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A B S T R A C T

Fungal keratitis (FK) is a challenging-to-manage blinding corneal infectious disease that often leads to severe sequelae, such as corneal leukoplakia regardless of 
curative care. Moreover, the unique anatomical structure and tear turnover of the eye significantly limit the bioavailability and therapeutic efficacy of traditional eye 
drops. Inspired by the unique pathological features of corneal ulcers, we report a thermosensitive multifunctional eye drop, designated PX-TA, based on a poloxamer 
(PX) and a collagen-adhesive tannic acid (TA), for prolonged and efficient treatment of FK. PX-TA transforms into a gel at body temperature and adheres to exposed 
collagen at the ulcer site; this significantly improves the corneal retention time and bioavailability. PX-TA maintains corneal retention for at least 90 min, sub
stantially exceeding both the 15-min limit of commercial mucoadhesive eye drops and the 30-min threshold of conventional in situ gels. When loaded with 
amphotericin B (AmB), once-daily PX-TA-AmB administration effectively suppresses inflammation and corneal scarring, demonstrating superior efficacy over six- 
times-daily free AmB drops and a good safety profile. Mechanistic investigations reveal that PX-TA-AmB mediates its therapeutic effects through the MAPK6/ 
PI3K/AKT signaling pathway. Moreover, the metal-chelating properties of TA inhibit the copper-dependent enzyme lysyl oxidase (LOX), resulting in reduced matrix 
fibrosis. Overall, the use of PX-TA-AmB drops represents a simplified yet effective strategy for the potential clinical management of FK, inspiring the design of eye 
drop formulations.

1. Introduction

Fungal keratitis (FK) is also commonly known as fungal corneal ulcer 
and is one of the most common corneal infections leading to blindness. It 
is particularly prevalent in agriculture-dominated countries, where the 
blindness rate exceeds 60 %, even with treatment [1,2]. Its primary 
symptoms—pain, tearing, photophobia, and vision loss—are closely 
associated with corneal ulcers, which not only represent the main 
pathological feature of the disease but also accelerate symptom pro
gression [3,4]. The corneal ulcer pathological cascade is initiated by 
microbial invasion through compromised epithelial barriers, followed 

by pathogen-mediated collagenase secretion and inflammatory cell 
infiltration; this ultimately leads to stromal degradation and character
istic ulcerative crater formation with potential progression to corneal 
perforation [4,5]. Moreover, corneal ulcers caused by FK are more prone 
to perforation than those resulting from other infections; this often leads 
to endophthalmitis and irreversible blindness [6]. Consequently, 
corneal ulcers have long been recognized as critical warning signs in 
cases of infectious keratitis, particularly FK [2,5,7,8].

Among the current treatments for FK, eye drops still account for 
more than 90 % of all ophthalmic formulations [9], despite recent ad
vances in hydrogels, ointments, and contact lenses [10–12]. However, 
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first-line therapies such as amphotericin B (AmB) and natamycin eye 
drops face significant limitations due to rapid precorneal clearance, 
which impedes drug retention and leads to low bioavailability [2,
13–15]. As a result, frequent dosing, sometimes several times per day 
during the acute phase, becomes necessary. This, in turn, leads to poor 
patient compliance, increased hospitalization rates, and the potential 
development of antifungal resistance [15,16]. Furthermore, systemic 
antifungal treatments are typically reserved as adjuncts to topical 
therapy in severe cases because of the blood‒ocular barrier and the 
significant toxic side effects associated with systemic administration 
[14,15].

To address these therapeutic challenges, various innovative strate
gies have been developed to overcome rapid precorneal clearance 
[17–21]. For example, an innovative gold nano-urchins platform can 
significantly enhance corneal retention through surface engineering, 
achieving remarkable ~150-fold improvement in retention at 7 days 
post-instillation compared with smooth-surfaced gold nanoparticles via 
enhanced cytoadhesion and bioadhesion capabilities [17]. Alginate 
functionalization has substantially improved precorneal retention via 
hydrogen bonding interactions and increased viscosity [18]. 
Microneedle-based strategies have been implemented for corneal drug 
delivery [21] and enable improved mechanical engagement with 
corneal tissue by facilitating precise penetration and better adhesion to 
the corneal surface, thereby extending precorneal retention to 2 h. 
However, due to the debilitated corneal structure during infection, 
characterized by epithelial detachment and stromal dissolution, micro
needles may induce irreversible corneal damage. Mucoadhesive poly
mers, which are designed to directly interact with ocular surface mucins, 
have been utilized in various ophthalmic formulations to noninvasively 
extend the corneal retention time [22–24]. Nevertheless, the dynamic 
nature of corneal mucin secretion, coupled with mechanical clearance 
through blinking and tear turnover, continues to limit retention duration 

under pathophysiological conditions. These constraints highlight the 
critical need for delivery systems that optimize both safety and adhesion 
profiles in infectious keratitis treatment.

Among various ocular drug delivery systems, thermosensitive in situ 
gels have become effective candidates to address these challenges 
[25–31]. A key characteristic of these formulations is their reversible 
gel‒phase transition within the physiological temperature range, 
enabled by the presence of a critical temperature. This approach allows 
hydrogels to be introduced with minimal invasiveness and provides 
significant development potential. Various thermosensitive polymers 
have been explored for their ability to increase corneal retention time. 
Traditional designs often incorporate excipients such as cellulose de
rivatives and hyaluronic acid to increase viscosity. However, 
low-adhesion hydrogels are still rapidly cleared by blinking. Further
more, excessively enhancing the adhesiveness of hydrogels unavoidably 
increases their adhesion to nontargeted tissues; this significantly affects 
ocular comfort and potentially causes adhesion between the eyelid and 
the eyeball [32].

Guided by pathology-driven drug delivery system design principles 
[26,33,34], we developed a facile yet efficient multifunctional hydrogel 
ophthalmic system for FK treatment by exploiting the distinctive path
ological features of corneal ulcers (Scheme 1). The design strategy was 
fundamentally inspired by the unique pathological architecture of 
corneal ulcers: under physiological conditions, the corneal epithelial 
barrier prevents external interaction with stromal collagen, which is 
abundantly distributed throughout the corneal stroma and functions as a 
target for directional carrier adhesion; during FK progression, ulceration 
disrupts this protective barrier, and stromal collagen is exposed in a 
manner analogous to dermal wound formation. Since tannic acid (TA) is 
enriched with catechol and gallol groups and has strong interactions 
with collagen through hydrophobic forces and hydrogen bonding net
works [35,36], we exploited this pathological modification by 

Scheme 1. Schematic illustration of the preparation of PX-TA-AmB eye drops and their collagen binding for the treatment of FK.
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incorporating poloxamer (PX), which is a representative thermosensi
tive polymer, to create a responsive delivery system with multifunc
tional capabilities. The PX-TA hydrogel undergoes a sol‒gel transition at 
the ulcer site, enabling targeted adhesion to exposed collagen and 
facilitating localized drug release. Notably, due to this collagen binding 
mechanism, AmB-loaded PX-TA (PX-TA-AmB) hydrogel eye drops can 
maintain their position at the ulcer site for at least 90 min 
post-administration; this time substantially exceeds the 30-min 
threshold of conventional in situ gel formulations [37–40]. This 
extended corneal retention directly enhances therapeutic efficacy and 
amplifies the bioactive properties of TA; thus, compared with the free 
AmB drops, which need to be administered six times daily as the current 
clinical therapy, once-daily PX-TA-AmB administration achieves supe
rior therapeutic outcomes. This multifunctional delivery system com
bines prolonged retention, potent antimicrobial activity, inflammation 

control, and scar reduction, synergistically improves the therapeutic 
outcomes, has substantial potential for both FK treatment and clinical 
translation and can be used to establish a promising paradigm for 
designing drug delivery systems for the treatment of infectious keratitis, 
including FK.

2. Results and discussion

2.1. Preparation and characterization of the PX-TA eye drops and AmB 
loading

To facilitate the preparation of multifunctional collagen-binding 
hydrogel eye drops, the triblock copolymers PX407 (P407) and PX188 
(P188), which consist of poly(ethylene oxide) and poly(propylene 
oxide) (PEO-PPO-PEO), were employed as hydrogel-forming materials 

Fig. 1. Preparation and characterization of the PX-TA and PX-TA-AmB eye drops. (A) Schematic representation of the preparation process for the PX-TA and PX-TA- 
AmB eye drops. (B–D) Structure‒property relationships between the concentrations of different eye drop components (P188, P407, TA) and the gel transition 
temperature (Tgel). (E) Transparency observations of PX (containing 18 % P407 and 5 % P188), PX-TA2.5 (containing 18 % P407, 5 % P188, and 2.5 % TA), and PX- 
TA5 (containing 18 % P407, 5 % P188, and 5 % TA). (F) Actual images of PX-TA (containing 18 % P407, 5 % P188, and 2.5 % TA) at room temperature (24 ◦C) and 
the corneal physiological temperature (30.5 ◦C). (G) SEM image of the PX-TA (containing 18 % P407, 5 % P188, and 2.5 % TA) hydrogel. (H–J) Rheological 
properties of PX (containing 18 % P407 and 5 % P188), PX-TA (containing 18 % P407, 5 % P188, and 2.5 % TA), and PX-TA-AmB (containing 18 % P407, 5 % P188, 
2.5 % TA, and 0.2 % AmB), including (H) rheological behavior at different temperatures, (I) viscosity at different temperatures, and (J) rheological behavior under 1 
% and 50 % strain cycles.
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(Fig. 1A) because of their excellent and stable thermosensitive sol‒gel 
transitions below 37 ◦C. PX can form micelles in aqueous solution, and at 
the gelation temperature, the micelle form is converted to a hydrogel. 
However, their poor adhesion capacity post-gelation has limited further 
development of eye drops. Since the cornea undergoes 10–20 blinks per 
min as delicate transparent tissue, optimal eye drops need to demon
strate sufficient corneal retention to extend the duration of drug 
efficacy.

