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ABSTRACT

Bacterial ocular infections pose significant risks to vision and incur substantial economic burdens worldwide.
Current standards of care, such as eye drops and ointments, suffer from poor drug bioavailability (<5 %), rapid
clearance, and insufficient retention, preventing dual prophylactic and therapeutic efficacy. To address these
limitations, we developed naturally derived mucoadhesive gelatin methacryloyl (GelMA) nanoparticles (NPs)
functionalized with phenylboronic acid (PBA), named GelMAP, for the sustained delivery of moxifloxacin (MFX),
a broad-spectrum antibacterial agent. Dispersed in a custom-designed shear-thinning matrix formulated with
hyaluronic acid (HA) to enhance viscosity and ocular retention, the GeIMAP nanosuspension exhibited robust
mucoadhesion, efficient drug loading (>70 %), and sustained in vitro drug release. Biocompatibility and
bactericidal efficacy were confirmed in vitro, showing >95 % cell viability in NIH 3T3 and human corneal
epithelial cells, along with notable antibacterial activity against key ocular pathogens over 7 days. In a healthy
murine model, the biosafety of the nanosuspension was confirmed. The MFX-loaded nanosuspension demon-
strated around 2.6-fold longer half-life in the cornea compared to commercial MFX drops (Vigamox®), indicating
higher drug retention. Designed to prevent infection and treat established conditions, its efficacy was evaluated
in a murine bacterial keratitis model. The MFX-loaded nanosuspension outperformed Vigamox® by reducing
corneal opacity, achieving lower clinical scores (indicating better outcomes), and decreasing bacterial counts.
Histological analysis showed minimal inflammation and a preserved corneal structure, validating the effec-
tiveness of the GeIMAP nanosuspension. Currently, no NP formulation has been widely demonstrated to offer
dual efficacy in both early and established infections, underscoring GelMAP nanosuspension’s potential for
comprehensive ocular infection management by reducing treatment frequency, minimizing complications, and
enhancing patient compliance.

1. Introduction

antibiotic formulations often lead to bacterial resistance and treatment
failure [7]. In addition, ocular drug delivery has been challenging due to

Ocular infection can cause significant damage to the eye, leading to
increased morbidity and blindness worldwide [1-3]. Eye infection re-
sults in conjunctivitis, keratitis, endophthalmitis, and other complica-
tions [4]. According to the Centers for Disease Control and Prevention,
one million Americans develop eye infections that require medical
intervention each year, resulting in $175 million in direct healthcare
costs [5]. The most common and noninvasive methodology for treating
ocular infection is topical instillation of antibiotics [6]. However, low
therapeutic efficiency and patient compliance with ophthalmic
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rapid tear turnover, reflex blinking, weak corneal penetration, and
limited residence time, leading to low drug bioavailability (< 5 % after
15 min) [8,9]. To overcome these challenges, various methods have
been developed to improve drug delivery outcomes such as adding
thickening agents to the eye drops [10,11], applying drug-eluting con-
tact lenses (CLs) [12,13], using in situ forming drug-loaded hydrogels
[14,15], developing nanodelivery vehicles [16-18], to prolong the
permanence of the medication on the eye surface.

Despite advancements in ocular drug delivery, current strategies face
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significant limitations [19]. For example, thickening agents or oint-
ments may increase precorneal retention time, but small drug molecules
are rapidly washed away during blinking. Moreover, high viscosity can
cause discomfort, irritation, and blurry vision, leading to reduced pa-
tient compliance [20]. While drug-eluting CLs can bypass issues related
to high viscosity, their effectiveness heavily depends on their composi-
tions, which dictates drug binding affinity, loading capacity, and release
profile. Achieving an optimal balance remains challenging, as each
drug-CL combination often necessitates a personalized design to meet
specific therapeutic needs [12]. In contrast, eye drops provide more
precise dosage control through simple concentration adjustments,
allowing for tailored therapeutic delivery. Moreover, CLs can be
complicated and uncomfortable to wear. In addition, controlling the
release of drugs loaded into CLs during storage is particularly chal-
lenging, as premature drug release frequently occurs before application.
Similarly, current strategies based on drug-loaded adhesive hydrogels
struggle with complexity, fast drug release [21], and insufficient adhe-
sion over time under wet conditions [22]. Our group previously devel-
oped a ciprofloxacin (CPX) eluting adhesive hydrogel based on gelatin
methacryloyl (GelMA) with an in vitro CPX release profile up to 24 h
[23]. While this represented an improved therapeutic efficiency
compared with commercial eye drops, our strategy was impractical for
frequent use by patients as it required a CL applicator and an external
light device for gelation. Additionally, achieving uniform application of
the liquid precursor with the medication before in situ gelation posed
significant challenges. The complex handling and low tolerance for er-
rors or readjustments of this drug-eluting bioadhesive system may also
limit its usability as compared to the simplicity of eye drops. Further-
more, the use of resorbable inserts could reduce patient compliance due
to the sensation of a foreign body [24]. Collectively, these technologies
fail to maintain therapeutic drug concentrations over time, preventing
them from simultaneously addressing infection prevention and treat-
ment needs. This underscores their inability to deliver comprehensive
ocular care.

In view of the challenges from ointment, hydrogels, or CL-based
strategies, mucoadhesive nanomaterials are promising due to their su-
perior permeability across biological membranes, increasing drug
bioavailability and residence time in the eyes [7,25]. Many mucoad-
hesive nanoparticles (NPs)-based ophthalmic antibiotic formulations
have been developed and demonstrated prolonged drug release for
better therapeutic outcomes. Most of these mucoadhesive NPs devel-
oped for ocular infections are based on chitosan (Table S1) and have
been widely used to load different drugs such as tedizolid phosphate
[26], daptomycin [27], levofloxacin [28], and ofloxacin [29] for pro-
longed release. Chitosan’s positive charge allows for electrostatic in-
teractions with negatively charged mucin, promoting adhesion to the
ocular surface [30]. However, these interactions are sensitive to pH
fluctuations and ions in tear fluid, which can reduce NP effectiveness
[31,32]. Additionally, the high surface charge of chitosan raises con-
cerns related to cytotoxicity and immune responses [33-35], especially
in sensitive ocular tissues. In general, most of the engineered mucoad-
hesive NPs exhibit rapid drug release, typically within 24 h, which is
inadequate for sustained antibacterial treatment. Few formulations of
these NPs have shown improved antibacterial effects over free drugs
both in vitro and in vivo, but their biosafety remains under explored.
Moreover, lack of in vivo comparisons with commercial eye drops makes
it difficult to assess their clinical advantages and translation. Therefore,
it is imperative to develop a biocompatible mucoadhesive nano-
suspension that can effectively adhere to ocular mucosa and offer sus-
tained antibiotic release with better therapeutic outcomes compared to
commercial eye drops. In contrast to chitosan, phenylboronic acid (PBA)
molecules form stable yet reversible boronate ester complexes with cis-
diol groups of mucin glycoproteins at physiological pH (~7.4), sup-
porting effective mucoadhesion under ocular conditions [36]. Due to its
high affinity with glycol, PBA has found wide applications in ocular drug
delivery. Numerous studies have showcased the strong
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mucoadhesiveness and biocompatibility of PBA in vitro and in vivo
[37-40].

In this work, we developed an ocular drug delivery system based on
mucoadhesive NPs by using naturally derived biodegradable gelatin and
PBA. Gelatin was first functionalized with methacrylic anhydride (MA)
to form GelMA, enabling photocrosslinking for NP stabilization. GelMA
was then modified with PBA to endow mucoadhesiveness to the final
GelMA-PBA (GelMAP) prepolymer, which was then used to form NPs
through a solvation method. The GelMAP NPs were then loaded with
moxifloxacin (MFX), a broad-spectrum antibiotic, effective toward both
gram-positive and gram-negative bacteria such as staphylococcus aureus
and pseudomonas aeruginosa, that are mainly responsible for conjuncti-
vitis, keratitis, and endophthalmitis. To improve ocular retention of NPs,
a shear-thinning matrix with proper viscosity was developed using a
combination of components, including hyaluronic acid (HA), which was
included to modulate viscosity and contribute to the shear-thinning
behavior, to disperse the mucoadhesive NPs and form the GelMAP
nanosuspension. The synthesis of the GelMAP biopolymer was chemi-
cally verified, and NPs were characterized for size, polydispersity index
(PDI), MFX encapsulation and in vitro mucoadhesion. The matrix was
also assessed via rheology and wettability on mucin-coated slides. The
combined NPs and matrix were tested for in vitro MFX release, anti-
bacterial activity, ex vivo mucoadhesion, and in vitro biocompatibility.
To ensure safety and drug retention, in vivo biocompatibility and phar-
macokinetic studies were also conducted using a healthy murine model.
The therapeutic efficacy of nanosuspension was also evaluated in a
murine bacterial keratitis model, using Vigamox® eye drops as a com-
mercial control. The engineered nanosuspension has potential for clin-
ical translation and safe use, ensuring effective prevention and
treatment of ocular infections with comprehensive and patient-centered
care.

2. Results and discussion

2.1. Synthesis and characterization of PBA modified gelatin methacryloyl
(GelMAP)

Sequential synthesis of GelMAP and the interaction between the
drug-loaded GelIMAP NPs and mucin layer on the eye are demonstrated
in Fig. 1a. First, gelatin was functionalized with MA to form GelMA.
GelMA was then subjected to chemical functionalization with PBA to
yield PBA functionalized GelMA (GelMAP) prepolymer through 1-Ethyl-
3-(8-dimethylaminopropyl) carbodiimide (EDC)/N-Hydrox-
ysuccinimide (NHS) coupling [41]. After complete purification, proton
nuclear magnetic resonance (*H NMR) was performed to confirm the
chemical modification of both GelMA and GelMAP in dimethyl sulf-
oxide-de (DMSO-ds). As shown in Fig. 1b, a distinct PBA peak appeared
at ~7.8 ppm in GelMAP but not in GelMA, while MA peaks around
5.5-6.0 ppm were observed in both samples, confirming successful
functionalization. To accurately quantify the degree of PBA conjugation,
we performed ' NMR in deuterium oxide (D20), as the aromatic region
in DMSO-ds showed substantial overlap with gelatin backbone signals,
limiting reliable integration [42]. In D20, a well-resolved aromatic peak
from PBA protons at 7.5-7.8 ppm enabled accurate quantification
(Fig. S1). Integration of this peak relative to the alanine methyl signal
(~1.4 ppm) yielded a PBA-to-alanine ratio of 0.085. Based on the re-
ported amino acid composition of gelatin (~9 mol% alanine) [43], along
with manufacturer-reported molecular weight (50-100 kDa) and
carboxyl content (78-80 mmol/100 g), the number of conjugated PBA
groups per polymer chain was estimated to be approximately 3.4-6.9,
corresponding to a conjugation efficiency of ~4.3-17.8 % per GelMA
backbone. This is comparable to the reported values for boronic acid-
modified GelMA derivatives [44]. PBA content was not varied in this
study, as prior work has demonstrated that increasing PBA density on
NPs can enhance mucoadhesion through boronate-diol interactions
with mucins, provided that NP colloidal stability is maintained [45].
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Fig. 1. Synthesis and characterization of PBA modified gelatin methacryloyl (GeIMAP) prepolymer and formation of GelMAP NPs with and without MFX.
(a) Schematically illustrated synthesis of GeIMAP and the interaction between drug loaded GelMAP NPs and mucin of the infected eye. (b) 'H NMR spectra of PBA,
gelatin, GelMA and GelMAP in DMSO-ds, demonstrating successful conjugation of MA and PBA to gelatin. (c) A representative TEM image of GelMAP NPs (scale bar
=1 pm) and their (d) hydrodynamic size, PDI, and (e) zeta potential of the GeIMA and GeIMAP NPs without MFX. (f) Hydrodynamic size, PDI, and (g) zeta potential
of MFX-loaded GelMAP NPs at varied MFX concentrations. Error bars indicate standard deviation of the means, asterisks mark significance levels of p < 0.01(**), p <

0.001(***), p < 0.0001 (****), ns = not significant, and n = 3.

