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Background: The proliferation and establishment of infections by pathogenic microorganisms require essential nutrients, such as
host-derived iron. The sequestration of iron by the host represents an ancient defense mechanism against microbial invasion. Apo-
Transferrin (Apo-Tf) is a promising and novel antimicrobial agent with intrinsic iron sequestration properties and therefore merits
clinical investigation. Given the characteristics of natamycin (NAT) such as its low aqueous solubility and significant ocular irritation,
we developed apo-Tf decorated liposomes encapsulating NAT for the treatment of fungal keratitis (FK).

Methods: NAT was encapsulated into liposomes using the lipid film hydration method. Natamycin-loaded transferrin-conjugated
liposomes (NAT@TF-LP) were synthesized via the post-insertion technique and characterized through zeta-sizer analysis, morphology
and Fourier transform infrared (FTIR) spectroscopy. The encapsulation efficiency, loading capacity, and in vitro release profile were
determined by ultraviolet spectrophotometry. The cytotoxicity, ocular surface irritation, and systemic safety of liposomal formulations
were evaluated in corneal epithelial cells and mice. In vitro studies investigated the antifungal properties of NAT@TF-LP, while
in vivo experiments assessed eye surface retention and therapeutic efficacy in an FK mouse model.

Results: The prepared liposomes exhibited a well-defined nanostructure with uniform dimensions and apo-Tf was effectively
conjugated to the surface, as verified by the emergence of characteristic amide bands in FTIR analysis. The loading efficiencies of
NAT@LP and NAT@TF-LP were 5.6% and 3.53% respectively, with encapsulation efficiencies above 96%. Both formulations
facilitated sustained NAT release and prolonged ocular surface retention. The in vitro release of NAT from NAT@TF-LPs followed
a diffusion-controlled profile, exhibiting an excellent fit to both Higuchi and Korsmeyer—Peppas models. Additionally, they exhibited
good biosafety profiles in both cytotoxicity and ocular irritation assays. In vivo, NAT@TF-LPs demonstrated superior therapeutic
efficacy, resulting in a 15.4-fold reduction in corneal fungal burden (approximately 1.19-log reduction) compared to the free NAT
group, alongside a marked decrease in the protein expression of pro-inflammatory cytokines, including IL-1B (65.0%), IL-6 (59.0%),
and TNF-a (73.0%), with a 69.3% enhancement in anti-inflammatory IL-10 levels.

Conclusion: The apo-Tf functionalized liposomal system improves NAT ocular bioavailability and exhibits augmented antifungal and
therapeutic efficacies. This enhancement is attributed to the combined benefits of the liposomal platform and the inherent antimicrobial
properties of apo-Tf. This study highlights the promising potential of NAT@TF-LPs for the pharmacotherapy of FK.
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Introduction

Fungal keratitis (FK), a severe sight-threatening corneal infection, is recognized as a major global cause of vision loss.'
Improper use of contact lenses and steroids are key contributors to its high incidence.* The primary causative agents are
the filamentous fungi Aspergillus spp. and Fusarium spp. and the yeast Candida spp.” These fungal infections of the
cornea often lead to poor clinical outcomes because of delayed microbiological identification, morphological variability
in culture, and constrained drug efficacy and corneal penetration.®’

The critical importance of iron for both microbial proliferation and virulence has been increasingly recognized in
recent years. Exogenous iron is indispensable for the survival and proliferation of virtually all microbes, including
pathogenic species that infect mammalian hosts.®'' In several fungal species, including Aspergillus fumigatus,
Cochliobolus heterostrophus and Gibberella zeae, the disruption of iron homeostasis impairs their sexual development
and germination of conidia.'®'* Therefore, therapeutic approaches aimed at iron restriction have gained attention as
a viable method for combating resistant infections. However, the development of small-molecule iron chelators into
viable anti-infective therapies has proven challenging, partly due to their associated toxicity issues.'*'>

In mammals, iron sequestration is primarily mediated by transferrin-family iron-binding proteins.'® Human transferrin
(Tf), a 76-kDa glycoprotein, is primarily synthesized in the liver. Tf exists in different biochemical states, namely the
iron-free (apo-Tf), monoferric, and iron-saturated (holo-Tf) forms.'” Apo-Tf has demonstrated potent cross-kingdom
antimicrobial activity, inhibiting the growth of Gram-positive and Gram-negative bacteria, and the fungus Candida
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albicans."® " This iron-binding protein demonstrated synergy with rifampicin against S. aureus in vitro, reducing its
MIC from 0.15 mg/L to 0.019 mg/L—an eight-fold reduction. Furthermore, apo-Tf (lacking iron) significantly sup-
pressed the emergence of antibiotic resistance during the course of treatment.'® Some studies have explored the potential
of administering exogenous Tf at supraphysiological levels as an iron-chelating therapeutic strategy for infections, which
may overcome some limitations associated with small-molecule chelators.”> These findings provide evidence that
microbial infections can be treated with apo-Tf by restricting metal availability. Given the broad-spectrum activity of
apo-Tf, we sought to determine whether it could also restrict the growth of A. fumigatus in vitro and enhance therapeutic
efficacy in FK.