TA is a natural adhesive molecule rich in phenolic hydroxyl groups. 
Based on our previous study [36], we propose that the addition of TA to 
the PX hydrogel can increase the adhesive ability to bind with collagen, 
which is exposed under corneal ulcer conditions. PX-TA can be easily 
fabricated by simply mixing PX and TA in an aqueous solution. 1H nu
clear magnetic resonance (NMR) analysis confirmed the presence of 
both PX and TA proton peaks in PX-TA, and the ratio of TA to PX was 
consistent with the feed ratio determined by the integration of charac
teristic peaks; these results indicated that PX and TA were sufficiently 
connected to form a hydrogel (Fig. S1B). The phenolic hydroxyl groups 
from TA could form hydrogen bonds with the oxygen in PX. As observed 
from the FT-IR spectra, the vibration of the carbonyl bond of TA shifted 
from 1697 to 1730 cm− 1; these results indicated that the formation of 
intermolecular hydrogen bonds between the poloxamer and the hy
droxyl group of TA weakened the intramolecular hydrogen bonding 
between the hydroxyl and carbonyl bonds of TA (Fig. S1A).

While enhancing adhesion, TA significantly reduces the sol‒gel 
transition temperature (Tgel). Hydrogels based on TA and P407 exhibit a 
Tgel near or below room temperature, impeding their clinical translation 
[41]. Due to the unique physiological temperature of the cornea, the 
ideal Tgel for thermosensitive eye drop hydrogel formulations should be 
between room temperature and the precorneal temperature, with an 
optimal Tgel value of 30 ± 2 ◦C [42–44]. To optimize Tgel for corneal 
drug delivery, the more hydrophilic P188 was incorporated. To optimize 
the Tgel of the PX-TA hydrogel, a Box–Behnken experimental design was 
carried out to investigate the influence of PX and TA on Tgel; here, P188 
(w/v), P407 (w/v), and TA (w/v) concentrations were used as inde
pendent variables, and Tgel was used as the dependent variable. As 
shown by ANOVA (Table S1) and the relationships between Tgel and 
P188 (Fig. 1B), P407 (Fig. 1C), and TA (Fig. 1D), the hydrogel Tgel was 
significantly negatively correlated with the P407 and TA concentrations 
(p < 0.05). Ocular formulations needed to maintain maximum trans
parency to ensure visual quality. We found that all the PX-TA hydrogels 
were transparent even with 5 % TA (w/v) and presented notable 
light-yellow coloration (Fig. 1E). This opacity originated from the 
inherent dark yellow nature of TA and compromised hydrogel trans
parency at high concentrations. Such color change may impose some 
limitations on clinical translation, including vision blurring or color 
distortion, interference with certain ophthalmic examinations (such as 
fundus examination and fluorescein sodium staining tests), and causing 
patient concerns about medication quality (as the unusual color might 
be misinterpreted as contamination or degradation). Furthermore, high 
TA concentrations caused the polymer to become viscous and adhere to 
nontargeted tissues, affecting ocular application. Therefore, high con
centrations of TA needed to be avoided in ocular formulations. Based on 
the Box-Behnken experimental results (Table S1), we derived multiple 
formulations with Tgel of 30 ± 2 ◦C. To balance precise sol-gel transition 
temperature, collagen binding capability, and minimization of visual 
impact, formulations containing 5 % P188, 18 % P407, and 2.5 % TA 
were ultimately selected for further studies. This optimized formulation 
exhibits light transmittance in the visible spectrum similar to pure water 
and, notably, showed significant better transmittance after AmB loading 
compared to free AmB (Fig. S2). Additionally, the selected PX-TA 
formulation exhibited gelation at 30.5 ◦C and flowability at 24 ◦C 
(Fig. 1F).

AmB is a highly potent antifungal drug with extremely poor solubi
lity in both organic solvents and water [45]; additionally, it lacks clin
ically available ophthalmic formulations with traditional forms, such as 

deoxycholate solutions and aqueous suspensions, that cause significant 
irritation and toxicity to the ocular surface [13]. AmB was loaded into 
PX-TA to synergistically enhance antimicrobial efficacy alongside TA, 
and no significant changes were observed in the properties of the 
hydrogel after loading. AmB is soluble in DMF, and AmB-loaded PX 
micelles were prepared via the thin film hydration method. The micelle 
size was 65.5 ± 6.2 nm, as determined by dynamic light scattering (DLS) 
(Fig. S1C). The AmB-loaded hydrogel PX-TA-AmB was obtained by 
mixing AmB-loaded PX micelles with TA. The drug loading of AmB in 
PX-TA-AmB hydrogel is 0.19 wt% as determined by UV–vis spectro
photometer with a high encapsulation efficiency is 95 %. It should be 
noted that AmB is a highly potent antifungal drug, with a minimal 
inhibitory concentration of 0.5 μg/mL to Candida albicans [46], while 
AmB concentration in PX-TA-AmB (1.9 mg/mL) is much higher than this 
value. Scanning electron microscopy (SEM) imaging revealed the highly 
porous macrostructure of PX-TA (Fig. 1G), which remained largely un
changed after AmB encapsulation (Fig. S3).

The drug release profiles of AmB from PX-TA-AmB and AmB (0.2 % 
suspension) were determined by in vitro drug release experiments. AmB 
suspension release AmB and plateaued quickly within 1 h. While PX-TA- 
AmB eliminated the burst release, significantly prolonged the release of 
AmB and plateaued at 12 h (Fig. S4). Additionally, stability is crucial for 
the clinical translation of ophthalmic formulations. The stability of PX- 
TA-AmB was confirmed through visual appearance, sol-gel transition 
temperature, and in vitro antifungal efficacy assessments. PX-TA-AmB 
demonstrated excellent stability over a 28-day period, whereas free 
AmB gradually precipitated and showed significantly reduced in vitro 
antifungal activity by day 28 (Fig. S5).

The rheological behaviors of PX (18 % P407, 5 % P188), PX-TA (18 
% P407, 5 % P188, 2.5 % TA), and PX-TA-AmB (18 % P407, 5 % P188, 
2.5 % TA, 0.2 % AmB) under simulated ocular conditions were 
compared. All formulations demonstrated temperature-dependent 
rheological behavior, with Tgel values of 35.04 ◦C, 30.54 ◦C, and 
30.04 ◦C, respectively (Fig. 1H). Additionally, the viscosities at the 
corresponding temperatures were 3968.1 mPa⋅s (PX at 35.04 ◦C), 13511 
mPa⋅s (PX-TA at 30.54 ◦C), and 13143 mPa⋅s (PX-TA-AmB at 30.54 ◦C) 
(Fig. 1I); these results indicated significantly increased viscosity in PX- 
TA. However, at temperatures less than 24 ◦C, all three formulations 
presented viscosities less than 300 mPa⋅s; thus, they were suitable for 
administration as eye drops at room temperature.

To simulate blinking motion, large-amplitude oscillatory shear 
rheology testing was performed by cycling between 1 % and 50 % strain 
to evaluate the structural recovery properties of PX-TA-AmB (Fig. 1J). 
The results demonstrated that the liquid state of PX-TA-AmB during eye 
closure (50 % strain) prevented foreign body sensation and discomfort, 
and the corneal gaps under damaged conditions were more effectively 
filled. During eye opening (1 % strain), the gel state increased the ocular 
surface retention time of PX-TA-AmB. These findings confirmed the 
successful development of a thermosensitive hydrogel eye drop suitable 
for drug delivery to damaged corneal tissue; therefore, a comprehensive 
in vitro and in vivo evaluation of its therapeutic efficacy was warranted.

2.2. Adhesion analysis of the PX-TA-AmB eye drops to corneal ulcers

Due to the high affinity of the catechol and gallic acid groups of TA 
for collagen, coupled with extensive collagen exposure during corneal 
ulcer formation, we hypothesized that PX-TA-AmB would strongly 
adhere to and remain at corneal ulcer sites. To validate this hypothesis, 
anterior segment optical coherence tomography (AS-OCT) and an in 
vivo imaging system (IVIS) were used to evaluate the gel dynamics and 
retention characteristics of PX-TA-AmB eye drops in a standardized 
rabbit model featuring a 2.5 mm central corneal stromal defect. Addi
tionally, ex vivo porcine corneas (with intact or debrided epithelium) 
were utilized to assess the collagen-binding capacity of PX-TA-AmB and 
PX through IVIS.

AS-OCT imaging at 90 min revealed significant gel retention at the 
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corneal defect site in the PX-TA-AmB group (56.14 ± 2.25 %); this value 
was approximately 5.58-fold greater than that in the PX group (10.06 ±
2.07 %) and 25.17-fold greater than that in the Tobrex® control group 
(2.23 ± 0.70 %) (Fig. 2A–C). In contrast, the PX hydrogel exhibited 
rapid clearance within 30 min (17.39 ± 3.04 %), and its retention rates 
were inferior to those of conventional Tobrex® ointment (28.27 ± 3.14 

%). Based on the false-color AS-OCT images, over time, the reflectance 
density of the PX-TA-AmB hydrogel increased (Fig. 2B). This observa
tion indicated that the hydrogel underwent dehydration, leading to a 
gradual concentration and an increase in mechanical strength. These AS- 
OCT results highlighted the significant capacity of PX-TA-AmB to ach
ieve sustained retention at corneal defect sites.

Fig. 2. Adhesion ability of PX-TA-AmB eye drops on corneal ulcers. (A–C) Visualization of the gel behavior in injured corneas, including (A) representative OCT 
images, (B) representative false color OCT images of PX-TA-AmB eye drops, and a (C) line plot showing the amount of remaining hydrogel on corneal surfaces over 
time. (D) Representative in vivo fluorescence images of the effects of RhB, PX, and PX-TA-AmB administration in injured corneas and PX-TA-AmB administration in 
intact corneas (white dashed circles indicate corneal regions), along with (E) quantitative assessment of fluorescein intensity on rabbit corneal surfaces at different 
time points. (F) Fluorescence images of mouse corneal frozen sections at different time points after administration of AmB and PX-TA-AmB with Cy3 dye loading. *P 
< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Mean ± SD, n = 3; two-way ANOVA.
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IVIS fluorescence analysis using Rhodamine B (RhB) further vali
dated these findings (Fig. 2D and E). At 90 min, fluorescence signals 
were exclusively detected in the defective corneas treated with PX-TA- 
AmB (0.572 ± 0.06), whereas the fluorescence signals nearly dis
appeared at 90 min (0.005 ± 0.0004) when PX-TA-AmB was applied to 
intact corneas. Conventional RhB eye drops produced fluorescence sig
nals that were difficult to detect after 10 min because of tear clearance, 
whereas the PX formulations accumulated on the eyelids after 45 min 
and failed to come in direct contact with the cornea to exert therapeutic 
effects. In the in vitro IVIS experiments with porcine corneas, including 
both debrided and intact corneal epithelia, PX-TA-AmB demonstrated 
superior corneal retention capabilities compared to PX alone after 30 
min of PBS washing. Moreover, PX-TA-AmB exhibited significantly 
enhanced adhesion to corneas with debrided epithelia, revealing its 
binding ability to exposed collagen following corneal injury (Fig. S6). 
These IVIS results further confirmed the collagen-binding capacity of 
PX-TA-AmB in damaged corneas.

