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Background: Fungal keratitis (FK), a major cause of blindness, remains challenging to treat due to poor drug penetration and
antifungal resistance. Amphotericin-B (AmB), a water-insoluble and low-permeability, necessitates innovative delivery systems to
improve its therapeutic efficacy.

Methods: AmB was encapsulated within oleosomes (Ole) prepared using the ethanol injection method, using phosphatidylcholine
(Lipoid S100) and sodium oleate, resulting in nanosized spherical globules. The optimized Ole were characterized, then the selected
Ole were incorporated into sodium polyacrylate/PEG/chitosan-based microneedles (AmB-Ole/MNs) to improve ocular delivery by
creating transient microchannels on the eye surface.

Results: The optimized Ole showed a droplet size of (175 + 0.78 nm), polydispersity index of (0.33 £ 0.04), zeta potential of (31 +
0.43 mV), high entrapment efficiency (914+0.63%), and improved stability, bioavailability, and controlled drug release. The AmB-Ole/
MNs system increases corneal penetration and contact time via transient microchannels in the eye surface, achieving sustained drug
delivery over 72 hours with 70% ex vivo permeation over 80 hours compared to AmB. In vitro antifungal activity and histopatho-
logical examination showed that the AmB-Ole/MNs system has potent biofilm disruption (>90%) and 27 mm and 32 mm zones of
inhibition against Candida albicans and Aspergillus niger, respectively. The Cytotoxicity test showed reduced AmB toxicity with
biocompatibility and in vivo rabbit model, ocular tolerance by targeting TLR4/NLRP3 pathways and histopathological studies.
Conclusion: The AmB-Ole/MNs system as an innovative ocular delivery platform for fungal keratitis offers sustained drug release,
enhanced permeation, potent antifungal activity, and reduced toxicity. AmB-Ole/MNs showed promise for ocular AmB delivery for FK.
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Introduction

Fungal keratitis (FK), which results in blindness, accounts for 20-60% of corneal infections with positive cultures in
tropical and subtropical areas. Underdeveloped nations report 1.5—2 million cases of keratitis-related blindness annually.'-*
FK risk factors include corneal injury, prolonged contact lens wear, eye surface disorders, and topical steroid use. Fk affects
1.4 million people worldwide, and 10% of eyeballs perforated, causing monocular blindness in 60%.>* In tropical areas,
filamentous fungi like Fusarium and Aspergillus species cause most of the FK, while yeasts like Candida species are rarer.
The biofilm that causes antifungal resistance makes Candida spp ocular infections difficult to treat. Management is difficult
due to the disease’s subtle clinical appearance and poor antifungal response.” Mycotic infection must be treated if the
presence of leading risk factors like plant-caused corneal damage, indiscriminate topical corticosteroids, or prolonged
contact lens use exists.°

Topical natamycin therapy is the main treatment for FK, but voriconazole, fluconazole, itraconazole, chlorhexidine,
amphotericin B, and econazole can also be used.” However, most topical antifungal drops do not penetrate the deeper
corneal layers, resulting in insufficient therapeutic concentration at the infection site, a suboptimal therapeutic response,
prolonged treatment, and unfavourable outcomes.' Therapeutic penetrating keratoplasty (TPK) is performed more often
for fungal infections than bacterial keratitis. TPK has a higher graft failure rate than bacterial aetiology. Therefore, an
alternative strategy is needed to improve corneal transplant results in stubborn cases.®’

Amphotericin B (AmB) is a broad-spectrum antifungal agent used for the treatment of severe systemic and ocular
infections, including candidiasis and aspergillosis. However, its clinical use is often limited by poor solubility and
significant toxicity, particularly nephrotoxicity in deoxycholate formulations.'® Newer delivery systems, such as lipid-
based carriers, have aimed to improve their safety and efficacy profile. In the context of fungal keratitis, topical
administration of AmB remains suboptimal due to poor corneal permeability and limited ocular retention, highlighting
the need for novel delivery strategies.® Traditional AmB deoxycholate and lipid-based formulations, such as liposomes,
lipid complexes, and colloidal dispersions, optimize efficacy and toxicity for many therapeutic applications. AmB heals
cryptococcal meningitis and severe disseminated candidiasis best, but liposomal formulations are preferred by those who
cannot tolerate deoxycholate, which is nephrotoxic.®> AmB can be breathed or injected intraperitoneally to treat organ-
specific fungal infections like pulmonary aspergillosis and fungal peritonitis. Due to its broad spectrum and multiple
delivery routes, AmB is a versatile antifungal. AmB treats serious eye conditions like fungal keratitis and endophthal-
mitis. For fungal keratitis, topical AmB (0.15-0.3%) is diluted with sterile water due to the lack of commercial
ophthalmic formulations."" Tt works well against Candida species but less than natamycin or voriconazole against
filamentous fungi like Aspergillus and Fusarium. Initially, topical medication is administered every 1-2 hours, with
frequency reduced as the infection responds. For severe fungal infections, intravitreal injections of Amphotericin B (5-10
1g/0.1 mL) are used to deliver high local drug concentrations directly into the vitreous cavity.'* This method is effective
for Candida-associated endophthalmitis when used with systemic antifungals. In severe or refractory cases, intravenous
AmB 0.5-1 mg/kg/day may be used. Nephrotoxicity and electrolyte imbalances limit its systemic use, requiring close
monitoring during therapy.®® AmB, especially lipid formulations, treats Leishmania species parasitic infections. This
disorder mostly affects the liver, spleen, and bone marrow. AmB may protect bone marrow transplant patients and
immunosuppressive patients from fungal infections in high-fungal-exposure situations.'> AmB treats fluconazole- and
itraconazole-resistant fungal infections as a last resort. AmB may treat severe or resistant mucocutaneous Candida
infections. Mucorales fungi, mostly Rhizopus, Mucor, and Lichtheimia species, cause mucormycosis, or “black fungus”,
a deadly fungal infection. Immunocompromised people with uncontrolled diabetes, cancer, or corticosteroids are most at
risk. AmB is the best mucormycosis treatment because it fights Mucorales.”'* Despite its limited use in eye infections,
AmB kills microorganisms. Topicals do not penetrate deeper corneal layers, so they do not treat deep keratitis. Without
proper dosages, intravitreal injections can cause retinal toxicity, while topical treatment can cause epithelial toxicity.

AmB is usually used when natamycin for filamentous fungus or voriconazole fails. Because of its broad-spectrum
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efficacy and low resistance to most fungal diseases, AmB, the first successful antifungal drug, is considered the gold
standard for treating systemic fungal infections. Candida species, Aspergillus fumigatus, Histoplasma capsulatum, and
Cryptococcus neoformans all respond to AmB, Although they are classified as a Biopharmaceutical Classification System
class (BCS IV), it is unsuitable for oral formulation development due to low water solubility, permeability, and instability
in acidic conditions (pH < 2). Thus, only intravenous AmB products are available; parenteral administration would
hasten medication onset, but it is inconvenient, necessitates aseptic techniques, causes pain, and costs more.'> Oral
administration is more popular and accepted than parenteral administration because it is simpler to administer, more
convenient, and less painful for patients.

Liposomes, solid lipid nanoparticles (SLNs), and nanostructured lipid carriers (NLCs) are among the nanocarriers
being studied for the delivery of Amphotericin B; however, these methods have their limitations when it comes to ocular
applications. Liposomes are biocompatible, but they can be unstable, and drug leakage can occur.'®!” Solid lipid
nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) exhibit enhanced stability; nonetheless, they present
challenges related to low drug loading capacity and restricted penetration through ocular barriers.'® Oleosomes’
deformable lipid bilayer structure, as well as the presence of oleic acid, a well-known permeation enhancer that improves
mucosal delivery, influenced their choice. When used in conjunction with microneedles, the system can effectively
bypass corneal barriers, extend drug residence time, and maintain drug release. This allows for direct and minimally
invasive delivery of the substance to the ocular tissues.'® This twin approach provides a novel solution to the limitations
of conventional nanocarriers for delivering ocular Amphotericin B.>° By making AmB more soluble in water and
shielding it from acidity, they may enhance its oral bioavailability. Unfortunately, the majority of nanocarriers are toxic in
vivo and have a limited capacity to load drugs. In 1998, Lee et al created “oleosomes”, or oleic acid-integrated
liposomes, to fight lipid peroxidation and inflammation.*' Since then, their permeation-enhancing qualities have led to
their use in topical delivery systems and personal care products.

Oleic acid liposomes (Ole) were first proposed in 1973 by Gebicki and Hicks.?* These are classified as “unsaturated
fatty acid vesicles”, which consist of both fatty acids along with their ionized species, they are identified by a closed lipid
bilayer membrane.”® These phospholipid carriers reduce the drug’s side effects by enhancing its retention in the skin
membrane’s cells, effectively combating bacterial infections over longer durations. Oleosomes (Ole) have recently
sparked interest due to their ability to improve liposome stability and deformability, as well as their inherent anti-
inflammatory, antioxidant, and antibacterial properties, which may improve the therapeutic efficacy of certain drugs.** As
a result, oleosomes may be considered a viable delivery mechanism for managing multiple sclerosis, as they possess
intrinsic antioxidant and anti-inflammatory properties, as well as enhanced permeability and stability.

Microneedles (MNs) are a micron-scale technology measuring between 60 and 1000 um in height, which minimally
infiltrates ocular tissue. In ocular medication administration, microneedles create aqueous channels in the cornea, thereby
surmounting the corneal barrier and improving ophthalmic drug absorption. Polymeric microneedles, which are made of
biocompatible or biodegradable polymers that reduce ocular tissue damage, allow for recovery in 24 hours and produce
no medical waste when fully degraded.”>*® Various micro- or nanoparticle drug delivery systems have been successfully
incorporated into microneedles to improve solubility, bioavailability, or localized delivery. For instance, rapamycin has
been delivered via microneedles using a cumbersome (lipophilic) carrier system, while curcumin has been formulated as
a nanosuspension, and itraconazole as nanocrystals.””*® All demonstrating the microneedle platform’s versatility in
handling drugs with challenging physicochemical properties.?’

This research explored the possibility of using AmB nanosized carriers to improve drug delivery to the eyes. Thus,
the goal of this study was to improve the ocular delivery of AmB by loading it into Oleosomes and then incorporating it
into chitosan-based microneedles. To achieve this goal, AmB-Ole/MNs and AmB-Ole were prepared using the 33 Box-
Behnken design to investigate the effect of different formulation variables (Lipoid S100 amount, sodium oleate amount,
amphotericin-B concentration) on oleosome properties (including particle size (PS), polydispersity index (PDI), entrap-
ment efficiency percentage (EE%), and zeta potential (ZP)). Afterwards, the selected Oleosomes system was further
optimized via incorporation into sodium polyacrylate/PEG/chitosan microneedles, to prolong the contact time with ocular
tissues, reduce the elimination of the formulation from ocular tissues and enhance adhesion to the eye surface. According
to the literature, chitosan has low ocular toxicity and is well tolerated. In addition, antifungal, cytotoxicity, in vivo, and
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biomarker studies were performed to confirm the retention of the drug on the eye surface and ensure the safety and
biocompatibility of the tested formulations after ocular application to albino rabbits.

