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Abstract

The management of serious corneal infections often requires complex therapeutic regimens
involving the prolonged and high-frequency application of antibiotics that provide many
challenges to patients and impact compliance with the therapeutic regimens. In the context of
severe injuries that lead to tissue defects (e.g. corneal lacerations) topical drug regimens are
inadequate and suturing is often indicated. There is thus an unmet need for interventions that can
provide tissue closure while concurrently preventing or treating infection. In this study, we
describe the development of an antibacterial bioadhesive hydrogel loaded with micelles containing
ciprofloxacin (CPX) for the management of corneal injuries at risk of infection. 7he in vitro
release profile showed that the hydrogel system can release CPX, a broad-spectrum antibacterial
drug, for up to 24h. Moreover, the developed CPX-loaded hydrogels exhibited excellent
antibacterial properties against Staphylococcus aureus and Pseudomonas aeruginosa, two bacterial
strains responsible for most ocular infections. Physical characterization, as well as adhesion and
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cytocompatibility tests, were performed to assess the effect of CPX loading in the developed
hydrogel. Results showed that CPX loading did not affect stiffness, adhesive properties, or
cytocompatibility of hydrogels. The efficiency of the antibacterial hydrogel was assessed using an
ex vivo model of infectious pig corneal injury. Corneal tissues treated with the antibacterial
hydrogel showed a significant decrease in bacterial colony-forming units (CFU) and a higher
corneal epithelial viability after 24h as compared to non-treated corneas and corneas treated with
hydrogel without CPX. These results suggest that the developed adhesive hydrogel system
presents a promising suture-free solution to seal corneal wounds while preventing infections.
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Introduction

Ocular injuries, one of the leading threats to vision worldwide, represent a huge burden for
healthcare systems with 1.5-2 million new cases annually in the United States 1. Spanning
from superficial abrasions to full-thickness perforations, these injuries result from a variety
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of causes including blunt force injuries, penetration of foreign bodies, chemical burns,
among others. Ocular injuries are associated with a high risk of infection due to breakdown
of the main barrier against infection, the superficial epithelium that lines the eye, which may
also include rupture of the cornea or sclera, permitting infiltration of microorganism into the
eye 2. While superficial injuries can usually self-heal, more severe eye injuries require
surgical intervention including suturing, use of adhesives/sealants, or tissue grafting
(amniotic membrane or corneal tissue). Standard post-injury treatment regimens include
antibiotics that are topically instilled on the eye surface. Nevertheless, eye drops have
limited efficacy due to short contact time on the ocular surface (within 1-2 min), which
limited drug bioavailability 3. Moreover, eye drop application is further limited as it has been
estimated that 9 out of 10 patients are unable to instill eye drops correctly 4. Ointments can
be used with a low frequency of administration (e.g. every 4-6 hours) but can cause visual
blurring and delayed injury healing. These limitations highlight the need for new drug
delivery systems to better prevent infection of eye injuries.

A potential alternative to a frequent topical application would be to combine medical devices
used for wound closure, such as sutures or adhesives/sealants, with drugs. Accordingly,
antibiotic-eluting sutures have been developed and are now commercially available 5.
However, suturing can induce regular and irregular astigmatism as well as corneal
neovascularization and also serve as a nidus for microbial growth’. The use of fibrin glue, a
blood-derived biological adhesive, mixing with antimicrobial peptides, or diverse antibiotics
(vancomycin, gentamycin, etc.) has been described in the literature 8°. However, fibrin-
based adhesives have a limited adhesiveness on wet ocular tissues and have low mechanical
strength, limiting its efficiency for the closure of eye injuries. Another study reported the
infusion of cyanoacrylate glue with antibacterial silver nanoparticles 1. However,
cyanoacrylate glue is well-known for its cytotoxicity and rough surface post-application,
leading to inflammation, neovascularization, and opacification of the cornea 11.

In our previous study, we described the development of a photocrosslinkable gelatin-based
bioadhesive, called Gel CORE (Gel for Corneal Regeneration), for the sealing and repair of
defects and ulcers, which will protect the cornea from inflammation, infection or immune
disorders 12. We showed that the bioadhesive can be photocrosslinked on the cornea using
visible light to form as an adhesive hydrogel with mechanical properties close to the native
corneal tissue. In this study, we aim to further investigate the capability of GelCORE in the
prevention of eye infection by loading micelles (MCs) containing ciprofloxacin (CPX), a
broad-spectrum antibiotic, within the bioadhesive.

CPX is a second-generation fluoroquinolone antibiotic commonly used in eye drops or
ointments to treat bacterial infections or ulcers of the eye 13, CPX acts as an inhibitor of
enzymes required for bacterial DNA synthesis 4. The solubility of CPX is highly dependent
on the aqueous pH due to proton transfer from the carboxylic acid group and to the basic
piperazine ring 1°. While CPX is freely soluble in water at acidic pH (4.5), its poor solubility
at physiological pH (7.4) results in the formation of crystalline deposits 16. To address this
issue, the encapsulation of CPX in nanocarriers has widely been described, especially for the
formulation of eye drops 1721, Among these nanocarriers, Pluronic® F127 (PL127), an
FDA-approved synthetic, nonionic, and amphiphilic triblock copolymer, has been used as a
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micellar system for CPX encapsulation and has shown its ability to prevent CPX
crystallization at physiologic pH 17.

In this study, we first described the development and characterization of CPX-loaded MCs
including particles’ size and charge, encapsulation efficiency, drug loading, morphology,
thermal behavior, drug release, and antimicrobial properties. The optimized formulation of
the MCs was then incorporated into Gel CORE formulation to form an antibacterial
bioadhesive hydrogel. /n vitrorelease, kinetic of CPX from the bioadhesive hydrogel was
assessed. Additionally, /n vitro characterization of physical, mechanical, and antimicrobial
properties, as well as cytocompatibility of MCs-loaded Gel CORE hydrogels was evaluated.
Finally, an ex vivo model of infectious pig corneal injury was used to study the efficiency of
the MCs-loaded Gel CORE hydrogels for the treatment of the infected eye.