Since fungal keratitis often involves infection of the deep corneal 
stroma, drug penetration and retention within the stromal layer are 
crucial. We used the hydrophobic dye Cy3 as a tracer in place of AmB to 
visualize the penetration and retention of encapsulated drugs through 
epithelium-debrided mouse corneas. Fluorescence imaging at 5 min 
demonstrated that PX-TA-AmB exhibited significantly superior corneal 
retention compared to free AmB. This difference became even more 
pronounced at 90 min, when free AmB showed almost no retention in 
the cornea, while PX-TA-AmB remained clearly visible and had pene
trated the entire cornea (Fig. 2F).

The increased retention time of ophthalmic formulations directly 
correlated with therapeutic efficacy, particularly in corneal diseases. AS- 
OCT and IVIS results demonstrated that PX-TA-AmB thermosensitive 
eye drops formed uniform gels at physiological temperature and main
tained prolonged retention (>90 min) at corneal defect sites; this 
retention significantly exceeded the retention thresholds of both the 
conventional adhesive ophthalmic in situ gels (<30 min) [37–40] and 
the commercial mucoadhesive eye drops (approximately 15 min) [47]. 
Additionally, compared with healthy corneas, PX-TA-AmB exhibited 
significant collagen-binding properties and enabled prolonged retention 
in corneal ulcer-like craters. This binding advantage stems from the 
abundant catechol and gallic acid groups of TA. As reported, TA pri
marily interacts with collagen through hydrogen bonding, with addi
tional contributions from electrostatic and hydrophobic interactions 
[48]. This corneal retention capability of PX-TA-AmB was further 
confirmed in fluorescence tracing studies using epithelium-debrided 
mouse corneas, where the extended corneal retention time signifi
cantly improved corneal penetration and stromal retention. Due to the 
prevalence of corneal ulcers in corneal diseases, PX-TA-AmB could 
provide targeted and unexpected therapeutic benefits for 
collagen-exposed conditions, such as keratitis and dry eye, and could be 
used to further establish TA-based bioactive materials as promising 
platforms for ocular drug delivery.

2.3. In vivo pharmacokinetics study

The pharmacokinetic evaluation of PX-TA-AmB was conducted on 
rabbits, with AmB (0.20 % suspension) as a contrast (Fig. S7). After 
treated by PX-TA-AmB or AmB (0.20 % suspension), the cornea and 
aqueous humor of rabbits were collected and AmB concentration was 
determined by HPLC. The pharmacokinetic parameters were calculated 
by Phoenix WinNonLin 8.1 software. The AmB concentration in PX-TA- 
AmB treated group was much higher than AmB treated group, both in 
cornea and aqueous humor. The Cmax of PX-TA-AmB treated cornea was 
30.55 μg/g, 6.47-fold of that in AmB suspension treated cornea. The 
AUC0-∞ of PX-TA-AmB in cornea is 116.14 h⋅μg/g, and is 9.8-fold higher 
than compared to 10.75 h⋅μg/g in AmB suspension. The T1/2 of PX-TA- 
AmB in cornea (6.65 h) was also much longer than AmB suspension (0.8 
h).

2.4. In vitro antifungal activity and anti-biofilm capability of PX-TA-AmB

TA not only enhances the adhesion of hydrogel systems but also plays 
a pivotal role in the design of antimicrobial biomaterials because of its 
potent and broad-spectrum antimicrobial properties. The antifungal 
capabilities of the different groups were assessed using colony-forming 
unit (CFU) determination, fungal survival assays, and fungal disc 
diffusion assays. The CFU images illustrate the antibacterial effects of 
PX-TA-AmB and other treatments (Fig. 3A). In the fungal survival assay 
(Fig. 3D), unlike its antibacterial properties, the AmB-free PX-TA 
hydrogel exhibited weak antifungal activity (with over 70 % fungal 
survival). In contrast, the AmB-loaded PX-TA-AmB hydrogel eliminated 
nearly all fungi and significantly outperformed the free AmB group; 
despite being a potent clinical fungicide, the free AmB group still 
allowed approximately 50 % fungal survival. The disc diffusion assay 
results corroborated these findings, and PX-TA-AmB demonstrated an 
inhibition zone approximately twice the diameter of AmB (Fig. 3B and 
C). Noteworthy, compared to AmB, PX-TA and PX-TA-AmB demon
strated enhanced biofilm-disrupting capabilities. Specifically, the bind
ing of crystal violet to extracellular polymers revealed varying biofilm 
inhibitory effects across the different groups, and the PX-TA and PX-TA- 
AmB treatments significantly reduced the amount of extracellular 
polymers in the biofilms and showed notable inhibition rates (Fig. 3E). 
In the SYTO9-stained 3D confocal images (Fig. 3F), the control group’s 
green fluorescence signal was dense and intact, whereas AmB disrupted 
part of the biofilm; this led to a sparser green fluorescence signal and a 
significant, though still unsatisfactory, reduction in biofilm volume. PX- 
TA already exhibited good biofilm resistance, while AmB-loaded PX-TA- 
AmB had the strongest biofilm-inhibiting effect, with minimal green 
fluorescence signals present and a biofilm volume approaching zero 
(Fig. 3G and H). SEM images of Candida albicans further confirmed the 
antifungal effects of PX-TA-AmB (Fig. 3I). Under PX-TA and PX-TA-AmB 
treatment, fungal spores exhibited shrinkage and disrupted morphology, 
whereas spores in the control group adhered to the extracellular matrix, 
indicating a tendency to form biofilms. In contrast, AmB treatment 
caused only the spores to shrink.

The excellent biofilm resistance of PX-TA and PX-TA-AmB was 
attributed to TA acting as a multidentate ligand, binding to proteins 
through strong hydrophobic interactions and hydrogen bonding; these 
interactions inhibited the microbial metabolism and simultaneously 
disrupted the biofilms. TA-modified PX-TA exhibited excellent anti
bacterial and antibiofilm properties, and its potential mechanisms 
involved metal chelation, inhibition of cell wall synthesis, and damage 
to the cell membrane. In contrast, the fungicidal mechanism of AmB 
involves binding to ergosterol in fungal cell membranes, forming pores 
that lead to fungal cell death. Nearly all polyphenolic compounds, 
including TA, demonstrated strong antibacterial activity but relatively 
weak antifungal properties, possibly due to the more complex cell wall 
composition of fungi; however, thorough eradication of pathogens is 
crucial in combating microbial infections. Based on the different anti
microbial mechanisms of TA and AmB, the loading of AmB onto PX-TA 
synergistically enhanced antifungal and antibiofilm effects while 
reducing the required concentration of AmB. This complementary 
integration highlights the strategic advantage of loading AmB onto the 
PX-TA platform for effective FK treatment.

2.5. In vivo efficacy of the fungal keratitis treatment

Animal models of FK were established to evaluate the therapeutic 
effects of PX-TA-AmB with prolonged ocular surface retention in FK 
(Fig. 4A). In preliminary studies, we compared anterior segment 
photography, fluorescein sodium staining, and Hematoxylin and eosin 
(H&E) staining results between AmB and natamycin administration 
(Fig. S8). Natamycin (clinically used drug for FK) demonstrated inferior 
therapeutic effects compared to AmB; therefore, AmB was selected as 
the positive control group.
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At 24 h post infection with Candida albicans, corneal infection- 
related symptoms, including corneal edema and cloudiness, were 
observed (Fig. 4B and C). In the control and PX groups, these symptoms 
progressively worsened, reaching peak disease scores on day 4 (11.40 ±
0.55 in the control group and 11.00 ± 0.71 in the PX group); these high 
disease scores were characterized by corneal edema, cloudiness, and 
perforation, with no relief throughout the observation period. In 
contrast, the other three groups showed varying degrees of improvement 
in corneal inflammation. However, the therapeutic effect in the AmB 
group, which was administered six times daily as a positive control for 
the clinical regimen, was limited, and corneal inflammation progressed 
to significant opacity and edema by day 10 (7.40 ± 1.14). PX-TA sub
stantially improved therapeutic outcomes and effectively controlled 
corneal inflammation as early as day 4 (7.00 ± 0.71), with notable re
ductions in residual corneal opacity by day 10 (5.20 ± 0.45). Treatment 

with PX-TA-AmB, which included an antimicrobial agent, further 
enhanced the efficacy and completely controlled inflammation by day 
10 (2.00 ± 0.71), with only minimal residual opacity; this treatment 
significantly outperformed the other groups. Notably, fungal load assays 
on day 4 revealed significant antifungal effects of AmB and PX-TA-AmB 
(fungal survival rates: 1.39 % and 0.19 %, respectively), and both were 
superior to those of PX-TA (fungal survival rate: 9.96 %) (Fig. 4E). 
However, despite effectively eradicating almost all pathogens, the AmB 
group showed no reduction in corneal inflammation, indicating that the 
inflammatory response was not suppressed by AmB. Additionally, 
fluorescein sodium staining images were used to evaluate the thera
peutic efficacy. As shown in Fig. 4B and D, PX-TA-AmB and PX-TA 
markedly repaired corneal epithelial defects; this particularly applied 
to the PX-TA-AmB group, which showed almost no fluorescein sodium 
staining in the corneal epithelium.