Instead, we focused on maximizing the degree of PBA conjugation to the
GelMA backbone by using an excess of EDC, NHS, and PBA during the
coupling reaction to promote efficient functionalization and ensure
strong mucoadhesive properties and colloidal stability.

2.2. Characterizations of GelMAP NPs with and without MFX

To study the effect of PBA functionalization on the NP characteris-
tics, we formed both GelMA NPs (without PBA functionalization) as a
control and GelMAP NPs. The morphology and size of the synthesized

GelMAP NPs were characterized using transmission electron microscopy
(TEM). TEM analysis (Fig. 1¢) confirmed the formation of spherical NPs
with relatively uniform morphology. To further assess the size distri-
bution, dynamic light scattering (DLS) measurements were conducted,
revealing a hydrodynamic size of 108.4 + 15.9 nm for GelMAP NPs
(Fig. 1d). The higher PDI observed by DLS, compared to the relatively
uniform particle size seen in TEM, is likely due to the hydrated and
dynamic nature of the NPs in solution. DLS provides a population-
averaged size distribution under aqueous conditions, capturing effects
such as swelling and minor aggregation. In contrast, TEM offers
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representative images of a small, localized, and dried subset of NPs.
Additionally, to reflect the true formulation used in downstream appli-
cations, the NPs were not filtered prior to DLS measurements, which
may have contributed to the broader size distribution observed [46]. It
was also found that GelMAP NPs had a smaller average particle size as
compared to GelMA NPs (158.57 + 4.38 nm) (Fig. 1d). This size
reduction may be attributed to structural and behavioral changes in the
GelMA biopolymer following PBA conjugation. Specifically, PBA
conjugation is known to disrupt intramolecular hydrogen bonding and
polymer—polymer interactions that contribute to the thermoresponsive
behavior of GelMA [47]. As a result, GelMAP lost its ability to undergo
thermal gelation [48]. This disruption of GelMA’s native structure likely
reduced polymer entanglement and aggregation during NP formation,
contributing to the formation of smaller, more compact NPs. Previous
studies have shown that ocular nano-delivery systems in the form of
suspensions can lead to improved drug bioavailability with smaller
particle sizes within the range of 10 to 150 nm [49]. Smaller particle
sizes have shown enhanced diffusion through the tear film, allowing
more effective penetration in the mucin layer on the eye [50]. GelMAP
NPs showed a PDI of 0.38 + 0.03 similar to GelMA NPs with a PDI of
0.59 £ 0.03 (Fig. 1d). Surface charge density (zeta potential) of GelMAP
NPs was measured using a Malvern Panalytical Zetasizer. An increase in
the zeta potential of GelMAP NPs (Fig. le) could be attributed to the
covalent conjugation of PBA to negatively charged carboxyl groups
(-CO0O7) on GelMA via EDC/NHS-mediated coupling. In this reaction,
PBA forms amide bonds with GeIMA, consuming ~-COO ™~ groups without
introducing new anionic functionalities at physiological pH. This change
in surface chemistry results in a net decrease in negative charge and a
corresponding shift toward a more positive surface potential. Consis-
tently, GelMAP solutions exhibited a higher pH than GelMA when dis-
solved at the same concentration in water, indicating reduced free
acidity. Additional experiments further confirmed that the isoelectric
point increased from ~5.5 for GelMA to ~7.4 for GelMAP (Fig. S2),
aligning with the observed zeta potential changes and supporting the
conclusion that PBA conjugation reduced acidity and altered the poly-
mer’s net charge profile [44,51].

The hydrodynamic size of the GelMAP NPs after loading with MFX
was characterized by DLS. As shown in Fig. 1f, the size of the NPs
increased by approximately 1.8-fold when the MFX concentration
increased from 0 % to 2.4 %. This increase in size could be attributed to
the enhanced surface adsorption of MFX on the NPs at higher concen-
trations [52]. The PDI and zeta potential remained unchanged with
increasing MFX concentration at a fixed pH of 7.4 across all drug-NP
mixtures (Fig. 1g). To assess formulation stability, we evaluated MFX-
loaded GelMAP NPs over a 28-day period at 4 °C. MFX-loaded Gel-
MAP NPs remained physically stable, with no significant changes in
particle size or PDI observed during storage (Figs. S3a-b). Furthermore,
no visible aggregation or precipitation was detected (Fig. S3c), con-
firming colloidal stability under refrigerated conditions and supporting
the formulation’s suitability for future translational development.

2.3. Characterizations of eye drop matrix

For the application of engineered GeIMAP NPs in treating ocular
infections, designing a suitable eye drop matrix is crucial to enhance
their functionality by prolonging NP contact with the ocular surface.
Three criteria must be considered while developing the matrix formu-
lation: shear thinning behavior, residence time, and pH. Shear thinning
behavior can maximize the bioavailability of the medication inside the
matrix. Maintaining a high viscosity at a low shear rate (open eye) in-
creases ocular retention time while low viscosity at a high shear rate
(blinking) provides comfort and prevents excessive stress to the ocular
surface during blinking [53]. Additionally, viscosity and mucoadhesion
of polymers in the matrix solution as well as the spreading of the drop
upon instillation should be considered for optimizing the residence time
and relative comfort after applying the eye drops [54,55]. The most
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common eye drop solutions for dry eye have either very low viscosities
(<30 cps) such as Systane Balance Lipid Layer Formula (Alcon Labora-
tories Inc., Geneva, Switzerland) or very high viscosities (>300 cps)
such as Refresh Optive Gel Drops (Allergan Inc.) [56,57]. Low-viscosity
eye drops often have short-lived effects, and patients often use eye drops
frequently to achieve relief. Alternatively, artificial tears with a higher
viscosity provide a more gel-like consistency and may provide lubrica-
tion that lasts longer. However, very high viscosity may cause blurry
vision and should only be applied before sleep. Therefore, eye drops
with medium viscosity (60-90 cP) are preferred for dry treatments.
Lastly, a proper pH in the range of 6.6 to 7.8 is necessary to avoid any
discomfort after installation.

In our design, we developed matrix solutions with varying viscosity
and shear thinning behavior by using different concentrations of three
active ingredients: HA, abbreviated as H in Fig. 2, for providing viscosity
and shear thinning behavior [58], hypromellose for providing
mucoadhesion to prolong the residence time on the ocular surface [59],
and glycerin, abbreviated as G in Fig. 2, as a lubricant and moisturizing
agent to reduce surface tension, adjust rheology, and relieve dry irri-
tated eyes [60]. In our formulations, 0.3 % (w/v) hypromellose was
fixed in all compositions to provide mucoadhesion [61,62], while the
concentrations of HA and glycerin were varied within the ranges of
0.1-0.5 % (w/v) [63] and 0.3-1 % (w/v) [64], respectively, to study
their effects on viscosity, shear thinning behavior, and wettability on
mucin-coated glass slides. While all the matrix compositions showed
shear thinning behavior, changing the concentration of HA could tune
the viscosity of the matrix (Figs. 2a, S4a-b). However, varying the
concentration of glycerin had a very limited impact on viscosity
compared to HA due to its small molecular weight (Figs. 2b, S4c-d). We
also checked the wettability of the matrix solution on mucin coated glass
slides by measuring the spreading area of the drop using a caliper. As
shown in Figs. 2¢-d and S5, while increasing the HA amount in matrix
formulations decreased the wetting area of the matrix, enhancing
glycerin had no impact. In this experiment, we observed that the vis-
cosity of the solution played a major role in the matrix wettability. This
could diminish the effect of reduced surface tension and increase
spreading due to the addition of glycerin. Based on rheology and
wettability experiments, we optimized the final eye drop matrix
formulation using 0.5 % HA for proper viscosity (around 70-90 cps),
0.3-1 % glycerin, a clinically relevant range selected according to pa-
tients’ eye condition, and 0.3 % hypromellose for mucoadhesion based
on previous studies [65]. The shear-thinning behavior of our engineered
nanosuspension is illustrated in Fig. 2e. Upon application to an open eye,
the formulation exhibits high viscosity, enhancing precorneal retention.
During blinking, the shear force reduces the viscosity, allowing the eye
drops to spread evenly, thereby providing comfort and enhancing
mucoadhesive interactions between the NPs and the mucin layer of the
eye. Furthermore, rheological analysis showed that incorporating MFX-
loaded GelMAP NPs containing 0.5 % (w/v) MFX, consistent with
commercial formulations, did not alter the shear-thinning behavior or
viscosity of the matrix (Figs. S6a-b), confirming that NP loading at this
dosage preserved the matrix’s flow properties. To further evaluate the
viscoelastic characteristics, oscillatory rheology was performed on both
blank and NP-loaded matrices. Both formulations exhibited viscoelastic
liquid behavior, with the loss modulus (G") consistently exceeding the
storage modulus (G') across the tested frequency range of 1-10 rad/s at
37 °C (Fig. S7), indicating predominantly viscous behavior typical of
shear-thinning polymer suspensions. G' and G” increased gradually with
frequency, consistent with loosely entangled polymer networks. No
significant differences in G’ or G” were observed between the two groups,
confirming that NP incorporation did not appreciably affect the visco-
elastic properties of the matrix.
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Fig. 2. Characterizations of eye drop matrix and loading efficiency, releasing profile of the MFX-loaded GeIMAP NPs. Rheological studies of different matrix
formulations at varied (a) HA concentrations and (b) glycerin concentrations. G stands for glycerin, H stands for HA, hypromellose was fixed at 0.3 % (w/v) for all
groups. Wetting areas of different matrix formulations at varied (¢) HA concentrations and (d) glycerin concentrations. (e) Schematically illustrated shear thinning
behavior of the engineered nanosuspension. Upon application, it maintains high viscosity for precorneal retention. When the eye blinks, shear forces reduce viscosity,
allowing even spread and enhancing mucoadhesive interactions with ocular mucin. (f) Drug loading efficiency of GelMAP NPs at different pH with a fixed MFX
concentration at 2.4 % (w/v) and their corresponding (g) loaded MFX concentrations. (h) Drug loading efficiency of GeIMAP NPs at different MFX concentrations at
pH = 7.4 and their corresponding (i) loaded MFX concentrations. (j) Cumulative released drug amount from MFX-loaded GelMAP NPs (in matrix) and free MFX (in
matrix) and their (k) cumulative release percentage over 144 h. Error bars indicate standard deviation of the means, asterisks mark significance levels of p < 0.0001

(****), ns = not significant, and n > 3.