Materials and Methods

Materials

The following products were purchased from Sigma-Aldrich (Milan, Italy): Amphotericin-B, Chitosan (CS, Mw = 300,000,
deacetylation degree~85%), Lipoid S100, sodium oleate sodium polyacrylate, PEG 5000, acetic acid, and dimethyl
sulfoxide (DMSO). All the solvents were acquired from VWR in Milan, Italy, and were of the reagent or HPLC quality.
Medical International Ltd. (London, UK) provided the dialysis membranes (molecular weight cut-off, MWCO: 3500 Da)
used in the in vitro release tests.

Methods

Preparation and Optimization of Amphotericin-B Oleosomes (AmB-Ole)

Oleosomes were synthesized utilizing a modified ethanol injection method referred to as AmB-Ole. AmB, Lipoid S100
(I-o-phosphatidylcholine), and sodium oleate were solubilized in 2 mL of absolute ethanol. The ethanolic solution was
subsequently injected into a 10 mL methanol/ethanol mixture (1:1 v/v) and mixed using a vortex mixer until clarity was
achieved.’® Table 1 shows that the formed solution was injected into 10 mL of PBS pH = 7.4 at 60°C, and the resulting
milky dispersion was stirred at room temperature with a magnetic stirrer at 600 rpm for at least 1 hour to remove the
solvent. The formulation was sonicated at 30% amplitude for two cycles of 8 seconds each, followed by an 8-second
stop. The goal was to make it smaller. Figure 1 shows that the dispersion was hermetically sealed and refrigerated
overnight at 4 °C before being further characterized. The formulation’s physical appearance, zeta potential, particle size

(PS), and polydispersity index (PDI) were recorded.**'

Physicochemical Characterization of Oleosomes

Entrapment Efficiency

One milliliter of each formulation was subjected to centrifugation at 4000 rpm for 15 minutes utilizing CENTRISART™
ultrafiltration tubes (MWCO 100,000).To ensure accurate separation of free drug, a control experiment was conducted by
filtering a known concentration of free AmB under the same conditions. Recovery exceeded 95%, confirming the
ultrafiltration method’s efficiency for quantifying unentrapped drug.*” The filtrate indicating the unentrapped concentra-
tion was assessed via High-Performance Liquid Chromatography (HPLC) analysis using a C18 column (reverse-phase)
measuring 250 mm X 4.6 mm with a 5 pm particle size (Phenomenex, USA). The mobile phase is composed of
acetonitrile, methanol and phosphate buffer in a 40:30:30 ratio, has been adjusted to a pH of 7.4 and is flowing at a rate of
1.0 mL/min.>*** A correlation coefficient of 0.9996 was obtained by UV detection at the maximum absorption

Table |1 Box-Behnken Statistical Design for Optimization of
Amphotericin-B

Factors (Independent Variables) Levels

X,: Lipoid S100 amount (mg) 150 200 250
X2: sodium oleate amount (mg) 15 30 40
X3: Amphotericin-B concentration (%) 0.5 | 1.5
Responses (Dependent variables) Constraints

Y: EE (%) Maximize

Y,: PS (nm) Minimize

Y;: PDI Minimize

Y4 ZP Maximize (absolute value)

Abbreviations: EE%, entrapment efficiency percent; EA, Edge activator; PS,
particle size; PDI, polydispersity index; ZP, zeta potential.
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Figure | Schematic representation of the fabrication process for Amphotericin-B loaded Oleosomes.

wavelength for AmB, which is approximately 410 nm. The quantification of AmB concentration was achieved through
the creation of a standard calibration curve spanning the concentration range of 5 to 200 pg/mL. Consistent performance

was ensured by an injection volume of 20 pL at 25-30°C, and the entrapment efficiency was assessed as follows.>>~°

EE% = Total amount of unentrapped AmB / total amount of AmB x 100 (1)

Particle Size, Polydispersity Index & Zeta Potential

The prepared nano-nucleosomes were visually examined for the presence of aggregations or drug precipitation. The
solution was subsequently diluted with deionized water and subjected to sonication for 30 seconds. Particle size,
polydispersity index, and zeta potential were measured using the Malvern Zeta Sizer Nano ZS (Malvern Instruments,
Worcestershire, UK) with a dynamic light scattering particle size analyzer at 25 °C.%’

Characterization of Optimum Oleosomes

Transmission Electron Microscopy (TEM)

A morphological examination of selected oleosomes was conducted to confirm the vesicular structure utilizing a
Transmission Electron Microscope (TEM) (JEM-100S microscope; JOEL Ltd., Tokyo, Japan). Initially, the chosen
formula underwent dilution with deionized water and was subjected to sonication for 30 seconds. Subsequently, each
sample was positioned on a carbon-coated copper grid and subjected to staining with uranyl acetate. The surplus stain
was eliminated, and the samples were allowed to dry before imaging.*®

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra were collected for AmB, the Ole blank without AmB, and the optimal AmB-Ole formulation. Dry
potassium bromide was mixed with approximately 2—-3 mg of each sample and then pressed into a disk before scanning
in the range of 4500-500 cm ™' at room temperature.*’

Differential Scanning Calorimetry (DSC)
The melting point of all samples was assessed using differential scanning calorimetry (DSC N-650 model, Science,
Seoul, Korea) to analyze the interaction between the medication and excipients. In summary, 3—5 mg of the differential
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Table 2 Fabrication of Sodium
Polyacrylate-PEG/Chi-MNs Loading
Lyophilized Amphotericin-B -Oleosomes

Formulation | SP | PEG-5000 | Chi

MI 3 15 10
M2 6 10 15
M3 9 5 25

Abbreviations: SP,  sodium polyacrylate; PEG,
Polyethylene Glycol; Chi, chitosan; MNs, Microneedles.

scanning calorimetry (DSC) formulations was analyzed in an aluminium pan. The experimental setup included a

temperature range of 24 to 350 °C, with a heating rate set at 10 °C/min.***!

Stability of Lyophilized Powder

The optimized oleosomes were subjected to lyophilization. Mannitol was added to the coated nanovesicles to reach a
final concentration of 5%. The formulation was frozen at —80 °C for 24 hours before being transferred to the lyophilizer.
Lyophilization was performed at a pressure of 40 mbar and a temperature of —65 °C. The collected powder was stored in
a desiccator with CaCl, at room temperature before testing. A portion of the powder was used to fabricate microneedles,
while the remaining portion was reconstituted in PBS at pH 7.4 after three months. The samples were subsequently

analyzed for their physicochemical properties.”**

Fabrication of Crosslinked Hydrogel-Forming Chitosan-Based Microneedles Patch

The composition of the crosslinked hydrogel patch was adapted from earlier research, combination of sodium poly-
acrylate (serving as a crosslinker) and PEG 5000 (acting as a plasticizer) was dissolved in deionized water and agitated
overnight. Chitosan utilized as a polymer, was synthesized by dissolving it in a 0.1% acetic acid solution and agitating
overnight. Two polymer solutions, each containing 10 mL of lyophilized ole with AmB (equivalent to 40 mg of AmB),
were combined to attain a 1:1 weight ratio. The mixture was subsequently poured into square silicone molds. The molds
were vacuumed for about 10-15 minutes to remove any trapped air and ensure that the microcavities were completely
filled. After 48 hours of drying at room temperature, the molds were thermally crosslinked. This vacuum-assisted casting
step helped to improve microneedle uniformity and reduce air pockets.** Subsequently, the dried hydrogel patches were
removed and thermally crosslinked at 80—100 °C for 30-60 minutes, as specified by the experimental design, as
illustrated in Table 2 and Figure 2.

MNAY

PEG 5000

1+2+ Ole

Q.

Silicon mol

Sodium
polyacrylate

Figure 2 Schematic representation of the Microneedle fabrication process for Amphotericin-B loaded Oleosomes.
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Evaluation of AmB-Ole/MN Patch

Studies on Drug Content

Distilled water with 2.5% Tween 80 was utilized to dissolve a selection of optimized AmB-Ole/MNs in magnetic
agitators at a stirring speed of 300 rpm for one hour. The resultant solution was diluted with 1 mL of dimethyl sulfoxide
(DMSO) to augment the solubility of amphotericin B (AmB), and this solution was subsequently mixed with acetonitrile
to precipitate the polymer. The supernatant obtained from centrifugation of this dispersion at 12,000g for 10 minutes was
subsequently utilized to permit the AmB from the synthesized AmB-Ole/MNs to be injected into the previously validated
HPLC method outlined in previous section. The drug content of the manufactured MNs was determined through triplicate

studies, with the data presented as drug weights per MNs array (mean + SD, n = 3).>>%

Mechanical Characterization

Weights of 250 g, 500 g, and 1000 g were applied to the tips of the AmB-Ole/MNs patch for five minutes before removal for
the measurement of the DMN’s height reduction. The structure and fracture of the optical microscope were subsequently
employed to evaluate the DMNSs, demonstrating their mechanical strength. The tip diameter, base diameter, and length of
three arrays of AmB-Ole/MNs were quantified using a microscope. The aspect ratio is determined by dividing the length by
the base diameter ratio.*> All calculations were performed in triplicate, and the mean =+ standard deviation was determined.

Characterization of Optimized Microneedles

Scanning Electron Microscopy (SEM)

The morphology of the AmB-Ole/MNs patch was examined utilizing a scanning electron microscope (SU8010,
HITACHI, Japan). The AmB patch was attached to a microscope carrier, and imaging was performed at 6 kV with a

magnification of 150x.4¢47

Fourier Transform Infrared (FTIR) Spectroscopy
FTIR spectra were obtained for MNs blank without AmB-Ole, and the optimum MNs1 formula, by the same method
mentioned before.

Differential Scanning Calorimetry (DSC)
DSC were obtained for MNs blank without AmB-Ole, and the optimum MNs1 formula, by the same method mentioned before.

Saturation Solubility Study

A saturation solubility study was conducted to determine the optimal dissolution medium for Amphotericin B. Excess amounts of
pure AmB were added to 10 mL of different solvent systems, including distilled water, phosphate buffer (pH 7.4), ethanol, and
ethanol-water mixtures at various ratios (10:90, 30:70, 50:50 v/v). The suspensions were sonicated for 5 minutes and then shaken
at 37 £ 0.5 °C for 48 hours in a thermostatically controlled shaking water bath. After equilibration, samples were filtered through
a 0.45 um membrane filter and analyzed by HPLC. The ethanol-water mixture (30:70 v/v) showed the highest solubility and was
selected as the release medium for subsequent in vitro drug release studies.