Fig. 3. Antifungal and antibiofilm capabilities of PX-TA-AmB in vitro. (A) Representative colony images of Candida albicans. (B) Kirby–Bauer disk diffusion assay and 
(C) statistical analysis of the results after different eye drop administrations. (D) Corresponding quantification of fungal viability. (E) Representative crystal violet- 
stained biofilm images after different eye drop administrations. (F) Representative SYTO9-stained 3D confocal images of the Candida albicans biofilm after different 
eye drop administrations. (G) Biofilm volume and (H) fluorescence intensity after different administrations. (I) Representative SEM images of the Candida albicans 
after different eye drop administrations. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Mean ± SD, n = 3; one-way ANOVA.
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Visual function is an important clinical indicator of corneal disease 
severity. Unlike human conditions, subjective assessments of visual 
symptoms such as photophobia and visual impairment (key clinical 
symptoms of FK) are difficult to perform in animal models; therefore, 
these indicators are often disregarded by researchers [49]. In this study, 
a light/dark box test is used on Day 10 to evaluate photophobia under 
different treatments. Mice are sensitive to photophobia, which drives 
them to stay in the dark compartment to avoid light, as shown in the 
schematic diagram (Fig. 5A). The activity trajectories of the mice under 
different treatments are presented as heatmaps (Fig. 5B), and the cor
responding time spent in the light/dark box was recorded (Fig. 5C). The 
control group showed a significant preference for the dark compart
ment; these results indicated severe photophobia. The other groups, 
particularly the PX-TA and PX-TA-AmB groups, exhibited substantial 
relief from photophobia, with levels comparable to those of healthy 
mice. Based on these results, PX-TA and PX-TA-AmB eye drops have the 
potential to improve visual function following corneal disease, 

potentially because the thermosensitive eye drops are able to fill many 
corneal defects, allowing the cornea to maintain a curvature similar to 
that of a healthy cornea even after disease. Visual impairment is another 
important indicator of visual function and was indirectly assessed via 
electroretinogram (ERG) across groups (Fig. 5D, E, F). The control group 
presented decreased a-wave and b-wave amplitudes, whereas the am
plitudes in the PX-TA-AmB group returned to normal levels after treat
ment. This improvement could be attributed to the transparent cornea 
allowing light transmission.

Overall, PX-TA-AmB demonstrated comprehensive therapeutic effi
cacy in addressing posttreatment complications of FK due to the dual 
functionality of TA in terms of anti-inflammatory and antifungal prop
erties. Notably, while conventional clinical management of FK typically 
requires antifungal administration every 15 min, once-daily adminis
tration of PX-TA-AmB resulted in superior therapeutic outcomes 
compared with six-times-daily AmB treatment. The enhanced efficacy 
could be attributed to the collagen-binding properties of PX-TA-AmB, 

Fig. 4. In vivo efficacy of PX-TA-AmB on FK. (A) Schematic of the modeling and intervention process in an in vivo mouse FK model. (B) Representative images of the 
anterior segment (at different time points), cobalt blue images after fluorescein sodium staining (day 10), and fungal load assays in the corneal tissues of the 
corresponding groups (day 4). (C) Corneal clinical scores (n = 5). (D) Quantitative analysis of the fluorescein sodium staining in the corneal area (n = 3). (E) 
Statistical analysis of the fungal load (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Mean ± SD, one-way ANOVA test.
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which significantly prolonged the corneal retention time. This once- 
daily eye drop regimen would significantly improve patient compli
ance, thereby addressing the poor therapeutic outcomes resulting from 
compliance issues. Together, these advantages demonstrate the prom
ising potential of PX-TA-AmB as a clinically translatable therapeutic 
strategy for effective FK management.

2.6. Histological and cytokine analyses

Histopathology and cytokine analysis were performed to evaluate 
the anti-inflammatory and antifungal effects. To better evaluate the 
expression levels of various cytokines, corneas from each group were 
collected on day 6 for protein level analysis of 23 cytokines using the 
Luminex system. The cytokine levels are shown in Fig. 6A. PX-TA and 
PX-TA-AmB significantly suppressed the expression of 22 inflammatory 
and chemotactic cytokines, with the exception of TNF-α, and the protein 
levels approached those of healthy mice. Conversely, AmB treatment 
significantly suppressed only the protein expression of IL-6, IL-17A, G- 
CSF, and eotaxin, whereas most cytokines remained highly expressed; 
these results indicated that the inflammatory cytokine storm persisted, 
whereas PX-TA and PX-TA-AmB eye drops effectively controlled this 
condition. Additionally, the immunofluorescence results of IL-1β and IL- 
6, which are key cytokines, further confirmed the anti-inflammatory 
effect of PX-TA-AmB (Fig. 6F, G and S10).

H&E staining was used to evaluate corneal morphology and in
flammatory cell infiltration after treatment. As shown in Fig. 6B and C, 
the corneal stroma in the control group was severely infiltrated by the 
inflammatory cells, with significant morphological disruption, increased 
thickness due to edema, and epithelial detachment. Treatment allevi
ated these conditions to varying extents. Compared with the control 
group, the AmB group presented less corneal stromal damage, but the 
level of inflammation and corneal thickness did not improve, likely due 
to the antifungal effects of AmB; these effects limited fungal damage but 

had a minimal effect on pathogen-induced inflammation. In contrast, 
PX-TA and PX-TA-AmB significantly reduced inflammatory cell infil
tration, restored corneal thickness, and preserved an intact corneal 
epithelial structure. However, stromal damage was still present in the 
PX-TA group, likely due to the absence of antifungal agents, highlighting 
the necessity of antifungal drug loading in PX-TA. Notably, the H&E 
staining results for the AmB group and the control group were more 
severe on day 10 posttreatment (Fig. S9), and persistent inflammatory 
cell infiltration, iris adhesion, extensive corneal scarring, and corneal 
neovascularization were observed in both groups. Consistent with the 
fungal load results, periodic acid‒Schiff (PAS) staining revealed abun
dant fungal hyphae in the corneal stroma of the control group and 
confirmed the superior fungal eradication ability of PX-TA-AmB with 
respect to the other groups (Fig. 6D). Calcofluor white (CFW) staining 
further enhanced the visibility of the fungal structures through fluo
rescent labeling (Fig. 6E). On the other hand, timely healing of the 
corneal epithelium following trauma, microbial infection, or surgical 
injury is crucial for corneal restoration [50]. Notably, PAS staining 
revealed that PX-TA-AmB treatment eradicated most fungi, confined 
them to the epithelial layer, and led to normal corneal epithelial repair 
rather than the abnormal proliferation, as observed in the AmB group; 
here, the abnormal epithelial proliferation caused by AmB treatment 
was a contributing factor to corneal opacity.

2.7. Potential mechanisms of PX-TA-AmB in treating fungal keratitis

Although polyphenol-based biomaterials and free polyphenolic 
compounds have been extensively validated for their efficacy against FK 
[51,52], their underlying mechanistic pathways remain insufficiently 
investigated. Due to the remarkable therapeutic efficacy of PX-TA-AmB 
across multiple aspects of FK treatment, we conducted subsequent ex
periments to elucidate its potential molecular mechanisms. Tran
scriptomic analysis via mRNA sequencing was performed to investigate 

Fig. 5. Ethological and visual function analysis. (A) Schematic of the light‒dark box and (B) representative heatmap of the movement trajectories of mice subjected 
to different administrations in the light‒dark box test, along with (C) corresponding quantitative analysis of the amount of time spent in the light‒dark box. (D) 
Electroretinogram (ERG) graphs and (E, F) corresponding statistical analysis of a- and b-wave amplitudes after different eye drop administrations. *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001. Mean ± SD, n = 3; one-way ANOVA.
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the therapeutic mechanisms of PX-TA-AmB in FK. Comparative analysis 
of corneal gene expression before and after PX-TA-AmB treatment 
revealed 2363 differentially expressed genes (DEGs); these consisted of 
583 upregulated and 1780 downregulated genes (Fig. 7A). Kyoto 
encyclopedia of genes and genomes (KEGG) enrichment analysis 
demonstrated the crucial role of the PI3K/AKT signaling pathway in 
PX-TA-AmB-mediated FK treatment and corneal repair (Fig. 7B); these 
results were further validated by gene ontology (GO) analysis (Fig. S11). 
DEGs related to the inflammatory response, signaling pathway regula
tion, and corneal scarring are further illustrated in the heatmap 
(Fig. 7C). As shown in Fig. 7F–H and Fig. S12, PX-TA-AmB treatment 
significantly downregulated the mRNA expression of the genes associ
ated with corneal injury (α-SMA, LOX, VIM, MMP9, FN1, and ITGB1), 
the key inflammatory cytokines (IL6 and IL1B), and the pathway regu
lators (MAPK6, PIK3CD, and PIK3R6). Further gene set enrichment 
analysis (GSEA) using KEGG and REACTOME gene sets revealed that 
PX-TA-AmB treatment significantly downregulated both the PI3K/AKT 
signaling pathway and fibrotic processes related to collagen synthesis 
and assembly (Fig. 7D and E).