In addition to its antimicrobial properties, apo-Tf can mitigate iron-induced oxidative stress and modulate the
excessive inflammatory response, thereby conferring protective effects on organs and tissues.”> ¢ For instance,
systemic iron levels in individuals with sickle cell disease (SCD) activate neutrophils to release neutrophil extra-
cellular traps (NETs), directly promoting inflammation. The iron scavenger deferoxamine and apo-Tf significantly
suppressed neutrophil extracellular trap (NET) formation in a majority of SCD serum samples.”’ Furthermore,
reducing levels of circulating iron by apo-Tf conferred protection against renal ischemia-reperfusion (I/R) injury by
mitigating oxidative stress and inflammation, thereby preserving organ function.”® Apo-Tf could also alleviate
hypoxia-ischemia-induced neuroinflammation through anti-apoptotic effects, preserve oligodendrocyte survival, and
facilitate cerebral repair.”*

The transferrin receptor (TfR) is widely distributed on the surfaces of most cells. Consequently, Tf has been explored
as a ligand for functionalized drug delivery across biological barriers.”’>' The corneal epithelium constitutes
a formidable obstacle to the anterior segment delivery of topical nanoparticles. Previous work has demonstrated TfR
expression in human corneal epithelium.’>** Nanoparticles functionalized with Tf have shown favorable uptake
characteristics into various corneal layers, namely the epithelium, stroma and endothelium.>* Previous studies have
also indicated that the transferrin-mediated liposomal system represents a promising platform to facilitate gene delivery
to the corneal endothelium.** Recently, transferrin-coated nanoparticles have shown potential in functionalized delivery
to intestinal infection likely due to the overexpression of TfR during inflammation.*> Apo-Tf was selected for this
functionalized system to leverage its intrinsic therapeutic adjuvant properties via iron sequestration, while exploring its
role as a potential ligand to facilitate TfR-mediated corneal penetration.

Natamycin (NAT) is a natural tetraene macrolide antibiotic classified within the polyene antifungal family.*® Despite
its global use, developing NAT formulations that offer enhanced bioavailability (BA) and reduced ocular irritation
remains challenging. With a high molecular mass of 665.733 g/mol, NAT faces major delivery obstacles due to its low
aqueous solubility and poor corneal permeability.>” Therefore, following topical application, NAT exhibits low ocular
residence and minimal bioavailability (2%), thus requiring frequent dosing.*®

Compared with free drugs or other delivery systems, liposomes (LPs) present the advantages of being food grade,
biodegradable, biocompatible and non-toxic due to their natural phospholipid composition.>® Liposomal delivery systems
have demonstrated efficacy in enhancing the therapeutic performance of antimicrobial agents, particularly antibiotics, by
significantly improving their pharmacological activity, bioavailability, and stability.**** Many studies have reported the
superior efficacy of liposomal systems against various pathogens, achieving enhanced bacterial killing even at antibiotic
reduced doses.**** Both liposomal ciprofloxacin and amikacin have demonstrated superior efficacy over their non-
encapsulated counterparts in treating lung infections, owing to their enhanced ability to infiltrate pre-formed biofilms and
penetrate infected macrophages.*>**¢

No prior studies have described the preparation of apo-Tf decorated liposomes for the encapsulation of NAT. While
various natamycin nanoformulations have been developed to enhance drug solubility and ocular bioavailability, most of
these systems utilize pharmacologically inert materials. Although apo-Tf is known for its targeting capabilities, its
intrinsic antimicrobial properties are less commonly exploited in nanocarrier design. In this study, our NAT@TF-LP
platform represents a strategic shift toward bioactive functionalization by integrating the intrinsic antimicrobial properties
of the carrier itself. The prepared liposomes were subjected to physicochemical characterization and stability evaluations.
Furthermore, this investigation comprehensively evaluated the antifungal and anti-inflammatory potential of the
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liposomal system both in vitro and in vivo. Consequently, it presents a promising biomimetic nanotherapeutic platform
for improving the clinical management of corneal fungal infections.

Materials and Methods

Materials

Cholesterol (ShFeng Biotechnology Co., Ltd).; Egg Phosphatidylcholine (EPC), DSPE-mPEG2000, and 2-Iminothiolane
hydrochloride (Traut’s reagent) (Solarbio Co., Beijing, China); DSPE-mPEG2000-Maleimide (DSPE-mPEG2000-MAL)
(Aladdin, Shanghai, China); Recombinant Human Apo-Transferrin Protein (Yeasen Biotechnology Co., Ltd., Shanghai,
China); Natamycin (NAT) (Macklin Biochemical Co., Ltd., Shanghai, China).

Crystal violet (CV), Dimethyl sulfoxide (DMSO) from Solarbio Co. (Beijing, China); Dulbecco’s Modified Eagle
Medium (DMEM), trypsin, penicillin—streptomycinfetal and bovine serum (FBS), from Gibco BRL (USA); Protein
Concentration Determination Assay Kit from Solarbio; calcofluor white (CFW) stain (Sigma-Aldrich, Shanghai, China);
Propidium lodide (PI) (Leagene Biotechnology, Beijing, China); Cell Counting Kit-8 (CCK-8) (MCE, USA); ELISA kit
for inflammatory factors (Elabscience, Wuhan, China); RNAiso Plus (TaKaRa, China); Prime Script RT Reagent Kit; and
gPCR Master Mix from Vazyme (China) were utilized in this study.

Methods
Preparation of Natamycin-Loaded Liposomes
Natamycin Liposomes (NAT@LP) were prepared using the thin-film hydration method.*” Appropriate quantities of EPC,
cholesterol, DSPE-mPEG2000, and NAT were weighed and dissolved in a mixed organic solvent at a mass ratio of 50:14:3:4.
The mixture was transferred to a round-bottom flask after the addition of methanol/chloroform (1:2, v/v). Subsequent rotary
evaporation under reduced pressure removed the organic solvent, affording a uniform thin lipid film on the flask’s inner wall.
The flask was then removed, and the lipid film was hydrated with 15 mL of ultrapure water by vigorous vortex mixing. The
mixture was sonicated for 5 min in an ice bath using a probe-type ultrasonicator at a power of 200 W with a pulse cycle of 3
son’ and 2 s “off” to obtain the NAT@LP. The final concentration of NAT in the formulated suspension was 0.027% (w/w).
Homogeneous liposomes were obtained with a 0.22 um-filter (Millipore), used to sterilization.