2.4. Loading efficiency and releasing profile of the MFX-loaded GelMAP
NPs

Type A gelatin has an isoionic point of 7-9 [66], and MFX has two
pKas of 6.3 and 9.3 [67]. Therefore, by controlling the pH of the system,
MFX could be stabilized into the GelMAP NPs through electrostatic in-
teractions. It was found that changing the pH could influence the MFX
loading efficiency. As shown in Fig. 2f, increasing pH from 6.5 to 7
increased the loading efficiency of MFX from 6.08 + 4.81 % to 39.08 +

2.24 %. Further improvement (43.86 + 0.71 %) was observed when
increasing the pH to 7.4. This trend suggests that higher pH enhances
charge complementarity between MFX and the NPs, thereby strength-
ening electrostatic interactions and promoting drug loading [68], as the
overall repulsion between the like-charged partners of MFX and NPs
would be minimal at this pH [69]. To further investigate this behavior,
we measured the zeta potential of both MFX and GelMAP prepolymers at
pH 5.0, 6.5, and 7.4. MFX exhibited a shift from a net positive charge at
low pH to a slightly negative charge near physiological pH, consistent
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with its zwitterionic nature and the pH-dependent ionization of both its
acidic and basic functional groups (Fig. $2). Although MFX is typically
described as zwitterionic or slightly cationic at Dulbecco’s phosphate
buffered saline (DPBS) buffer, our measurements in Milli-Q water
showed a slightly negative surface potential under these conditions.
Since the NPs were formulated in Milli-Q water, zeta potential mea-
surements were also conducted in the same medium to maintain con-
sistency with the formulation conditions. The use of Milli-Q water, as a
low ionic strength, unbuffered medium, can increase the sensitivity of
zeta potential measurements to subtle variations in surface chemistry
and solution conditions, which may contribute to the observed values
alongside the presence of surface-exposed carboxylate groups. GelMAP
also exhibited a modest decrease in zeta potential from pH 6.5 to 7.4 but
retained a slightly positive surface charge at physiological pH. The
resulting charge difference between GelMAP and MFX at pH 7.4 may
promote electrostatic interactions, contributing to the observed increase
in drug loading efficiency (Fig. S2). Additionally, the pH of GelMAP
solution (6.5) in water was notably higher than that of GelMA (5.05),
reflecting reduced free carboxyl content due to PBA conjugation. This
less acidic environment may further facilitate favorable electrostatic
interactions with deprotonated MFX, enhancing encapsulation effi-
ciency. Accordingly, a higher concentration of MFX (10.53 + 0.17 mg/
mL) could be loaded into the GelMAP NPs by increasing the pH of the
mixture to 7.4 (Fig. 2g). Additionally, changing the MFX concentration
could also vary loading efficiency. Increasing the MFX concentration
from 0.6 % to 2.4 % reduced the loading efficiency from 70.58 + 1.14%
% to 43.86 + 0.71 % but increased the final loading concentration from
4.23 £+ 0.07 to 10.53 + 0.17 mg/mL (Figs. 2h and i). This demonstrated
the adjustability of the dosage in our engineered NP platform. In addi-
tion to electrostatic attraction, other non-covalent interactions may
contribute to MFX loading into GeIMAP NPs. MFX contains hydroxyl,
ketone, and amine groups capable of forming hydrogen bonds with
functional groups on the gelatin-based matrix. Hydrophobic and n-n
interactions between the aromatic rings of MFX and PBA moieties on
GelMAP may also facilitate drug association. Together, these in-
teractions likely enhance the overall drug loading efficiency.

The releasing profile of the MFX-loaded GelMAP NPs was obtained
using a dialysis method [70] under sink conditions. Specifically, the
MFX-loaded NPs and free MFX were separately dispersed in the matrix
solution at a 1:1 ratio and placed in a dialysis bag (10 k ~ 12 k MW). The
releasing condition was set to 37 °C and 70 rpm shaking speed. As shown
in Figs. 2j and k, all the free MFX released 100 % of the total MFX within
2 h, whereas the MFX-loaded GeIMAP nanosuspension showed the
initial burst phase, followed by a sustained release phase for up to 96 h.
The initial burst release observed from the MFX-loaded GelMAP nano-
suspension is likely due to ionic dissociation of loosely bound drug from
the NP surface upon exposure to DPBS release media under sink con-
ditions. This phenomenon is frequently observed in NP systems with
surface-associated drugs and may offer therapeutic benefit in the context
of ocular infections. A rapid rise in local drug concentration is critical for
promptly suppressing bacterial growth and preventing colonization
during the early phase of infection [71]. Following this initial burst
(~75 % cumulative release within 2 h), a slower, sustained release phase
was observed, extending up to 144 h. To gain insight into the mechanism
governing this prolonged release, we fitted the post-burst data (2-144
h), corresponding to the encapsulated drug fraction, to the Kors-
meyer—Peppas model described by the equation Mi; = Kt", where Mi; is
the fraction of drug released at time t, K is the release rate constant
incorporating structural and geometric characteristics of the system, and
n is the release exponent. Although we acknowledge that the model is
traditionally applied to the initial 60-70 % of release, we used it here to
approximate the mechanism governing the sustained release phase and
to provide qualitative insight into the release behavior of the encapsu-
lated drug. The model showed a strong fit (R? = 0.98) with a release
exponent n = 0.078, indicating a Fickian diffusion mechanism [72]. This
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analysis suggests that the sustained release of MFX is primarily governed
by passive diffusion from the NP matrix. Together, this biphasic profile
enabled both immediate and prolonged drug exposure, which are
desirable for maximizing therapeutic efficacy while minimizing dosing
frequency.

2.5. Mucoadhesive characterizations of the synthesized GelMAP NPs

Mucoadhesion is crucial for ocular drug delivery as it enhances NP
retention on the eye’s surface, prolonging ocular drug retention time,
improving absorption, and reducing clearance by tears and blinking
[73,74]. This leads to increased drug bioavailability, targeted delivery,
minimized dosing frequency, and better therapeutic outcomes for
effective treatment of ocular diseases [75,76]. The mucoadhesive
properties of GelMAP NPs were evaluated in vitro by using five different
standard methods including DLS/zeta potential, atomic force micro-
scopy (AFM), fluorescence-based measurement, turbidity assay, and
Periodic acid/Schiff (PAS) assay.

One of the most common in vitro techniques for assessing the
mucoadhesion of charged nanocarriers is zeta potential measurement,
which is used to approximate the surface charge of NPs. Corneal mucins
hold a relatively high negative charge based on the high prevalence of
anionic sialic acid groups in mucin; as such, by monitoring the change in
the zeta potential upon adhesion of anionic mucin proteins to the surface
of nanocarriers, the presence of mucoadhesive interactions can be
measured [76]. Such measurements are particularly beneficial to assess
mucin-cationic NP interactions and have been used to assess mucoad-
hesive interactions between a range of cationic NPs and corneal mucins
based on the reduction or reversal of the native cationic NP charge upon
mucin binding [31,77]. To measure these interactions, we mixed
commercially available porcine gastric mucin solution (1 mg/mL) with
varying concentrations of GeIMAP NPs and incubated the mixtures at
37 °C with shaking for 1 h. We also used GeIMA NPs as a control. Porcine
gastric mucin was used in this study as it is commonly employed as a
model for preliminary mucoadhesion evaluations [78-80], owing to its
availability and glycosylation features resembling those of native
mucosal surfaces. The zeta potential of mucin in the incubation system
was then employed to predict the mucin binding capacity of the for-
mulations, thereby assessing the mucoadhesive performance. As shown
in Figs. 3a-b, the zeta potential of GeIMAP NPs increased with increasing
NP concentrations, demonstrating a strong interaction with mucin due
to the presence of PBA groups on NPs. In addition, electrostatic in-
teractions between GelMAP NPs and mucins also played a role. At a
higher concentration, more NPs adhered onto the mucin molecules and
therefore neutralized the negative charge of the mucin to a greater
extent [31]. However, the zeta potential of GelMA NPs did not show any
trend with increasing NP concentrations, which could be due to the
absence of PBA on the NPs. Moreover, an increase in the average size of
GelMAP NPs in mucin (0.5 % GelMAP was mixed with 0.05 % (w/v)
mucin) demonstrated that a strong aggregation of particles occurred
upon mixing due to strong interactions between mucin and GelMAP
with increased PDI (Figs. 3c-d). Compared to GelMAP NPs, GelMA NPs
did not form significantly larger aggregates, confirming a lack of in-
teractions with mucin (Fig. 3e).