First, transcriptomic analysis revealed that PX-TA-AmB treatment 
significantly contributed to inflammation suppression, corneal injury 

repair, and scar formation inhibition in FK. Based on these compre
hensive findings, we hypothesized that the PI3K/AKT signaling 
pathway, which plays crucial roles in the inflammatory response, im
mune regulation, and wound healing and is hyperactivated in FK, serves 
as a key mediator of these therapeutic effects. Among the significantly 
altered DEGs, MAPK6 (Fig. 7F), which is an atypical member of the 
MAPK family whose molecular mechanisms are not fully understood, 
was notably upregulated in FK. In tumor studies, MAPK6 overexpression 
has been shown to phosphorylate AKT at the S473 site [53]. Our tran
scriptomic analysis preliminarily revealed the potential existence of this 
regulatory mechanism in FK. Subsequent Western blot analysis 
confirmed that MAPK6 overexpression in the mouse FK model occurred 
simultaneously with increased AKT phosphorylation (Fig. 7I). Impor
tantly, PX-TA-AmB effectively regulated MAPK6 overexpression and the 
phosphorylation levels of PI3K and AKT; they were restored to levels 
comparable to those in healthy corneas (Fig. S13). IL-1β and MMP9 are 
important mediators of inflammation and scar formation. It was 
demonstrated that PX-TA and PX-TA-AmB effectively downregulated 
the overexpression of IL-1β and MMP9 in FK, consistent with the tran
scriptomic results (Fig. 7J). Furthermore, topical administration of the 
AKT activator SC79 (10 μg/mL) reversed the downregulation of IL-1β 

Fig. 6. Histological evaluation and anti-inflammatory efficacy of PX-TA-AmB in vivo. (A) Luminex-based assay of the 23 cytokine protein expressions after different 
eye drop administrations. (B) Corneal H&E staining after different eye drop administrations and (C) corresponding quantitative analysis of corneal thickness (n = 5). 
(D) Corneal PAS staining and (E) calcofluor white (CFW) staining to visualize fungal hyphae in the cornea. (F) Quantitative analysis of IL-1β and (G) IL6 
immunofluorescence-positive areas in the cornea (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Mean ± SD, one-way ANOVA test.
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and MMP9 expression by PX-TA-AmB and PX-TA in the FK model, 
indicating that the downregulation of IL-1β and MMP9 is partially 
mediated through the AKT signaling pathway (Fig. 7K and S14). These 
findings explain the excellent anti-inflammatory effects of PX-TA and 
PX-TA-AmB in FK treatment and provide insights into the mechanism by 
which PX-TA-AmB and other TA-based biomaterials exert their thera
peutic effects on FK.

Next, immunofluorescence staining of different key markers was 
performed on mouse corneas before and after treatment (Fig. 7L). The 

results revealed a significant reduction in Ly6G throughout the corneal 
layers and indicated that PX-TA and PX-TA-AmB inhibited neutrophil 
infiltration in FK. The significant imbalance between CD86 and CD206 
indicated that PX-TA and PX-TA-AmB inhibited macrophage activation 
to the M1 type (CD86 marker) while promoting a shift toward the M2 
type (CD206 marker), thereby reducing the release of inflammatory 
cytokines. The inhibition of MMP9 and α-SMA confirmed their roles in 
preventing damage and promoting repair. MMP9, which is a confirmed 
corneal injury factor in FK, was involved in stromal degradation and 

Fig. 7. Therapeutic mechanism of PX-TA-AmB in FK via MAPK6/PI3K/AKT pathway modulation. (A) Volcano plot of the differentially expressed genes. (B) KEGG 
pathway enrichment analysis of the differentially expressed genes. (C) Heatmap of the differentially expressed genes related to the inflammatory response, signaling 
pathway regulation, and corneal scarring before and after PX-TA-AmB treatment. (D, E) GSEA with the indicated KEGG and Reactome gene sets. (F, G, H) MAPK6, 
α-SMA, and LOX mRNA expression levels in treated versus control corneal tissues. (I) Representative Western blot images of p-AKT, AKT, p-PI3K, PI3K, MAPK6, 
Vinculin, and β-actin proteins in different treatment groups. (J) Representative Western blot images of IL-1β and MMP9 in different treatment groups. (K) Repre
sentative Western blot images for functional validation of the role of AKT pathway in PX-TA-AmB-mediated downregulation of IL-1β and MMP9 using the AKT 
activator SC79. (L) Immunofluorescence assessment of α-SMA, MMP9, CD206, CD86, and Ly6G under different treatments. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. Mean ± SD, n = 3; one-way ANOVA.
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inflammation. PX-TA and PX-TA-AmB significantly reduced MMP9 
expression and confined it to the corneal epithelium. A similar trend 
observed in α-SMA detection demonstrated the scar control after PX-TA 
and PX-TA-AmB treatment. Furthermore, due to the outstanding per
formance of PX-TA-AmB in scar inhibition and the significant enrich
ment of the "Assembly of collagen fibrils and other multimeric 
structures" pathway, which plays a crucial role in fibrosis development, 
the following investigations focused on the antiscarring effects of PX-TA- 
AmB in a lamellar keratectomy wound model in New Zealand rabbits.

2.8. Assessment of the corneal wound healing capacity

Corneal scarring represents a major pathological endpoint in FK 

progression and significantly contributes to permanent vision loss 
despite successful antifungal therapy. The above investigations with the 
PX-TA-AmB formulation demonstrated promising therapeutic potential 
in both promoting corneal healing and reducing scar formation. This 
potential was likely caused by two mechanisms: (1) fungal clearance 
prevented continued tissue damage, and (2) TA-based bioactive mate
rials modified the microenvironment at injury sites to promote healing 
and prevent scarring. To independently verify the anti-scarring capa
bility of PX-TA-AmB without the confounding factor of fungal infection, 
we established a lamellar keratectomy model in New Zealand rabbits to 
evaluate its in vivo efficacy for comprehensive corneal wound healing. 
Using a standardized protocol (Fig. 8A), we compared four treatment 
groups: PBS (control), PX, PX-TA, and PX-TA-AmB. Quantitative 

Fig. 8. Assessment of the antiscarring efficacy of PX-TA-AmB in a rabbit corneal injury model. (A) Schematic illustration of in vivo rabbit corneal injury model 
establishment and the intervention protocol. (B) Representative anterior segment photographs at different time points and images of fluorescein sodium staining 
showing significant differences under cobalt blue light (day 0, day 3) (white stars indicate areas of scarring). (C) Quantitative analysis of copper concentration and 
(D) fluorescence intensity analysis of LOX activity in rabbit corneas following different treatments. (E, F) Masson and H&E staining following different treatments 
(white arrows indicate areas of scarring). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Mean ± SD, n = 3; one-way ANOVA.
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analysis of fluorescein sodium staining revealed differential healing 
patterns among the treatment groups (Fig. 8B and S15). On day 3 post- 
injury, the control and PX groups maintained substantial epithelial de
fects (32.18 ± 2.39 % and 29.38 ± 3.23 % of the initial wound area), 
whereas the PX-TA and PX-TA-AmB groups had significantly reduced 
fluorescence staining areas (5.43 ± 1.86 % and 7.32 ± 2.86 %, respec
tively); these results indicated enhanced epithelial healing capacity.

On day 28, anterior segment photography revealed marked central 
corneal opacity in the control and TA groups, whereas corneas treated 
with PX-TA and PX-TA-AmB maintained superior transparency. Patho
logical histology further validated these observations (Fig. 8E and F). On 
day 28, the control and PX groups presented prominent scarring features 
that were characterized by disorganized and loose collagen fibers 
alongside distinctly differentiated myofibroblasts. In contrast, the PX- 
TA- and PX-TA-AmB-treated corneas had an organized collagen 
arrangement with no evident scarring regions and showed features of 
normal corneal regeneration. The significant downregulation of 
α-smooth muscle actin (α-SMA, also known as ACTA2) and lysyl oxidase 
(LOX) mRNA expression in corneas on day 28 further supported these 
findings (Figure S16). Additionally, continuous 28-day administration of 
PX-TA and PX-TA-AmB regulated corneal copper levels to near-healthy 
levels and coordinately modulated LOX activity, exhibiting intermediate 
LOX activity levels that were lower than the control group but higher 
than healthy corneal tissue (Fig. 8C and D). This moderate LOX activity 
simultaneously fulfilled the requirements for normal corneal healing 
while preventing the excessive enzymatic activity that would otherwise 
induce fibrosis.

Mechanistically, the antiscarring effects could be attributed to the 
metal-chelating properties of TA. As a polyphenolic compound, TA 
could reduce local metal ion concentrations at injury sites [54], partic
ularly copper ions. LOX is a copper-dependent enzyme and serves as a 
key mediator of tissue fibrosis [55]; here, the abovementioned down
regulation of LOX expression in PX-TA-AmB-treated corneas with FK 
indicated that TA-mediated copper chelation could contribute to 
reduced scarring (Fig. 7E, G and H). The correlation between 
TA-mediated copper chelation and LOX expression and the reduced LOX 
levels verified in both rabbit corneal injury and mouse FK models pro
vide novel mechanistic insights into the antifibrotic potential of 
polyphenol-based biomaterials. In combination with its established 
antifungal properties, this formulation represents a promising strategy 
for improving FK prognosis through simultaneous pathogen elimination 
and tissue regeneration enhancement.

2.9. Biosafety assessment

The safety and tolerability of ophthalmic formulations need to be 
carefully considered to ensure patient comfort and health. To achieve 
this goal, various methods, including corneal fluorescein sodium stain
ing, histological evaluation of cornea and major organs, intraocular 
pressure (IOP) measurement, in vitro cytotoxicity assessment, and the 
Hen’s egg test-chorioallantoic membrane (HET-CAM), were employed 
to assess the safety of the formulations. In mouse corneas, after 10 
consecutive days of PX-TA-AmB administration, no significant differ
ence was observed in the area of fluorescein sodium-stained positive 
regions between the PX-TA-AmB group and the control group 
(Fig. S17A). Moreover, continuous administration of PX-TA-AmB for 28 
days had no significant effect on IOP (Fig. S17C). The H&E staining of 
cornea (after 10 and 28 consecutive days of PX-TA-AmB administration) 
and main visceral organs revealed no apparent structural differences 
compared to healthy mice (Fig. S17B and Fig. S20). In vitro, human 
corneal epithelial cells (HCECs) and human corneal stromal cells 
(HCSCs) were incubated with PX-TA-AmB, resulting in minimal propi
dium iodide (PI) staining, similar to that in the PBS group, and most cells 
were positive for calcein AM (Fig. S18). In contrast, HCECs and HCSCs 
treated with AmB presented significantly increased PI staining, indi
cating the potential cytotoxicity of AmB. The HET-CAM assay also 

revealed similar results (Fig. S19A); thus, the PX-TA-AmB and 0.9 % w/v 
NaCl treatments did not induce significant irritation, whereas the AmB 
treatment led to mild irritation. The use of 0.1 M NaOH, which was used 
as a positive control for hemorrhage, resulted in severe vascular 
bleeding and coagulation, whereas the use of 1 % w/v sodium dodecyl 
sulfate (SDS), which was used as a positive control for vasoconstriction, 
resulted in vessel constriction and vascular bleeding and coagulation. 
The corresponding irritation scores (ISs) for 0.1 M NaOH and 1 % w/v 
SDS were 16.78 ± 0.62 and 12.95 ± 0.25, respectively, and these results 
indicated extreme irritancy. However, the PX-TA-AmB and NaCl treat
ments did not result in any irritant responses, and the IS score after AmB 
treatment was 2.413 ± 0.98 and indicated mild irritancy (Fig. S19B). 
The potential cytotoxicity and irritancy of AmB are among the limiting 
factors for its clinical use, whereas the above results indicate that PX-TA- 
AmB has good biosafety and can be safely administered via topical 
routes.