Natamycin-Loaded Transferrin-Conjugated Liposomes (NAT@TF-LP) were prepared by the post-insertion method.*®
A 10 mg/mL apo-Tf solution was mixed with 4 mg/mL Traut’s reagent at a molar ratio of 1:10 and incubated for 1 h with
gentle shaking to allow thiolation. The thiolated apo-Tf was then purified via dialysis and subsequently reacted with
DSPE-mPEG2000-MAL overnight at a 1:10 molar ratio to form the DSPE-mPEG2000-Tf conjugate.*’ The preformed
NAT@LP was incubated with DSPE-mPEG2000-Tf at 37 °C for 30 min to allow the hydrophobic lipid tails of the
conjugate to spontaneously insert into the outer leaflet of the liposomal membrane, yielding NAT@TF-LP. Unbound apo-
Tf was separated using a 100 kDa molecular weight cut-off ultrafiltration centrifuge tube (Merck Millipore, USA). The
content of conjugated apo-Tf was then determined with a bicinchoninic acid (BCA) protein assay kit.>°

The Physicochemical Characterization of the Liposomes

The mean zeta potential and particle size of LP, NAT@LP and NAT@TF-LP were measured at room temperature using
a particle size/zeta analyzer (90Plus PALS, NanoBrook, American). The storage stability of NAT@LP and NAT@TF-LP
was assessed through evaluation of key physicochemical parameters (particle size and zeta potential) on days 1, 3, 5, 7,
and 14 under refrigerated conditions (4°C). The different preparations of liposomes were stained with phosphotungstic
acid and visualized using transmission electron microscopy (TEM, JEOL-1200EX).

The chemical structures and successful surface functionalization of the liposomes were evaluated using FTIR
spectroscopy. Briefly, the lyophilized samples (including free apo-Tf, NAT@LPs, and NAT@TF-LPs) were mixed
with spectroscopic-grade potassium bromide (KBr) and pressed into thin pellets. The spectra were then recorded using
a Nicolet iS5 FTIR spectrometer (Thermo Fisher Scientific, USA). All measurements were performed over a scanning
range of 4000 to 500 cm™' at room temperature.

4 https: International Journal of Nanomedicine 2026:21



Hu et al

NAT Standard Curve, Encapsulation Efficiency(EE), and Loading Efficiency(LE)

The absorbance of different concentrations of NAT was measured at 304 nm using a UV—vis spectrophotometer.”’ The
resulting absorbance values, plotted against the concentration of NAT, were utilized to generate a standard curve. The
EEs of both NAT@LP and NAT@TF-LP were assessed via ultrafiltration centrifugation. In this process, the NAT@LP
formulation was five-fold diluted with methanol and sonicated for 15 minutes to ensure complete drug release. The NAT
concentration was determined based on the absorbance measured at 304 nm, with reference to a pre-established standard
curve. The total amount of drug, defined as m(NAT), was analyzed after methanol demulsification. To isolate the free
drug, a sample of NAT@LP was placed in a ultrafilter (10 kDa MWCO). Subsequent centrifugation at 9000 rpm for
10 min forced the unencapsulated NAT through the membrane into the aqueous filtrate below.*” The amount of the
nonencapsulated insoluble drug was recorded as m(free NAT). Similarly, the total content of the prepared NAT@TF-LP
and the content of free drugs can be determined. Additionally, the total mass of liposomes (m(LPs)) was obtained by
freeze-drying an aliquot of the liposomal suspension using a freeze dryer (LGJ-10FD, SongYuan, Beijing, China).
The drug EE and LE were calculated as follows:

EE(%) = m(NAT) — m(free NAT)/m(NAT) x 100% (1)

LE(%) = m(NAT)/m(LPs) x 100% )

In vitro Drug Release Study

To assess the in vitro drug release profile, a dynamic dialysis model was employed.’'-** 10 mL of free NAT or NAT@LP
or NAT@TF-LP were filled into a 3500 kD MWCO dialysis bag (Solarbio, China), respectively. The dialysate bag was
subsequently immersed in 250 mL of PBS on an oscillator. We collected 1 mL of the dialysate at scheduled times,
immediately replenishing the volume with PBS. The released drug concentration in these samples was determined by
measuring absorbance at 304 nm. The cumulative release percentage was calculated using the standard formula: (amount
of drug released / total drug loaded)x100%.

To further investigate the drug release mechanism and kinetics of liposomes, the cumulative release data were fitted
into several mathematical models, including the Zero-order (Q; = K - ¢), First-order (In(1 — Q;) = —K - ¢), Higuchi
(Or = Ky - 1'/?), and Korsmeyer-Peppas (Q, = Kxp - ") models. In these equations, O, represents the cumulative
percentage of NAT released at time ¢, while Ky, K, Ky, and Kgp correspond to the respective release rate constants.
For the Korsmeyer—Peppas model, the diffusion exponent (n) was utilized to characterize the transport mechanism. The
model exhibiting the highest coefficient of determination (R?) was identified as the most suitable model for describing the
NAT release kinetics.

Evaluation of the Ocular Surface Retention Ability

The retention of the various formulations (NAT, NAT@LP, and NAT@TF-LP) on the ocular surface was assessed by
a fluorescence-based method. Briefly, fluorescein sodium was used as a tracer and mixed with each formulation at a 1:5
mass ratio. A 5 pLL dose of the drug mixture was applied via instillation into the mouse conjunctival sac. After gently
closing the eye for 10 seconds, ocular surface clearance was monitored under cobalt blue light at 0, 1, 3, 5, 10, and
25 min by tracking the decrease in fluorescence intensity.

