin-6 (IL-6) and
tumor necrosis factor-alpha (TNF-α) (#GTX110527 and
#GTX110520, respectively; Gene Tex, Arvine, CA, USA)
overnight at 4 °C. Fluorescent probes (Alexa Fluor 488 Goat
anti-Rabbit IgG[H + L], #A11088, 1:1000, Invitrogen, USA)
were then applied for 2 h at room temperature. The cells were
again washed three times with PBS, and the nuclei were then
costained with 4,6-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich, Budapest, Hungary). Images of the cryosections were
taken with a microscope-mounted camera (DP74 mounted on
BX60; Olympus, Tokyo, Japan) and processed with
commercial software (cellSens standard ver. 2.3; Olympus);
the images were merged with the ImageJ software.

Scheme 1. Overview of the Synthesis of 4CPBA@GelMA Hydrogel and the Biocompatibility Examination in a Rodent Model
(GelMA, Gelatin-methacryloyl; MAA, Methacrylic Anhydride; 4-CPBA, 4-Carboxyphenyboronic Acid; 4CPBA@GelMA,
4CPBA-Modified GelMA)
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3. RESULTS AND DISCUSSION
An overview of the synthesis of 4CPBA@GelMA and the
intraocular biocompatibility examination is shown in Scheme
1. A one-pot GelMA synthesis was modified by gelatin and
MAA from a simple and efficient CB buffer system to acquire a
high-quality compound, which was further modified by 4-
CPBA to acquire the final product of 4CPBA@GelMA. In this
study, we used DMSO instead of dimethylformamide due to its
toxic effects, including gastric irritation, skin eruption, and
hepatotoxicity.32 The NMR and FTIR results demonstrated
that our homemade GelMA and 4CPBA@GelMA compounds
were successfully synthesized. In order to confirm the
biocompatibility of this vitreoretinal surgical adjunctive
candidate, we conducted in vitro Müller cell proliferation
and adhesion assays and in vivo electrophysiology, histology,
and immunohistochemistry examinations at 3, 7, 14, and 28

days after intravitreal injection of 4CPBA@GelMA in a rodent
model.
3.1. NMR and DoF. The 1H NMR spectroscopy of gelatin,

GelMA, and 4CPBA@GelMA was obtained, the methacryla-
tion was characterized, and the DoF of the gelatin chains was
quantified (Figure 1). The methacrylate vinyl group signals at
5.4 and 5.7 ppm correspond to acrylic protons of the
methacrylamide group and to the same in the hydroxylysine
residues, respectively.33 These twin peaks were present in the
NMR spectra of 4CPBA@GelMA and GelMA but were absent
in the gelatin. Furthermore, an increased signal at 1.9 ppm
corresponding to methyl protons of methacryloyl groups is
visible in the 4CPBA@GelMA and GelMA results but not in
those for the gelatin samples.
The lysine signal at 2.9 ppm corresponding to methylene

protons of the unreacted lysine groups was absent for

Figure 1. NMR spectra of (A) gelatin, (B) GelMA, and (C) 4CPBA@GelMA recorded in D2O at 37 °C in nuclear Overhauser effect mode.

Figure 2. FTIR spectra of gelatin, GelMA, and 4CPBA@GelMA measured at room temperature in attenuated total reflection mode.
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4CPBA@GelMA and GelMA. In addition, we found a clear
peak at 7.8 ppm in 4CPBA@GelMA. This peak corresponds to
the aromatic hydrogens of the phenylboronic acid groups and
confirms the successful amidation of GelMA by 4-CPBA.24

Typically, hydrogels with a high DoF have a higher modulus
and slower degradation and are thus better able to maintain the
long-term stability of the hydrogel in vivo,34 which is a desired
function for cell culture since this period will provide adequate
time for the cells to migrate and proliferate within the
hydrogel. In the current study, DoF can be calculated for the
GelMA samples.24,33 The NMR results (DoF = 92.83%) and
TNBS assay (Table S1) revealed a high DoF for GelMA at
over 90%, indicating the high stability and repeatability of the
synthesis of GelMA. According to Xie et al.,24 PBA groups in
different PBA-gelatin could not be well quantified by NMR;
thus, we were unable to determine the DoF in 4CPBA@
GelMA.
3.2. FTIR and SEM. The specific vibration peaks of 3308

cm−1 (common signal for O−H and N−H stretching), 3077
cm−1 (N−H), 2942 cm−1 (saturated C−H stretching), 1631
cm−1 (amide I), and 1527 cm−1 (amide II) were observed for
both gelatin and the synthesized GelMA and 4CPBA@GelMA
(Figure 2).35 The difference in the characteristic peaks of
gelatin and GelMA/4CPBA@GelMA was at the second amide
bond at 1529 cm−1, which was shifted to 1548 cm−1 in GelMA
and 4CPBA@GelMA.36