Experimental

Materials

Ciprofloxacin hydrochloride (CPX), Pluronic® F-127 (PL127), Tween 20, methacrylic
anhydride Triethanolamine (TEA), N-vinylcaprolactam (VC), Eosin Y disodium salt and
gelatin (porcine skin, gel strength ~ 300 g Bloom, Type A) were purchased from Sigma
Aldrich (Munich, Germany). All solvents were analytical grade and supplied by Sigma
Aldrich or Fisher scientific. All cell culture materials were provided by Sigma Aldrich.
PrestoBlue assay was obtained from Thermo Fisher Scientific. LIVE/DEAD kit was
purchased from Invitrogen. Porcine eyeballs were purchased from Sierra Medical.

Synthesis and Characterization of CPX-loaded MCs

CPX-loaded MCs were prepared using a technique of nanoprecipitation previously reported
22_ Briefly, different ratios of CPX and Pluronic F-127 (PL127) were dissolved in a solvent
mixture (Dimethyl sulfoxide (DMSQ): Acetone 1:4) supplemented with 2% (v/v) of
triethanolamine (TEA). The organic phase was added dropwise to Dulbecco’s Phosphate
Buffered Saline (DPBS) at a ratio of 1:2 (v/v) while stirring at 300 rpm at room temperature
to form MCs. The colloid solution was then agitated until complete evaporation of the
organic solvent (acetone) and centrifuged at 14,000 rpm for 30 min to separate MCs from
DMSO and the un-entrapped drug molecules. The pellets were suspended in DPBS followed
by lyophilization. The prepared CPX-loaded MCs were referenced as MCs (1:2), MCs (1:6),
and MCs (1:10) according to CPX to PL127 ratios. CPX-loaded MCs were characterized
using dynamic light scattering analyzer (Nano-ZS90 Zetasizer, Malvern Instruments, UK),
UV-Vis spectrophotometer (Shimadzu UV 1650 Spectrophotometer, Japan), scanning
electron microscope (SEM) (Hitachi S-4800 scanning electron microscope), and Differential
scanning calorimetry (DSC) analysis (Q20, TA instrument, MA, USA) (Supporting
Information, S1.1).

In vitro release study of CPX-loaded MCs

The in vitrorelease of free CPX and CPX-loaded MCs in DPBS was determined by using a
dialysis membrane technique 23. A 0.05% Tween 20 solution in DPBS (pH 7.4) was used to
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mimic ocular surface environment pH and to maintain sink conditions during the
experiments. (Supporting Information, S1.2)

In vitro antimicrobial study on CPX-loaded MCs

Minimum inhibitory concentrations (MICs) for both Staphylococcus aureus (ATCC®
29213™) and Pseudomonas aeruginosa (ATCC® 15692™) were determined by a
microdilution test 14, MIC is the lowest antimicrobial concentration inhibiting
microorganism growth after incubating the drug with microorganisms. (Supporting
Information, S1.3)

Preparation of MCs-loaded GelCORE hydrogels

GelCORE hydrogels were engineered by using gelatin methacryloyl (GelMA) and a
photoinitiator solution as previously described in our previous study 12. To synthesize
GelMA, 10 g of porcine gelatin was dissolved in 100 ml of DPBS and heated at 60°C for 1
hour. Next, 8 ml of methacrylic anhydride was added dropwise to the gelatin solution under
continuous stirring at 50 °C for 3 h. The solution was then dialyzed for 5 days to remove
unreacted methacrylic anhydride and then placed in a —80°C freezer for 24 h. The frozen
polymer was then freeze-dried for 5 days.

The photoinitiator solution was prepared by dissolving TEA (1.8% (w/v)), N-
vinylcaprolactam (VC) (1.25% (w/v)) and Eosin Y disodium salt (0.5 mM) in distilled water.
A precursor solution was then prepared by dissolving 20% (w/v) of GelMA and 11% (w/v)
of CPX-loaded MCs in the photoinitiator solution and vortexed at 37 °C, where CPX
amount represents the equivalent dose for two days to prevent bacterial infection. To prepare
a hydrogel sample, 70 pL of this precursor solution was placed into polydimethylsiloxane
(PDMS) cylindrical molds (diameter: 6 mm; height: 2.5 mm) or rectangular molds (14 x 5 x
1 mm). The solution was finally photocrosslinked via exposure to visible light (480-520 nm)
using an LS1000 Focal Seal Xenon Light Source (100 mW/cm?2, Genzyme) for 4 min. SEM
analysis was used to observe the porosity of the crosslinked hydrogels using a Hitachi
S-4800 Scanning Electron Microscope. Proton nuclear magnetic resonance (*H NMR) was
used to confirm methacrylation of gelatin as described in previous studies 12:24 (Supporting
Information, S1.4). Mechanical, swelling, and degradation properties of MCs-loaded
GelCORE hydrogels were tested, more details in (Supporting Information, S1.5-6).

In vitro release kinetics studies on MCs-loaded GelCORE hydrogels

The in vitro release of CPX from MCs-loaded GelCORE adhesive was studied in DPBS
with 0.05% Tween 20 using the dialysis membrane technique as previously mentioned in /in
vitro release study for CPX-loaded MCs. where MCs-loaded GelCORE suspended
immersed in 1mL release media and transferred into donor compartments covered with
dialysis membranes.

Adhesion tests on MCs-loaded GelCORE hydrogels

The adhesive properties MCs-loaded GelCORE hydrogels were tested using different
standardized tests, which are burst pressure test on collagen sheets, corneal tissue and rabbit
eyeballs, and wound closure test. (Supporting Information, S1.7)
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In vitro antimicrobial study on MCs-loaded GelCORE hydrogels

Different bioadhesives with/without CPX-loaded MCs were prepared as described
previously followed by sterilization, where hydrogel sample was exposed to UV light (302
nm) for 5 min.

Preparation of bacterial inocula.

Gram-positive Staphylococcus aureus (ATCC® 29213™) and Gram-negative Pseudomonas
aeruginosa (ATCC® 15692 ™) were used as model microbial strains. A single colony of each
bacteria strain was inoculated in 5 mL of tryptic soy broth (TSB, Sigma) and incubated
overnight in a bacterial shaker incubator (200 rpm at 37°C). The optical density (OD) of the
resulting bacterial suspension was adjusted to an OD of 0.52 (10° CFU/ml) at a wavelength
of 562 nm using a spectrophotometer. Bacterial inocula were prepared by diluting the
suspension to a final concentration of 108 CFU/m.