Preparation of A. fumigatus

Conidial and hyphal preparations of A. fumigatus (CGMCC 3.14869) were obtained following an established method.>?
Conidial suspensions were obtained by washing Sabouraud’s agar cultures with PBS supplemented with 0.1% Tween 20.
Conidia were resuspended following centrifugation and adjusted to target concentrations. To prepare hyphae, fungal
cultures were harvested, ground into 20-40 pum fragments, and washed with PBS via centrifugation (4000xg, 40 min).
The hyphal material was then inactivated using 75% ethanol, thoroughly rinsed with PBS, and finally resuspended in
DMEM to the required concentration.
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Detection of Antifungal Activity in vitro

To evaluate the antifungal efficacy, the minimum inhibitory concentration (MIC) was assessed. Liposomal formulations
(NAT@LP or NAT@TF-LP) were introduced into wells containing 4. fimigatus conidia at a density of 1x10° CFU/mL
in Sabouraud medium. The final NAT concentrations, calculated from the drug loading data, followed a two-fold dilution
series (0.25-16 pg/mL). After incubation for 48 hours at 37°C, the absorbance at 540 nm was recorded to quantify
growth inhibition.

CFW was employed to stain the fungal cell wall, while PI was used to evaluate the extent of fungal cell membrane
damage. After culturing at 37 °C for 32h, the hyphae treated with PBS, NAT, NAT@LP and NAT@TF-LP were
subsequently stained with CFW or PI for 10 min. Then, the fungus exhibited a brilliant blue fluorescence (CFW) or
a red fluorescence (PI), which was observed under a fluorescence microscope (Zeiss, Germany).

The biofilm formation was determined from the CV uptake of live A. fumigatus. The drug concentration and culture
time of each group was the same as mentioned above. Following a 15-min incubation with 0.1% crystal violet, the
samples were destained with 95% ethanol for 3 minutes, and the absorbance at 570 nm was recorded.

Conidial adherence to human corneal epithelial cells (HCECs, obtained from Xiamen Eye Center of Xia Men
University) was assessed using hematoxylin and eosin (HE) staining. HCECs were maintained under culture conditions
standardized in prior work.>> Following a 12-hour culture on four-chamber slides, HCECs were exposed to conidial
suspensions (5 x 10°/mL) in PBS, NAT, NAT@LP, or NAT@TEF-LP for 3 h at identical concentrations. Each chamber
was then rinsed with sterile PBS to remove non-adherent conidia, air-dried, and fixed using 4% paraformaldehyde
(Elabscience, USA). Subsequently, the samples were stained with HE according to standard protocols. Then, the samples
were imaged under a microscope (Zeiss, 400%). For quantification, four independent microscopic fields were randomly
selected for each group. The conidia adhering to the HCECs were manually counted, and the adhesion level was
calculated as the average number of adherent conidia per HCEC.

SEM and TEM were employed to examine the impact of NAT, NAT@LP, and NAT@TF-LP on fungal microstruc-
ture. Following collection, hyphal samples were processed for analysis by primary fixation with 2.5% glutaraldehyde
(4°C, 2 h), PBS rinsing, and post-fixation in 1% osmium tetroxide (4°C, 1 h). These fixed samples were then dehydrated
using ethanol, critically point-dried with CO,, and gold-sputtered prior to observation under a JEOL JSM-840 SEM.
Imaging was conducted at 2000xand 5000xmagnifications (scale bars = 20 or 10 pm).>

Drug Safety Assessment

Ocular tolerance was assessed in normal mice via the Draize test to ensure species consistency with the in vivo keratitis
model, while adhering to the 3Rs principles of animal welfare.*’* NAT, NAT@LP, and NAT@TF-LP were prepared as
eye drops in sterile PBS at the same NAT concentration and applied to the conjunctival sac four times daily. On days 1, 3,
and 5, corneal epithelial damage was evaluated by corneal fluorescein staining (CFS) under a cobalt blue slit-lamp
microscope.” Following the treatment period, tissues were collected on day 5. Eyeballs were encased in optimal cutting
temperature (OCT) compound and snap-frozen for sectioning, while the livers, kidneys, hearts, and spleens were also
collected. Tissue sections (8 um thick) were then prepared, fixed in acetone, and dehydrated using ethanol. The staining
procedure involved hematoxylin for 5 min, a tap water wash, eosin counterstaining for 30s, and a distilled water rinse.
Finally, these sections were dehydrated, cleared, mounted, and imaged under a light microscope. HE staining of the
retina, liver, kidney, heart and spleen were performed to evaluate the in vivo biosafety of liposomes. In addition, CCK- 8
assay in HCECs was carried out to assess the toxicity effect of liposomes with different drug concentrations. Following
plating and culture to 80-90% confluence, HCECs were treated with formulations for 24 h. Cell viability was assessed
using a CCK-8 assay, with absorbance measurement at 450 nm after a 2 h incubation.

Evaluation of Drug Efficacy in vivo

All experimental protocols involving animals were conducted in compliance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. The mice were anesthetized with 8% chloral hydrate (0.4 mL/kg).
Following anesthesia, the FK mouse model was established using our established method.’® Mouse cornea was infected
with 4. fumigatus conidia (1 x 10"/mL). Corneas were treated with 3 pL of PBS, NAT (16 ug/mL) or NAT@LP or
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NAT@TF-LP four times per day and then observed using slit-lamp microscope on days 1, 3, and 5 post-infection. The
severity of FK was graded based on established clinical scoring criteria.”> For euthanasia, mice were first rendered
unconscious in a carbon dioxide chamber and then subjected to cervical dislocation. The corneas of mouse were
separated with a surgical blade at 3 days post-infection Isolated corneas were homogenized in 1 mL of sterile PBS
using a TissueLyser (QIAGEN, Germany). A 50 uL aliquot from each homogenate was subjected to culture on
Sabouraud agar (28°C, 48 h) to observe fungal growth. The viable fungal burden on the corneas was determined by
enumerating colony-forming units (CFU) using the plate count method (n = 3/group).

HE staining was conducted to facilitate a clear and intuitive observation of the integrity and changes in the cornea.
On day 3 post-infection, mouse corneas from different treatment groups were harvested, embedded in OCT compound,
frozen, and subsequently processed for HE staining as described above.