In vitro Drug Release Study

The in-vitro release of AmB solution, AmB-Ole, and AmB-Ole/MNs was conducted utilizing the dialysis bag method (visking®™
28 mm, MWCO 12,000-14,000; Serva, Heidelberg, Germany). The experiment was conducted in a thermostatically controlled
shaking water bath maintained at 37 £+ 0.5 °C and 60 rpm, utilizing a 10 mL in ethanol/water mixture (30:70 v/v), which was
selected based on preliminary saturation solubility studies showing significantly enhanced solubility of AmB in this medium.
This solvent system was chosen to maintain sink conditions during the in vitro release assay while minimizing the use of organic
solvents. After 0.25, 0.5, 1,2, 4, 6, 12, 24, 48, 72, and 80 hours, the complete volume of the release medium was extracted and
substituted with an equivalent volume of fresh media, which had been preserved at the same temperature.>> HPLC was used to
compare each sample to a blank made of ethanol and water mixed in a 30:70 ratio. The release test was also done on blank
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formulations, and the release medium was taken out at the same time each time to act as a blank for the sample measurements.
Three copies of each experiment were done, and the results were given as the mean + S.D. 4

Ex vivo Permeation Study

We tested the ex vivo penetration of AmB-Ole, AmB-solution, and AmB-solution/MNs in corneal tissue from sheep
obtained from a nearby Cairo, Egypt, slaughterhouse. To measure the amount of AmB in the cornea, a microbiological
assay method that has been validated was used. Using a modified Franz diffusion cell apparatus, the ocular penetration of
different AmB formulations was evaluated ex vivo. An ocular AmB solution equivalent to the drug, AmB-Ole, along with
AmB-Ole/MNs, was administered to the surface of the sheep’s cornea positioned in the diffusion cell. Water maintained at
37 °C circulated through the water jacket encasing the receptor cell, while a Teflon-coated magnetic stir bar positioned at the
bottom of the receptor cell facilitated uniformity in the receptor volume. The diffusion medium consisted of phosphate
buffer at pH 7.4 was used to closely simulate the physiological tear fluid environment. A sample of receptor media was
collected at specified time intervals (1, 2, 4, 6, 8, 24, 48, 72, and 80 hours), and the concentration of AmB was quantified.

Following 80 hours, the cornea was extracted from the cell and homogenized with 5 mL of DMSO for 5 minutes.’®"

Cytotoxicity Assay

Immortalized human keratinocyte HaCaT keratinocytes from the American Type Culture Collection (ATCC Manassas,
VA, USA) (ATCC PCS-201-012) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin, at 37 °C
in a 5% CO, humidified incubator. Cells were seeded in 96-well plates at a density of 1 x 10* cells/well and allowed to
adhere overnight (Thermo Fisher Scientific Co.) at 37 °C in a humidified environment with 5% CO,.

For the assay, AmB, AmB-Ole, and AmB-Ole/MNs formulations were freshly prepared in sterile DMEM to achieve
final AmB concentrations ranging from 1 to 20 pg/mL. For MNs, the patches were pre-dissolved in DMEM and filtered
before application. The cells were then treated with 100 uL of each formulation for 48 hours.’>>> After the incubation
period, 20 pL of MTT reagent (5 mg/mL) was added to each well and incubated for 4 hours. Formazan crystals were then
solubilized using 100 pL of DMSO, and absorbance was measured at 570 nm using a microplate reader. Cell viability
was calculated relative to untreated control wells, and each condition was tested in triplicate. Micelles were diluted in
DMEM media and added to 96-well plates with 1x10* cells per well. Survival rates (0% and 100%) were determined
following treatment with 0.3% (v/v) Triton X-100 or DMEM, respectively, the results were expressed as mean + SD.>*

In vitro Antifungal Activity

Agar Disc Diffusion Technique

According to the National Committee for Clinical Laboratory Standards (NCCLS) guidelines, the agar disc diffusion
method was used to assess the antifungal efficacy of the AmB, Ole blank without AmB, AmB-Ole, and AmB-Ole/
MNs.>® Fungal strain suspensions were made, and using a spectrophotometer set to 570 nm, the turbidity was adjusted to
reach a final concentration equal to a 0.5 McFarland standard. The potato’s surface was covered with a sterile disc that
contained 0.1 mL of each drug formulation at a concentration of 200 g/100 L of AmB-Ole/MNs (0.2% w/v), and a fungus
strain was added to dextrose agar plates. Fluconazole discs served as the control, while the AmB solution and the Ole
blank served as the blank. To promote diffusion, the plates were left to stand for 30 minutes before being incubated for 24
to 48 hours at 37 °C. Millimetres were used to measure the diameter of the inhibition zones encircling the wells for the
potential eradication of ocular fungal infections.®

Determine the Minimum Inhibitory Concentration (MIC)

The CLSI broth microdilution technique was employed to ascertain the minimum inhibitory concentration for AmB, Ole
devoid of AmB, AmB-Ole, and AmB-Ole/MNs against the evaluated fungal strains. The tested concentration range for
AmB was 0.031 to 16 pg/mL. To execute the two-fold serial dilutions, the drug formulations were initially dissolved in
50 uL of dimethyl sulfoxide (DMSO). The prepared doses were positioned in a 96-well microplate containing 100 pL of
Sabouraud Dextrose broth. Each well received 50 pL of fungal suspension at an approximate concentration of 106 mL ™.
The microplate underwent incubation for 48 hours at 28 degrees Celsius. The highest degree of dilution yielded a
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minimal inhibitory concentration, leading to the absence of fungal growth. To guarantee precise outcomes, MIC

measurements were conducted in triplicate.’*>°

Determine the Minimum Bactericidal Concentration (MBC)

The Minimum Bactericidal Concentration (MBC) is calculated by plating and counting the dilution that corresponds to
the Minimum Inhibitory Concentration (MIC) as well as at least two higher concentrations of the test product to assess
viable colony-forming units per milliliter (CFU/mL). The minimum bactericidal concentration (MBC) is the lowest
concentration that results in a specific reduction in colony-forming units per milliliter (CFU/mL) when compared to the
minimum inhibitory concentration (MIC) dilution, such as 99.9%.”

Antibiofilm Assay and Crystal Violet Staining (CVS) Assay

The 96-well microtiter plate was divided into four groups, each containing a mixture of serially diluted AmB, a control
without AmB, AmB-Ole, and AmB-Ole/MNs. The final well functioned as a negative control. In each well of the
microplate, 300 pL of fresh trypticase soy yeast broth (TSY) was dispensed, achieving a final concentration of 106 CFU/
mL, and cultured with previously established sublethal concentrations (75%, 50%, and 25% of MBC). Wells containing
medium and those lacking extracts, which contained only methanol, functioned as controls. Plates were incubated at 37 ©
C for 48 hours. Following incubation, the supernatant was removed, and each well was extensively rinsed with sterile
distilled water to eliminate any free-floating cells. The biofilm underwent staining with a 0.1% aqueous solution of
crystal violet for 15 minutes at ambient temperature, after a 30-minute air-drying interval of the plates. The plate was
rinsed three times with sterile distilled water to remove excess stains after incubation.”®>’ Each well was administered
250 uL of 95% ethanol to solubilize the dye within the cells. Absorbance was recorded at 560 nm using a microplate
reader after a 15-minute incubation period.

(Control OD — (Sample OD/Control OD)) x 100 )

Control OD represents the absorbance of the negative control, while Sample OD denotes the absorbance of the test sample.

In vivo Studies
Animals

In this study, healthy 36 adult male New Zealand albino rabbits were examined for any health problems (the animals
weighed between 2-2.5 kg, were 4-6 weeks old, had bright fur, no discharge, dullness, or scratching on the cornea in
either eye, or twitched their noses regularly). The rabbits were kept in a temperature-controlled environment (22-25 °C)
with a 12-hour light/dark cycle and free access to food and water. All animal experiments were carried out with the
approval of the Research Ethics Committee for Experimental and Clinical Studies at the Faculty of Pharmacy, Cairo
University, Egypt (Approval no. PI3413), under the local and national regulatory standards for animal care established by
Cairo University’s animal care committee.

Eye Irritation Test (Draize Test)

This experiment included six rabbits, divided into two groups of three rabbits each, to assess the irritancy of the
optimized formula. The initial group was administered the optimal AmB-Ole, while the subsequent group received M1,
the optimal Microneedle. Two drops (100 pL) of the tested formula, equivalent to 400 pg of AmB, were administered in
the conjunctival sac of the left eye. Saline was administered at intervals of 0, 1, 2, 3, 4, 5, 6, 24, 48, and finally at 72
hours, followed by applications at 7, 14 and 21 days post-installation, with the right eye designated as a control. The
irritation grade of each rabbit eye was evaluated. Post-delivery, the ocular irritation score was assessed upon achieving a
zero value at a specified interval. Ocular irritation was evaluated based on the Draize scoring system, which assesses
conjunctival redness, chemosis, and discharge on a scale of 0 to 3 (0 = none, 1 = mild, 2 = moderate, 3 = severe). Scores

were recorded at 1, 24, 48, and 72 hours post-application(indicating maximum redness and irritation).®*%>
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In-vivo Antifungal Activity of AmB Formulations (Susceptibility Test)

This test aimed to evaluate the antifungal efficacy of the assessed AmB formulations. The organism used in this
experiment was Candida albicans ATCC 10221. Following the administration of a 50 uL aliquot (0.2% w/v AmB) of
the tested formulations into the conjunctival sac of the right eyes of nine male albino rabbits Group 1: Healthy control;
Group 2: Untreated negative control; Group 3: AmB solution. Group 4: Optimized AmB-Ole; Group 5: AmB-Ole-
MN:s. Five sterile filter paper discs, approximately 6 mm in diameter, were moistened by placing the discs beneath the
eyelid of each eye for approximately 1 minute at designated time intervals over 12 hours. No drug was administered to
the left eye to serve as a control. Two discs were introduced into 500 puL of Sabouraud dextrose broth (SDB) and
inoculated with a 10% v/v yeast suspension (10° CFU/mL). The remaining two discs were immersed in 500 pL of
uninoculated SDB to measure optical densities, serving as a blank. The broths were incubated at 25 + 2 °C for 24 hours
under aerobic conditions. Following incubation, 200 pL of each broth was transferred to a sterile 96-well plate. Optical
densities (OD 570nm) were measured using an automated spectrophotometric plate reader (Biotek, Synergy 2, USA) at a
wavelength of 570 nm. The results were presented as the mean growth inhibition percentage (mean + SE).>>* The
percentage of growth inhibition was determined using the following equation:

Control (left eye)OD 570 nm — X Test group(rigth eye)OD 570 nm

Growth inhibition % =
rowrihibition 7o Control(left eye)OD600 nm

x 100 3)

Assessment of Inflammatory Biomarkers

Each rabbit was anaesthetized with pentobarbital sodium (200 mg/kg, IP) 24 hours following the most recent treatment,
and blood samples were collected via the retro-orbital sinus. The manufacturer’s instructions were followed to analyze
the serum for NLRP3 (NOD-, LRR-, and Pyrin Domain-Containing Protein 3), IL-6 (Interleukin-6), TNF-a (Tumor
Necrosis Factor-Alpha), IL-1B (Interleukin-1 Beta), and TLR4 (Toll-Like Receptor). MyBioSource, located in San

Diego, California, USA, provided this enzyme-linked immunosorbent test (ELISA) kit.®*%*

Histological Examination

Following pharmacodynamic testing, rabbits were injected with phenobarbital sodium in a marginal vein, which caused
death. Following the removal of the eyeballs, 10% formalin was given. The thin cornea, sclera, and ciliary body sections
were prepared by cutting, cleaning, and dehydrating in xylene. The materials were dehydrated, clarified, sealed in
paraffin blocks, and sectioned to a thickness of 4-6m. The acquired tissue samples were histologically evaluated using an

electric light microscope after H&E staining and xylol deparaffinization.®>-®®

Data Statistical Analysis
The one-way analysis of variance (ANOVA) test was used to determine whether there was a significant difference
between the formulas’ results. The level of significance was set at 0.05 (p < 0.05).