3. Conclusion

In this study, we developed a pathology-inspired thermosensitive eye 
drop system, designated PX-TA-AmB. During corneal injury, collagen is 
extensively exposed, and PX-TA-AmB is able to effectively address the 
therapeutic challenges of FK through targeted collagen binding and 
multifunctional effects. Specifically, compared with conventional free 
AmB drop therapy, which typically results in limited corneal retention 
(15 min) and requires six administrations daily, PX-TA-AmB demon
strated sustained retention at corneal ulcer sites (>90 min) through 
specific collagen-binding interactions, and superior therapeutic out
comes were attained with once-daily administration. Mechanistically, 
we demonstrated hyperactivation of the MAPK6/PI3K/AKT pathway in 
FK and its subsequent downregulation following PX-TA-AmB treatment, 
resulting in comprehensive anti-inflammatory effects; these effects 
included suppressed M1 macrophage polarization, reduced neutrophil 
infiltration, and downregulation of 22 inflammatory cytokines. Addi
tionally, our results indicated that the metal-chelating properties of TA 
could influence the LOX expression, potentially reduce matrix fibrosis 
during corneal healing, and thereby provide new insights for 
polyphenol-based drug delivery systems. Comprehensive analyses 
spanning clinical presentation, ethology, visual electrophysiology, his
topathology, and molecular biology demonstrate that due to the prev
alence of collagen exposure in most corneal diseases, this pathology- 
inspired PX-TA-AmB demonstrates promising potential for clinical 
translation and provides an innovative approach to increase the effi
ciency of corneal drug delivery.

4. Experimental section

4.1. Materials and instruments

PX 407, PX 188, TA and AmB (≥750 μg/mg) were purchased from 
Shanghai Aladdin Company. The Dulbecco’s modified Eagle’s medium/ 
F12 (DMEM/F12) culture medium used for cell culture was purchased 
from Gibco.

1H NMR data were acquired from a Bruker AVANCE III 400 MHz 
spectrometer and analyzed with MestReNova 9.0 software. FT-IR 
spectra were acquired from a Bruker TENSOR II spectrometer by ATR 
technology. The wavenumber range was from 400 cm− 1 to 4000 cm− 1. 
DLS and ζ potential measurements were carried out on a Zetasizer nano 
ZS90 (Malvern Panalytical Ltd. Malvern, UK) with a He-Ne laser (633 
nm). Scattered light was detected at 90◦. The data were analyzed by 
Zetasizer software. All the measurements were repeated three times. 
SEM images were acquired from a Tescan Mira LMS (Tescan, Brno, 
Czech Republic) with an accelerator voltage of 3 kV. UV–vis spectrum of 
AmB was recorded in a Shimadzu UV-1800 UV–vis spectrophotometer. 
The detection wavelength of AmB is set to 410 nm. Standard curve was 
determined based on the UV absorbance of series concentrations of AmB 
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ranging from 0.05 μg/mL ~50 μg/mL dissolved in DMF. The drug 
loading of AmB in PX-TA-AmB was determined by the absorbance of 
UV–vis after dissolved in DMF and calculated from the standard curve. 
The liquid chromatographic analysis was carried out on an Agilent high 
performance liquid chromatography (HPLC) system (Agilent Technolo
gies, CA, USA) with a Venusil MP C18 column (4.6 × 250 mm, 5 μm) 
maintained at 30 ◦C. The mobile phase was composed of water con
taining 0.73 vol% acetic acid and acetonitrile (30/70, v/v), and the flow 
rate was 1 mL/min. AmB was detected at a detection wavelength of 408 
nm with a retention time of 6.1 min. The standard curve was y =
122.38x – 1.86 with a R2 of 0.999.

4.2. Preparation and characterization of PX-TA-AmB thermosensitive eye 
drops

PX-TA was prepared through simple physical mixing. Specifically, 
the required amounts of P407 and P188 were accurately weighed and 
gradually added to cold deionized water (approximately 4 ◦C) under 
continuous stirring. The mixture was stirred at low temperature until 
complete dissolution and uniformity were achieved. After a homoge
neous solution was obtained, TA was slowly added to the poloxamer 
solution under continuous stirring. The resulting PX-TA mixture was 
allowed to reach room temperature and then stored at 4 ◦C in the dark 
for subsequent use.

To fabricate AmB-loaded eye drops, AmB was initially encapsulated 
in a poloxamer via the thin-film hydration method. Briefly, 4 mg of 
AmB, 1800 mg of Poloxamer P407 and 500 mg of Poloxamer P188 were 
dissolved in 10 mL of DMF in a 250 mL flask. After the solid materials 
completely dissolved, the DMF was rotary evaporated under high vac
uum, and a thin film formed in the flask. Then, 30 mL of deionized water 
was added to the flask, and AmB-loaded micelles were formed after 
vigorous ultrasonication. The size of the AmB-loaded poloxamer mi
celles was determined by DLS. The micelles were lyophilized, and the 
PX-TA-AmB eye drops were prepared according to the abovementioned 
physical mixing of lyophilized AmB-loaded poloxamer micelles and TA 
accordingly. PX-TA-AmB eye drops were lyophilized and characterized 
by 1H NMR after dissolved in dimethyl sulfoxide-d6 and FT-IR. The drug 
loading efficiency of PX-TA-AmB was determined by the absorbance of 
UV–vis at 410 nm after dissolved in DMF and calculated from the 
standard curve. The drug loading was calculated according to the 
following formula: DL% = mAmB/mhydrogel × 100 %. The encapsulation 
efficiency was calculated according to the following formula: EE% =
(loaded mAmB)/(fed mAmB) × 100 %.

To characterize the morphology of the hydrogel formed from PX-TA- 
AmB eye drops after gelation at body temperature, the PX-TA-AmB eye 
drops were incubated at 37 ◦C for 1 h to allow sufficient gelation of the 
PX-TA-AmB. Then, the hydrogel was quickly frozen in liquid nitrogen 
and lyophilized. The lyophilized hydrogel was cross-sectioned, and the 
morphology of the hydrogel was characterized by SEM.

4.3. In vitro drug release experiments

Two milliliters of PX-TA-AmB and AmB (0.2 % suspension) were 
added into dialysis bag with a MWCO of 7000 Da (n = 3). The dialysis 
bags were incubated in 40 mL PBS containing 0.1 % Tween 80. At 
predetermined time intervals, 1 mL dialysis medium was taken out and 
replaced by 1 mL fresh PBS containing 0.1 % Tween 80. The concen
tration of AmB was determined by HPLC. The cumulative release of AmB 
was calculated according to the following formula: 

Cm%=100% ×
Ve
∑n− 1

1 Ci + V0Cn

M0 

where M0 represents the amounts of AmB in the dialysis bag. V0 is the 
whole volume of the release media (V0 = 42 mL), Ve is the volume of the 
replaced media (Ve = 40 mL), Cn (μg/mL) represents the concentration 

of AmB in the nth sample.

4.4. Optimization of the thermosensitive eye drop formulation

Box‒Behnken design (BBD) was used to explore the effects of the 
P188 (5–15 %), P407 (16–20 %), and TA (0–5 %) concentrations on the 
gelation temperature (Tgel). These concentrations were independent 
variables, and Tgel was the dependent variable. Systematic factor com
binations were generated based on BBD principles (Table S2). Experi
mental designs and analyses were performed using Design-Expert 11 
software (Stat-Ease, Minneapolis, MN, USA), and the results were fitted 
to a quadratic polynomial model. ANOVA was used to assess model 
significance and factor influence and screen the optimal formulations or 
concentration ranges.

4.5. Light transmittance assessment

Samples (100 μL) of ultrapure water, PX (18 % P407, 5 % P188), PX- 
TA (18 % P407, 5 % P188, 2.5 % TA), PX-TA-AmB (18 % P407, 5 % 
P188, 2.5 % TA, 0.2 % AmB), and AmB (0.2 % suspension) were 
transferred to a 96-well plate. Optical density (OD) measurements were 
recorded using a spectrophotometer across the wavelengths ranging 
from 400 to 700 nm. To evaluate the effect of varying TA concentrations 
on transparency, 50 μL aliquots of PBS, PX (18 % P407, 5 % P188), PX- 
TA2.5 (18 % P407, 5 % P188, 2.5 % TA), and PX-TA5 (18 % P407, 5 % 
P188, 5 % TA) were pipetted onto transparent glass slides. The slides 
were positioned over paper printed with the Tianjin Eye Hospital logo, 
with a heating device underneath maintaining the slide temperature at 
37 ◦C. Images were captured using a Nikon Z6 camera (Nikon, Tokyo, 
Japan).

4.6. Stability assessment of PX-TA-AmB

For stability evaluation of PX-TA-AmB, both PX-TA-AmB (18 % 
P407, 5 % P188, 2.5 % TA, 0.2 % AmB) and free AmB (0.2 % suspension) 
were stored at 24 ◦C. At predetermined time points, the visual appear
ance of PX-TA-AmB was photographed and sol-gel transition tempera
tures were measured using the inverted tube method. Additionally, 
antifungal efficacy was assessed on Day 0 and Day 28 by treating 1 mL of 
fungal suspension (1 × 106 CFU/mL) with 1 μL of either PX-TA-AmB or 
free AmB for 24 h, followed by measuring the optical density at 600 nm 
(OD600) using a SpectraMax M5 microplate reader to evaluate fungal 
survival rate.