Another common method to characterize mucoadhesiveness is using
AFM [81]. AFM can image surfaces using a cantilever-mounted tip to
scan the topography of a specimen. In our experiments, mucin was first
spin-coated to mica substrate, followed by incubating with NPs for 1 h.
Afterward, the mica substrate was washed three times followed by
overnight drying in a desiccator before performing AFM. A stronger NP-
mucosal layer interaction resulted in a higher and rougher surface after
washing [82] (i.e., more NPs adhered to the surface (Figs. 3f-g)). The
quantitative image analysis showed that the average roughness (Ra) was
significantly greater in GelMAP NPs/mucin (12.53 + 3.27 nm) as
compared to GelMA NPs/mucin (2.41 + 0.22 nm). In addition, the
height of the GeIMAP NPs/mucin (Fig. 3giii) was more than 10 times
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Fig. 3. In vitro mucoadhesion characterizations of GeIMAP NPs. Zeta potential measurements of (a) GelMA and (b) Ge]MAP NPs on mucin solution. (¢) Hy-
drodynamic size and (d) PDI of GelMA and GelMAP NPs mixed with mucin. (e) Schematically illustrated interactions of GelMA or GelMAP NPs with mucin. (f) Mean
roughness of NP-mucin coated mica substrate after washing. (g) Representative AFM images of (i) mucin, (ii) GelMA NPs + mucin and (iii) GelMAP NPs + mucin.
(h) Fluorescence spectrometer measurement of GelMAP and GelMA NPs mixed with different concentrations of sialic acid solutions. (i) Turbidity of mucin solutions
at different concentrations (0.25 %, 0.5 %, 1 %) treated with GelMA NPs, Ge]MAP NPs and DPBS. (j) Mucin adsorption to GeIMAP or GelMA NPs as determined
through PAS staining. Error bars indicate standard deviation of the means, asterisks mark significance levels of p < 0.05 (*), p < 0.01(**), p < 0.001(***), p < 0.0001

(****), ns = not significant, and n > 3.

higher than the GelMA NPs/mucin (Fig. 3gii) and mucin only (Fig. 3gi).
These data together confirm stronger mucoadhesion properties of Gel-
MAP NPs.

A high proportion of human ocular mucin sugar chains terminate in
negatively charged sialic acid which can form strong cis-diol in-
teractions with PBA [83]. Therefore, we determined the mucoadhe-
siveness of the GelMAP NPs with sialic acid by a fluorescent
spectrometer. PBA exhibits an intrinsic fluorescence property which can
be quenched when PBA forms covalent bonds with diol groups. These
interactions can be investigated via a fluorescent spectrometer to assess
the binding of PBA and other diol species such as sialic acid. The
emission of GelMAP NPs (1 % (w/v)) before and after mixing with
various sialic acid solutions at physiologically relevant concentrations
(0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2, 0.3 mM) [84] was measured by a
fluorescent plate reader. It was found that when GelMAP NPs were

mixed with an increased number of sialic acids, the fluorescence of the
solution was gradually quenched (Figs. 3h and S8), such a trend was not
observed in GelMA NPs. This result showed that the synthesized GelMAP
NPs could bind efficiently to sialic acid in the mucin.

Turbidity measurement can be used to assess mucoadhesion when
microaggregates form due to the interaction between NPs and mucin
[76,85]. In our study, we measured absorbance values or turbidity using
UV-vis spectrophotometry to qualitatively assess mucin-NP in-
teractions. As shown in Fig. 3i, GeIMAP NPs showed the highest
absorbance compared with GelMA NPs and DPBS at all mucin concen-
trations (0.25, 0.5, and 1 %), confirming their strong mucoadhesiveness.

Finally, a PAS assay was adopted to further characterize the
mucoadhesive properties of the engineered GelMAP NPs. The degree of
complexation between NPs and mucin can be quantified through a color
change which is detectable using a UV-vis spectrophotometer. After
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mixing NPs with mucin, the free residual mucin can interact with the
PAS staining kit to create a purple-magenta color, thereby showing how
much mucin bonds with the NPs [38,76]. As shown in Fig. 3j, GelMAP
NPs demonstrated a significantly higher mucin absorption as compared
to GelMA NPs, confirming their excellent mucoadhesiveness endowed
by the presence of PBA.

Mucoadhesion enhances ocular drug delivery by prolonging NP
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retention, improving absorption, reducing tear clearance, and
increasing bioavailability for sustained treatment. However, a compre-
hensive analysis of existing mucoadhesive NPs (summarized in
Table S1) is lacking. To address this, we extensively characterized our
platform, confirming its strong mucoadhesive properties and potential
for improved ocular drug delivery and therapeutic outcomes.

d

Nanosuspension (i

Day 7

Free drug

Control

in matrix)

Day 7

Day 4

mmm  Control ==== Nanosuspension.
ns

Cell viability (%)

1 5
Time post-seeding (day)

Adhered NPs
e
Artificial Tear

Detached NPs

100
‘ ~®- Nanosuspension
g 804 o o Free drug (in matrix)
2 — 5
© - —9
5 60
T
3]
o 404
x
[
= 20+
0 T T T
0 50 100 150 200
Time (min)

Fig. 4. In vitro antibacterial efficacy, biocompatibility, and ex vivo retention of GelMAP nanosuspension with or without MFX. Optical density (625 nm) of
(a) pseudomonas aeruginosa and (b) MRSA treated with MFX-loaded GelMAP NPs (in matrix) and free MFX (in matrix) as compared with the control. (¢) Schematically
illustrated prolonged bactericidal effects of MFX-loaded GeIMAP nanosuspension as compared to MFX (in matrix) only at the same MFX concentration (1.2 % (w/v)).
(d) Digital images of pseudomonas aeruginosa solution with different treatments after spreading to agar plates for visualizing colonies after 3-log dilution (scale bar =
20 mm). Representative (e) Live/Dead images and (f) F-actin/DAPI stained images of HCE cells seeded on the underside of 48 well plates incubated with GelMAP NPs
dispersed in matrix 1- and 5-days post-seeding (scale bars = 100 pm). (g) Quantification of HCE cells viability over 5 days of culture. (h) Schematically illustrated ex
vivo drug retention experiment. (i) The absorbance-time curve of GelMAP and GelMA NPs loaded with Rhodamine B in the release media and (j) the drug retention
rate-time curve of MFX-loaded GelMAP nanosuspension as compared with free MFX (in matrix) in isolated pig eyeballs. Error bars indicate standard deviation of the

means, ns = not significant, and n > 4.
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2.6. In vitro antibacterial characterizations of the MFX-loaded GelMAP
nanosuspension

Given the prolonged release profile of the mucoadhesive MFX-loaded
GelMAP nanosuspension, we hypothesize that the designed NPs can kill
bacteria over longer time spans compared to free MFX. To evaluate this,
we performed an in vitro antibacterial test using matrix solutions con-
taining either MFX-loaded GelMAP NPs or free MFX at the same con-
centration (4.8 mg in 0.4 mL) as a positive control. The samples were
placed in dialysis bags (10 k ~ 12 k MW) and submerged into the bac-
terial solution with an optical density (OD) of 0.07-0.09 for both gram-
positive bacteria (methicillin-resistant staphylococcus aureus (MRSA)) and
gram-negative bacteria (pseudomonas aeruginosa), responsible for the
most ocular infections [86]. After incubation at 37 °C for 24 h, bacte-
ricidal effects were assessed using a plate reader and afterwards, the
dialysis bags were immediately transferred to fresh bacteria solution
(OD: 0.07-0.09) to further assess their ability to kill bacteria. The
antibacterial effects of the MFX-loaded GelMAP nanosuspension and
free MFX were assessed for up to 7 days, and the bacteria solution with
no treatment was used as a control. As shown in Figs. 4a-b, $9a and S10,
both free MFX and MFX-loaded GeIMAP nanosuspension showed anti-
bacterial effects against bacteria up to day 3. The free MFX could not
effectively kill bacteria past day 4 whereas MFX-loaded GelMAP nano-
suspension inhibited bacteria growth throughout the experiment (7
days). The experiment was stopped on day 7 due to degradation or
damage of cellulose-based dialysis bags in bacteria solution over time.
The extended antibacterial efficacy observed with our engineered MFX-
loaded GelMAP nanosuspension could be primarily due to the sustained
release of MFX over a 7-day period, which contrasted with the rapid
release and subsequent decline in activity observed with free MFX
(Fig. 4c). The images of bacteria solution with different treatments, after
being spread onto agar plates further confirmed the prolonged anti-
bacterial efficiency of MFX-loaded GelMAP nanosuspension for both
gram-positive and gram-negative bacteria. In accordance with the OD
value, MFX-loaded GelMAP nanosuspension showed a more effective
antibacterial effect compared with free drugs at day 4 and continued to
inhibit bacterial growth up to day 7 (Figs. 4d and S9b).

Sustained antibacterial activity is crucial for treating ocular in-
fections. Due to the prolonged release of our GelMAP NPs, we observed
antibacterial effects lasting over 7 days. While other mucoadhesive NPs
(summarized in Table $1) demonstrate short-term antibacterial activity
(<24 h), their long-term efficacy remains largely uncharacterized. These
findings highlight the potential of our nanosuspension for sustained
antibacterial treatment, addressing a critical gap in long-term ocular
infection management. MFX acts by inhibiting bacterial DNA gyrase and
topoisomerase [V—enzymes vital for DNA replication and transcription
[87]. While this mechanism is well established, future studies will
investigate how NP-bacteria interactions, mucoadhesion, and site-
specific drug release contribute to the enhanced and sustained thera-
peutic performance of the MFX-loaded GelMAP nanosuspension.

2.7. In vitro biocompatibility of the GelMAP NPs and matrix

In vitro biocompatibility of the GelMAP nanosuspension was evalu-
ated using NIH 3T3 cells as this cell line is most commonly used for
assessing biomaterial cytotoxicity according to the International Orga-
nization for Standardization (ISO) 10993-5 [41]. Before evaluating the
biocompatibility of nanosuspension, we assessed the biocompatibility of
both the GelMAP NPs and the engineered matrix independently. Each
component was added separately to the culture media in a well plate
seeded with 3T3 cells. Cells without any treatment served as control. A
Live/Dead assay demonstrated excellent cellular viability (>95 %) for
both the GelMAP NP and control group up to 5 days post-seeding
(Figs. S11a-b). Fluorescent F-actin and cell nuclei staining confirmed
spreading and proliferation of the cells exposed to NPs up to 5 days post-
seeding. As shown in Fig. S11c, GeIMAP NPs supported cytoskeletal
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filament spreading comparable to the no-treatment group. Cell meta-
bolic activity was further investigated using a PrestoBlue assay. When
added to cells, the PrestoBlue reagent is modified by the reducing
environment of healthy cells and turns red [88], which can then be
quantified using a fluorescence plate reader. As shown in Fig. $11d, the
3T3 cells exposed to NPs showed proliferation over 7 days and
demonstrated no difference compared with the control group, con-
firming the biocompatibility of the GeIMAP NPs. We also evaluated the
biocompatibility of the matrix solution separately by adding it to 3T3
cells cultured in a well-plate. As shown in Figs. S12a-d, the matrix so-
lution did not pose any cytotoxicity effects on 3T3 cells as confirmed by
Live/Dead, F-actin/cell nuclei staining, and Prestoblue assay.

We next evaluated the in vitro biocompatibility of the nano-
suspension (NPs + matrix solution). Since the nanosuspension was
designed for treating ocular infections, human corneal epithelial (HCE)
cells were used to further evaluate biocompatibility. The HCE cells were
seeded in well plates, and GelMAP nanosuspension was added to the cell
culture media. Live/Dead and Actin/DAPI assays were then performed
to examine the cellular activities. As shown in Figs. 4e-g, GelMAP
nanosuspension did not exhibit cytotoxic effects on HCE cells. Compared
to the control group, cell viability and proliferation remained unaf-
fected, indicating that GelMAP nanosuspension was safe and supported
HCE cell growth.