Results and Discussion
Formulation Optimization (EE%, PS, PDI, and ZP)

The study sought to improve oleosome formulations for AmB by examining the effects of three main factors: Lipoid
S100 quantity (X1), sodium oleate amount (X2), and AmB concentration (X3). The measured responses were entrapment
efficiency (EE%, Y1), particle size (PS, Y2), polydispersity index (PDI, Y3), and zeta potential as shown in Table 3 and
Figure 3.Entrapment Efficiency (EE%, Y 1): The EE varied from 67% (Ole-1) to 91% (Ole-10).

Higher concentrations of Lipoid S100 (X1), such as 250 mg, markedly enhanced encapsulation efficiency (EE) by
facilitating superior oleosome bilayer formation. Ole-10 (250 mg once) demonstrated maximum encapsulation efficiency.
Sodium oleate (X2) with moderate concentrations (eg, 30 mg in Ole-10) enhanced encapsulation efficiency, presumably
due to its function as a stabilizer and edge activator, hence enhancing vesicle production. Moderate to high quantities of
Amphotericin-B (X3) ranging from 1% to 1.5% yielded favourable encapsulation efficiency, indicating efficient
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Table 3 Experimental Runs, Independent Variables, and Measured Response of the 3* Full Factorial
Experimental Designs of Amphotericin-B-Oleosomes (AmB-Ole)

Code Factors Responses

Xl:Lipoid S100 X2: sodium oleate X3:Amphotericin-B YI: Y2: Y3: Y4:

amount (mg) amount (mg) concentration (%) EE (%) PS (nm) PDI (nm) | ZP (mV)
Ole-1 150 15 0.5 67+0.21 531£0.72 0.71+0.03 28+0.76
Ole-2 150 40 1.5 69+0.55 310£0.56 0.67+0.02 26+0.06
Ole-3 200 30 0.5 74+0.23 551£0.40 0.7240.07 23%0.12
Ole-4 250 15 0.5 83+0.41 561+0.87 0.310.11 36+0.43
Ole-5 250 40 | 87+0.21 354£0.45 0.7610.06 29+0.32
Ole-6 150 30 | 68+0.32 601+0.62 0.56+0.04 31+0.54
Ole-7 200 15 | 71041 51240.43 0.43+0.02 38+0.52
Ole-8 150 30 | 81+0.39 596+0.67 0.45+0.12 26+0.45
Ole-9 250 40 0.5 87+0.61 353+0.76 0.54+0.14 24+0.62
Ole-10 250 30 ! 91+0.63 17520.78 | 0.33+0.04 | 31+0.43
Ole-11 250 30 1.5 85+0.34 4730.43 0.67+0.05 30+0.63
Ole-12 150 15 1.5 82+0.71 598+0.33 0.69+0.07 34+0.49
Ole-13 200 15 | 69+0.77 501£0.51 0.91+0.05 33+0.67
Ole-14 200 15 0.5 72+0.54 524+0.92 0.45+0.03 31+0.29
Ole-15 200 40 1.5 70+0.58 341+0.65 0.870.12 25+0.48

Abbreviations: AmB-Ole, Amphotericin-B-Oleosomes; EE%, entrapment efficiency percent; PS, particle size; PDI, polydispersity index; ZP, zeta
potential; bolded means optimized formula(Ole-10).

encapsulation without oversaturation. The findings indicate that the interactions and quadratic effects of the components
significantly influence entrapment efficiency, with AmB concentration (X3) exerting the greatest effect.>’ Formulations
Ole-5, Ole-9, and Ole-10 exhibit elevated EE values (87-91%) owing to optimal X3 levels and beneficial interactions
between X1 and X2. Underlines the significance of these interactions, implying that raising X3 enhances EE up to a point
when drug leakage occurs, as evidenced by declines in EE at greater extrusion cycles or drug concentrations.

EE%=86.33—0.62X1+0.45X2+69.02X3+0.01X1X2-0.35X1X3+0.65X2X3+0.01X12-0.07X22-5.53X32

Particle Size (PS, Y2): The particle size decreased with reductions in X1, X2, and X3, as illustrated by the following
equation: Y2=903.9036—1.1639X1-5.6561X2-53.3425X3

This tendency is consistent with the findings for formulations Ole-2, Ole-5, and Ole-10, which showed lower particle
sizes (175-354 nm) at higher X2 levels and moderate X1 and X3 levels. The reduced PS can be attributed to sodium
oleate’s surfactant characteristics and the improved drug concentration, both of which stabilize the vesicles and prevent
aggregation varying from 225 nm (Ole-10) to 601 nm (Ole-6). Lipoid S100 (X1), increased quantities decreased PS,
likely attributable to enhanced bilayer formation and stabilization. Sodium oleate (X2) with elevated doses (40 mg in
Ole-9) produced diminutive vesicles, presumably attributable to improved emulsification characteristics.***® The con-
centration of Amphotericin-B (X3) with Elevated concentrations appeared to enhance PS (eg, Ole-12, 598 nm),
indicating drug-induced aggregation. Increasing the concentration of Amphotericin B (X3) initially increased entrapment
efficiency because more drug was available for incorporation into the lipid bilayer. However, as concentrations increased,
EE% decreased. This could be due to vesicle saturation, in which the lipid bilayer is unable to accommodate more drug
molecules. Excess AmB can accumulate on the vesicle surface, causing membrane destabilization, phase separation, or
steric hindrance, which can promote drug leakage or aggregation. Similar behavior was observed in other nanosystems
loaded with highly lipophilic drugs.

Polydispersity Index (PDI; Y3): PDI scores varied from 0.31 (Ole-4) to 0.91 (Ole-13) as illustrated by the following
equation: PDI=0.6047. Lipoid S100 (X1) which increased quantities enhanced homogeneity (eg, Ole-4, 250 mg X1).
Sodium oleate (X2) with both excessively low and high concentrations elevated PDI, signifying irregular particle
production. Moderate concentrations of Amphotericin-B (1%) yielded excellent photodynamic inactivation, indicating
stable vesicle formation. The parameters did not appear to have a significant effect on PDI values, indicating that the
process settings, such as the ethanol injection method. This stability is evident in the low variation in PDI amongst
formulations, which ranges from 0.31 to 0.91. Ole-4 (0.31) and Ole-10 (0.33) showed the best homogeneity.The selected
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AmB-Ole formulation had a slightly higher PDI value (0.33 £ 0.04) due to AmB amphiphilic structure, which can lead to
aggregation. Such behavior can cause partial heterogeneity during vesicle formation. Furthermore, the ethanol injection
method, while convenient and scalable, can produce vesicles of different sizes depending on the mixing rate and solvent
removal efficiency. Despite this, the formulation demonstrated acceptable stability and entrapment efficiency.

Zeta Potential (ZP or Y4): ZP readings varied from 23 mV (Ole-3) to 38 mV (Ole-7) as illustrated by the following
equation: ZP=27.7702+0.0385X1-0.3849X2+4.6182X3

Lipoid S100 (X1) increased quantities resulted in more stable formulations (eg, Ole-7, 38 mV), presumably due to
augmented lipid bilayer integrity. Sodium oleate (X2) with moderate concentrations enhanced stability (Ole-10, 31 mV),
whereas excessive amounts diminished Zeta potential.>”*> Amphotericin-B concentration (X3) with higher concentra-
tions decreased ZP, possibly due to increased drug content affecting surface charge X3 had the strongest influence on the
zeta potential, the negative zeta potential was increased because of interactions between the medication and the
phospholipid bilayer which occurred when the concentration of AmB was increased. Specifically, this pattern was
observed in formulations such as Ole-4 and Ole-7, where the presence of high X3 levels resulted in large increases in ZP.
The fact that oleic acid produces an increase in the accumulation of negative charge lends credence to the theory that it
raises surface charge and increases AmB concentration from 0.1% to 0.5% lowering PS and ZP while increasing EE.
These results indicate that AmB is solubilized within the bilayer and interacts with oleic acid, causing vesicle constriction
and enhanced entrapment. However, excessive drug loading resulted in precipitation, as demonstrated by 0.5% AmB.
Nevertheless, elevated drug loading led to precipitation, as shown with 0.5% AmB. Classic liposomes without oleic acid
had bigger particle sizes, lower ZP, and lower EE than oleosomes. The inclusion of oleic acid improved the vesicles’
surface characteristics and stability, as evidenced by previous research on the impact of surfactants in decreasing surface
tension. The optimized oleosome formulation (Ole-10) showed the best balance of EE, PS, PDI, and ZP, making it a good
option for further development.®’

Physicochemical Characterisation of Optimum Oleosomes

Transmission Electron Microscopy (TEM)

Figure 4a. showed morphological examination of selected oleosome was performed on the AmB-Ole. Spherical
nanovesicles with dark cores and brightened edges were identified. TEM analysis results are remarkably consistent
with previously determined PS readings.®®*’

Fourier Transform Infrared (FTIR) Spectroscopy

As shown in Figure 4b, the FTIR spectra pure AmB have typical peaks of Amphotericin B, such as strong absorptions
around 1650 cm * (indicating that the amide group is stretching from C=0O to N-H) and 1550 cm * (indicating that the
amide group is bending from N-H to C=0), which are signs of secondary amides. The broadband observed near
3400 cm 3 is attributed to O—H stretching vibrations, indicating that AmB contains hydroxyl groups. The peaks at
2930 cm 3 and 2850 cm™? are caused by the aliphatic chains’ C—H stretching vibrations.*” DSC analysis of pure AmB
showed a sharp endothermic peak at 170°C and a more general event at 290°C, indicating thermal degradation and the
melting point. The drug’s sharp melting peak and lack of broadening suggest that it interacts little with other components
in its native state and maintains its crystalline form. In contrast, the AmB-Ole and microneedle formulations showed
modified thermal behavior, indicating encapsulation and potential interaction with the lipid and polymeric matrices. In
contrast, the AmB-Ole and microneedle formulations showed modified thermal behavior, indicating encapsulation and
possible interaction with the lipid and polymeric matrices. OleBlank includes oleosomes and has features of oleosomes,
with strong peaks at 2920 cm™3 and 2850 cm~2.”%"" These peaks show that aliphatic hydrocarbons are present, which
means that fatty acids and lipids are running from C to H. There is a broad peak near 3400 cm™3 that points to O—H
stretching vibrations. These vibrations probably come from the lipid parts and the water molecules. This sample does not
contain AmB because it does not show the characteristic AmB peaks (1650 cm™ and 1550 cm~3). Ole10 contains both
oleosomes and Amphotericin B can be seen in the blue range. The amide I and II bands at 1650 cm™3 and 1550 cm™3
show that AmB has been added to the oleosomes. The lipid-associated peaks (2920 cm™* and 2850 cm™?) are still very
strong, which proves that the oleosomes are made of fat. The broad O-H peak around 3400 cm ™ is a little off or wider
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Figure 4 (a).Transmission electron microscopy, (b). Fourier transform infrared (FTIR) spectroscopy, and (c) Differential scanning calorimetry for Amphotericin-B
formulations.
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than it was in OleBlank. This could mean that Amphotericin B is hydrogen bonding with the lipid framework of the
oleosomes.****%* The development of delivery systems necessitated an understanding of polymer-drug interactions.
Thus, it was imperative to use computational tools to examine these connections concurrently.