4.7. Rheological properties of PX-TA-AmB

The vial inversion method and rheological tests were conducted to 
evaluate the thermosensitive and rheological properties of the eye 
drops. By inverting vials during the heating process at a rate of 1 ◦C/min, 
the change in flowability of the eye drops at different temperatures was 
observed to determine their sol‒gel transition temperature. The rheo
logical properties of PX, PX-TA, and PX-TA-AmB were analyzed using an 
MCR 302 rheometer (Anton Paar, USA) equipped with a 25 mm diam
eter plate. First, the storage modulus (G′) and loss modulus (G″) were 
measured as a function of temperature at a heating rate of 1 ◦C/min 
under conditions of 5 % strain and a frequency of 1 Hz for different eye 
drops. The viscosities of PX, PX-TA, and PX-TA-AmB were subsequently 
measured at a shear rate of 5/s− 1. Additionally, the changes in G′ and G″ 
under 1 % and 50 % cyclic strains at 37 ◦C and a frequency of 1 Hz were 
measured to simulate the blinking action.

4.8. Corneal surface residency and adhesion behavior

The residency and adhesion behavior of the eye drops on the corneal 
surface were evaluated using anterior segment optical coherence to
mography (AS-OCT; Opteva, USA) and an in vivo imaging system (IVIS; 
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Lumina XRMS Series III, PerkinElmer, Waltham, USA). The rabbits were 
anesthetized by intravenous injection of sodium pentobarbital (30 mg/ 
kg) prior to imaging. AS-OCT images were captured at 0, 30, and 90 min 
following administration for the control group, PX group, and PX-TA- 
AmB group. Additionally, Rhodamine B (RhB) was encapsulated as a 
fluorescent marker in all formulations, and fluorescence imaging of the 
head region of the rabbits was conducted using IVIS (excitation/emis
sion: 530/600 nm) at 0 and 30 s and at 3, 10, 20, 45, and 90 min post- 
administration. Images were processed using ImageJ software (National 
Institutes of Health, USA).

For in vitro IVIS experiments, freshly excised porcine corneas from a 
local abattoir were used. Each cornea was fixed to a 12-well plate. The 
plates were maintained at 37 ◦C on a metal heating plate. After 
administering 50 μL of PX or PX-TA-AmB to each cornea, PBS was used 
to wash each cornea at a flow rate of 10 mL/min. After 30 min, fluo
rescence imaging was performed using IVIS (excitation/emission: 530/ 
600 nm).

For drug tracing experiments in corneas, PX-TA-AmB was addition
ally loaded with Cy3 (0.5 mg/mL) using the thin-film hydration method, 
while the AmB group was mixed with Cy3 at the same concentration. 
Mouse corneal epithelia were debrided using an epithelial scraper, fol
lowed by administration of 5 μL of different formulations. At pre
determined time points, mice were euthanized, and the excised eyeballs 
were rapidly processed for frozen sectioning and observed under SP8 
laser scanning confocal microscopy (Leica, Wetzlar, Germany) (excita
tion/emission: 550/570 nm).

4.9. In vitro antifungal activity assays

The Candida albicans strain (CA, ATCC MYA-2876) was purchased 
from the China General Microbiological Culture Collection Center.

To evaluate the in vitro antifungal activity of PX-TA-AmB, frozen CA 
strains were initially inoculated onto Sabouraud dextrose agar (SDA) 
plates to isolate single colonies. The isolated single colony was inocu
lated into Sabouraud dextrose broth (SDB) and cultured at 30 ◦C for 24 
h. Then, 1 mL of fungal suspension (1 × 106 CFU/mL) was treated with 
1 μL of either PBS (control), AmB (0.2 % suspension), PX-TA (18 % 
P407, 5 % P188, 2.5 % TA), or PX-TA-AmB (18 % P407, 5 % P188, 2.5 % 
TA, 0.2 % AmB); these represented the different treatment groups. The 
mixtures were incubated at 30 ◦C for 24 h. Following incubation, 100 μL 
of each suspension was transferred to a 96-well plate, and cell growth 
was assessed by measuring the OD600. Subsequently, 10 μL of each 
culture was plated onto SDA plates and incubated at 30 ◦C for 24 h. 
Colony-forming units (CFUs) were counted to determine viable cell 
numbers. For the fungal disk diffusion assay, sterile filter paper disks (6 
mm diameter) were soaked in AmB, PX-TA, or PX-TA-AmB solutions for 
1 min. Then, 10 μL of the fungal suspension (1 × 107 CFU/mL) was 
spread onto SDA plates, and the soaked disks were placed onto the agar 
surface. After incubation at 30 ◦C for 24 h, the diameters of the inhibi
tion zones were measured. Images were processed using ImageJ 
software.

For SEM imaging of fungal morphology, fungal suspensions treated 
with the aforementioned therapeutic regimens were centrifuged at 
4000 rpm and washed with PBS. The specimens were then fixed in 4 % 
glutaraldehyde solution at 4 ◦C for 12 h, followed by sequential dehy
dration, drying out, and conductive coating. SEM images were acquired 
using a Hitachi Regulus 8100 SEM (Hitachi, Tokyo, Japan).

For antibiofilm assessment, fungal suspensions (1 mL, 1 × 107 CFU/ 
mL) were cultured in 24-well plates at 30 ◦C for 12 h, followed by 
treatment with the previously described therapeutic regimens for 48 h. 
Different staining protocols were employed for distinct analytical pur
poses. For crystal violet staining, samples were gently washed with PBS 
and stained with 200 μL of 0.2 % crystal violet solution, followed by PBS 
washing and photography. For fluorescence imaging, samples were 
stained using the LIVE/DEAD Biofilm Viability kit (Thermo Fisher Sci
entific, Waltham, MA, USA) according to the manufacturer’s protocol. 

Three-dimensional imaging was performed using SP8 laser scanning 
confocal microscopy (Leica, Wetzlar, Germany).

4.10. Animal experiments

Female C57BL/6 mice (6–8 weeks old) free of specific pathogens 
were purchased from Vital River (Beijing, China), and healthy female 
New Zealand white rabbits (2.0–2.5 kg) were purchased from Tianjin 
Yuda (Tianjin, China). The experiment was approved by the Ethics 
Committee of the Institute of Radiation Medicine, Chinese Academy of 
Medical Sciences (approval number: IRM/2-IACUC-2409-038) and was 
conducted in accordance with the ARVO Statement for the Use of Ani
mals in Ophthalmic and Vision Research.

4.11. In vivo treatment efficacy and visual function assessment

All mouse FK models were established by inoculating Candida albi
cans into scarified corneas. Briefly, the mice were anesthetized via 
intraperitoneal injection of tribromoethanol (200 mg/kg), and a 30G 
needle was used to create 30 crosshatch scratches on the right cornea of 
each mouse to induce corneal scarring. Subsequently, 5 μL of a Candida 
albicans suspension (1 × 106/mL) was evenly distributed on the corneal 
surface as an inoculum. After 24 h of inoculation, the established FK 
mice were randomly divided into four groups and treated according to 
the following regimens: the control group (5 μL of PBS administered 
once daily); the AmB group (5 μL of 0.20 % AmB suspension adminis
tered six times daily to simulate the first-line clinical treatment); the PX- 
TA group (5 μL of PX-TA eye drops administered once daily); and the PX- 
TA-AmB group (5 μL of PX-TA-AmB eye drops administered once daily). 
Additionally, a natamycin group (5 μL of 0.20 % natamycin suspension 
administered six times daily) was preliminarily compared with the AmB 
group through anterior segment photography, fluorescein sodium 
staining, and histological evaluation, and was excluded due to inferior 
therapeutic efficacy.

Anterior segment images of all mice were captured every two days 
using a slit lamp microscope (Topcon Healthcare, SL-D701, China), and 
fluorescein sodium-stained images of the ocular surface were collected 
under cobalt blue light at the designated time points. Signs of inflam
matory changes in the anterior segment were observed every two days, 
and their severity were scored and recorded based on established criteria 
[56](Table S3). On day 4 posttreatment, a subset of the mice was 
euthanized, and their eyeballs were harvested for fungal burden ex
periments and histopathological examinations related to fungal 
viability. On day 6 posttreatment, the eyeballs were collected for cyto
kine assays and etiological histopathological analyses.

Visual function assessment was performed on day 10 post-treatment 
and included evaluations of both visual electrophysiology and animal 
ethology. Visual function was assessed using a visual electrophysiology 
system (Roland consult, Germany) according to the electrode mounting 
method described in the ISCEV standards to record full-field ERG pat
terns. Additionally, light aversion behavior was evaluated using a light‒ 
dark box (Zhongshi Technology, China); here, the mice were placed in a 
closed box divided into bright and dark areas, and their activity time and 
choice behavior under different lighting conditions were recorded using 
infrared photography. Images were processed using ImageJ software.

4.12. Transcriptomic analysis

Corneal samples collected from FK (control, n = 3) and PX-TA-AmB- 
treated (n = 3) mice were immediately preserved in liquid nitrogen. The 
harvested tissues were subjected to paired-end sequencing (PE150) 
using an Illumina NovaSeq 6000 platform (Illumina Inc., San Diego, CA, 
USA) at LC Biotechnology Co., Ltd. (Hangzhou, China), following the 
manufacturer-recommended protocols.
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4.13. In vivo corneal wound healing evaluation

All New Zealand White rabbits were anesthetized before surgery 
with intravenous sodium pentobarbital (50 mg/kg) for general anes
thesia and 0.5 % proparacaine hydrochloride eye drops for topical 
anesthesia. A 3.5 mm diameter and 1/3 corneal thickness epithelial and 
stromal defect was created at the center of the right cornea of each rabbit 
using a corneal trephine. The established corneal injury model was 
randomly divided into the following four groups: the control group (20 
μL of PBS, once daily), the PX group (20 μL of PX eye drops, once daily), 
the PX-TA group (20 μL of PX-TA eye drops, once daily), and the PX-TA- 
AmB group (20 μL of PX-TA-AmB eye drops, once daily). Anterior 
segment photography and fluorescein sodium staining were performed 
at predetermined time points. After 28 days, the rabbits were eutha
nized, and the eyeballs were harvested for further pathological exami
nation. Images were processed using ImageJ software.