Agar diffusion test.

100 pl of bacterial inocula of each strain (108 CFU/ml) was spread on 6-mm diameter tryptic
soy agar plates. CPX, MCs, and GelCORE with/without MCs (previously sterilized by UV
light) were placed on the plates. 24h after incubation at 37°C, the inhibition zone for each
sample was measured. Each sample was tested in triplicate.

Bacterial viability assay.

CPX, MCs, and GelCORE hydrogel samples with and without MCs were incubated in 1 ml
of the bacterial inocula at 37°C and 5% CO2 for 24h. After incubation, hydrogel samples
were carefully rinsed three times with DPBS to remove bacteria on the surface. After
washing, a commercial LIVE/DEAD® BacLight™ kit was used to determine bacterial cell
viability in the bacterial inocula. Fluorescently stained samples were imaged using a Zeiss
AXxio Observer Z1 inverted microscope. Each sample was tested in triplicate.

In vitro cytocompatibility studies

Cell line—A corneal fibroblast cell line (ATCC) was used to assess the effect of loading
MCs on the cytocompatibility of GelCORE hydrogels. Cells were cultured at 37°C and 5%
COy, in Dulbeccos Modified Eagle Media (DMEM) with Nutrient Mixture F-12
(DMEM/NM-F12) supplemented with 10% (v/v) FBS, 1% (v/v) penicillin/streptomycin, and
1% (v/v) L-glutamine. Cells were cultured in tissue culture flasks and passaged at 70%
confluency.

2D Cell seeding on hydrogel—7 pL of prepolymer solution (GelCORE or MCs-loaded
GelCORE) was added on 3-(trimethoxysilyl) propyl methacrylate (TMSPMA)-coated glass
slides and photocrosslinked for 4 min via visible light while maintaining 300 pm thickness.
On top of the crosslinked hydrogel sample, 40 uL of cell solution (2x106 cells/mL) was
added, incubated for 45 min, diluted with 360 uL of cell culture media, and incubated at
37°C and 5% CO, for 5 days.
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2D Cell viability—Cell viability of corneal fibroblast cells was monitored by staining cells
with both calcein-AM and ethidium homodimer-1 (LIVE/DEAD kit) 12. Briefly, the staining
solution was prepared by mixing 0.5 pL calcein-AM and 2 yL ethidium homodimer-1in 1
mL of DPBS. For each bioadhesive sample, the cell medium was replaced with 100 uL of
staining solution and incubated in the dark for 15 min at 37°C. Fluorescent images were
acquired by ZEISS (AxioObserver Z1) and analyzed by ImageJ software.

2D Cell adhesion and spreading—Spreading of corneal fibroblasts was monitored by
F-actin (for microfilaments) and DAPI (for cell nuclei) staining 12. Briefly, unattached cells
were washed from the samples by DPBS, followed by fixation for 20 min using a 4% (v/v)
paraformaldehyde solution. The samples were washed three times with DPBS. 0.1% (w/v)
Triton X-100 in DPBS was added to fixed samples for 20 min to permeabilize the cell
membrane. The samples were washed three times with DPBS. 1.25% (v/v) of Alexa Fluor
488-labeled phalloidin in 0.1% BSA was used to stain cell actin filaments for 45 min,
followed by adding DAPI (1 uL/mL) in DPBS for 5 min to stain cell nuclei after suitable
washing. Fluorescent images were acquired by ZEISS (AxioObserver Z1).

2D Cell proliferation—The metabolic activity of corneal fibroblasts was measured using
the PrestoBlue assay utilizing cell proliferation as an indicator 12. Briefly, 10% (v/v)
PrestoBlue dye was added to cell-seeded samples on post-incubation days 1, 4, and 7,
followed by incubation for 1 h at 37°C. Fluorescence intensity of the resulting solutions was
measured at 535-560 nm excitation and 590-615 nm emission (BioTek Synergy LX, USA).

Ex vivo efficiency studies on MCs-loaded GelCORE hydrogels

Organ culture infectious model—We used an ex vivo organ culture infectious model
based on the previously described protocols?®=27. Pseudomonas aeruginosa bacteria were
obtained from the American Type Culture Collection (ATCC 27853). Bacteria were grown
on TSA plates at 37 °C for 24 h. From the plate, a single colony was inoculated in 5 mL of
TSB for 3.5 h (to the end of the exponential growth phase) at 37°C under agitation. The OD
of bacteria was determined using a spectrophotometer set at 600 nm. Inocula were prepared
by suspending bacteria in DPBS to a concentration of ~106 CFU/mL. Fresh (harvested
within 48 h) pig eyeballs were purchased from Sierra for Medical Science. After removal of
extraocular muscles and conjunctival tissue, eyeballs were decontaminated for 1 min in 2.5%
povidone-iodine solution and rinsed with DPBS. A partial trephination of approximately
50% corneal depth was performed on the central cornea using a 6-mm corneal trephine. A
crescent knife was then used to dissect the anterior lamella of the trephined portion. Corneas
were then excised with approximately 4 mm of the limbal conjunctiva and placed on
concave silicon support, epithelial side down. The endothelial side was filled with 2%-agar
(Sigma) Dulbecco’s Modified Eagle’s medium (DMEM; Sigma) supplemented with 10%
Fetal Bovine Serum (FBS; Atlanta Biologicals, Flowery Branch, GA). Once the agar
solidified, corneas were placed in a Petri dish, epithelial side up, and DMEM, supplemented
with 10% FBS, was added until the limbus, leaving the epithelium exposed to air.
Subsequently, 10 uL of the bacterial inoculum was inoculated directly on the corneal defect,
corresponding to a final concentration of ~10* CFU/cornea. Corneas were then incubated in
a humidified 5%-CO, incubator at 37°C.
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Hydrogel application—24 h after bacterial inoculation, corneas were divided into three
groups (n=6 per group). For the control group, no bioadhesive was applied to the stromal
defect. For the two other groups, 20 pL of Gel CORE or Gel CORE+MCs precursor solution
was used to fill the stromal defect. Precursor solutions were photopolymerized for 4 min
with visible light until complete solidification. For all groups, corneas were then incubated
in a humidified 5%-CO, incubator at 37°C. Optical Coherence Tomography (OCT) imaging
of corneas was performed before and after the hydrogel application.