Differential Scanning Calorimetry (DSC)

As shown in Figure 4c, differential scanning calorimetry the thermogram for AmB shows a baseline and distinct thermal
events. These transitions indicate AmB’s has a crystalline nature. The sharp peaks correspond to the melting and
decomposition temperatures, indicating thermal stability and unique thermal properties. The lack of significant thermal
broadening suggests that it has little interaction with other components in its native state. AmB’s thermal profile differs
from Ole-Blank’s. This profile demonstrates the oleosome carrier system’s thermal and structural stability. The thermal
behaviour’s independence from AmB may be confirmed by a broad endothermic peak, which could signify lipid melting
transitions or disruption of the oleosome structure. The OleBlank formulation’s thermal peak at 150—175 °C indicates
phospholipid bilayer melting (eg, Lipoid S100). Its absence in AmB-loaded Olel may indicate successful drug
incorporation due to drug—lipid interactions that disrupt crystalline packing.The ole curve shows a thermal profile that
combines lipid and oleosome characteristics.*>’>"* A sharp endothermic peak that differs from Ole-Blank could indicate
encapsulation effects or interactions within the oleosome structure. The encapsulation of AmB and other active
pharmaceutical ingredients may increase their stability.

Stability Study

Table 4. illustrated the EE%, PS, PDI, and ZP of AmB-Ole during storage for three months at room temperature (25 + 1 °
C), and in the refrigerator (4 + 1 °C). After storage for three months, the optimized formulae AmB-Ole showed no
alterations in their appearance when subjected to various storage conditions. At zero-time, PS was 17540.78 nm, which
non-significantly increased to 175+£0.02 and 177+0.91 nm at room temperature by the end of the experiment (P < 0.05)
which might be attributed to particle fusion during storage. The initial ZP for AmB-Ole was 31+£0.43 mV respectively at
zero time. ZP non-significantly changed to 30+0.03 and 29+0.21mV respectively at room temperature. Whereas EE% did
not significantly decrease from 9140.63 to 90.9+0.32 and 90.3+0.28. These findings indicated that the optimized
formulae AmB-Ole 10 exhibited greater stability at refrigerator temperature, hence maintaining their efficacy for an

extended duration during storage.®””*

Fabrication of AmB-Ole/MNs

Fabrication of SP/PEG-5000/Chitosan microneedles loading lyophilized Amphotericin-B Oleosomes were made by
optimizing polymer matrix composition for mechanical properties, stability, and drug release M1, M2, and M3 SP,
PEG-5000, and chitosan concentrations affect MN structure and function. M1 (3% SP, 15% PEG-5000, 10% Chitosan)
has the most chitosan and the least SP and PEG-5000 as shown in Table 2. MN’s semi-crystalline and robust
intermolecular interactions may toughen structures with more chitosan. Low SP brittles flexible MNs. Lots of chitosan
may help freeze-dried oleosomes and amphotericin B release drugs. Drug delivery may be delayed by dense matrix. M2
polymer composite: 6% SP, 10% PEG-5000, 15% Chitosan. Chitosan makes SP and PEG-5000 stronger and more

Table 4 The Short-Term Stability Results of Optimized Spanlastics at 4 °C and 25 °C for 3
Months. Mean £ SD (n = 3)

Parameters AmB-Ole AmB-Ole After 3 Months | AmB-Ole After 3 Months
Freshly Prepared of Storage at 4 °C of Storage at 25 °C

EE (%) 91+0.63 90.9+0.32 90.3+0.28

PS (nm) 175+0.78 175+0.02 177+0.91

PDI 0.33+0.04 0.32+0.01 0.34+0.01

ZP (mV) 31+£0.43 30+0.03 29+0.21

Abbreviations: AmB-Ole, Amphotericin -B loaded oleosomes; EE%, entrapment efficiency percent; PS, particle size; PDI,

polydispersity index; ZP, zeta potential.
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flexible than M1. The efficiency of drug loading optimizing polymer matrix may improve drug loading and oleosome
dispersion, controlling release profile. M2 should release faster than M1 but slower than M3 due to its less compact
matrix. M3 has the most PS & PEG-5000 and the least chitosan (9%, 5%, 25%). SP and PEG-5000 make microneedles
more flexible and penetrate the ocular, reducing ocular breakage. Plasticizing PEG-5000 makes needles. Lower chitosan
levels create a porous, hydrophilic matrix that may release AmB and oleosomes faster. Flexible, cohesive SP supports
microneedle matrix. Manufacturing with SP (M3) increases mold filling and elasticity. The SP gives MNs shape and
flexibility. Biocompatible and biodegradable, it degrades on the ocular. Chitosan stabilizes, antimicrobials, and strength-
ens MNs. High (M1) concentrations strengthen structure but slow drug release. Applications requiring strong MNs and
sustained drug release suit M1. The M2 balances mechanical strength, flexibility, and controlled release. M3 is flexible
and speeds up drug delivery, but M1 is durable, for optimal performance, the Multipurpose M2 balances these attributes,
and drug-specific microneedles are suggested by systematic polymer ratio variation.**’> The crosslinking agent sodium
polyacrylate was selected because of its high water absorption capacity, ionic conductivity, and capacity to create robust
hydrogel networks. These properties enhance mechanical strength and mucoadhesion. To make microneedles more
flexible and less brittle, a plasticizer called PEG 5000 was used. This made them easier to insert into the eye and
reduced the risk of mechanical damage.Table 2 shows that Formulation M3 contains the highest concentrations of sodium
polyacrylate and PEG-5000, as well as the lowest amount of chitosan. The increased PEG-5000 content acts as a
plasticizer, increasing the flexibility of the microneedles and decreasing the risk of breakage during ocular insertion.
Sodium polyacrylate helps to create a cohesive, elastic matrix by means of structural integrity. These components taken
together provide a safe, minimally invasive ocular delivery system and improve mechanical performance. Though
present in lesser levels in M3, chitosan adds antimicrobial action and biocompatibility.

Evaluation of AmB-Ole/MNs Patch

Studies on Drug Content

As shown in Table 5, the drug loading was highest in M3 (95%), followed by M2 (70%), and M1 (54%). M3 has more
drugs because its optimized polymer composition improves encapsulation and retention. The high drug content of M3
suggests it can deliver a more concentrated dose of AmB per application, improving therapeutic efficacy. Drug content is
crucial to microneedle therapeutic efficacy for ocular infection.M3 exhibited the highest drug loading at 95%, exceeding
M1 at 54% and M2 at 70%. The increased chitosan concentration in M3 improves the interaction between the polymer
and AmB, resulting in more drug content. M3 is ideal for high-dose AmB administration due to chitosan’s positive
charge and biocompatibility, which most likely improves drug encapsulation. The lower drug concentrations in M1 and
M2 suggest that their polymer compositions may be ineffective in binding or encapsulating AmB. This constraint may

limit their therapeutic efficacy, especially in high-dose or extended-release scenarios.?”-’

Mechanical Characterization
Table 5. compared the length, tip diameter, base diameter, and mechanical resistance under applied forces of three
microneedle formulations (M1, M2, and M3). The initial microneedle lengths were 243 pm (M2) to 277 pm (M3), with

Table 5 Physical Characteristics of the Microneedles

MNs Length Tip Diameter | Base Diameter | Drug content | Length after Forces Applied per Array(um)
m m m %
(hm) (hm) (hm) *) 250gm 500gm 1000gm
Mi 253 £ 0.21 16 + 0.04 109 + 0.56 54 241+ 041 213 £0.23 202 £ 0.76
M2 243+ 1.10 19 £ 021 102 + 0.12 70 237 £ 0.11 221 £ 0.05 212 £ 0.50
M3 277+ 0.05 12 £ 0.0l 105+ 0.32 95 275+ 0.71 271+ 0.41 260+ 0.22

Notes: All microneedles contain 400ug of AmB. Each array contains 400 pg of Amphotericin B (AmB). Microneedle height after application of mechanical
force (250g, 500g, 1000 g per array) reflects their mechanical resistance. A smaller reduction in needle length after force application indicates greater
structural integrity and mechanical robustness, which is essential for successful insertion into ocular tissue without bending or breaking.

Abbreviations: MNs, Microneedle; MI, microneedle containing 3%, 15%, and 10% of sodium polyacrylate; PEG5000, and chitosan respectively, M2,
microneedle containing 6%, 10%, and 15% of sodium polyacrylate; PEG5000, and chitosan respectively; M3, microneedle containing 9%, 5%, and 25% of
sodium polyacrylate; PEG5000, and chitosan respectively.
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M3 being the longest. Each formulation’s sodium polyacrylate, PEG5000, and chitosan proportions may affect length.
With 25% chitosan, M3 held its length under force. M3 retained 94% of its length after 1000 g, compared to 80% for M1
and 87% for M2. Chitosan may increase mechanical strength and dimension stability. The initial microneedle lengths
were 243 pm (M2) to 277 um (M3), with M3 being the longest. Each formulation may have different sodium
polyacrylate, PEG5000, and chitosan proportions, explaining this length variation. M3, with the highest chitosan
concentration (25%), retained most of its length under force. M3 retained 94% of its length after 1000 g, compared to
80% for M1 and 87% for M2. Chitosan may boost mechanical strength and dimension stability.”””®

Tips of microneedles ranged from 12 pum (M3) to 19 pum (M2), with M3 having the sharpest tips. Sharper tips weaken
skin penetration. Base diameters were nearly uniform across formulations, ranging from 102 um (M2) to 109 pm (M1).
Because of its mechanical durability and narrow tip diameter, M3 shows promise for invasive ocular drug delivery with
minimally invasive procedures. The tip diameter of the microneedles varied between 12 pm (M3) and 19 um (M2), with
the sharpest tips found on M3. Sharper tips require less force to penetrate the ocular. From M2 to M1, base diameters
ranged between 102 and 109 um, indicating a nearly consistent structure. M3’s mechanical resilience and small tip
diameter make it a promising candidate for minimally invasive drug delivery. Mechanical Strength through force for a
microneedle to be useful, it needs to be able to withstand forces during insertion without breaking. To prove its
mechanical strength, M3 had the smallest length reduction at 250, 500, and 1000 g. Nevertheless, under the same
conditions, M1 exhibited the largest length reduction, indicating that optimization of the formulation is necessary to
enhance structural stability. Microneedles that work properly resist forces without distorting as they are inserted. M3 had
the least length reduction under 250 g, 500 g, and 1000 g, proving its mechanical strength. In contrast, M1 had the
greatest length reduction under the same conditions, indicating the need for formulation optimization to improve
structural stability.M3 was the most promising formulation due to its optimal length, sharpness, drug content, and
mechanical strength. M3 can ocular delivery of AmB reliably due to these qualities.”> The M3 formulation exhibited the
least deformation, indicating superior mechanical integrity, with a height reduction of 6% under 1000 g. Measuring tip
diameter (12—19 um), base diameter (102—-109 pm), and length (243-277 pm), we then computed the aspect ratio. With
an ideal aspect ratio of about 2.5, M3 balanced mechanical resilience with penetration.