In addition, a peak at 1652 and 1452 cm−1 corresponding to
the −CH�CH2− in GelMA was observed for both the
GelMA and 4CPBA@GelMA but not for the gelatin
samples.23,37 Furthermore, in 4CPBA@GelMA, the prominent
peak near 1652 cm−1 was likely due to the combination of this
peak with the signal of C�C in the CPBA ring at 1650
cm−1.23,37 These peak features confirm the successful
fabrication and chemical structures of GelMA and 4CPBA@
GelMA.
The ideal gel for macular hole surgeries would act as a

scaffold itself, without requiring other tissues to promote hole
closure. Under SEM, we observed that both the GelMA and
4CPBA@GelMA had a 3D porous microstructure after
lyophilization (Figure 3). Notably, the pore size was

significantly smaller in GelMA (35.063 ± 2.826 μm) than in
4CPBA@GelMA (56.863 ± 9.452 μm) (n = 5; P < 0.001).
According to Chen et al.,23 the tighter packing of the molecules
in 4CPBA@GelMA likely resulted in larger spaces (pores) in
the gel. This larger porous microstructure is a desirable feature
for the biofunction of hydrogels since it permits better
permeability for nutrients and oxygen and allows cellular
migration and intercellular interactions, thus potentially
enhancing cell viability.18,24 In addition, the 3D network of

4CPBA@GelMA may provide an excellent extracellular matrix-
like environment for optimal macular hole restoration.
Furthermore, modification with boronic ester bonds, such as

4CPBA, relaxes the hydrogel structure and reorganizes the
alignment of the gel matrix.38 As a dynamic and reversible
covalent bond, the boronic ester bond can slowly dissociate
and provide a controlled release of the contents dissolved
within the hydrogel.23,24,38 Thus, by dissolving the needed
materials in the tunable 4CPBA@GelMA, one may provide a
well-balanced microenvironment for tissue regeneration.
3.3. Rheological Analysis, Transparency and Swelling

Properties, and Degradation In Vitro. As shown in Figure
4A, the gelation (gel−sol transition) temperatures (G′ = G″)
for gelatin, GelMA, and 4CPBA@GelMA are 28.265, 26.176,
and 9.690 °C, respectively, indicating that at room temperature
of 20 °C, 4CPBA@GelMA is in liquid status but gelatin and
GelMA are both in gel form. Under gel status, the shear stress
of gelatin is higher at 1858 Pa, whereas GelMA and 4CPBA@
GelMA are similar at 832.6 and 873.2 Pa, respectively (Figure
4B). The flow curve results show that under gel status, gelatin,
GelMA, and 4CPBA@GelMA have shear-thinning properties
with a yield point and are thus non-Newtonian fluids (Figure
4C). The above results conform with the properties of
hydrogels.39 Interestingly, when 4CPBA@GelMA is in a liquid
state at 20 °C, it has a very low viscosity and is thus similar to a
Newtonian fluid (Figure S2).
The rheological analysis described above revealed the low

viscosity properties of 4CPBA@GelMA at room temperature.
Compared with the widely used Viscoat OVD (Alcon;
viscosity 40 000 mPa S) in ophthalmic surgery, the viscosity
of 4CPBA@GelMA (∼5 mPa S) is much thinner at room
temperature of 20 °C,40,41 which is similar to water and thus
can be easily injected without clogging the needle. This is
especially relevant in retinal surgeries since the instruments are
often 23 gauge or even 25−27 gauge in microincision
vitrectomy. This increasingly narrower caliber of the surgical
ports made the development of a gel that is thinner and easier
to inject more critical. Furthermore, the watery property of
4CPBA@GelMA at room temperature has made the washout
of the gel possible if the surgeon decides to redo or abort the
gel application procedure. It is only after photo-cross-linking
that 4CPBA@GelMA will become a more solid and stable
mass and retain its desired position for an extended period.
The transparency test compared GelMA and 4CPBA@