IL-1pB, IL-6, TNF-a and IL-10 expression in murine corneal tissues was quantified by RT-PCR and ELISA (n = 3/
group). Following centrifugation of homogenized lysates, the supernatant was treated with chloroform. Total RNA was
then isolated from the aqueous phase by isopropyl alcohol precipitation. The resulting pellet was washed, air-dried, and
resuspended in DEPC-treated water for concentration/purity measurement on a Nanodrop ND1000 (Thermo Fisher).
Finally, cDNA was synthesized using a PrimeScript RT kit and RT-PCR was carried out as described previously,”' with
primers listed in Table S1. The same method was used to collect the supernatant of corneal tissues. Concentrations of IL-
1B, IL-6, TNF-a and IL-10 proteins were determined with specific ELISA kits (Biolegend, CA, USA) following the

. . . 1
provided instructions.’

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0, with data reported as mean = SD. Group differences were
assessed by unpaired t-test (two groups) or one-way ANOVA (> three groups). A P-value below 0.05 was considered
significant (*P < 0.05, **P < 0.01, ***P < 0.001). All experiments included a minimum of three independent replicates.

Results and Discussion

Identification and Characterization of Properties of Liposomes

As shown in Figure 1A, the mean hydrodynamic diameters of the three liposomal formulations—plain liposomes (LPs),
natamycin-loaded liposomes (NAT@LPs), and transferrin-conjugated natamycin-loaded liposomes (NAT@TF-LPs)—
were 144.3 + 2.88 nm, 174.7 £ 6.92 nm, and 205.5 + 1.27 nm, respectively. Furthermore, the particle sizes of all
formulations remained stable throughout the 14-day observation period (Figure 1B). The incorporation of apo-transferrin
resulted in a moderate increase in liposome size, which can be attributed to the successful surface conjugation of the
protein. Notably, the polydispersity index (PDI) showed no significant variation across all groups (Figure 1C), suggesting
that the functionalization process did not compromise the stability of the liposomes. Zeta potential measurements further
verified the surface modification. The values for LPs, NAT@LPs and NAT@TF-LPs were —16.23 + 1.28 mV, —16.08 +
3.12 mV, and —20.06 £ 3.19 mV, respectively (Figure 1D). Importantly, the zeta potential of NAT@TF-LPs was
significantly more negative compared to NAT@LPs (P < 0.05). The more negative zeta potential of NAT@TF-LPs is
consistent with the presence of negatively charged apo-Tf on the liposomal surface, aligning with previous reports on
protein-decorated nanocarriers.”’ After 14 days of continuous observation, all drug-loaded formulations exhibited
a narrow particle size distribution with PDI values below 0.25 (Figure 1E and F). This finding suggests that storage at
4 °C effectively maintains the physical integrity of the liposomes, potentially minimizing premature drug leakage.
Characterization confirmed that the lipid vesicles were uniform in size and composition, indicating their suitability for
subsequent applications.”® Consequently, these results confirm the stability of the prepared liposomes.>***° The morphol-
ogy and structure of LPs, NAT@LPs and NAT@TF-LPs can be visualized by TEM (Figure 1G). The images indicated
that all prepared formulations were well-dispersed and exhibited spherical nanostructures, consistent with those of
previous studies.®’ Importantly, TEM analysis could also confirm the presence of apo-Tf on the liposomal surface
directly at the molecular level.’® Transferrin-conjugated liposomes clearly displayed a particulate surface coating that
was absent in unconjugated preparations. FTIR spectroscopy was employed to verify the successful covalent conjugation
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Figure | Physicochemical characterization of liposomal formulations. (A—C) Hydrodynamic diameter and PDI of plain LPs (blue), NAT@LPs (purple), and NAT@TF-LPs
(pink) during 14-day storage at 4 "C. (D) Zeta potential of plain LPs, NAT@LPs, and NAT@TF-LPs. (E and F) Temporal changes in particle size and PDI of NAT@LPs and
NAT@TF-LPs over 14 days, as measured by dynamic light scattering. (G) Representative TEM images illustrating the morphology and structural integrity of liposomes.
(H) FTIR spectra of apo-Tf, NAT@LP, and NAT@TF-LP. ns represents no statistical significance; *P < 0.05, **P < 0.01,**P < 0.001.

of apo-Tf onto the liposomes (Figure 1H). The spectrum of free apo-Tf exhibited characteristic Amide I (1676 cm ') and
Amide II (1522 cm™ ") bands,®® alongside a broad O-H/N-H stretching peak at 3538 cm . Plain NAT@LP displayed
typical phospholipid markers,*® including lipid hydrocarbon C-H (2936 cm™ "), ester C=0 (1730 cm '), and phosphate
group vibrations (1239 cm™ ' and 1073 cm "), with no detectable absorption at the Amide II position. In the NAT@TF-LP
spectrum, all fundamental lipid peaks were preserved, indicating that the liposomal structural integrity remained intact
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after functionalization. Crucially, prominent Amide I (1655 cm™') and Amide II (1522 cm ') signals emerged. The
distinct appearance of the Amide II band provides direct evidence for the presence of apo-Tf on the liposomes, which
aligns with established FTIR structural confirmations of apo-transferrin conjugated to lipidic platforms.®* Additionally,
the narrowing and enhancement of the peak at 516 cm ™' is attributed to the C-S stretching vibration, which is consistent
with the anticipated thioether bond formation via the maleimide-thiol reaction. Collectively, these spectral features
confirm the successful functionalization of the NAT@TF-LP nanoplatform.