2.8. Ex vivo mucoadhesive characterizations of the GelMAP
nanosuspension

To further evaluate the mucoadhesive properties of the GelMAP NPs
on ocular surfaces, an ex vivo experiment was carried out using freshly
isolated pig eyeballs (Figs. 4h-j). To better visualize the prolonged
retention effects due to the presence of PBA, GeIMAP NPs were first
loaded with a hydrophilic red dye, Rhodamine B, and then applied to the
eyeballs. GelMA NPs loaded with Rhodamine B served as a control. After
incubation for 30 min, eyeballs were immersed in artificial tear fluid to
let the NPs detach from the ocular surface. At each predetermined time
point, the absorbance at 550 nm, a wavelength corresponding to
Rhodamine B, was recorded for the artificial tear fluid to evaluate the
retention effects of the GeIMAP NPs. As shown in Fig. 4i, mucoadhesive
GelMAP NPs demonstrated a lower absorbance over 240 min compared
with GelMA NPs, showing that more NPs presented on the ocular surface
over time instead of the surrounding tear fluid.

To further assess the ex vivo mucoadhesion of the engineered nano-
suspension, we evaluated the drug retention curve of MFX-loaded Gel-
MAP nanosuspension and compared it to that of free MFX (in matrix). In
this experiment, fresh pig eyeballs were treated with 200 pL of the
matrix solution containing MFX-loaded GelMAP NPs or free MFX. After
15 min, the eyeballs were washed vertically with artificial tear fluid at a
rate of 0.5 mL/min by using a syringe pump (Fig. 4h). The washing
solution was collected at different time points. The content of MFX in the
washing solution was quantified using a UV-vis spectrophotometer. As
shown in Fig. 4j, MFX-loaded GeIMAP NPs showed a significantly higher
drug retention rate (67.91 + 2.61 %) as compared with free drug (45.04
+ 8.12 %) over the entire experimental duration, confirming their
excellent mucoadhesive properties.

2.9. In vivo pharmacokinetics and biosafety of GelMAP nanosuspension

We assessed the in vivo ocular pharmacokinetics of MFX-loaded
GelMAP nanosuspension (0.5 % (w/v)) in comparison to commercial
MFX eye drops, Vigamox® (0.5 % (w/v)), using healthy mice. Each
mouse received a topical instillation of either MFX-loaded GelMAP
nanosuspension or Vigamox® (MFX ophthalmic solution). At designated
time points up to 48 h post-dosing, corneas and aqueous humor were
collected from euthanized mice (n = 4-5 per group per time point). Drug
concentrations in these samples were quantified using high-performance
liquid chromatography (HPLC), and key pharmacokinetic parameters
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were determined, including Cp,x (maximum drug concentration), Tpax provide insights into drug absorption, retention, and clearance in ocular
(time to reach Cpay), T1/2 (half-life, indicating how long the drug re- tissues.
mains in the system), and AUCy.o41 (area under the concentration-time Our results showed that eyes treated with MFX-loaded GelMAP
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cornea (Fig. 5a) and aqueous humor (Fig. 5b) over 24 h compared to the
Vigamox®. In the cornea, the Cpax at 0.5 h and the AUCq.o41 in the MFX-
loaded GelMAP nanosuspension group were 2.05 times and 1.68 times
greater than the values achieved with Vigamox®, respectively (Fig. 5c).
The antibacterial efficacy of the fluoroquinolones, including MFX, is

a P. Aeruginosa
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closely associated with the ratio of AUC to the minimum inhibitory
concentration (MIC) [89]. Therefore, the higher AUC for the MFX-
loaded GelMAP nanosuspension reflects its enhanced bioavailability
and potentially superior antibacterial efficacy. Additionally, the T; /> of
the drug delivered by MFX-loaded GelMAP nanosuspension was 2.63
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times longer than that provided by the Vigamox®, indicating signifi-
cantly improved drug retention on the ocular surface (Fig. 5c). In the
aqueous humor, the MFX-loaded GelMAP nanosuspension group
exhibited Cpax and AUCq.o4n values that were 1.75-fold and 1.58-fold
higher, respectively, than those of the commercial Vigamox® eye
drops. These findings suggest that MFX-loaded GelMAP nanosuspension
offers superior ocular penetration and extended retention, improving
ocular bioavailability compared to commercial formulations.

We conducted a further evaluation of the safety of GelMAP nano-
suspension. Mice were administered the nanosuspension daily for 7 days
and their eyes were monitored daily for signs of tearing, discharge, or
any other symptoms indicative of ocular discomfort or infection. High-
resolution assessments of the corneas and ocular surface were per-
formed using a slit-lamp biomicroscope, with photographs taken on days
0, 1, 2, 4, and 7 (Fig. S13). Additionally, fluorescein staining was per-
formed on 7 days to assess any epithelial defects, and hematoxylin and
eosin (H&E) staining was conducted on the eyes 7 days after treatment.
Untreated normal mice served as controls. Throughout the study, no
adverse effects and epithelial defects were observed (Fig. 5d). The
cornea and retina in the GelMAP nanosuspension group showed no
detectable differences compared to normal eyes. The result of H&E
staining showed no notable loss of corneal epithelium (Epi), stromal
tissue, or endothelial tissue (Endo), nor any signs ofinflammatory cell
infiltration (Fig. 5e). The retinal structure in the GelMAP nano-
suspension group also appeared normal, showing intact histological
layers, including the photoreceptor layer (Ph), outer nuclear layer
(ONL), inner nuclear layer (INL), and ganglion cell layer (GCL) (Fig. Se).
These results confirm the in vivo safety of the GelMAP nanosuspension.
While these findings support the short-term biosafety (7 days) of the
formulation, we acknowledge that long-term safety, particularly under
repeated or chronic administration, remains to be investigated. Future
studies will focus on extended in vivo evaluations to assess the potential
for cumulative toxicity and ensure suitability for long-term clinical use.

2.10. In vivo evaluation of prophylactic and therapeutic efficacy of
GelMAP nanosuspension

To test whether the superior ocular pharmacokinetics of MFX-loaded
GelMAP nanosuspension translated into greater treatment effectiveness,
we tested the antimicrobial efficacy of MFX-loaded GelMAP nano-
suspension in an in vivo murine bacterial keratitis model using
P. aeruginosa (ATCC 19660). We assessed efficacy under two stages: (1)
Onset, to evaluate prophylactic effectiveness (Figs. 5f-i) by adminis-
tering the nanosuspension immediately after bacterial inoculation to
prevent infection before it develops, and (2) Established, to assess
treatment efficacy by applying the nanosuspension after a one-day in-
cubation period, simulating a delayed intervention scenario (Fig. 6).

To study the prophylactic efficacy [90] (Fig. 5f), the mice were
randomly assigned to one of three groups: 1) no treatment; 2) Vigamox®
(4x/day); and 3) MFX-loaded GelMAP nanosuspension (1x/day). The
corneal opacity area and clinical scores were accessed by analysis of slit
lamp photos. An established scoring system with a grading scale ranging
from O to 4 was then employed to assess the disease severity [90]. A
score of 0 denotes normal findings, and higher grades indicate a pro-
gressively more severe infection. After treatment, corneas were har-
vested for bacterial enumeration and histopathological analysis.
Corneas with no treatment exhibited severe opacity (Fig. 5g), high
clinical score (Fig. 5h), and high bacterial counts within 3 days (Fig. 5i).
In contrast, corneas treated with Vigamox® or MFX-loaded GelMAP
nanosuspension showed clear cornea (Fig. 5g) and lower clinical score
after 3-day treatment (Fig. 5h). Bacterial count data in the prophylactic
study showed that either commercial MFX drops (4 x/day) or our MFX-
loaded GelMAP nanosuspension formulation (1x/day) completely
sterilized the infected eyes after 3-day treatment (Fig. 5i). These findings
emphasized the comparable efficacy of MFX-loaded GelMAP nano-
suspension (1x/day) to the commercial Vigamox® eye drops (4 x/day)
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in the prevention of bacterial keratitis in mice.

We further evaluated the treatment efficacy under more severe, late-
stage ocular infection conditions to assess the performance of the
nanosuspension. Keratitis was initially established by topically admin-
istering P. aeruginosa (1000 colony-forming unit (CFU) /cornea) to an
injured cornea, followed by a one-day incubation (Fig. 6a) [91]. The
mice were randomly assigned to one of three groups: 1) no treatment; 2)
MFX-loaded GelMAP nanosuspension, applied only on day O over 5
days; 3) commercial Vigamox® drops, administered only on day 0 over
5 days. Corneal disease progression was monitored daily via slit-lamp
examination, and infection severity was graded (0-4) by a masked
ophthalmologist using a standardized scoring system based on slit-lamp
images [90]. The corneal opacity area was quantified from slit-lamp
images using ImageJ software. After treatment, corneas were har-
vested for bacterial enumeration and histopathological analysis.

Slit-lamp assessment (Figs. 6b-d) showed that following a one-day
inoculum incubation, mice across all groups displayed comparable dis-
ease severity on day 0, with an average corneal opacity area of
approximately 8.5 % (Fig. 6¢), confirming the consistent establishment
of P. aeruginosa keratitis. In the no treatment group, the disease pro-
gressed rapidly, with pronounced corneal opacity observed after day 1
(Figs. 6b and c). All untreated eyes had clinical scores of >2 by day 1,
indicating severe infections that were challenging to treat. By day 3, 20
% (2/8) of the eyes had corneal perforation (clinical score of 4, humane
endpoint), which increased to 37.5 % (3/8) by day 4 and 62.5 % (5/8)
by day 5 (Fig. 6d). In contrast, the MFX-loaded GeIMAP nanosuspension
or Vigamox® treatment resulted in significantly lower ocular opacity
area (Figs. 6b and c) and clinical scores from days 1 to 5 compared to
the no-treatment group (Fig. 6d, p < 0.001). In addition, the MFX-loaded
GelMAP nanosuspension group exhibited less ocular opacity compared
to the Vigamox® group from days 1 to 5 (Figs. 6b and c¢), with statistical
significance observed on days 4 and 5 (Fig. 6¢, p < 0.05), indicating a
clear benefit associated with the nanosuspension treatment. By day 5, a
concerning 56 % of the eyes treated with Vigamox® drops exhibited
clinical scores of 2 or higher. In contrast, only 30 % of the eyes in the
MFX-loaded GelMAP nanosuspension group displayed similar scores
(Fig. 6d), highlighting the effectiveness of the GelMAP nanosuspension.
In the late-stage keratitis model, clinical corneal opacity areas were
comparable between the Vigamox® and MFX-loaded GelMAP nano-
suspension groups during the early treatment phase (days 1-3; Fig. 6¢),
likely due to the high baseline inflammation present at the onset of
treatment, which persisted despite initial bacterial reduction. Although
Vigamox® initially reduced bacterial load, its rapid clearance from the
ocular surface limited sustained therapeutic exposure. In contrast, the
MFX-loaded GelMAP nanosuspension enabled prolonged ocular reten-
tion and sustained drug release, supporting continued antimicrobial and
anti-inflammatory activity. This sustained effect became more evident in
the later treatment stages, resulting in significantly improved outcomes
by days 4-5. These findings underscore the importance of long-acting
delivery systems in achieving superior therapeutic efficacy for estab-
lished ocular infections.