GelMA. Both hydrogels provide good transparency with clearly
readable letters through the gel. GelMA appears slightly
yellowish, whereas 4CPBA@GelMA is almost transparent
(Figure S3). The swelling ratio of GelMA and 4CPBA@
GelMA showed an 883.92 ± 24.32 and 842.5 ± 38.0% fluid
retention/expansion rate of the lyophilized samples, respec-
tively. This is in concordance with the other research; these
swelling properties were relatively low, likely due to the denser
cross-linked network structure.28 Furthermore, we monitored
the swelling property of cross-linked nondried hydrogels that
were immersed in 1× PBS, and the results indicated that the
4CPBA@GelMA hydrogel would not only swell but also lose
some weight (−10.20 ± 1.84% for GelMA and −11.14 ±
2.95% for 4CPBA@GelMA) (Table S2). These low swelling
ratios implicate that once injected into the vitreous cavity, the
hydrogels would not expand much and cause complications
such as elevated intraocular pressure.29

The degradation of 4CPBA@GelMA is demonstrated in
Figure S4. In the first week, a continuous degradation could be

Figure 3. SEM images of the hydrogels. (A) GelMA had a
significantly smaller porous microstructure compared with (B)
4CPBA@GelMA.
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observed; the process halted between days 7 and 28, with a
residual weight ratio of around 50% at day 28. In addition, the
degradation rate of GelMA in PBS solution without
collagenase was very slow, according to the research from

Wang et al.42 The slow degradation of the 4CPBA@GelMA

hydrogel enables its potential to act as a vehicle with slow

drug-releasing capability.

Figure 4. Rheological analysis of gelatin, GelMA, and 4CPBA@GelMA. Temperature ramp (A), amplitude sweep (B), and flow curve (C) are
shown. The amplitude sweep and flow curve are examined while the hydrogels are in a gel form (20 °C for gelatin and GelMA; 4 °C for 4CPBA@
GelMA).

Figure 5. Viability and adhesive properties of Müller cells after exposure to violet light and 4CPBA@GelMA hydrogel. (A) Cell viability assays
showed comparable cellular proliferation in the study and control groups at 6, 12, and 24 h (N.S. = nonsignificant; n = 6 in each group). (B) Müller
cells adhered to the surface of 4CPBA@GelMA, displaying normal morphology.
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3.4. Müller Cell Viability and Adhesion upon Violet
Light or 4CPBA@GelMA Exposure. To evaluate the toxicity
of 4CPBA@GelMA and violet light exposure to the retina, rat
Müller cells (rMC-a1) were exposed to 4CPBA@GelMA, and
cell viability and adhesion were examined (Figure 5). For the
cell viability at 6, 12, or 24 h, the results for the experimental
groups were similar to those for the control group (all P >
0.05) (Figure 5A). We further evaluated the cellular adhesion
properties to 4CPBA@GelMA. Figure 5B displays the
morphology of the Müller cells cultured on the surface of
the hydrogel at a common cell culture polystyrene plate for 24
h. The Müller cells stretched and adhered well without
significant morphological alterations.
Together, these results suggest that violet light and

4CPBA@GelMA did not affect the viability or adhesive
properties of Müller cells. The retina is a delicate and complex
tissue with 10 histological layers and six major neuronal cell
types. Although it is possible to interrogate retinal toxicity in
more sophisticated retinal organoid models, these models are
currently limited by extensive culture time and high cost.43 We
have chosen Müller cells to perform the in vitro studies since
the Müller cells are thought to be the main cell type involved
in the healing of a macular hole and are the primary and crucial
cells in responding to other retinal injuries.44,45

3.5. Temporal Changes of 4CPBA@GelMA in the
Vitreous Cavity. To investigate the eye morphology and in

vivo change of 4CPBA@GelMA upon injection into the
vitreous cavity, serial whole-eye histopathology was obtained
on days 3, 7, 14, and 28 after intravitreal injection of 4CPBA@
GelMA. The micrographs clearly demonstrate that condensed
4CPBA@GelMA stays inside the vitreous cavity and adheres to
the optic disc. A slow dissolution was noted, but 4CPBA@
GelMA remained at day 28 (Figure 6A). At the macroscopic
level, the eyes were quiet, showed no signs of active
inflammation, and the corneas and the crystalline lenses were
clear before harvest. On the micrographs, no significant
alterations were observed in the vital ocular structures,
including the cornea, uvea, lens, retina, and optic nerve, and
no retinal detachment was noted up to day 28 (Figure 6A,B).
In addition, ERG was performed on the eyes before they were
harvested for histopathology examinations on days 7, 14, and
28 after 4CPBA@GelMA injection (Figure 6C). The
amplitude and the implicit time were unchanged compared
with those of the controls.
These observations show that 4CPBA@GelMA did not

cause morphological or functional harm to the eye when
injected intravitreally; it also remained condensed, adherent to
the optic disc, and slowly dissolved while persisting for up to
28 days. The electroretinography reflects the overall retinal
circuitry and requires all of the neuronal cells to be intact to
produce a normal result. The results of the assay assured the
biocompatibility of 4CPBA@GelMA in the vitreous cavity.