Assessment of antibacterial efficiency—24 h after hydrogel application, antibacterial
efficiency was assessed by CFU counting in the corneal tissue (n=5). Central corneas were
harvested using an 8-mm surgical trephine. Corneas were then cut into small pieces and
digested in DMEM containing 0.5% collagenase D (Sigma) at 37°C for 2 h under agitation.
Then, corneas were triturated using a homogenizer for 30 sec. After cornea solutions were
filtered using a sterile cell strainer (70 um nylon mesh) and rinsed three times with PBS, 10
pL of the collected suspension was cultured after serial dilutions on agar plates at 37°C.
After 24 h, CFU/mL of the homogenized cornea was quantified.

Histological assessment—Corneas were fixed with 4% paraformaldehyde for 24 h and
embedded in paraffin to maintain the corneal structure (n=3). Corneas were then cut into 6-
um-thick cross-sections, rehydrated, and stained with hematoxylin and eosin. Images of
cross-sections of the epithelial layer around the defect were finally acquired with a bright-
field microscope (Eclipse E800, Nikon).

Statistical analysis—All experiments were tested at least 3 times, and generated data
were expressed as mean + standard deviation. Data analysis was conducted using either T-
test, one-way, or two-way ANOVA followed by Tukey’s test or Bonferroni test (*p < 0.05,
**p < 0.01, ***p < 0.001 and ****p < 0.0001) using GraphPad Prism 6.0.

Results and Discussion

The cornea is the transparent part of the anterior eye segment whose clarity is essential for
vision, and whose integrity is critical for the protection of the eye against microbial
pathogens. In our recent work, we developed an adhesive hydrogel, GelCORE, which can be
used to properly seal and promote healing of corneal defects and ulcers from inflammation,
infection, or immune disorders. We showed the efficacy and use of the engineered
bioadhesive both 77 vitroand in vivo12. However, incorporating a drug delivery system in
this bioadhesive is critical, in particular, for infection control and suppression of
inflammation. Therefore, in the current study, we focus on the development of drug-loaded
bioadhesive which permits us to deliver CPX as a model drug into the eye. In particular, a
new antimicrobial adhesive hydrogel, MCs-loaded GelCORE, was designed to repair corneal
wounds and prevent infection (Figure 1). First, CPX was encapsulated in micelles to form
CPX-loaded MCs to overcome pH-dependent solubility. Secondly, GelMA, a
photocrosslinkable adhesive polymer, was synthesized from gelatin extracted from porcine
skin based on our previous work on the development of GelCORE 12, MCs-loaded
GelCORE formulation was then formed by photocrosslinking of the prepolymer solution
containing different concentrations of CPX MCs in the presence of Eosin Y (photoinitiator),
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TEA (co-initiator), and VC (co-monomer). The engineered MCs-loaded GelCORE
bioadhesives were evaluated using different chemical, mechanical, physical, antimicrobial,
and cytotoxicity tests.

Characterization CPX-loaded MCs

MCs are simple nanosystems that are usually used to improve drug solubility. The simplicity
of MCs fabrication is dependent on the self-assembled structure of the used surfactant,
where hydrophobic parts are oriented in the middle forming the MCs’ core and hydrophilic
parts are oriented outward to the external environment as shown in Fig. 2a. In the current
study, PL127 was used as a non-ionic copolymer surfactant. PL127 is a poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock copolymer with hydrophilic-
lipophilic balance ranged from 18 to 23 17:28, PL127 was used as a nonionic biocompatible
triblock copolymer surfactant to encapsulate CPX forming CPX-loaded MCs (Fig. 2a.).
Different CPX:PL127 ratios (1:2, 1:6 and 1:10) were tested. Increasing PL127 concentration
significantly decreased the size of MCs from 110.34 + 13 nm (for 1:2 ratio) to 62.36 = 3 nm
(for 1:10 ratio) (Fig. 2b). Increasing PL127 concentration also decreased the PDI from 0.45
(for 1:2 ratio) to 0.24 (for 1:10 ratio) (Fig. 2c), suggesting a better homogeneity of the
colloidal system. As expected, the zeta potential of MCs showed no significant changes by
varying CPX: PL127 ratio due to the nonionic property of PL127 (Fig. 2d). Furthermore,
increasing PL127 concentration significantly increased entrapment efficiency from 52.2+9
% (for 1:2 ratio) to 90.66+10 % (for 1:10 ratio) (Fig. 2e). This is mainly due to an increase
in the amount of surfactant inside the system used to encapsulate CPX. This data is in
agreement with a previous report by Abdelbary et a/, where Olanzapine, a hydrophobic
antipsychotic drug, was encapsulated in Pluronic-based MCs 2°. In this study, the
entrapment efficacy percentage improved from 10.28 £+ 2.67 % to 72.92 + 2.36 % by
increasing the Pluronic ratio from 1:20 to 1:40, receptively. It was also found that increasing
PL127 concentration significantly decreased the drug loading percentage per micelle (Fig.
2f).

The spherical shape of the developed CPX-loaded MCs was successfully confirmed by SEM
(Fig. 2g). This morphology is in agreement with a previous report by Shokry et a/2019,
where phenytoin, a hydrophobic anti-epileptic drug, was encapsulated in MCs 0.
Furthermore, thermal studies were conducted to confirm the encapsulation of CPX into MCs
by studying the effect of heat flow as a function of temperature (Fig. 2h). CPX showed two
main endothermic peaks at 205.1°C and 345.3°C and an exothermic peak at 354.3°C 31,
Moreover, PL127 exhibited an endothermic peak of 60.6°C 30. CPX-loaded MCs (1:2) did
not show any CPX characteristic peaks, which confirmed the successful loading of CPX in
the PL127 matrix 22. An /n vitro release study was conducted to investigate the rate of CPX
release in a sink condition environment where drug solubility is not a rate-limiting step. The
release profiles of free CPX and CPX-loaded MCs (1:2 and 1:10) were measured (Fig. 2i).
Free CPX was completely solubilized within 24 h, but at a slower rate. On the other hand,
both formulation of MCs completely released the drug within 12 h. For successful
eradication of the infecting microorganism, the antimicrobial drug must be available on the
infected site with a concentration higher than the MIC of the drug. Therefore, improving the
CPX release rate after encapsulation in MCs can maintain CPX concentration above its
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MIC. This makes these formulations suitable candidates for engineering antimicrobial
hydrogels with a fast drug release profile. Generally, antimicrobial drugs can either kill
microorganisms or prevent them from thriving. This mainly depends on the dosage and
frequency of drug administration. For the treatment of corneal ulcers, CPX eye drops should
be applied day and night, where the frequency should be every 15 min the first day and
every 4 h after day three. This course usually continues for 21 days. On the other hand, the
course of treatment reduces to two days in cases of trauma, only to prevent microorganisms
from spreading. CPX release profiles (Fig. 2i) were examined against different kinetic
models, such as zero order, first order, Higuchi, Korsmeyer—Peppas, Hixson-Crowell, and
Hopfenberg. It was found that the CPX release profile fit (r2 0.97) to the Hixson-Crowell
model (F=100*[1-(1-kyc*t)3]) where kyc was 0.05 for both MCs ratios 32.