To assess disease progression further, histological analysis was con-
ducted on the eyes 5 days after treatment (Figs. 6e-g). The contralateral
eye (no infection) served as a control. H&E staining of the contralateral
eye’s cornea revealed a relatively uniform epithelial layer consisting of
5-7 cell layers, a stroma layer consisting of parallel arranged collagen
bundles with normal stromal thickness (69.1 + 9.1 pm) (Fig. 6e), and an
intact endothelium layer. In the no-treatment group, H&E staining
revealed significant damage by showing reduced corneal epithelium cell
layers (2-3 cell layers, black arrow), complete loss of corneal epithelium
layer (marked black *) in some regions, severe stromal thickening
(536.0 & 114.2 pm, indicative of severe edema), extensive inflammatory
cell infiltration (white arrow), disrupted collagen fibers in stroma (blue
star), and corneal perforation, all pointing to severe inflammation.
Infected eyes treated with commercial Vigamox® drops retained the
three corneal layers but exhibited partial epithelial loss (2-3 layers,
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black arrow) in some regions, moderate stromal thickening (146.7 +
49.7 pm), and some inflammatory cell infiltration in the stroma (white
arrow), indicating a moderate inflammatory response. In contrast, cor-
neas treated with MFX-loaded GeIMAP nanosuspension showed minimal
inflammatory cell presence, with stromal thicknesses and epithelial cell
layers closely resembling the normal corneal structure (Figs. 6e-f).

Viable bacterial plate counts were assessed in the corneas (n = 5 per
group) at the endpoint of the study. Both MFX-loaded GelMAP nano-
suspension and Vigamox® eye drops resulted in a significant reduction
in bacterial counts, demonstrating more than a 3-log decrease in CFU
compared to the no treatment group (Fig. 6g). Notably, the corneas
treated with MFX-loaded GelMAP nanosuspension had a significantly
lower number of viable bacteria (p < 0.05) compared to those treated
with the commercial Vigamox® (Fig. 6g). These findings emphasized
the superior efficacy of MFX-loaded GelMAP nanosuspesion over the
commercial MFX eye drops for the treatment of P. aeruginosa keratitis,
aligning with the results observed in pharmacokinetic studies (Fig. 5a-
o).

Our goal in this study was not to determine the optimal clinical
dosing regimen, nor to propose a therapeutic protocol, but rather to
evaluate the efficacy of the MFX-loaded GelMAP nanosuspension under
controlled experimental conditions. To this end, we compared the drop-
to-drop efficacy of our formulation with the standard of care, Vigamox®.
In the prophylactic model, where a virulent bacterial strain was used,
our aim was to maintain a sterile corneal surface and prevent infection.
Vigamox® was administered four times daily following its clinical
usage, while GeMAP was given once daily. Despite the reduced dosing
frequency, the once-daily GelMAP treatment showed comparable pro-
phylactic efficacy to Vigamox®, highlighting the benefit of sustained
release. After confirming this equivalence, we proceeded to evaluate
therapeutic efficacy in an established infection model, in which treat-
ment was initiated after allowing infection to develop. In this model,
both groups received a single drop of eyedrops on Day 0, allowing a
direct, head-to-head comparison. Under these matched conditions, the
MFX-loaded GelMAP nanosuspension demonstrated superior therapeu-
tic efficacy compared to Vigamox®. While these results support the
promise of our nanosuspension as a sustained-release alternative, we
emphasize that determining the preferred or optimal clinical dosing
regimen will require further investigation in future translational studies.

The engineered MFX-loaded GelMAP nanosuspension demonstrated
robust prophylactic and therapeutic efficacy, offering a dual-function
strategy that addresses bacterial ocular infections at multiple stages.
This platform not only prevents infection onset but also effectively treats
established disease, reducing the need for frequent administration and
improving treatment outcomes. By integrating prevention and treat-
ment into a single, sustained-release system, GelMAP has the potential
to simplify ocular care, lower the risk of complications, and significantly
improve patient compliance. Currently, no NP formulations have
demonstrated this dual efficacy in managing both the onset and estab-
lished conditions of ocular infections, highlighting the potential of MFX-
loaded GelMAP nanosuspension. Specifically, it may be effective in
preventing infections following ocular surgeries or injuries, such as
cataract surgery—associated endophthalmitis. Additionally, MFX-loaded
GelMAP nanosuspension may serve as a treatment for existing ocular
conditions like bacterial keratitis or conjunctivitis. Most existing NP-
based therapies for ocular infections have been shown to be effective
within short time frames (typically less than 48 h) [92-94]. While some
studies have reported prolonged antibacterial effects [95-97], these
formulations lack in vivo comparisons with commercial eye drops,
making it difficult to assess their clinical relevance and translational
potential. MFX-loaded GelMAP nanosuspension, therefore, represents a
significant advancement in ocular infection management, combining
preventive and therapeutic benefits in a single, long-lasting solution.
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3. Conclusion

We sought to address the currently unmet clinical need in the
development of a mucoadhesive nanosuspension that can significantly
improve the bioavailability of drugs and patient compliance by reducing
the frequency of dosage. Biocompatible GelMA NPs were functionalized
with a PBA targeting moiety to endow the NPs with mucoadhesiveness
for prolonged delivery of the loaded MFX. The drug-loaded NPs were
then dispersed in a matrix optimized with proper viscosity, mucoadhe-
sion, lubrication, and most importantly, shear-thinning properties. The
engineered nanosuspension demonstrated sustained release of the drug
and was effective in killing bacteria over a significantly longer period as
compared with free MFX. The mucoadhesion of the prepared GelMAP
nanosuspension was thoroughly evaluated in vitro by zeta potential as-
sessments, turbidity tests, fluorescent methods, PAS staining assays, and
an ex vivo set up using fresh pig eyeballs. In addition, in vitro biocom-
patibility tests ensured its safe utility in biomedical field. Finally, our in
vivo studies demonstrated the strong potential of GelMAP nano-
suspension for successful clinical translation in treating both early- and
late-stage ocular infections, outperforming commercial eye drops. We
believe the designed nanosuspension, featured with a high level of
biocompatibility and bioavailability, ease of use, and strong mucoad-
hesion, has the potential to find wide applications in emergency
healthcare and a variety of complex ocular complications.

4. Materials and methods
4.1. Materials

Gelatin from porcine skin (Bloom 300, type A), methacrylic anhy-
dride 94 %, 3-amino phenyboronic acid, glutaraldehyde solution (70 %),
2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone, porcine
gastric mucin, were all purchased from Sigma-Aldrich. Moxifloxacin
hydrochloride was obtained from TCI chemicals. 1-(3-Dimethylamino-
propyl)-3-ethylcarbodiimide = hydrochloride  (EDC),  N-Hydrox-
ysuccinimide (NHS), and 3-aminophenylboronic acid (PBA) were
obtained from TCI chemicals. Dulbecco’s phosphate buffered saline
(DPBS) was purchased from GE Healthcare Life Sciences. Other chem-
icals and organic solvents used in this study were purchased from Sigma-
Aldrich and used as received unless stated otherwise. Staphylococcus
aureus (S. aureus) and Pseudomonas aeruginosa (P. aeruginosa) were ob-
tained from ATCC.

4.2. Synthesis of GelMA

GelMA was synthesized based on a previously developed protocol
[98]. Briefly, 10 % (w/v) of gelatin was dissolved in DPBS solution and
reacted with 8 % (v/v) of methacrylic anhydride at 60 °C for 3—-4 h. After
the methacrylate reaction stopped, the solution was then filled in dial-
ysis membranes (10 k ~ 12 k MW) and dialyzed for 5 days with Milli Q
water replaced twice per day to remove excess methacrylic anhydride
remaining. The solution was then filtered and transferred into falcon
tubes and freeze-dried at —80 °C for 5 days. 'H NMR was performed to
verify ~80 % meth-acryloyl functionalization degree.

4.3. Synthesis of GelMAP prepolymer

To functionalize GelMA with PBA, 2.25 % (w/v) GelMA was dis-
solved in 0.1 M 2-(N-morpholino) ethane sulfonic acid (MES) at pH =
5.5-6, stirring at 45 °C. Next,EDC andNHS were added to activate the
carboxyl group of GelMA and the reaction was left to stir for ~1 h at
45 °C. Then,PBA was added to the solution, and the pH of the solution
was adjusted to 6 by adding 1 M NaOH and letting it react for 12 h at
25 °C to yield GeIMAP. The synthesized Ge]MAP was dialyzed against
water to remove unreacted EDC/NHS. 'H NMR was performed to verify
the successful conjugation of PBA to GelMA. The molar ratio of COOH
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(from GelMA): EDC: NHS: PBA was fixed at 1:5:10:5.
4.4. 'H nuclear magnetic resonance ( g NMR) characterization

DMSO-ds (10 mg/mL) was used to dissolve gelatin, GelMA, GelMAP
and PBA. 'H NMR spectra were recorded by applying 10 s recycle delay
for 64 scans at ambient temperature using a Bruker DRX 400 spec-
trometer working at 400 MHz. Conjugation efficiency of PBA to GelMA
was determined by 'H NMR in D:O. The aromatic protons of PBA
(7.5-7.8 ppm) were integrated relative to the alanine methyl peak
(~1.4 ppm). Based on known amino acid composition and
manufacturer-reported molecular weight and carboxyl content.