4.14. In vivo pharmacokinetics assay

The established corneal injury New Zealand White rabbit model was 
randomly divided into two groups (n = 3): AmB group (20 μL 0.20 % 
AmB suspension) and PX-TA-AmB group (20 μL PX-TA-AmB eye drops). 
At predetermined time intervals, 70 μL aqueous humor were collected 
and mixed with 400 μL methanol, and centrifuged at 12000 rpm for 10 
min and analyzed by HPLC. Meanwhile, the corneas of rabbits were 
harvested, weighed and homogenized by glass homogenizer. The ho
mogenates were extracted by 500 μL 75 % methanol, and centrifuged at 
12000 rpm for 10 min. Then the supernatants were collected and 
evaporated at 30 ◦C using Eppendorf Concentrator plus (Eppendorf Co., 
GER). The residue was redissolved in 200 μL methanol and analyzed by 
HPLC.

4.15. ICP-MS analysis of corneal copper concentration

Fresh rabbit corneal tissues were weighed after excess surface 
moisture was removed using filter paper. The tissues were then mixed 
with HNO3 and subjected to digestion in a high-pressure microwave 
digestion system. Subsequently, the samples were diluted and brought to 
a final volume of 10 mL. Quantitative analysis of copper concentration 
was performed using inductively coupled plasma mass spectrometry 
(ICP-MS, Agilent 7800, CA, USA), with concurrent blank controls and 
standard curve calibration.

4.16. LOX relative activity assay

A semi-quantitative activity assay was performed using a LOX Ac
tivity Assay Kit (Abcam, Cambridge, UK). Corneal tissues were homog
enized in 0.5 mL extraction buffer (containing 6 M urea, 10 mM Tris, and 
protease inhibitors), followed by centrifugation at 12000 rpm for 10 min 
at 4 ◦C. The supernatant was collected, appropriately diluted with PBS, 
and 50 μL was added to each microplate well. 50 μL of LOX Reaction Mix 
was added to each well to make the total assay volume 100 μL. The 
fluorescence at 535/590 nm was measured after incubation at 37 ◦C for 
30 min.

4.17. Pathological histology

The harvested eyeballs were immediately fixed in 4 % para
formaldehyde and left at 4 ◦C for 24 h. After gradient dehydration, the 
tissues were embedded in paraffin, and 4 μm paraffin sections were 
prepared for further staining. The sections were subjected to hematox
ylin and eosin (H&E) staining, periodic acid-Schiff (PAS) staining, 
Masson’s trichrome staining, and Calcofluor white (CFW) staining. Im
ages were captured using a light microscope (Olympus CX41, Tokyo, 
Japan). The corneal thickness in the H&E images was analyzed using 
ImageJ software.

4.18. Luminex analysis

Corneal tissues harvested on day 6 post-treatment from differently 
treated mice were homogenized, and proteins were extracted using RIPA 
buffer. Protein samples (45 μg) were sequentially incubated with 
microbeads (1 h), detection antibodies (30 min), and streptavidin-PE 
(10 min); afterward, the expression levels were measured using a 
Luminex 200 System (Luminex Corporation, Austin, TX, USA) with a 
Bio-Plex Pro Mouse 23-plex Kit (Bio-Rad, CA, USA).

4.19. Immunofluorescence staining

Eight-micron-thick frozen sections of eyeballs were prepared after 
fixation. Following permeabilization with 0.1 % Triton X-100 and 
blocking with 1 % BSA, the sections were incubated overnight at 4 ◦C 
with primary antibodies. The primary antibodies used included Ly6g 
(eBioscience, 14–5931, 1:50), CD86 (Proteintech, 13395-1-AP, 1:150), 
CD206 (Proteintech, 18704-1-AP, 1:150), MMP9 (Affinity Biosciences, 
AF5228, 1:200), α-SMA (Proteintech, 14395-1-AP, 1:150), IL-6 (Affinity 
Biosciences, DF6087, 1:200), and IL-1β (Affinity Biosciences, AF5103, 
1:200). After being washed with PBS three times, the sections were 
incubated in the dark at room temperature for 1 h with either a goat anti- 
rat IgG secondary antibody (Jackson ImmunoResearch, 112-546-003, 
1:500) or a goat anti-rabbit IgG secondary antibody (Jackson Immu
noResearch, 111-546-003, 1:500). Following another wash, the sections 
were mounted with an anti-fade reagent containing 4′,6-diamidino-2- 
phenylindole (DAPI) (Abbkine Scientific, Wuhan, China). Images were 
captured using SP8 laser scanning confocal microscopy. Images were 
processed using ImageJ software.

4.20. Western blot

On Day 6 posttreatment, the corneas from the mice were dissolved in 
200 μL of RIPA buffer (Solarbio, China), followed by tissue homogeni
zation, sonication, and centrifugation at 12,000 rpm for 15 min to 
collect the supernatant, and the protein concentration was measured 
using a BCA assay kit (Thermo Fisher Scientific, USA). The total protein 
was separated using sodium dodecyl sulfate polyacrylamide gel elec
trophoresis (SDS-PAGE) and transferred onto a 0.45 μm pore size pol
yvinylidene fluoride (PVDF) membrane (Millipore, Germany); this 
membrane was then blocked with 5 % milk at room temperature and 
incubated with primary antibodies overnight at 4 ◦C; these antibodies 
included p-PI3K (Cell Signaling Technology, 4228, 1:1000), PI3K (Cell 
Signaling Technology, 4257, 1:1000), p-Akt (ABclonal, AP1453, 
1:1000), Akt (ABclonal, A18675, 1:2000), MAPK6 (Abcam, ab53277, 
1:1000), IL-1β (Abcam, ab9722, 1:1000), MMP9 (Proteintech, 10375-2- 
AP, 1:1000), Vinculin (Proteintech, 26520-1-AP, 1:10000) and β-Actin 
(ABclonal, AC026, 1:20000). After three washes, the PVDF membrane 
was incubated with a goat anti-rabbit secondary antibody (Proteintech, 
SA00001-2, 1:10000) at room temperature for 1 h, and the protein 
bands were finally detected using enhanced chemiluminescence (ECL) 
(Thermo Fisher Scientific, USA). The bands were quantified via ImageJ 
software.

4.21. Real-time polymerase chain reaction (RT‒PCR)

Real-time PCR (RT‒PCR) was performed using the Universal RNA 
Purification Kit (EZBioscience, Roseville, USA) for the extraction of the 
total RNA from corneas, followed by reverse transcription of RNA 
samples using the TransScript All-in-One First-Strand cDNA Synthesis 
SuperMix for qPCR Kit (Transgen, China). qPCR was then conducted 
using a LightCycler 96 system (Roche, Mannheim, Germany). The data 
were analyzed using the 2-ΔΔCt method, and all primers were purchased 
from Sangon Biotech (Shanghai, China). The sequences of the primers 
are listed in Table S4.
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4.22. Biosafety assessment experiments

HCECs and HCSCs were provided by Professor Yan Wang from 
Tianjin Eye Hospital and used to assess the cytotoxicity of PX-TA-AmB 
using the Calcein/PI Cell Viability Assay Kit (Beyotime, China). 
Briefly, HCECs and HCSCs (1 × 106 cells/mL) were seeded into 6-well 
plates at 1 mL per well and incubated at 37 ◦C in a 5 % CO2 atmo
sphere. The cells were treated with 1 μL of either PBS (control), AmB 
(0.2 % suspension), PX-TA (18 % P407, 5 % P188, 2.5 % TA), or PX-TA- 
AmB (18 % P407, 5 % P188, 2.5 % TA, 0.2 % AmB) for 24 h. Following 
the manufacturer’s instructions, the cells were stained with calcein-AM 
and propidium iodide (PI) dyes. Live and dead cells were visualized 
under a fluorescence microscope and appeared green and red, 
respectively.

The ocular irritation potential of PX-TA-AmB was evaluated via the 
HET-CAM assay. Specific pathogen-free (SPF)-grade fertilized chicken 
eggs (Zhushun Biotechnology, China) were incubated at 38 ± 0.5 ◦C. On 
the 10th day of incubation, the eggs were illuminated to locate the air 
cell, and a 2 × 2 cm2 section of the eggshell was carefully removed using 
forceps. After the inner membrane was moistened with 0.5 mL of saline, 
the membrane was gently peeled off. Subsequently, 0.3 mL of the test 
formulations (AmB or PX-TA-AmB) was applied to the CAM. The control 
solutions consisted of 0.9 % (w/v) NaCl as a negative control, and 0.1 M 
NaOH and 1 % (w/v) SDS served as positive controls to induce hemor
rhage and vasoconstriction, respectively. Changes in the CAM were 
observed and recorded within 5 min. ISs were calculated using the 
following formula:

IS = [5 × (301 − time to hemorrhage (s)/300)] + [7 × (301 − time to 
vasoconstriction (s)/300)] + [9 × (301 − time to coagulation (s)/300)]

Ocular irritation was classified as follows: IS < 1, no irritation; 1 ≤ IS 
< 5, mild irritation; 5 ≤ IS < 9, moderate irritation; and IS ≥ 9, severe 
irritation.

In vivo, PX-TA-AmB or PBS was administered to the right conjunc
tival sac of each mouse once daily. On day 10, the corneas were stained 
with 2 μL of 0.5 % sodium fluorescein for observation. Subsequently, 
mouse corneas (day 10 and day 28) and main visceral organs (day 10) 
were harvested for histological evaluation. Additionally, mouse intra
ocular pressure (IOP) in different groups was measured using an 
TONOLAB tonometer (iCare, Finland) throughout the 28-day contin
uous administration period to monitor the formulation’s effect on IOP.

4.23. Statistical analysis

All data were analyzed using GraphPad Prism 8 software (GraphPad 
Software, CA, USA). Experimental results are presented as means ±
standard deviation from at least three independent biological replicates. 
Assumptions of normality and homogeneity of variances were verified 
prior to conducting ANOVA. Statistical comparisons were made using 
one-way ANOVA with Tukey’s test for multiple comparisons and two- 
way ANOVA with the Sidak test for multiple comparisons. Differences 
were considered significant at P values less than 0.05.
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