The dose-response (inhibition) curve was plotted for Staphylococcus aureus (gram-positive
bacteria) in Fig. 2j to determine the MIC using a microdilution test. It was found that CPX-
loaded MCs are more effective than free CPX since even lower concentrations of CPX-
loaded MCs showed better inhibition as compared to free CPX. CPX MIC was determined
as 0.5 pg/mL (Fig. 2k), which is in agreement with Maleki Dizaj et a/33. Encapsulation of
CPX in MCs significantly decreased (p<0.001) MIC to 0.25 pg/mL. This could be attributed
to two suggested mechanisms: (i) PL127 could alter lipid bilayer membrane structures
resulted in changes to micro-viscosity; or (ii) PL127 inhibited the drug efflux transporter,
leading to drug accumulation in the bacteria cells 34. To the same extent, the dose-response
(inhibition) curve was plotted for Pseudomonas aeruginosa (gram-negative bacteria) as
shown in Fig. 2I, showing MIC of CPX to be around 0.25ug/mL 3%, The encapsulation of
CPX significantly decreased (p<0.001) the MIC value to 0.125 pg/mL. There are several
reports supporting decreases in MIC when antibiotics are conjugated with polymers, 36, or
encapsulation in nano-systems 3738 to improve antimicrobial activity. The MCs prepared
with 1:10 CPX: PL127 ratio showed the smallest particle size, the best homogeneity, and the
highest entrapment efficiency. Therefore, MCs 1:10 was selected to be loaded into
GelCORE hydrogels.

Characterization of MCs-loaded GelCORE hydrogels

GelCORE hydrogels were prepared as described previously 12. A schematic for the GelMA
polymer synthesis and photocrosslinking process of Gel CORE hydrogels is shown in
(Supplementary Fig. 1a). TH-NMR (500 MHz; D,0) analysis was used to confirm the
methacrylation of GelMA (Supplementary Fig. 1b). The appearance of peaks at 6=5.3 ppm,
5.7 ppm, and 5.9 ppm corresponding to C=C in the structure of methacrylate and
methacrylamide groups indicating conversion of gelatin to GelMA. Furthermore,
corresponding peaks of methylene lysine protons (2H) around 6=2.8 ppm disappeared
during the conversion of gelatin to GelMA supported the consumption of lysine in reaction
with methacrylic anhydride. These findings are in agreement with previous reports [6, 18,
33, 34]. After GelMA synthesis, a hydrogel was formed by mixing GelMA with TEA and
VC, and Eosin Y.

To prepare MCs-loaded GelCORE bioadhesives, MCs and GelMA were mixed
simultaneously with TEA and VC before photocrosslinking. SEM imaging was conducted to
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qualitatively assess the morphology of hydrogel. Incorporation of MCs (1:2) nano-sized
delivery system did not alter the microstructure of the hydrogel networks (Supplementary
Fig. 1c—d), which is in agreement with Saleh er a/2019 24,

The effect of loading MCs in GelCORE hydrogels was assessed by comparing the physical
characterization of GelCORE hydrogels and MCs-loaded Gel CORE hydrogels (GelCORE
+MCs). The mechanical properties were compared through tensile and compression tests
(Fig. 3a—c, Supplementary Fig. S2). No significant difference was found in terms of
extensibility and compressive modulus between Gel CORE and Gel CORE+MCs (Fig. 3b and
Supplementary Fig. S2). However, the loading of MCs significantly decreased the elastic
modulus from 71 + 5.9 kPa to 28.37+£12.1 kPa (p<0.001) (Fig. 3a). Similarly, the ultimate
stress of GelCORE hydrogels decreased from 70.33 + 7.23 kPa to 36.4 + 3.38kPa after the
addition of MCs (Fig. 3c). These results showed the loading of MCs decreased the resistance
to the deformation of Gel CORE hydrogels.

In addition to mechanical characterization, the swelling ratio and degradation rate were also
evaluated. The addition of MCs significantly decreased (p<0.05) the swelling of Gel CORE
hydrogels in DPBS after 24 h (Fig. 3d). For degradation tests, results showed a significant
increase (p< 0.001) in the degradation of Gel CORE+MCs over 7 days compared with
GelCORE hydrogels (Fig. 3e). These results showed that the loading of MCs modified the
mechanical and physical properties of Gel CORE hydrogels in terms of resistance to
deformation, swellability, and resistance to biodegradation. These modifications can be
explained by a lower concentration of GelMA in the GelCORE hydrogels due to the
presence of MCs.

In vitrorelease profile was obtained in DPBS containing 0.05% Tween 20 using the dialysis
membrane technique at 277 nm. Hydrogels containing CPX-loaded MCs showed similar
profile MCs (Fig. 3f). Almost ~80% of CPX was released within 12 h and ~100% within 24
h. This data is supporting the study objective of releasing CPX in the wound area to prevent
any bacterial growth. The CPX release profiles from MCs incorporated in GelMA hydrogel
were similar to the CPX release profiles from CPX-loaded MCs. Moreover, the kinetics of
the release was examined against different models. It was found that the CPX release profile
fit (r2 0.98) to the Hixson-Crowell model (F=100*[1-(1-kpc*t)3]), where kyc was 0.037 for
both hydrogels 32. This data could be correlated to the degradation data, where it was
suggested that GelMA with MCs degradation revealed ~50% weight loss due to the
diffusion of MCs from the hydrogel matrix. Therefore, the MCs could control the release of
CPX from the matrix. This pattern is in agreement with a previous report by Shokry et a/
2019, where phenytoin MCs were incorporated in the crosslinked chitosan matrix without
significant changes in the release profile 41.