4.5. Synthesis of GelMAP NPs

GelMA and GelMAP NPs were prepared using a desolvation tech-
nique previously reported by Kimura et al. [99] with some modifica-
tions. Briefly, 100 mg of GelMA or GelMAP was dissolved in 2 mL of
deionized (DI) water at 45 °C under constant stirring (660 rpm). After
the complete dissolution of biopolymers, the pH was adjusted to 7.4-7.5
at room temperature using 0.1 M NaOH or HCL. Next, ~3 mL of acetone
was added dropwise into the solution at 45 °C under constant stirring
(660 rpm) until a faint permanent turbidity was observed. 2 pL of
glutaraldehyde (GA) and 55 pL of Irgacure 2959 solution (from a freshly
prepared stock solution of 11 mg/mL) were pipetted into the solution,
respectively. The solution was stirred at 45-50 °C for 2-3 h at 600 rpm,
followed by UV crosslinking for 20 min for NPs stabilization. Then, the
mixture was left to stir further for 2-3 h. The acetone fraction in the
solution was then evaporated using a rotary evaporator, and the con-
centration of MFX after rotary evaporation was determined using a
UV-vis spectrophotometer and could be controlled by evaporation time.
The solution containing GeIMA or GeIMAP NPs was collected in a glass
vial and stored at 4 °C for further characterization.

4.6. Matrix formulation and characterization

The matrix was made of active ingredients: HA (0.1-0.5 %, (w/v)),
glycerin (0.3 %-1 %, (w/v)), hypromellose (0.3 %, (w/v)) and inactive
ingredients: boric acid (0.8 %, (w/v)) calcium chloride (0.0053 %, (w/
v)) magnesium chloride (0.0065 %, (w/v)), benzalkonium chloride
(0.0065 %, (w/v)), potassium chloride (0.038 %, (w/v)), sodium chlo-
ride (0.4 %, (w/v)), zinc chloride (0.00015 %, (w/v)). The pH of the
final mixture was adjusted to 7.4. The rheological properties of the blank
matrix and the matrix mixed with MFX-loaded GeIMAP NPs were
characterized using a Modular Compact Rheometer MCR302. The re-
sults were obtained by linking the measuring system PP0O8 with a
diameter of 8 mm to the rheometer. Each measurement was carried out
by loading a fresh sample in the 1 mm gap between the parallel plates
and removing excessive samples. At a given shear rate parameter,
ranging from 1 to 1000 s~ ! with 30 measuring points, the relationship of
viscosity and shear stress as a function of shear rate was recorded. The
wettability of the matrix was characterized on the mucin-coated slides
with the wetting area measured by a caliper. Oscillatory rheological
measurements were conducted using a Modular Compact Rheometer
MCR302 equipped with a PP08 parallel plate geometry at 37 °C. A
frequency sweep was performed over the range of 1-20 rad/s at a
constant strain of 1 %, which was confirmed to be within the linear
viscoelastic region based on preliminary strain sweep tests. The storage
modulus (G") and loss modulus (G") were recorded to assess the visco-
elastic properties of the blank matrix and the MFX-loaded GelMAP
nanosuspension.

4.7. Transmission electron microscopy (TEM) analysis

A 4 pL of GelMAP NPs solution with 10 times dilution in Milli-Q
water was added onto a TEM grid (Electron Microscopy Sciences,
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Formvar/Carbon 200 Mesh, Copper), dried overnight and imaged using
a T12 Quick room temperature TEM with 120 kV electron-beam energy.

4.8. Particle size, PDI and zeta potential characterization of empty and
MEFX loaded GelMAP NPs

The hydrodynamic size and PDI of GelMA or GelMAP NPs were
characterized using a Malvern Panalytical DLS Zetasizer. The bulk sus-
pension of NPs was diluted in Milli-Q H20 (10 pL of emulsions in 1 mL of
Milli-Q H30) in a disposable folded capillary cell (DTS1070). The zeta
potential was also determined by using a disposable folded capillary cell
(DTS1070) on the same instrument, with three measurements taken per
sample following standard operating procedures.

4.9. Encapsulation efficiency characterization

The encapsulation efficiency of MFX loaded GelMAP NPs was
determined by diluting the filtrate (after passing through a 10 K mem-
brane) of the MFX loaded GelMAP NPs dispersion with DI water and
measuring spectrophotometrically the absorbance at 292 nm using a
Thermo Scientific™ NanoDrop™ One/One® Microvolume UV-vis
spectrophotometer. Standard samples were made by preparing a serial
dilution of MFX solution from the MFX stock solution (35 mg/mL) in DI
water.

Then the filtrate absorbance for each batch of MFX loaded GelMAP
NPs was analyzed using a calibration curve and re-calculated for the
encapsulated concentration using Eq.1

Ctotal — Cfree

% 100 (€]

Encapsulation Efficiency (%) =
total
Ciotal is defined as the total amount of MFX added and Cge is the
amount of free MFX measured inside the filtrate. The value of Ciya) —
Cfree €quals to the drug concentration loaded inside the MFX loaded
GelMAP NPs.

4.10. In vitro release study

The in vitro release profiles of MFX from GelMAP NPs were deter-
mined by a dialysis method as described previously [31]. Briefly, 0.2 mL
of MFX-loaded GeIMAP NPs or free MFX was mixed with 0.2 mL matrix,
and the mixture was transferred into dialysis membranes (molecular
weight cut-off: 10-12 kDa) and submerged into artificial tear fluid (10
mL total volume) inside glass vials. At predetermined time points, 1 mL
of sample was taken and replaced with fresh 1 mL of artificial tear for up
to 6 days. The amount of MFX released at each time point was analyzed
using a Thermo Scientific™ NanoDrop™ One/OneC microvolume
UV-vis spectrophotometer. The composition of artificial tear fluid used
was sodium chloride 0.670 g, sodium bicarbonate 0.200 g, calcium
chloride-2H,0 0.008 g, purified water 100.0 g [100].

4.11. In vitro mucoadhesion characterizations

4.11.1. Zeta potential assessment

Zeta potential assessment of the NPs was performed as described
previously [31]. Briefly, commercially available porcine gastric mucin
was made into a 1 mg/mL solution with deionized water and the solu-
tion was placed overnight. 1 mL of Ge]MAP or Ge]MA NPs solutions of
different concentrations (0.03125, 0.0625, 0.125, 0.25, 0.5, 1 %, (w/v))
were mixed with 1 mL of mucin solution and the mixed solution was
shaken at 37 °C for 1 h. The zeta potential of the mixed solution was
measured using a Malvern Panalytical DLS Zetasizer.

4.11.2. Hydrodynamic size measurement

0.5 % GelMA or GelMAP NPs were mixed with 0.05 % mucin for 1 h
at 37 °C. Hydrodynamic size measurements were performed on the
mixture afterwards using a Malvern Panalytical DLS Zetasizer.
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4.11.3. Sialic acid -targeting evaluation via fluorescence method

The suitable excitation wavelength and the emission wavelength
range were first determined by a spectrofluorometer (Photon Technol-
ogies International QuantaMaster) using 1 % (w/v) GelMAP NPs solu-
tion. Then, 1 % GelMAP or GelMA NPs were mixed with varying
concentrations of SA solutions (0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2, 0.3
mM). The mixtures were vortexed for 30 s before measurement with a
plate-reader-type spectrofluorometer (Tecan Infinite M1000 Pro). The
samples were excited at 295 nm, and an emission scan from 335 to 435
nm was obtained for each sample.

4.11.4. Turbidity assay

The mucoadhesive properties of GelMAP NPs were evaluated by
transmittance analysis. 10 pL of GelMA or GelMAP NPs (5 %, (w/Vv))
were added into 1 mL of mucin solution (dissolved in DPBS) at different
concentrations (0.25 %, 0.5 %, 1 %, (w/v)), followed by 30 s of vigorous
vortexing. Afterward, sample transmittance was measured at 600 nm.
DPBS was analyzed as a control.

4.11.5. Atomic force microscopy (AFM) analysis

100 pL of mucin (0.1 %, (w/v)) was spin-coated (1000 RPM, 1 min)
on Muscovite Mica (Electron Microscopy Sciences, US). 100 pL of GelMA
or GelMAP NPs (5 %, (w/v)) were spin-coated (1000 RPM, 1 min) on top
of the mucin-coated mica for 1 h. The absorbed surface was then washed
three times using Milli-Q H,0, followed by overnight drying in the
desiccator. All imaging was performed in the air in the fast scanned
mode (Bruker Dimension®FastScan® Atomic Force Microscope with
ScanAsyst™) at a scan rate of 0.901 Hz with a 5 pm scan size. All
measurements of the images, such as mean roughness (Ra) were per-
formed using the Nanoscope Analysis software provided by the Bruker
FastScan AFM.

4.11.6. Periodic Acid-Schiff (PAS) Staining

PAS staining was performed based on a previous protocol [38].
Briefly, NPs were suspended in 1 mL of 1 mg/mL mucin solution (in
DPBS), and the solution was incubated at 37 °C for 1 h. Then the sus-
pension was centrifuged at 8000 rpm for 30 min, and the free mucin in
the supernatant was determined by PAS staining. The supernatant was
mixed with 200 pL periodic acid reagent and incubated at 37 °C for 2 h;
then it was added to 200 pL Schiff reagent and incubated for 30 min at
room temperature. The absorbance was determined at 555 nm. The
amount of mucin adsorbed onto NPs was measured by subtracting the
amount of free mucin from the initial mucin amount.

4.12. In vitro antibacterial characterizations

MFX-loaded GelMAP NPs or free MFX (used as a positive control)
were first dispersed in the matrix (1.2 % (w/v)) and were put into
dialysis bags (10-12 k MW). Two strains of bacteria, P. aeruginosa and
MRSA, were used to evaluate the long-term antibacterial effects of the
MFX-loaded GelMAP NPs. The dialysis bags (10 k ~ 12 k MW) were put
into the bacteria solution (OD 0.07-0.09, 3 mL) to allow drug release
and every 24 h, the dialysis bags were taken out from the bacteria so-
lution. The turbidity (OD = 625 nm) of the bacteria solution was
determined to evaluate the antibacterial effects. Meanwhile, the dialysis
bags were immediately put into fresh bacteria solution to further assess
the long-term killing effects of the NPs. The antibacterial effects were
evaluated for 7 days with turbidity measured every day. On days 1, 4,
and 7, 0.1 mL of bacterial solution was taken from each incubated
sample and diluted with broth to a 3-log range. Then, 100 pL of the
solution was added to each agar plate and uniformly spread over it for
colony visualization.