Figure 6. Serial histopathology and electroretinography of the eye after intravitreal 4CPBA@GelMA injection. (A) Micrographs showing the cross-
section of the whole eye globe with the cornea to the right and the optic nerve stump to the left. The intraocular circular tissues are the crystalline
lenses. The arrows indicate the injected 4CPBA@GelMA, which forms a condensed chunk adherent to the optic disc in the vitreous cavity that
slowly dissolved (H&E stain). (B) Serial corneal histology sections showed normal morphology (H&E stain). (C) ERGs of the eyes before harvest,
revealing normal a- and b-waves and implicit time. One representative ERG at post-injection day 7, 14, and 28 is shown, respectively. The control is
a representative figure of the uninjected fellow eye at day 7 (Div, division.).
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Figure 7. Serial histopathology and immunohistochemistry micrographs of retinas exposed to 4CPBA@GelMA with violet light photo-cross-linking
or violet light only. The H&E micrographs reveal the retinal layers and the retinal pigment epithelium; these were morphologically unchanged in all
groups. In the immunohistochemistry micrographs, the DAPI stain highlights the nuclei of the ganglion cells, the inner and the outer nuclear layers,
and the retinal pigment epithelial layer. In the negative controls, some background fluorescence can be observed in the inner and outer segments of
the photoreceptors. In the retinas stained by the inflammatory markers IL-6 and TNF-α, the fluorescence was comparable to the negative controls.
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The slow degradation of the in vivo 4CPBA@GelMA can
potentially achieve long-term delivery of drugs into the
vitreous space. Various growth factors, including epidermal
growth factor, fibroblast growth factor, somatomedin, and
nerve growth factor, promote Müller cell migration or
proliferation, which is the main biological process in the
healing of a macular hole.3,5 Recently, we also found that
microRNA-152−3p and microRNA-196a-5p regulate Müller
cell activities.4 With 4CPBA@GelMA, the gel can be used to
deliver the aforementioned agents directly into the hole area
and release them slowly during the healing process, achieving
an ideal functional healing instead of excessive scarring.46

3.6. Histopathology and Immunohistochemistry
Examinations of the Retinas Exposed to 4CPBA@
GelMA or Violet Light. The retina is a vital structure that
is the closest tissue to the injected 4CPBA@GelMA; further
histology and immunohistochemistry studies were performed
to visualize the retinal changes (Figure 7). No significant
structural alterations were observed on the H&E histology
slides. Further IL-6 and TNF-α stains were used to highlight
these inflammation markers. Background fluorescence was
seen in the negative controls and was comparable to the
fluorescence noted in the IL-6 and TNF-α groups. Faint
immunostaining was noted in the ganglion cell and the inner
plexiform layers in the TNF-α group on day 3; this was
consistent with a previous report that barely detectable signals
in the glial cell processes in the ganglion cell and the inner
plexiform layers can be observed in control retinas.47

The above observations revealed no anatomical alterations
or inflammatory biomarkers in the retinas that had been
exposed to 4CPBA@GelMA. It is desired that the intraocularly
injected material does not elicit any inflammatory response
since any such reaction can cause vision deterioration and
might lead to long-term sequela. The retinal changes after
exposure to violet light were independently examined and were
unremarkable. In fact, as opposed to UV light, which may harm
the eye, violet light has been suggested to prevent myopia
progression.48 This further supports our choice to use violet-
light-activated LAP as the photoinitiator instead of the other
UV light-activated photoinitiators.

4. CONCLUSIONS
We modified the photopolymerizable GelMA hydrogel with 4-
CPBA boronic ester bonds by DMSO and created 4CPBA@
GelMA, which is a low-viscosity Newtonian hydrogel that can
be easily injected. 4CPBA@GelMA has a network with large
porous structures; this may promote 3D cellular growth and
can release dissolved materials slowly. Biocompatibility
evaluations of 4CPBA@GelMA in Müller cells and retinas
provide a basis for further exploration of the application of
4CPBA@GelMA in vitreoretinal surgeries.
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