Adhesive properties of MCs-loaded GelCORE hydrogels

Adhesion is another important property of the bioadhesive materials. During the wound
healing process, the adhesion of the hydrogel matrix to defected tissue is vital, where most
hydrogels act as a scaffold for supporting cell migration, attachment, and eventually
potential biointegration #2. Also, the bioadhesive hydrogel can be used as a matrix for CPX
delivery directly to the site of infection. This cannot be achieved by currently available CPX
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eye ointments, where the ointment is not adhesive and will be washed out in a short amount
of time after application. Herein, different adhesion tests were examined, including /in vitro
burst pressure, wound closure, and ex vivotests according to ASTM standards (Fig 4). In all
experiments, the prepolymer solution of loaded/unloaded Gel CORE was applied followed
by visible light photocrosslinking. As shown in a previous study, Gel CORE hydrogels
exhibit high adhesive properties on the corneal tissue, making them suitable for the closure
of eye injuries 12, We assessed the effect of MCs loading on the adhesive properties of
GelCORE hydrogels. For this assessment, different biological substrates (collagen sheet,
rabbit corneal tissue, and whole eyeball) was used for burst pressure experiments (Fig. 4).
Burst pressure tests were used to measure the ability of the adhesive hydrogel to seal a
standardized defect, while airflow was applied as demonstrated in Fig. 4a and c, according
to the modified ASTM standard test (F2392-04). Different substrates were used as
biological tissue for burst pressure tests including collagen sheets (Fig. 4a) and rabbit
corneal tissue (Fig. 4c). The burst pressures of GelMA with/without CPX-loaded MCs
showed no significant changes with values ~ 35kPa in which collagen sheets were used as
substrate (Fig. 4b). On the other hand, rabbit corneal tissue showed a similar pattern for
GelCORE and GelCORE+MCs (around 60 kPa and 40 kPa) for 2 and 4 mm incisions,
respectively (Fig. 4d). Generally, increasing incision size directly decreased burst pressure,
where the average values were 56+7.5kPa for 2 mm, ~ 32+9.2kPa for 4 mm, 14.8+3.6 kPa
for 6 mm, and 4.8+1.2kPa for 8 mm. Cyanoacrylate glue is usually used in corneal incision
repair, which has burst pressures around 68 kPa as reported by Lauto er a/2008 43. Although
cyanoacrylate glue has comparable data, it mainly works on dry surfaces and shows
cytotoxicity to mammalian cells 44.

Wound closure tests were used to measure the adhesion strength according to the modified
ASTM standard (F2458-05) as shown in Fig. 4e. This test shows the ability of the hydrogel
to connect the wound edges upon applying tensile stress. The incorporation of MCs inside
GelCORE did not alter the adhesive properties of hydrogels (Fig. 4f). Gel CORE
bioadhesives exhibited a high adhesion to different types of substrates (collagen sheet, rabbit
cornea, and porcine skin) due to mechanical interlocking and covalent bonding between
GelMA and the substrate surface 4°. As shown in Fig 4f, the adhesion strength for both
GelCORE and GelCORE+MCs was around 40 kPa.

An ex vivotest was performed by using the whole rabbit eye with laceration with different
incision sizes (Fig. 4g). A similar pattern was observed for both GelMA bioadhesives with
and without MCs (Fig. 4h). Generally, increasing incision size directly decreased the burst
pressure, where the average burst pressures were 47.2 + 4.9kPa for 2 mm, 38.3 + 3.3kPa for
4 mm, 24 + 3.5kPa for 6 mm, and 3.7+1.4kPa for 8 mm. Therefore, all adhesion tests
demonstrated that both GelCORE and Gel CORE+MCs formulations had similar adhesion
characteristics. Results demonstrated no significant difference in burst pressures between
GelCORE and Gel CORE+MCs regardless of the substrate used or the injury size. This
suggests that the loading of MCs maintained the adhesive properties of Gel CORE hydrogels.
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In vitro antimicrobial study on MCs-loaded GelCORE hydrogels

Staphylococcus aureus and Pseudomonas aeruginosa are common causes of eye infections.
Therefore, these two bacterial strains were used to test the antibacterial activity of the
hydrogels. Agar diffusion tests using both bacterial strains were performed to compare the
antibacterial properties Gel CORE and Gel CORE+MCs hydrogels (Fig. 5).

First, the zone of inhibition studies was used to compare the effect of free CPX, CPX-loaded
MCs, GelCORE, and Gel CORE+MCs after 24 h (Fig. 5a—d). According to the dose-
response curve, the MIC of CPX was 0.5 pg/mL and 0.25 ug/mL for Staphylococcus aureus
and Pseudomonas aeruginosa, respectively. While, MIC of CPX loaded MCs (1:10) was
0.25 pg/mL and 0.125 ug/mL for Staphylococcus aureus and Pseudomonas aeruginosa,
respectively (Fig. 1j-m). The zone of inhibition test was conducted using the MIC of CPX
and MCs (1:10). For Staphylococcus aureus, data showed no significant difference between
CPX (44.6 mm) and loaded MCs (46.1 mm) as both tests were conducted at their MIC
concentrations, as shown in Fig. 5e. Moreover, a significant increase in inhibition zone was
observed in GelCORE+MCs. The values were 21.9 mm and 35.5 mm for Gel CORE and
GelCORE+MCs, respectively. It worth mentioning that the inhibition zone of Gel CORE
+MCs was ~ 20% less than CPX-loaded MCs. This could be correlated to the nature of the
inhibition zone test, where solid agar is used, and MCs need enough liquid media to migrate
from the hydrogel to reach the agar. This is in agreement with Alvarez et a/ 2014 study, 46
where rifamycin loaded silica-collagen nanocomposite hydrogels showed unmatched
antibacterial activity. Rifamycin was strongly adsorbed into nanocomposite hydrogels
without inhibition of Staphylococcus aureus and Pseudomonas aeruginosa. The bacterial
viability assay was also used to visually confirm bacterial inhibition using the LIVE/
DEAD® BacLight™ kit (Fig. 5f—g). It is clear from the images that GelCORE kept bacteria
alive (green stain) as shown in Fig. 5f, while Gel CORE+MCs almost eradicates (red stain)
all Staphylococcus aureus cells (Fig. 5g).