Drug Loading and Release from Liposomes

The linearity of NAT was established over a concentration range of 0200 pg/mL, and the correlation coefficient R value
was 0.999 (Figure 2A). Based on this standard curve, the encapsulation efficiency and loading efficiency were
determined. The loading efficiencies of NAT@LP and NAT@TF-LP were 5.6% and 3.53% respectively, while the
encapsulation efficiencies reached 96.85% and 96.3%. The stability of these parameters before and after functionalization
indicates that no detectable NAT leakage occurred. Both NAT@LP and NAT@TF-LP exhibited high encapsulation
efficiencies and comparable loading efficiency values. Such a disparity is an inherent trait of lipid-based nanocarriers
engineered for hydrophobic or amphiphilic drugs. Since these molecules predominantly localize within the restricted
space of the lipid bilayer, a substantial molar excess of structural components is mandated to provide adequate volume
for NAT molecules and prevent precipitation.®>°® This structural requirement inherently establishes a physical upper
limit on the overall loading efficiency. A parallel formulation strategy is evident in the clinically approved liposomal
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Figure 2 In vitro drug release and ocular retention assessment. (A) Standard curve of NAT based on UV-vis absorbance at 304 nm. (B) Cumulative release profiles of free
NAT, NAT@LPs, and NAT@TF-LPs. (C) Ocular surface retention of fluorescein-labeled NAT, NAT@LPs, and NAT@TF-LPs in mice.
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amphotericin B (AmBisome™), which maintains structural integrity by employing a distinctly low drug-to-lipid mass
ratio of 0.143 mg/mg.®” Furthermore, the incorporation of cholesterol (optimally at 30-40 mol%) exerts an ordering
effect on the phospholipid molecules.®®®” This ordering effect decreases bilayer permeability and prevents the uncon-
trolled leakage of the encapsulated natamycin.”® Surface modification with PEG-derivatives improves the overall
pharmaceutical stability of the lipid-based nanocarriers.” We evaluated the in vitro release of NAT from the liposomal
formulations in PBS (Figure 2B). Compared to the rapid release observed with free NAT, both NAT@LPs and NAT@TF-
LPs exhibited a more sustained release pattern. To further understand the release mechanism, the data were fitted to
mathematical models. The release profile of NAT@TF-LPs best fit the Korsmeyer-Peppas model (R = 0.985) with
a release exponent (n) of 0.54, closely followed by the Higuchi model R = 0.962). These kinetic parameters
demonstrate that the sustained release of NAT is primarily governed by a diffusion-controlled mechanism across the
stable lipid bilayer, which aligns with recent kinetic evaluations of surface-functionalized ocular liposomes.”* Such
controlled release behavior is highly advantageous for ocular drug delivery, as it prevents drug precipitation and extends
the residence time of NAT on the ocular surface, potentially enhancing corneal penetration and improving overall
bioavailability.”

Evaluation of Ocular Surface Retention

Physiological factors, such as the blinking reflex and tear secretion, lead to the rapid clearance of NAT from the ocular
surface following administration. This phenomenon contributes to the short precorneal residence time of the drug,
consequently reducing its topical bioavailability. Moreover, this rapid clearance poses challenges for dosage optimiza-
tion, including the frequency of application and the risk of overdose.”* The therapeutic efficacy of commercially
available antifungal suspensions is constrained by their short ocular residence and low bioavailability. Consequently,
strategies aimed at prolonging ocular surface retention have emerged as a central approach to improving drug
absorption.”” In this study, we evaluated the ocular surface retention ability of different formulations using anterior
segment fluorescence imaging under cobalt blue illumination. Fluorescence of the NAT disappeared within 5 minutes
after administration (Figure 2C). However, the fluorescence of NAT@LP and NAT@TF-LP completely disappeared after
approximately 25 minutes. These results clearly demonstrate that liposomal formulations significantly prolong precorneal
retention compared to the free drug solution. The extended residence time can be attributed to the exterior surfactant shell
of liposomes, which facilitates sustained interactions with ocular tissues.’®

Antifungal Effects of NAT@LPs and NAT@TF-LPs

The antifungal activity of the liposomal formulations was evaluated by determining the minimum inhibitory concentration
(MIC) using absorbance readings at 540 nm. Owing to the sustained-release properties of liposomes, early-stage treatment of
low-concentration liposomal NAT (0.25 pg/mL) did not exhibit significant antifungal effects compared to free NAT at
equivalent concentrations (Figure 3A—F). Notably, apo-transferrin-functionalized liposomes (NAT@TF-LPs) achieved over
90% fungal growth inhibition at a concentration of 4 ug/mL (Figure 3G). At this concentration, the antifungal efficacy of
NAT@TF-LPs was markedly higher than that of free NAT at the same concentration (4 pg/mL) and comparable to that of 8 pg/
mL free NAT. Therefore, a concentration of 4 pg/mL was selected as the working concentration for subsequent in vitro
experiments. Additionally, our study confirmed that apo-transferrin alone effectively inhibits the growth of 4. fumigatus
in vitro at relatively low concentrations (45 pg/mL) (Figure 3H). This observation is consistent with previous reports that the
supplementary addition of apo-transferrin can effectively inhibit the growth of 4. fumigatus by scavenging labile iron in the
environment.’’ Based on the BCA assay, the concentration of conjugated apo-Tf in the NAT@TF-LPs (at 4 pg/mL NAT) was
79.3 ng/mL. The antifungal efficacy of NAT@TF-LPs was significantly superior to that of NAT@LPs (non-functionalized
liposomes containing the same 4 pg/mL of NAT but no apo-Tf). These results indicate that the combined presence of NAT and
apo-Tf in the functionalized liposomes leads to a more potent antimicrobial activity at a lower NAT dosage. Moreover, the
inhibitory effect of NAT@TF-LPs on fungal growth was sustained for up to 48 hours (Figure 31I).

The integrity of fungal cell membranes is critical to cell viability.”® To evaluate membrane permeability, we performed PI
staining, which revealed enhanced fluorescence intensity in fungal nuclei and chromosomal materials released from dead cells
with compromised membranes. Notably, the NAT@TF-LPs group exhibited stronger fluorescence compared with the NAT
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and NAT@LPs groups (Figure 4A), indicating greater membrane disruption. Furthermore, CFW staining showed a marked
reduction in hyphal growth of A. fumigatus after treatment with NAT@TF-LPs (Figure 4B), supporting the enhanced
antifungal effect of the functionalized liposomes.