Characterization of Optimized Microneedle

Scanning Electron Microscopy (SEM)

Figure 5. showed the morphology of M3 microneedles’ composition affects their morphology, as shown by SEM images.
Sodium polyacrylate, PEG5000, and chitosan are balanced to make microneedles with sharp tips, smooth surfaces, and
strong mechanical properties. Ocular drug delivery requires these features for precise, safe, and effective therapy. Sodium
polyacrylate crosslinks and stabilizes microneedles, giving them structure. Keeps microneedle tips sharp and defined, as
seen in high-magnification SEM images. Prevents fabrication and insertion deformation by increasing mechanical
strength. PEG5000 plasticizes the microneedle matrix, making it more moldable. Smooth microneedle surfaces, reducing
irregularities. Promotes uniform tip formation for sharpness and flexibility to avoid brittleness. Biocompatible and
biodegradable chitosan is M3’s main structural material. High concentration (25%) significantly affects microneedle
morphology. Provides a sturdy framework to keep microneedles in shape during and after fabrication. Chitosan’s
adhesive properties make microneedles more mechanically stable, which is essential for ocular insertion. Smooths and
uniformizes microneedle surfaces, improving patient comfort. This combination produces sharp, well-defined micro-
needle tips for ocular tissue penetration. A smooth, uniform surface reduces friction and irritation during application.”*°
Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectra of BlankMNs and OleMNs represent the sodium polyacrylate-PEG/Chi microneedles (MNs) without
and with oleosomes containing AmB as shown in Figure 4b. The Blank-MNs spectrum shows characteristic peaks of the
sodium polyacrylate-PEG/Chi matrix. The strong peak near 1550 cm™' corresponds to asymmetric stretching of the
carboxylate group (COO~) of sodium polyacrylate, while a peak near 1400 cm™' arises from symmetric COO"
stretching. Peaks around 3300-3400 cm™' indicate N-H and O—H stretching vibrations, likely from chitosan and PEG-
5000. C—H stretching vibrations are observed at 2920 cm™' and 2850 cm™!, reflecting the aliphatic components of PEG
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Figure 5 Scanning electron microscopy of optimized SP-PEG/Chi-Microneedle loading freeze-dried Amphotericin -B -loaded Oleosomes (M3).

and chitosan. The OleMNs spectrum shows features of both the MNs matrix and the oleosomes with Amphotericin B.
Peaks around 2920 cm™! and 2850 cm™! are more pronounced, reflecting the lipid content of the incorporated oleosomes.
The appearance of peaks at 1650 cm™! and 1550 cm™! confirms the presence of Amphotericin B in the oleosomes within
the MNs. The broadening and increased intensity of the O-H/N-H stretching region (3300-3400 cm™!) suggest
interactions between the oleosome’s lipids and the MNs matrix, potentially through hydrogen bonding.”®*' The FTIR
spectra confirms the successful incorporation of Amphotericin B into oleosomes (Ole10) and their further integration into
the microneedle system (OleMNs). The distinct molecular signatures of Amphotericin B, oleosomes, and the MNs matrix
are preserved, with shifts and broadenings indicating interactions between these components.”*

Differential Scanning Calorimetry (DSC)

Figure 4c. show the thermal profile of Blank-MNs (sodium polyacrylate-PEG/chitosan-based microneedles) that are not
loaded with oleosomes, the DSC curve shows subtle endothermic and exothermic transitions, which could correspond to
polymer thermal properties like glass transition or decomposition temperatures. Since there are not any clear peaks, it
means that there is not any significant crystalline material present. This means that the microneedles are most likely made
of an amorphous polymer.®®** Ole-MNs display the heat behaviour of microneedles filled with oleosomes that surround
AmB. When compared to Blank-MNs, the changes in peak position or thermal transitions show that oleosomes are
present in the matrix. Thermal events indicate an interaction between the microneedle matrix and the oleosome
components, which most likely contributes to the increased stability of the encapsulated AmB. This interaction may
delay AmB’s thermal decomposition while improving its overall thermal properties. The DSC data demonstrates the
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distinct thermal behaviors of the components and formulations. AmB has distinct thermal properties, with well-defined
transitions. Oleosomes (Ole) improve stability, whereas Blank-MNs show typical polymer behavior. The microneedle
system’s endothermic peak at 150°C in BlankMNs is due to PEG-5000 and sodium polyacrylate melting. The
disappearance of this peak in OleMNs suggests a homogeneous dispersion or interaction between AmB-Ole and the
polymeric matrix, resulting in altered thermal behavior. Microneedles containing oleosomes encapsulating AmB (MNs)
show a synergistic effect, with improved thermal stability indicating effective formulation integration.

Drug Release Studies

In vitro Drug Release Study

Figure 6a. showed the In-vitro release of AmB solution, AmB-Ole, and AmB-Ole/MNs, the AmB Solution has a rapid
release, reaching approximately 95% within 8 hours. This rapid release has poor sustained release characteristics because
the drug diffuses quickly into the surrounding medium without any controlled mechanism. AmB-Ole Within 24 hours,
approximately 80% of the solution is released, after which it stabilizes, resulting in a more gradual release. After 8 hours,
AmB-Ole releases approximately 60%, 37% less than the solution’s release rate. The free AmB solution exhibited the
fastest release profile due to its immediate availability in the dissolution medium. In contrast, the AmB-Ole/MNs
formulation showed the slowest release rate. This can be attributed to the dual encapsulation system, where AmB is first
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Figure 6 (a) In vitro drug release study, (b) Ex vivo permeation studies for AmB solution, AmB-Oleo, AmB-Ole MNs respectively, and (c) Effect of AmB and AmB-Ole-MNs
on HaCaT cell viability. Cell viability of 100% corresponds with untreated cell MTT average reduction value.

Note: Data are presented as Mean + SD: **P <0.001, and ****P <0.0001.

Abbreviations: AmB, Amphotericin-B solution; AmB-Ole-MNs, Optimized oleosomes loaded amphotericin-B microneedle.
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entrapped within oleosomes and then embedded in the hydrogel microneedle matrix. The release is therefore controlled by
both the diffusion from oleosomes and the gradual hydration and erosion of the microneedle structure, resulting in sustained
drug delivery over time. Oleosomes regulate release using their lipid bilayer architecture, which serves as a reservoir and
slows drug diffusion. Reduces the initial burst release by approximately 15%, resulting in a more consistent drug release
profile. AmB-Ole MNs have the slowest release kinetics, releasing approximately 40% within 24 hours and 65% after 72
hours. After 8 hours, approximately 30% of the drug has been released, which is 68% slower than the solution and 50%
slower than AmB-Ole. Microneedles act as an additional controlled-release matrix, trapping the drug and extending its
release time. At 72 hours, it demonstrates approximately 30% more sustained release than AmB-Ole, making it the ideal
candidate for long-term drug delivery. Because of their sustained release, AmB-Ole MNs can reduce dosing frequency
while maintaining therapeutic concentrations. This reduces patient discomfort and improves compliance when treating
fungal keratitis.”>* The dual encapsulation strategy and hydrogel microneedle matrix properties are responsible for the
AmB-Ole/MNs’ sustained release profile. After administration, the microneedles absorb ocular fluid and swell, creating a
hydrogel barrier that slows drug diffusion. Amphotericin B must first diffuse from oleosomes and then through the polymer
matrix, resulting in sequential diffusion steps. Additionally, the semi-crosslinked network of sodium polyacrylate and
chitosan slows matrix erosion and water penetration, further extending the release period. This controlled mechanism is
beneficial for maintaining prolonged therapeutic levels on the ocular surface.

Ex vivo Permeation Studies

Figure 6b. shown the AmB Solution demonstrated minimal permeation, attaining approximately 20% penetration at 24
hours and maintaining this level until the conclusion of the experiment. The suboptimal efficacy is ascribed to the
elevated molecular weight and hydrophilicity of amphotericin B, which restricts its penetration through the corneal
epithelium. The AmB solution does not achieve therapeutic concentrations in the corneal layers, rendering it ineffective
for deep ocular infections, though it may be appropriate for superficial infections or as an initial treatment. Ex vivo
permeation studies demonstrated that the AmB-Ole MNs enhanced drug penetration by approximately 90% compared to
the AmB solution and 25% compared to the AmB-Ole formulation. These differences were statistically significant (p <
0.05), as confirmed by one-way ANOVA followed by Tukey’s test. These findings suggest that AmB-Ole MNs are the
most effective formulation for achieving therapeutic concentrations of Amphotericin B in corneal tissues. This enhance-
ment results from oleosomes augmenting AmB’s lipophilicity and promoting drug translocation across the corneal
epithelium by emulating natural lipids.®>** The formulation provides therapeutic concentrations to deeper corneal layers,
rendering it appropriate for moderate ocular fungal infections or for patients who cannot utilize microneedle-based
therapies. The AmB-Ole MNs had the best permeation, with a penetration of about 60% after 24 hours (which is 30%
higher than AmB-Ole and 100% higher than the solution) and about 70% after 80 hours. By puncturing the corneal
barrier and creating short-lived microchannels, microneedles enhance delivery by allowing AmB to diffuse directly into
deeper tissues. Incorporating oleosomes improves both drug stability and controlled release. AmB-Ole MNs are ideal for
serious systemic infections such as fungal keratitis due to their long-acting drug release, enhanced penetration, and
prolonged therapeutic effect. The findings of the ex vivo study indicate that AmB-Ole MNs are the best formulation for
therapeutic concentrations of amphotericin B to be applied to the cornea. Although it is not as effective as the
microneedle-based system, AmB-Ole is an excellent alternative to the conventional solution.Liposomes, solid lipid
nanoparticles (SLNs), and nanostructured lipid carriers (NLCs) are among the nanocarriers being studied for the delivery
of Amphotericin B; however, these methods have their limitations when it comes to ocular applications. Liposomes are
biocompatible, but they can be unstable and drug leakage can occur. Solid lipid nanoparticles (SLNs) and nanostructured
lipid carriers (NLCs) exhibit enhanced stability; nonetheless, they present challenges related to low drug loading capacity
and restricted penetration through ocular barriers.Mechanically inserting microneedles into the corneal epithelium creates
transient microchannels, which increase corneal penetration with AmB-Ole/MNs. Encapsulated drugs can diffuse directly
into deeper ocular layers through these microchannels, bypassing tight junctions. Chitosan, a positively charged polymer,
may also improve adhesion and corneal surface residence time by strengthening electrostatic interactions with negatively

charged ocular mucins. Drug permeation in ex vivo studies is greatly improved by this dual mechanism.
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Cytotoxicity and Biocompatibility