To the same extent, inhibition zone tests against Pseudomonas aeruginosa was conducted
with previously mentioned MICs (Fig. 5h—k). Data demonstrated that no significant
difference between CPX (49.7mm) and loaded MCs (51.4 mm) as both tests were conducted
at its MIC concentration as shown in Fig. 51. Moreover, a significant increase in inhibition
zone was observed for Gel CORE+MCs. The values were 21.5 mm and 39 mm for Gel CORE
and GelCORE+MCs, respectively. Also, the bacterial viability assay was conducted (Fig.
5m-n). Gel CORE bioadhesive kept bacteria alive (green stain) as shown in Fig. 5m, while
GelCORE+MCs almost eradicate (red stain) all Pseudomonas aeruginosa cells (Fig. 5n).

It is worth mentioning that this study aimed to prevent infection through improving the
delivery of CPX to an infected corneal wound. Several attempts have used nanocomposite
hydrogels to treat different types of infected wounds. For example, CPX and silver
nanoparticles were stabilized in guar gum alkyl amine to obtain a nanocomposite as a dual-
component drug delivery system. The developed nanocomposite demonstrated supportive
effects against Pseudomonas aeruginosa, Escherichia coli, Bacillus cereus, and
Staphylococcus aureus*”. Another study developed CPX and tripeptide dual loaded
hydrogel. The hydrogel exhibited good antimicrobial activity against Staphylococcus aureus,
Escherichia coli, and Klebsiella pneumonia*8. So, many previous reports supported current
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study findings, where MCs-loaded GelMA as a nanocomposite hydrogel has a suitable
antibacterial activity against both grams positive and gram-negative bacteria. These results
suggest that MCs-loaded Gel CORE hydrogels represent a suitable delivery system for CPX
and can provide a significant antibacterial activity against Gram-positive and Gram-negative
bacterial strains.

In vitro cytocompatibility of Gel CORE+MCs hydrogels

In vitro cytocompatibility of Gel CORE and Gel CORE+MCs bioadhesive was compared
using cell viability, adhesion/spreading, and proliferation tests using corneal fibroblast cells
(Fig. 6). Cell viability was determined using a live/dead assay at different post-seeding time
points (days 1, 4, and 7) as shown in Fig. 6a—f. No significant difference in cell viability was
observed between Gel CORE and Gel CORE+MCs hydrogels whatever the time point (Fig.
6m). These results were also confirmed using a cell adhesion test, where no difference of
actin staining was observed between Gel CORE and Gel CORE+MCs hydrogels (Fig. 6g-I).
Finally, no difference in terms of proliferation was observed between Gel CORE and
GelCORE+MCs hydrogels (Fig. 6n). These results suggest that the loading of MCs did not
affect the cytocompatibility of Gel CORE hydrogels.

Ex vivo efficiency of Gel CORE+MCs hydrogels

An ex vivo infectious pig corneal defect model was used to assess the efficacy and effect on
the corneal viability of Gel CORE+MCs compared with GelCORE only. A 6-mm stromal
defect was created on pig eyeballs and filled with 20 pL of bioadhesive. OCT imaging
confirmed that Gel CORE+MCs bioadhesive was able to fill the defect and adhere to the
stromal bed (Fig. 7a—b). After bacterial infection and bioadhesive application, Petri dishes
containing the corneas and their surrounding media showed high turbidity for corneas not
treated and corneas treated with GelCORE. For corneas treated with Gel CORE+MCs, the
surrounding medium appeared clear and comparable to the control corneas that had not been
infected (Fig. 7 c—f). Results of bacterial culture after corneal homogenization and filtration
showed a significantly lower CFU count for the Gel CORE+MCs group compared with the
GelCORE group and no treatment group (Fig. 7g). Finally, H&E staining showed that the
corneal epithelium was found damaged for corneas treated with Gel CORE and corneas not
treated. For corneas treated with GelCORE+MCs, all three layers of epithelium were
present, suggesting higher viability due to a lower bacterial presence (Fig. 7h—j).

The ideal biomaterial for the uses we have envisaged and discussed in this paper will need to
be biocompatible, highly adhesive, able to elute antibiotics with a predictable kinetics, and
contain biomechanical properties that mimic those of the cornea. Work in the past two
decades in biomaterial applications to the eye has focused largely on unwanted wound
healing responses such as the immunoinflammatory responses and angiogenesis, but very
little data are available for longer term retention and performance of biomaterials.
Commercialized products such as ReSure (Ocular Therapeutix Inc., MA, USA), which is a
PEG-based adhesive and ocular sealant is unable to fill stromal defects due to rapid
polymerization that limits the time for material application in the defect [12]. Other research
groups have focused on developing new biomaterials such as acrylate gelatin-based hydrogel
[46], collagen vitrigel [47], fibrin [48], gelatin [49], alginate [50], and chitosan [51] for eye
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tissue regeneration. However, there has been a lack of systematic clinical evaluation of these
products, making it difficult to directly compare their performance, safety, and efficacy.
Additionally, introduction of new biomaterial ‘devices’ into the clinical realm faces complex
regulatory barriers that need to be surmounted.

Conclusions

Drug-eluting biomaterials can provide several unique advantages over conventional drug
delivery systems such as site-targeted delivery, lower dosage requirements, and improved
patient compliance. In this study, we developed and tested a CPX-loaded gelatin-based
hydrogel for the management of corneal injuries associated with infection or risk of
infection. To incorporate CPX into GelCORE hydrogels, PL127 was used as a micellar
system to incorporate CPX into GelCORE hydrogels. /n vitro CPX release studies
demonstrated a release of CPX over 24h with 80% of the drug release in the first 12h.
Results also showed that despite the addition of MCs altering some physical and mechanical
properties of the GelCORE hydrogels, the adhesive properties and cytocompatibility of the
MCs-loaded hydrogels are well maintained. Ex vivo studies showed that the addition of
CPX-loaded MCs in GelCORE hydrogels provided excellent antimicrobial properties by
significantly decreasing bacterial levels in the corneal tissue. More interestingly, a higher
corneal epithelial viability was observed for corneas treated with MCs-loaded Gel CORE
hydrogels, suggesting good biocompatibility and good cytoprotection of corneal cells
against infection. Despite the need for these /n vivo proof-of-concept studies, this study
suggests that ciprofloxacin-loaded Gel CORE hydrogels could represent a promising solution
for the treatment of corneal injuries and preventing ocular infection. The chemistry of
GelCORE hydrogels would permit the incorporation of a wide array of therapeutics. As
such, the GelCORE hydrogel system could also represent a promising platform for drug
elution for different ocular surface disorders.
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Figure. 1. Schematic of our non-invasive approach for the treatment of corneal injury with
infection.