The impact of the liposomal formulations on A. fumigatus was further examined by SEM and TEM to assess morpho-
logical alterations and damage to cell wall and membrane integrity (Figure SA and B). SEM observations revealed that
untreated hyphae maintained intact morphological structures with smooth surfaces. In contrast, hyphae treated with the
liposomal formulations, particularly NAT@TF-LPs, exhibited obvious surface damage, including cracks and pores (indicated
by black arrows). Furthermore, ultrastructural analysis by TEM corroborated these findings, revealing severe deformities in
hyphae treated with NAT@TF-LPs. These included indistinct cell walls, membrane fragmentation, and disorganized
cytoplasmic contents, which appeared more pronounced than the effects observed with NAT@LPs.

The initial phase of FK involves the breach of the corneal epithelium, the primary defensive barrier of the cornea, which
facilitates fungal colonization. Fungal adhesion to host epithelial cells represents a key step in infection establishment.”

Additionally, biofilm formation significantly enhances fungal tolerance to antifungal agents and promotes immune evasion.*

NATA

NATA@TF-LP NAT@LP

NATA

NAT@LP

NATA@TF-LP

Figure 4 Evaluation of antifungal mechanisms in vitro by fluorescence and electron microscopy (scale bar =150 um). (A) Pl staining for membrane integrity. (B) CFW
staining for cell wall morphology.
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Figure 5 SEM (A; scale bars = 10 um and 2 pm) and TEM (B; scale bar = 500 nm) images of A. fumigatus hyphae following treatment with PBS or liposomal formulations.

In this study, both NAT@LPs and NAT@TF-LPs decreased the adhesion of conidia to host cells (Figure 6A—F) and
demonstrated a superior ability to inhibit biofilm formation (Figure 6G) compared to free NAT.

Biocompatibility Evaluation of NAT@LPs and NAT@TF-LPs in vitro and in vivo

Currently marketed antifungal suspensions suffer from low bioavailability, high dosing frequency, and ocular irritation and
discomfort during prolonged treatment of FK. Despite these limitations, NAT remains the drug of choice for treating FK.*'
Liposomes functionalized with apo-transferrin provide a viable approach to address the limitations of conventional NAT
formulations, potentially reducing side effects and ocular toxicity. In this study, equivalent concentrations of NAT were used
as controls. CCK-8 assay results showed that neither NAT@LPs nor NAT@TF-LPs, at concentrations up to 32 ug/mL,
significantly inhibited the viability of HCECs in comparison with the control. Conversely, a cytotoxic effect was observed
with free NAT, which decreased cell viability to under 90% at 16 pg/mL and the cytotoxicity exhibited a clear concentration-
dependent pattern (Figure 7A—C). In summary, both NAT@LPs and NAT@TF-LPs demonstrated excellent biocompatibility
under in vitro conditions.

Draize eye tests were conducted to evaluate the ocular toxicity of NAT and liposomal formulations in mouse models.
Healthy mice were treated with various drug formulations, and the ocular surface condition was monitored daily for five
consecutive days using slit-lamp examination under cobalt blue light. Fluorescein sodium staining revealed no discern-
ible fluorescence in any of the liposome-treated groups (Figure 7D). In contrast, mice treated with the same concentration
of free NAT eye drops exhibited clear fluorescein staining in corneal tissue by the fifth day, indicating epithelial damage.
These findings suggest that liposomal encapsulation significantly reduces the ocular toxicity associated with free NAT.
Consistent with these observations, histological analysis of ocular sections (eg, retina) stained with HE showed an
absence of pathological alterations in the eyes of treated mice compared to normal controls (Figure 7E). Furthermore, HE
staining of major organs—including the liver, heart, spleen, and kidney—collected after the treatment period revealed no
appreciable morphological differences between drug-treated and normal mice. No visible lesions were observed in any of
the tissues examined. Collectively, these results demonstrate that apo-transferrin-modified liposomes exhibit high
biosafety in vivo. Notably, unlike small-molecule iron chelators that often exhibit toxicity due to non-specific iron
depletion, transferrin is an endogenous regulatory protein that maintains iron homeostasis without disrupting intracellular
iron storage.”” Previous clinical studies have demonstrated that even high doses of exogenous apo-transferrin are well-
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Figure 6 Fungal adhesion and biofilm formation on HCECs. HE staining of HCECs co-cultured with A. fumigatus conidia under different treatments: (A) conidia only, (B)
PBS, (C) NAT, (D) NAT@LPs, (E) NAT@TF-LPs. (F) Quantitative analysis of adherent conidia per HCEC. (G) Biofilm formation assessed by crystal violet assay. ns
represents no statistical significance; *P < 0.05,**P < 0.01, ***P < 0.001.

tolerated in patients.®? Combined with our results, these findings suggest that NAT@TF-LPs do not adversely affect the
iron homeostasis of the corneal microenvironment and exhibit high biosafety in vitro and vivo.

In vivo Efficacy of NAT@LPs and NAT@TF-LPs

The therapeutic efficacy of liposomal formulations was evaluated in a mouse model of FK. PBS and free NAT (16 pg/mL)
served as controls alongside the liposomal formulations. Representative photographs (Figure 8A) showed that PBS-treated
corneas developed severe opacity and swelling at 3 days post-infection. In comparison, corneas treated with free NAT
exhibited moderate cloudiness, while those treated with NAT@LPs displayed noticeably reduced opacity and swelling.
Notably, NAT@TF-LP treatment resulted in only minimal corneal opacity. Clinical scores, assessed using a standardized
inflammation scoring system, further supported these observations (Figure 8B). In alignment with the improved clinical
outcomes, NAT@TF-LPs achieved a substantial 15.4-fold reduction (approximately 1.19-log) in corneal fungal burden
relative to the free NAT group (Figure 8C and D). These results highlight the potential of liposomes as effective drug delivery
systems for ocular antifungal therapy. Composed of biodegradable and biocompatible phospholipid bilayers, liposomes are
capable of encapsulating diverse therapeutic agents, which enhances both stability and bioavailability.***” In comparison with
previously reported natamycin nanoformulations, such as conventional liposomes or PEGylated nanoparticles which primar-
ily focus on enhancing drug solubility through passive carrier systems,”' our NAT@TF-LP platform represents a strategic
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Figure 8 In vivo antifungal efficacy of liposomal formulations. (A) Slit-lamp photographs of infected corneas and (B) clinical scores of FK severity at 3 days post-infection after
various treatments. (C and D) Representative images of corneal fungal burden assessed by plate counting. ns represents no statistical significance; *P < 0.05,***P < 0.001.