Figure 6¢. shown the results clearly show that AmB-Ole-MNs are more biocompatible than free AmB. Amphotericin B, a
potent antifungal agent, is known for its dose-dependent cytotoxicity caused by its direct interaction with cholesterol-rich
cell membranes, which results in membrane disruption and cell death. The current study found that AmB was toxic at
concentrations of >50 pg/mL. The AmB-Ole-MNs formulation had low cytotoxicity, even at higher concentrations (200
pg/mL). This can be attributed to the micellar structure, in which oleic acid MNs AmB and regulate its release.’®>5¢
There is a big difference in how well cells can live between AmB and AmB-Ole-MNs. This shows that MNs
formulations can work around the issues Caused by Free AmB. It looks like micellar systems could help get drugs to
more people because they make drugs more stable and easier to dissolve while hurting cells less. The research
demonstrated that AmB-Ole-MNs markedly diminished the cytotoxicity of AmB solution on HaCaT cells. The free
AmB diminished cell viability in a dose-dependent fashion, whereas the micellar formulation preserved high cell
viability across all tested concentrations. These findings highlight the remarkable biocompatibility of AmB-Ole-MNs
and their promising clinical potential, particularly in reducing the harmful effects of AmB.%’

Antifungal Activity
In Figure 7, and Table 6 ole-blank inhibited C. albicans with a ZOI of 17 + 0.45 mm, MIC of 125 + 0.01 pg/mL, and
MBC of 1000 + 2.21 pg/mL The oleosome carrier is antifungal because oleic acid breaks fungi cell membranes. AMB

Figure 7 In-vitro anti-fungal activity (a) against Candida albicans, and (b) Aspergillus Niger for AmB solution, Ole-Blank, AmB-Ole, and AmB-Ole/MNs as compared to
Fluconazole as control using agar disc diffusion method.
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Table 6 In-vitro anti-Fungal Susceptibility of the Ole-Blank, Fluconazole (Control), AmB, AmB-Ole, AmB-Ole/MNs

(n=3=SD)
Fungal Strains Item Under Test | The Diameter of Zone in | MIC (ug/mL) | MBC (ug/mL)
(mm)(MeantSD) (MeantSD) (MeantSD)

Candida albicans (ATCC 10221) | Ole-blank 17+0.45 125.00£0.01 1000.00+2.21
Control 25%0.25 63.50£0.21 125.00+0.23
AmB 23£17 62.52+0.44 125.00+0.23
AmB-Ole 25+0.21 31.25+0.44 125.00+0.81
AmB-Ole/MNs 27+0.42 17.81+0.65 62.50+0.57

Aspergillus niger (ATCC 16888) | Ole-blank 9+0.11 NA NA
Control 25+0.71 320.00+0.35 1000£0.71
AmB 1711 250.00+0.43 1000£9.12
AmB-Ole 25+02 31.25+0.51 125+0.72
AmB-Ole/MNs 3213 15.62+0.35 125135

Note: MBC represents the lowest concentration required for 99.9% fungal killing.

Abbreviations: Ole-blank, oleosomes formula without drug; AmB-Ole, Amphotericin-B-Oleosomes; AmB-Ole/MNs, Amphotericin-B-Oleosomes

Microneedle.
binds to ergosterol, causing fungal membrane pores and cell death. The ZOI, MIC, and MBC of the AmB solution were
23 + 17 mm, 62.52 + 0.44 pg/mL, and 125 + 0.23 pg/ Low bioavailability and solubility reduce efficacy. AmB-Ole
showed enhanced antifungal activity, with a ZOI of 25 £ 0.21 mm, MIC of 31.25 + 0.44 pg/mL, and MBC of 125 + 0.81
ug. AmB’s solubility, stability, and oleosome targeting benefit fungal biofilms and cell membranes. AmB-Ole/MNs had
the highest antifungal activity with a ZOI of 27 = 0.42 mm, MIC of 17.81 + 0.65 pg/mL, and MBC of 62.5 + 0.57 pg/mL
Oleosomes and microneedles improve performance. Oleosomes stabilize drugs, and microneedles clean corneal biofilms.
Oleosome blanks had low antifungal activity (9 £ 0.11 mm ZOI) against A. niger, with no MIC or MBC. The more
resistant A. niger strain may survive oleic acid. In free AmB, moderate activity was observed with a ZOI of 17 £ 11 mm,
MIC of 250 + 0.43 ug/mL, and MBC of 1000 + 0.71 pg for penetration and solubility, AmB kills A. niger but not
biofilms or resistant strains, AmB-Ole demonstrated enhanced antifungal efficacy with a ZOI of 25 £+ 0.02 mm, MIC of
31.25 + 0.51 pg/mL, and MBC of 125 £ 0.72 pg/mL Fungal cell walls and membranes interact better with oleosomes.
AmB-Ole/MNs using the microneedle formulation, A. niger was inhibited with a ZOI of 32 + 13 mm, MIC of 15.62 +
0.35 pg/mL, and MBC of 125 + 1.35 pg/mL. The oleosome transports and stabilizes drugs while the microneedle system
penetrates biofilms and fungal structures. AmB-Ole/MNs were more antifungal than AmB. Oleosome stability, bioavail-
ability, and solubility improve drug-fungal membrane interactions. Microneedles penetrate tissue and break biofilms,
increasing effectiveness. Most effective against C. albicans and A. niger were AmB-Ole/MNs with the highest ZOI,
lowest MIC, and lowest MBC. Antifungal and drug delivery are made easier by microneedles and oleosomes. Oleosome
blank inhibited C. albicans but not A. niger. AmB may work better than oleic acid, which disrupts fungal membranes. All
formulations’ MIC and MBC values showed C. albicans was less resistant than 4. niger. As A. niger performed worse
than AmB-Ole/MNs, they may treat resistant fungal infections. AmB-Ole/MNs target more fungi and have lower MIC/
MBC than free AmB. Oleosomes and microneedles improve solubility, biofilm resistance, and penetration, making them
promising C.albicans and A. niger keratitis treatments. Despite the corneal barrier and fungal biofilms, this dual system
penetrates. Transient corneal microchannels created by microneedles reduce dosing frequency and direct drug diffusion
to the infection site. Sustainable drug release from microneedles reduces application frequency and improves patient
adherence. Chitosan, a biocompatible antifungal, works better and has fewer systemic side effects than high-dose
antifungals. These qualities may make AmB-Ole/MNs a good fungal keratitis treatment. AmB-Ole/MNs may be a better
FK treatment because it works better, patients take it less often, and they follow their treatment plans.®*’ The improved
antifungal activity of AmB-Ole/MNs, as demonstrated by lower MIC and MBC values and larger zones of inhibition, is
most likely due to a combination of factors. First, the oleosome formulation enhances AmB’s apparent solubility and
dispersion, increasing its bioavailability. Second, oleosomes’ amphiphilic structure may make them easier to integrate

into fungal cell membranes. Last but not least, the microneedle system allows for direct drug deposition outside of
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surface biofilms, resulting in more thorough tissue penetration and effective fungal structure disruption. These mechan-
isms work together to increase the antifungal efficacy of the AmB-Ole/MNs system.

Effect of the Optimized Formulas on the Antibiofilm Activity

The AmB-Ole/MNs demonstrated the most significant anti-biofilm activity against C.albicans, achieving 92.71% at 75%
MBC, 88.66% at 50% MBC, and 79.06% at 25% MBC. The outstanding performance is ascribed to the oleosome
system, which improves drug solubility, stability, and biofilm penetration. AmB’s activity was marginally reduced, with
89.69%, 85.97%, and 70.83% inhibition at 75%, 50%, and 25% MBC, respectively. Although AmB is effective against
biofilms, its efficacy is limited by low solubility and penetration into biofilms.AmB-Ole demonstrated moderate anti-
biofilm activity (87.05%, 82.92%, and 68.48%), most likely due to oleic acid’s inherent antifungal properties, which
disrupt fungal cell membranes as shown in Figure 8a and b. The ole blank exhibited the lowest anti-biofilm activity, with
percentages of 78.03%, 59.52%, and 32.72%. The observed diminished efficacy may be attributed to the biofilm matrix’s
decreased penetration and slower drug release at lower concentrations. AmB-Ole/MNs exhibited substantial anti-biofilm
activity against 4. niger, with inhibition of 91.50% at 75% of MBC, 88.16% at 50%, and 79.89% at 25%. The oleosome
formulation significantly improves drug delivery, allowing for more substantial disruption of the biofilm structure. AmB
solution’s potent antifungal properties were confirmed by its high activity (89.83%, 82.11%, and 61.02%). Nonetheless,
the results were slightly lower than those of AmB-Ole, highlighting the benefits of oleosomes in increasing drug efficacy.
AmB-Ole showed significant activity (85.59%, 76.43%, and 43.62%), indicating that oleosomes have antifungal and
biofilm-disruptive properties due to their oleic acid content.”®**# The ole blank exhibited the lowest anti-biofilm activity
at 70.56%, followed by values of 63.38% and 27.46%, respectively. This indicates that microneedles enhance drug
penetration into tissues; however, their effectiveness in addressing biofilms is limited. The application of AmB-Ole/MNs
markedly enhances anti-biofilm efficacy against A. niger and C. albicans. Oleosomes and microneedles demonstrate
enhanced efficacy in dissolving and disrupting biofilms, thereby improving drug solubility, stability, and targeted
delivery. Although this study focused on Candida albicans and Aspergillus niger, Fusarium species are responsible for
the majority of fungal keratitis worldwide. Future studies will use animal models to broaden the application of AmB-Ole/
MNs in Fusarium-induced keratitis. Natamycin and voriconazole are first-line treatments for fungal keratitis, but
resistance, poor corneal penetration, and treatment failures continue. In azole-resistant or Candida-related infections,
amphotericin B is essential despite its toxicity and solubility. A promising adjunct or alternative to existing antifungal
treatments, our microneedle-based delivery system improves AmB penetration and tolerability.

In vivo Studies

Eye Irritation Test (Draize Test)

In-vivo testing data in Figure 9a show no evidence of inflammation or corneal, conjunctival, or iris injury. The edema of
the conjunctiva and drainage were always graded zero. At all observations, the scores for iris hyperemia and corneal
opacity were zero. As a consequence of the absence of in-vivo irritating effects, the AmB-Ole and AmB-Ole/MNs can be
of therapeutic interest.