(a) Schematic of application of MCs-loaded GelCORE as a suture-free approach. MCs-
loaded GelCORE (antibacterial bioadhesive hydrogels) was formed by photocrosslinking the
prepolymer solution in the presence of Eosin Y (photoinitiator), TEA (co-initiator), and VC
(co-monomer). (b) Schematic illustration of MCs-loaded Gel CORE application for corneal
tissue regeneration after injury with a sharp object, which includes (i) the formation of a
corneal laceration, (ii) application of MCs-loaded Gel CORE, and (iii) regeneration of the
epithelial layer and stromal regeneration.
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Figure. 2. Development of Ciprofloxacin(CPX)-loaded micelles (MCs):
(a) Graphical illustration of MCs, CPX (green) was loaded and surrounded by the

hydrophobic (red) and hydrophilic (blue) elements of the micelles, the chemical structure of
ciprofloxacin shows the main functional groups (carboxylic and piperazine ring), (b) average
particle size, (c) average polydispersity index, (d) average zeta potential, (e) average
entrapment efficiency, (f) average drug loading for different MCs formulations, (g)
representative scanning electron microscope image of MCs (1:2) (scale bar =100nm), (h)
differential scanning calorimetry thermograms, indicating the successful loading of
ciprofloxacin inside micelle where the intensity of ciprofloxacin peaks decreased, (i) effect
of encapsulation of CPX inside the MCs on in vitro release profile in DPBS (pH 7.4) and
0.05% Tween 20. Effect of MC formulation on /n vitro antibacterial activity on
Staphylococcus aureus: (j) optical density at a different concentration as dose-response
(inhibition) curve, and (k) comparison between free drug and loaded via minimum inhibitory
concentration curve, and on Pseudomonas aeruginosa. (1) optical density at a different
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concentration as dose-response (inhibition) curve, and (m) comparison between free drug
and loaded via minimum inhibitory concentration curve. Data are represented as mean + SD
(*p<0.05, **p<0.01, ****p<0.0001 and n = 3).
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Figure. 3. In vitro characterization of M Cs-loaded Gel CORE hydrogels.

Mechanical characterization of GelCORE and Gel CORE+MCs: (a) Elastic modulus, (b)
extensibility, (c) ultimate tensile strength, and (d) In vitro swelling ratio in DPBS for
GelCORE and GelCORE+MC:s. (e) In vitro degradation in DPBS of GelCORE and
GelCORE+MC:s. (f) In vitro release study in DPBS for CPX loaded in MCs (1:10) and
GelCORE+MCs (1:10). Data are represented as means + SD (***p< 0.001; n=3).
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Figure. 4. Adhesive properties of Gl CORE+M Cs bioadhesives:
(a) Schematic of a modified burst pressure test using collage sheet, (b) average burst

pressure of GelCORE and Gel CORE+MCs, (c) Schematic of modified burst pressure test
using corneal tissue as a biological substrate, (d) average burst pressure, (€) Schematic of
modified wound closure test using porcine skin, (f) average adhesive strengths, (g)
Schematic of ex vivo burst pressure test using full rabbit eye, (h) Average burst pressure.
Data are represented as means = SD (n=3).
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Figure. 5. In vitro microbiological properties of M Cs-loaded GelCORE hydrogels.
Zone of inhibition study on Staphylococcus aureus for (a) ciprofloxacin (CPX), (b)

ciprofloxacin micelles (MCs), (c) GelCORE, (d) GelCORE+MCs. (e) Average zone of
inhibition of different samples. Bacterial viability assays using LIVE/DEAD® BacLight™
kit on Staphylococcus aureus for (f) Gel CORE, and (g) GelCORE+MCs. Zone of inhibition
study on Pseudomonas aeruginosa for (h) CPX, (i) CPX MCs, (j) GelCORE, (k) Gel CORE
+MCs. (I) Average zone of inhibition of different samples. Bacterial viability assays using
LIVE/DEAD® BacLight™ kit on Pseudomonas aeruginosafor (m) Gel CORE, and (n)
GelCORE+MCs. Data are represented as means = SD (****P < 0.0001; n=3).
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Figure. 6. In vitro cytocompatibility of Gl CORE+M Cs bioadhesive:
Representative LIVE/DEAD images from corneal fibroblast cells on days 1, 4, and 7 after

seeding (scale bar=100 mm), (a-c) GelCORE, and (d-f) Gel CORE+MCs. Representative
Actin/DAPI images from corneal fibroblast cells on days 1, 4, and 7 after seeding (scale bar,
100 mm), (g-i) GelCORE, and (j-I) Gel CORE+MCs. (m) Quantification of cell viability on
GelCORE and GelCORE+MCs after 1, 4, and 7 days of culture. (n) Quantification of
metabolic activity of corneal fibroblast cells seeded on GelCORE and Gel CORE+MCs after
1, 4, and 7 days. Data are represented as means £ SD (****P < 0.0001; n=3).
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Figure. 7. Ex vivo studies on Gel CORE+M Cs bioadhesive:
Representative OCT images of corneas (a) before and (b) after Gel CORE+MCs application

(scale bar=1 mm), Representative top-view images of corneas infected with Pseudomonas
aeruginosa and (c) not treated, (d) treated with GelCORE, (e) treated with Gel CORE+MCs,
and (f) not-infected cornea. (g) Results of CFU/ mL of the homogenized cornea of each
group. Data are represented as means + SD (**P < 0.01, n=5). (h-j) Histological cross-
sections of corneal epithelium around the defect at x20 magnification. Arrows show the
three different layers (basal, wing, and squamous cells) constituting healthy corneal
epithelium (scale bar=50pm).
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