functionalization. While existing inert delivery systems act solely as structural vehicles, the integration of apo-Tf into our
liposomal surface introduces an adjunctive therapeutic dimension. Evidence from our in vitro studies confirms that the apo-Tf
protein itself possesses inherent antimicrobial activity, which provides a complementary therapeutic contribution alongside the
encapsulated NAT. This bioactive modification offers a distinct advantage over conventional formulations by potentially
lowering the required therapeutic dose and improving the overall prognosis of FK, even when considering the biological
barriers of the cornea for topical drug delivery. Additionally, it is recognized that TfR is expressed on the surface of most cell
types,” " including the human corneal epithelium.>*** Previous studies have shown that transferrin-functionalized nano-
particles are efficiently internalized across multiple corneal layers.** Furthermore, TfR expression can be upregulated during
inflammatory conditions,>> making apo-transferrin an especially promising ligand for functionalized drug delivery to infected
corneas. While this may partly contribute to the observed efficacy, the precise molecular mechanisms require further
specialized evaluation in future studies including the specific contribution of receptor-mediated pathways. From a clinical
translation standpoint, the use of biodegradable phospholipids and a naturally occurring human protein (apo-Tf) ensures
a favorable biocompatibility profile, potentially simplifying regulatory pathways. Future development could focus on
optimizing large-scale manufacturing via microfluidic techniques and evaluating long-term storage stability, such as lyophi-
lization, to meet clinical requirements for ocular anti-infective therapies. Furthermore, we acknowledge that the current in vivo
evaluation serves as an exploratory proof-of-concept study. The relatively small sample size necessitates cautious interpreta-
tion, and future confirmatory studies with larger, prospectively powered cohorts are required to robustly validate these
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Figure 9 Anti-inflammatory effects of liposomal treatments in vivo. (A) HE-stained corneal sections from each treatment group at 3 days post-
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therapeutic outcomes. In conclusion, NAT@TF-LPs represent a promising strategy for the treatment of FK, achieving
functionalization-enhanced ocular delivery of NAT and significantly improving its therapeutic efficacy.

Anti-Inflammatory Activity of Liposomes

Innate immunity represents the principal mechanism protecting the host from fungal infections. Nevertheless, an excessive
inflammatory response can result in a poor FK prognosis by inducing corneal injury through elevated cytokine production.
Therefore, it is crucial to eliminate the excessive production of proinflammatory cytokines in the cornea to alleviate FK.*
Notably, some studies have also demonstrated that iron overload could elevate inflammatory mediators, and this iron-mediated
toxicity can be mitigated by iron-chelating agents such as transferrin.”>** Building upon this rationale, several apo-transferrin-
coated nanoparticles have been designed to provide a combined effect with therapeutic drugs.®"** In our study, HE staining
results illustrated that the NAT@TF-LPs group exhibited the most favorable prognosis at 3 days post-infection, characterized
by less infiltration of inflammatory cells and tissue damage (Figure 9A). Treatment with NAT@TF-LPs significantly
attenuated the overall inflammatory profile at both the mRNA and protein levels (Figure 9B-I). Specifically, compared to
free NAT, the nanoplatform reduced the protein expression of key proinflammatory markers, including IL-1p (by 65.0%), IL-6
(by 59.0%), and TNF-a (by 73.0%), while concurrently upregulating the anti-inflammatory cytokine IL-10 by 69.3%.

Consistent with previous studies,***"?*

owing to the presence of the endogenous iron chelator apo-transferrin, NAT@TF-
LPs effectively downregulated fungal-induced cytokine cascades, thereby alleviating inflammatory responses in FK. This
integrated anti-inflammatory efficacy is likely derived from the combined contributions of each component: NAT indirectly
limits inflammation by reducing the primary fungal stimulus, while apo-Tf modulates the inflammatory cascade as an
endogenous iron chelator. The liposomal platform further sustains this therapeutic synergy by prolonging ocular retention.
While NAT@TF-LPs demonstrate significant potential, the precise molecular contributions of TfR-mediated endocytosis
versus iron sequestration remain to be quantified. Future studies employing receptor-blocking assays will be essential to

further decouple these mechanisms.

Conclusion

In this study, we designed a novel and highly efficient liposomal formulation for the treatment of FK by encapsulating
NAT into apo-transferrin-functionalized liposomes. Apo-Tf itself exhibited strong antifungal activity at low concentra-
tions. Meanwhile, liposomal encapsulation conferred sustained-release characteristics on NAT, thereby enhancing its
bioavailability. Consequently, the NAT@TF-LP formulation demonstrated remarkable antifungal efficacy in vitro by
inhibiting fungal growth, suppressing biofilm formation, and reducing conidial adhesion. In vivo experiments revealed
that NAT@TF-LPs exhibited excellent biocompatibility. Treatment with NAT@TF-LPs significantly reduced corneal
fungal burden, exhibited anti-inflammatory activity, and alleviated FK severity. In conclusion, apo-transferrin-conjugated
liposomes for the delivery of NAT represent a promising biomimetic nanoplatform with great potential to enhance the
clinical management and therapeutic efficacy of FK.
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