4.13. In vitro biocompatibility test

The cytocompatibility of the engineered GelMAP NPs and matrix was
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first evaluated separately through in vitro viability and metabolic ac-
tivity of NIH 3T3 fibroblasts. Commercial Live/Dead kits (Invitrogen)
and Actin/(4,6-diamidino-2-phenylindole) DAPI staining (Invitrogen)
were used to evaluate cell viability and proliferation, respectively. A
Prestoblue assay (Life Sciences) was performed to assess the metabolic
activity of the cells. NIH 3T3 cells were seeded on the bottom of a 48-
well at a cell density of 2 x 10* cells/well. 300 pL of growth medium
(Dulbecco’s Modified Eagle’s Medium) was added to each well with 30
pL or 50 uL. GeIMAP NPs (5 %, (w/v)), 10 pL matrix directly added into
it. The well plates were sustained at 37 °C in a humidified atmosphere
containing 5% CO: for 5 days with the culture medium and GeIMAP NPs
being replaced every 48 h. The viability of 3T3 cells grown on the bot-
tom of well plates was evaluated using a Live/Dead viability kit ac-
cording to manufacturer instructions (n = 4). In brief, cells were stained
with 0.5 pL/mL of calcein AM and 2 pL/mL of ethidium homodimer-1
(EthD-1) in DPBS for 20 min at 37 °C. On the first- and fifth-day post-
seeding, fluorescent imaging was performed using an AxioObserver Z7
inverted microscope. Viable and dead cells were visualized by their
green and red color, respectively; and quantified using ImageJ software.
Cell viability was determined as the number of live cells divided by the
total number of cells. The metabolic activity of the cells was assessed on
the first- and fifth-day post-seeding using a PrestoBlue assay (Life
Technologies) (n = 6). The 3 T3 cells were incubated in 200 pL of 10 %
(v/v) PrestoBlue reagent in a growth medium for 45 min at 37 °C.
Fluorescence was measured using a Synergy HT fluorescence plate
reader (BioTek).

F-actin and cell nuclei staining were used to visualize the spreading
of 3T3 cells at the bottom of the 48-well plates (n = 4). Cells at days 1
and 5 post-seeding were fixed in 4 % (v/v) paraformaldehyde (Sigma)
for 15 min, permeabilized in 0.1 % (w/v) Triton X-100 (Sigma) for 5
min, and blocked in 1 % (w/v) bovine serum albumin (BSA, Sigma) for
30 min. Afterward, samples were incubated with Alexa fluor 488 phal-
loidin for 45 min. Following repeated washes with DPBS, samples were
counterstained with 1 pL/mL of DAPI in DPBS for 2 min and fluorescent
imaging was completed using an inverted fluorescence microscope
(Zeiss Axio Observer Z7). Following the validation of biocompatibility
on 3T3 cells, HCE cells were subsequently used to assess the biocom-
patibility of the GelMAP NPs combined with the matrix. A mixture of 10
pL of NPs and 10 pL of matrix was prepared, and the evaluation was
performed using previously described methods. The HCE cells were
cultured in Alveolar Epithelial Cell Medium, obtained from ScienCell
Research Laboratories.

4.14. Ex vivo retention characterizations

Pig eyeballs were freshly harvested and used immediately followed
by euthanasia. To better visualize the prolonged retention effects, Gel-
MAP NPs (5 % (w/v)) were first loaded with a hydrophilic red dye,
Rhodamine B using the same method, and then applied to the eyeballs
(200 pL). GelMA NPs (5 % (w/v)) loaded with Rhodamine B served as a
control. After incubation for 30 min, eyeballs were immersed in artificial
tear fluid to let the NPs detach from the ocular surface. At each pre-
determined time point, the absorbance at 550 nm, a wavelength corre-
sponding to Rhodamine B, was recorded to evaluate the retention effects
of the GeIMAP NPs using a Thermo Scientific™ NanoDrop™ One/OneC
microvolume UV-vis spectrophotometer.

For the drug retention study, nanosuspension and a free drug solu-
tion (in matrix) were prepared. The eyeballs of the pigs were taken out
and immediately treated with drops of the prepared solutions (200 pL),
followed by incubation for 15 min based on a previously developed
protocol [31]. The eyeballs were washed vertically with artificial tear at
a rate of 0.5 mL/min. The washing solution was collected at 10, 30, 60,
120 and 180 min, respectively. The content of MFX in the washing so-
lution was quantified using a Thermo Scientific™ NanoDrop™ One/
OneC microvolume UV-vis spectrophotometer at 292 nm.



Y. Zheng et al.
4.15. Animals and in vivo biocompatibility

Male and female C57BL/6 mice, aged 8-10 weeks, were obtained
from Charles River Laboratories in Wilmington, MA. All experiments
conducted for this study received approval from the Schepens Eye
Research Institute Animal Care and Use Committee (animal protocol
number: 2021N000158). The treatment of all animals adhered to the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. Prior to all surgical procedures, each animal was deeply
anesthetized with an intramuscular injection of 3 to 4 mg of ketamine
and 0.1 mg of xylazine.

The eyes of healthy mice (n = 3) were treated with one drop of
GelMAP nanosuspension daily for 7 days and monitored for signs of
tearing, discharge, or other symptoms indicative of ocular discomfort or
infection. Observations were documented daily, with photographs taken
ondays 0, 1, 2, 4, and 7 using a slit-lamp biomicroscope. Additionally, to
assess any epithelial defects, 1 pL of 2.5 % fluorescein (Sigma-Aldrich)
was applied to the lateral conjunctival sac of unanesthetized mice with a
micropipette; the eyes were examined after 3 min for fluorescein
staining using a slit lamp biomicroscopy under a cobalt blue light on day
7. Normal (untreated) mice served as controls. On day 7, all mice were
euthanized, and their eyes were harvested for histopathological
analysis.

4.16. Ocular pharmacokinetics in mice

In the pharmacokinetic study, both eyes of the healthy mice received
one drop (~5 pL) of either MFX commercial eye drops or MFX-loaded
GelMAP nanosuspension. After the drops were administered, the mice
(n = 4-5 mice per time point per group) were euthanized at pre-
determined time points (0.5 h, 2 h, 5 h, 24 h, or 48 h). Right after the
euthanasia, aqueous humor (~5 pL) and corneal tissue (~5 mg) from
both eyes were collected and stored at —80 °C. The different mice were
re-dosed with eye drops at each time point. Drug concentrations in the
tissues were quantified using HPLC with fluorescence detection (Dio-
nex™ ICS 5000 + system, Thermo Fisher Scientific). The measured MFX
concentration was further plotted against time. The Cpax and time to
reach Cpax (tmax) after dosing were recorded as observed. The
AUC(¢_24n) for each group was calculated using linear trapezoid rules
[101].

4.17. Bacterial strains and inoculum preparation

The P. aeruginosa ATCC strain 19660, commonly used as a standard
laboratory strain, was utilized in this study because it consistently pro-
duces corneal pathology in the C57BL/6 mouse model. The frozen stock
of P. aeruginosa was cultured on 5 % sheep blood agar plates at 37 °C.
After 18 h of incubation, a single colony was suspended in tryptic soy
broth and agitated at 120 rpm at 37 °C until it reached the turbidity of a
0.5 McFarland Standard. The turbidity was measured using a Spec-
traMax spectrophotometer (Molecular Devices, San Jose, CA) and was
correlated with CFU counts. Simultaneously, a standard colony count
was performed on the turbid bacterial suspension.

4.18. Animal infection and treatment groups

The right cornea of each anesthetized mouse was scarified with three
parallel 1 mm incisions using a sterile 25-gauge needle (5/8-in. length)
under a stereomicroscope. In the prophylactic efficacy study, following
the scarification, the corneas were topically treated with 1.0 x 10° CFU/
cornea in a 5 pL dose, as previously described with slight modifications
[102]. The mice were then randomly assigned to one of three groups on
day 0: 1) no treatment, n = 8; 2) Vigamox® (MFX) eye drops (4 x/day),
n = 8; and 3) MFX-loaded GelMAP nanosuspension (1x/day), n = 9.
After 3-day treatment, corneas were harvested for bacterial
enumeration.
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In the treatment efficacy study, following the scarification, the cor-
neas were topically treated with 1000 CFU/cornea in a 5 pL dose, as
previously described with slight modifications [90]. Eyes were exam-
ined with a slit lamp prior to infection (day —1) and one-day post-
infection (day 0) to ensure consistent infection across all mice before
treatment. The mice were then randomly assigned to one of three
treatment groups: 1) no treatment (n = 8), 2) MFX-loaded GelMAP
nanosuspension, applied once on day O for 5 days (n = 10), or 3) Vig-
amox® eye drops, applied once on day O(n = 9) for 5 days. After the
treatment period, all mice were euthanized, and their corneas were
harvested for analysis on day 5, unless a humane endpoint, such as
corneal perforation, was reached earlier. Corneal perforation, charac-
terized by structural damage resulting in a hole or penetration through
the cornea, was observed in some untreated mice prior to the completion
of the five-day period.

4.19. Slit-lamp examination

The animals were examined using a slit lamp equipped with a Top-
con DC-4 digital camera attachment, and they were photographed daily
to visually monitor the progression of the disease. For clinical score
assessment, slit lamp images of the mice were color-coded and graded in
a masked manner by an independent observer to evaluate the severity of
the disease following P. aeruginosa infection. The clinical scores were
represented using the following scale: 0 — clear or slight opacity,
partially covering the pupil; 1 - slight opacity, fully covering the ante-
rior segment; 2 — dense opacity partially or fully covering the pupil; 3 -
dense opacity covering the anterior segment; and 4 — corneal perfora-
tion. ImageJ software was utilized to quantify the opacity area and the
total corneal area. The percentage of opacity area (% per cornea) was
calculated by dividing the opacity area by the total corneal area.

4.20. Quantitation of viable bacteria in cornea

Individual corneas from five mice per group were homogenized in
500 pL of sterile DPBS. Following homogenization, the supernatants
were collected by centrifugation at 1000 rpm for 1 min. Aliquots of the
supernatants were then cultured after serial dilutions on 5 % sheep
blood agar plates in duplicate at 37 °C. The plates were incubated for 18
h at the same temperature. After incubation, the CFUs from the ho-
mogenized corneas were quantified, and the results were expressed as
log10 (CFU + 1) per cornea.

4.21. Histopathology analysis

For histopathological examination, eyes from three mice per group
(n = 3/group) were enucleated 5 days post-treatment. The entire eyes
were harvested from the mice, fixed in 4 % paraformaldehyde,
embedded in paraffin, and sectioned. Histology slides were stained with
H&E to visualize ocular structures.

4.22. Statistical analysis

Quantitative data were presented as mean + standard deviation
(SD), and significance levels are denoted as follows: * (or #) p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001. The corneal CFUs from
each mouse in the efficacy studies were converted to log values (i.e. 10°
CFU was converted to 5) using a logl0 (CFU + 1) transformation, a
standard practice in microbiological studies [103]. Comparisons be-
tween multiple groups were conducted using the GraphPad Prism 10.1.2
software with a t-test, one-way or two-way ANOVA analysis. Kruskal-
Wallis ANOVA for non-continuous data (namely clinical sores). Each
experiment included a minimum of three samples.
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