In-vivo Antifungal Activity of AmB Formulations (Susceptibility Test)

Figure 9b. Shown C.albicans was utilized as the test organism for susceptibility testing, the percentage of growth
inhibition of C. albicans was correlated with the duration of the drug’s presence on the ocular surface after topical
application. The inhibition percentage, as indicated by the area under the curve, adhered to the subsequent hierarchy:
AmB-Ole/MNs > AmB-Ole > AmB solution. The AmB-Ole/MNs formulation effectively sustained antifungal activity
for an extended duration compared to the AmB-Ole, and AmB-Ole solution. The microneedle enhanced the retention of
the Amphotericin-loaded oleosomes on the ocular surface, attributable to the bioadhesive properties of chitosan in
microneedles. The microneedle formulation may serve as a viable alternative to traditional eye drops due to their
prolonged residence time and sustained efficacy.
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Figure 9 (a).Examination of possible ocular irritation following the application of the AmB-Ole and AmB-Ole/MNs formulation, and (b)Percentage inhibition of Candida
albicans growth produced by AmB-Ole, and AmB-Ole/MNss, in the external eye tissues of albino rabbits.

Assessment of Inflammatory Biomarkers

Figure 10. The serum samples were tested for inflammatory biomarkers (NLRP3, IL-6, TNF-a, IL-1f, and TLR4) to
assess the response to AmB and its optimized formulations, such as AmB-Ole and AmB-Ole/MNs. These findings
revealed that the untreated group had significantly higher levels of all biomarkers compared to the healthy group,
indicating a strong inflammatory response caused by infection or disease progression. The AmB solution group exhibited
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Figure 10 Anti-inflammatory effect of different experimental groups on inflammation (NLRP3 level(a), IL-6(b), TNF-a(c), IL-18(d), and TLR4(e)).
Note: Data are presented as Meant SD (n=6): ****P <0.0001, ***P < 0.001, and **P <0.01.
Abbreviations: AmB, Amphotericin-B solution; AmB-Ole-MNs, Optimized oleosomes loaded with amphotericin-B microneedle.

a significant downregulation of NLRP3, IL-6, TNF-a, IL-1f, and TLR4 protein levels compared to the untreated group,
indicating that free AmB may partially mitigate inflammation via its antifungal properties.”® The levels of all inflam-
matory biomarkers dropped significantly when the AmB-Ole and AmB-Ole/MNs were used compared to the untreated
group. These levels were getting closer to those seen in the healthy group in AmB-Ole/MNs in all measured inflamma-
tory biomarkers. The amounts of NLRP3 in the AmB-Ole and AmB-Ole/MNs groups were significantly downregulated
compared to those in the untreated group, which means that the inflammasome activation was effectively reduced.’*>*
The optimized formulations had much lower levels of IL-6 and TNF-a compared to the AmB solution group, showing
that they were more effective in reducing inflammation. The microneedle formulation (AmB-Ole/MNs) exhibited
consistently reduced biomarker levels relative to AmB-Ole, presumably owing to superior drug delivery, enhanced
penetration, and prolonged release properties.IL-1p levels, closely associated with NLRP3 inflammasome activation,
were markedly diminished in the AmB-Oleosomes and AmB-Ole/MNs groups compared to those in untreated group,
thereby underscoring the effectiveness of these formulations in modulating inflammation.”’”® The healthy group
consistently demonstrated the lowest levels of all biomarkers, functioning as a baseline control for comparison. The
optimized formulations, especially AmB-Ole and AmB-Ole/MNs, notably reduced the inflammatory response in com-

parison to free AmB. The decrease in inflammatory levels indicates that these formulations effectively reduce
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inflammation and may also mitigate the cytotoxic effects linked to free AmB.The AmB-Ole/MNs group showed
significantly lower levels of NLRP3, IL-6, and TNF-a compared to the free AmB group, likely due to the drug’s
localized and sustained delivery at the infection site. Microneedle-assisted administration allows for direct corneal
deposition of AmB, which improves fungal clearance while limiting systemic absorption. This reduces the systemic
recruitment of inflammatory mediators while minimizing drug-related toxicity. Furthermore, the controlled release from
the hydrogel matrix may also suppress local immune activation, resulting in an overall anti-inflammatory effect. The

Figure 11 Continued.
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Figure 11 A Histological Examination of Ocular Tissues in Control, Diseased, and Treated Rabbit Eyes (G1-G5): (a) Corneal sections from the healthy control group (GI)
show normal epithelial and stromal structure. Infected untreated corneas (G2) display severe epithelial vacuolation and stromal edema. Treatment with Amphotericin B
solution (G3) reduces epithelial thickness and vacuolation with partial stromal recovery. Optimized Amphotericin B-oleogel treatment (G4) further improves epithelial
morphology and stromal integrity. Complete histological restoration is observed in the Amphotericin B-oleogel microneedle-treated group (G5). (b) Ciliary body sections
from G| appear normal, while G2 exhibits intense leukocytic infiltration, edema, and vascular congestion. G3 and G4 show progressive reduction in inflammation, with G5
returning to normal histology. (c) Scleral sections reveal normal episcleral and stromal architecture in Gl. G2 displays leukocytic infiltration and disrupted collagen
organization. G3 and G4 show reduced inflhammation and vascularization, with G5 demonstrating restored normal scleral and episcleral structure. (Staining: H&E;
Magnifications: X100, bar 100 pm; inserts X400, bar 50 um).

microneedle formulation works effectively, which means it delivers drugs more effectively and offers a promising
alternative for better therapeutic outcomes. Furthermore, the results showed that AmB-Ole and AmB-Ole/MNs may be
safer and more effective ways to treat inflammatory conditions, similar to the previous reports.®*

Histological Examination
As shown in Figure 11a, histological examination of the cornea in Group 5 (AmB-Oleosome Microneedles) had a fully
restored epithelial layer and an intact stroma, demonstrating a preserved normal histological structure. This result indicates
that Group 5 produced the best outcome, leading to a full recovery. In Group 4 (AmB-Oleosomes) the cornea in this group
showed significantly less vacuolation and a significantly thinner epithelial layer, but the stroma stayed normal. In group 3
(Amphotericin-B solution), the cornea exhibited reduced thickness of the epithelial layer and diminished vacuolation within
the epithelial layer, while the stroma remained normal. The epithelial layer exhibited improvement; however, it still
displayed signs of vacuolation, suggesting partial recovery. The cornea in the diseased group (untreated) exhibited
significantly increased thickness of the vacuolated epithelial layer (arrowheads) and pronounced edema in the stroma
(thick arrows). This group functions as the negative control, exhibiting significant pathological alterations resulting from
infection. The cornea in the healthy control group exhibited a typical arrangement and histological characteristics of the
epithelium and stroma, providing a baseline for comparison. The histological evaluation of the cornea indicates that Group
5 offered the most effective treatment, reinstating the cornea to its typical histological appearance. Group 4 demonstrated
notable enhancement in both the epithelial layer and stroma. Group 3 demonstrated moderate recovery, yet its efficacy was
inferior to that of the optimized formulations. The findings demonstrate the improved therapeutic efficacy of Group 5 in the
treatment of corneal infections and the restoration of normal histology.”****

As shown in Figure 11b, the histological analysis of the ciliary body in rabbit eyes showed that the treatment groups
were very different from each other. The normal group had normal histological structure, but the untreated group had
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severe inflammation, which was shown by a lot of white blood cells entering the tissue, swelling, and blood vessels
getting bigger. When the AmB solution was given, there was a moderate improvement, marked by less leukocytic
infiltration, which could still be seen. The improved AmB-Ole, on the other hand, showed strong anti-inflammatory
activity with little infiltration of white blood cells and better tissue structure. The group of microneedles loaded with
AmB-Ole/MNs had the best results, bringing the ciliary body back to a normal histological state similar to the healthy
control. These results show that the microneedle system is better at delivering the drug, reducing inflammation, and
repairing tissue integrity. This suggests that it could be a promising way to treat inflammatory conditions in the eyes.’>°

As shown in Figure 1lc, histological examination of the sclera showed a Group 5 (AmB-Oleosome Microneedles)
had restoration of the normal scleral stroma and episclera, which were distinguished by uniformly arranged fibroblasts
and orderly aligned collagen fibers. This proves to be the most successful treatment since it shows complete recovery and
the restoration of normal histological structure. Group 4 (AmB-Oleosomes) the sclera that showed edema in the episclera
but no vascularization or leukocytic infiltration. When compared to both untreated and other treated groups, the overall
improvement is significant, even though residual edema still exists. Group 3 (Amphotericin B Solution) the sclera in this
group displayed edematous and vascularized episclera accompanied by leukocytic cell infiltration. Although there have
been improvements when compared to the untreated group, leukocytic infiltration and vascularization indicate that
recovery is still ongoing. The group 2 (Untreated), the sclera of this group showed significant inflammation and
pathological changes, as evidenced by the leukocytic cell infiltration within the collagen fibers. Group 1 (healthy control
group) demonstrated the sclera of this group set the baseline, showing normal episclera and a scleral stroma with
uniformly arranged fibroblasts and orderly aligned collagen fibers. Group 5 produced the most effective treatment,
according to the histological evaluation of the sclera, returning the scleral stroma and episclera to their typical
histological architecture. Group 4 demonstrated substantial enhancement, with negligible edema persisting. Group 3
facilitated moderate recovery; however, it demonstrated vascularization and leukocytic infiltration, suggesting persistent
inflammation. The untreated group (Group 2) exhibited significant pathological alterations, underscoring the necessity of
advanced formulations such as AmB-Oleosome Microneedles (G5) for enhanced therapeutic efficacy.”” While histolo-
gical examination confirmed that AmB-Ole/MNs provided better short-term restoration of normal corneal architecture
than free AmB, the long-term effects on corneal healing have yet to be fully assessed. Future studies will include
extended follow-up periods to assess stromal remodeling, epithelial integrity, and restoration of corneal transparency,
which are essential parameters for confirming total tissue recovery and clinical safety.

Conclusion

In this study, oleosomes were created as nanovesicles to deliver amphotericin-B (AmB) to the eyes. A 3*-full factorial design
was used to investigate the effect of different formulation variables on oleosome characteristics. The selected oleosome
formulation had small particle size and polydispersity index values, an acceptable ZP, and a spherical morphology.
Microneedles with optimized oleosome formulation were used to increase retention time over ocular tissues. Furthermore,
antifungal, in vivo ocular tolerance, cytotoxicity, susceptibility testing, biomarkers, and histopathological studies confirmed
the non-irritant nature and superior residence on the eye surface of the prepared Amphotericin-B loaded oleosomes
incorporated microneedle formulations. In summary, the findings indicate that the prepared AmB-Ole/MNs could have a
wide range of therapeutic applications as an ocular delivery carrier for treating ocular fungal infections.
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