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ABSTRACT

Fungal infections are among the most serious dermatological disorders and affect
more than 25% of the global population. Candida albicans infection is considered
the most widespread fungal infection. This research aims to assess the effect of
the topical application of fluconazole (FLU) lipid nanoparticles (LNPs) loaded
in a chitosan natural biopolymer hydrogel (FLU-LNP-CHI) on a rat wound
excision model infected with C. albicans. Four formulations (F1-F4) were chosen
based on the encapsulation efficacy findings (ranging from 12.1% to 72.5%).
Chitosan biopolymers were used to enhance the antimicrobial effect, viscosity,
and industrial applicability of LNPs. The particle size (251.6-409.0 nm) and zeta-
potential (22.82-51.73 mV) of the formulations were determined. In the in vitro
antifungal study, F2 (zone of inhibition = 23 + 0.4 mm) showed better antifungal
properties than F4 (zone of inhibition = 21 £ 0.7 mm). After several assessments,
F2 and F4 were selected for evaluation of their biological effectiveness in healing
C. albicans-infected wounds. Histological and in vitro antifungal analyses were
used to evaluate the subsequent healing process. The results confirmed that
FLU-LMP-CHI can accelerate wound healing by increasing indices of skin
regeneration, as evidenced by histopathological studies. Our findings indicate
that, compared with FLU alone, FLU-LNP-CHI has significant potential to
improve the healing of FLU-resistant C. albicans-infected wounds due to its
potent antifungal properties.
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1. Introduction

The prevalence of severe wound infections and
chronic wounds has increased rapidly in recent
years. Open wound spaces offer a suitable, moist,
and nourishing environment, but they can also be
colonized bybacteria, and persistentinfection may
cause skin loss.! A wound infection may evolve
from colonization without impairing healing
to systemic infection with organ failure and
sepsis. Risk factors for wound infection include
smoking, diabetes, obesity, malnutrition, and
patient age. Chronic skin wounds and infections,
recognized as leading causes of morbidity and
mortality, are thought to affect 1-2% of people
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in underdeveloped nations.* Candida albicans is
a commensal microorganism commonly found
on the skin and mucous membranes and has
pathogenic potential under certain conditions,
such as a compromised immune system, a
high risk of invasive candidiasis, and increased
resistance to available antifungal drugs.’

To the healing cascade, the
components of the wound-healing formula are
essential. For the majority of C. albicans-induced
infections in both immunocompromised and
immunocompetent  individuals,
(FLU), a bisazole antifungal, is the primary
treatment option (typically 100 mg/day for

accelerate

fluconazole
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1-2 weeks).? Like other triazoles, FLU prevents the production
of ergosterol in fungal cell walls.** When FLU is taken orally,
the gastrointestinal tract is disturbed (bloating, vomiting, and
stomach pain), leading to irritation and severe hepatotoxicity.*
Alternative topical methods should be preferred for treating
candidiasis to minimize side effects and medication resistance
while offering localized delivery. However, solubilizing FLU
in lipid nanoparticles (LNPs) could increase its skin availability
because its hydrophobic nature can pose challenges for topical
formulations.®

Interest in drug delivery is growing as various nanocolloidal
delivery methods are used to increase the bioavailability
of medications. LNPs are advantageous as topical delivery
systems due to their nanoscale size and appropriate surface
functionalization. However, a significant limitation of LNPs
is their low viscosity, which impairs their ability to adhere
to the skin.® By adding an appropriate gelling agent, such as
chitosan (CHI), LNPs can be transformed into high-viscosity
delivery agents, resolving the low-viscosity issue’ and
enhancing stability and skin retention for a long time.® CHI, an
N-deacetylated derivative of chitin, is a polycationic polymer
primarily composed of glucosamine units. According to
studies, CHI has anti-inflammatory and antioxidant properties,
as well as other desirable biopharmaceutical qualities, such as
antibacterial activity, biocompatibility, biodegradability, and
bioadhesion.* This polycationic polymer has demonstrated
promise as a drug carrier by forming a core-shell nanostructure
through interactions with negatively charged molecules.?
The interaction between the two components increases
the residence time of the formulation on the skin, thereby
facilitating drug diffusion.

This research aims to develop and investigate a topical FLU-
loaded LNP CHI gel (FLU-LNP-CHI) for the management
and healing of C. albicans-infected skin wounds. Searches were
conducted using Google Scholar and Google.com to identify
relevant studies. Studies were selected based on the following
criteria: inclusion criteria encompassed rats with standardized
excisional wounds infected with FLU-resistant C. albicans,
while exclusion criteria ruled out animals with systemic illness
or contaminated wounds. Formulations were considered if
they demonstrated low particle size, high zeta potential (ZP),
high drug encapsulation efficiency (EE), and an optimum
hydrogel pH. Evaluation criteria focused on wound healing,
with successful formulations confirmed by restoration of
normal skin structure in treated rats.

2. Materials and methods

FLU was a gift from Tenth of Ramadan for Pharmaceutical
Industries and Diagnostic Reagents (Rameda), Egypt. Non-
hydrogenated soybean phosphatidylcholine lipoid S100
and Lipoid SPC-3 were purchased from Lipoid GmbH,

Biomaterials Translational

Germany. Soy lecithin was purchased from AVI-Chem
Laboratories, India. Egg yolk lecithin (PL-30S) was a kind gift
from Kewpie, Japan. Isopropyl myristate and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) were procured from Sigma Chemical
Company (United States). CHI (degree of deacetylation
>90%, average molecular weight = 250,000 g/mol, viscosity
= 30-100 cP) was purchased from Glentham Life Sciences
(United Kingdom [UK]). All other solvents and chemicals
were of analytical grade and suitable for use in laboratory
settings. A total of 40 Wistar rats were used in this study.

2.1. Preparation of FLU-loaded LNP-based chitosan
hydrogel

The FLU-LNP-CHI prepared via high-pressure
homogenization and ultrasonication, with minor modifications
to the standard procedure.® In brief, FLU was added after
the designated lipids—Tween 80 and isopropyl myristate—
were heated to 5°C above the melting point, and the heated
mixture was then swirled onto a hot magnetic plate. The
resulting primary emulsion was homogenized after ultrasonic
agitation for 3-5 min. To create LNPs, they were then chilled
in an ice bath at 4°C. In the second phase, FLU-LNPs were
incorporated into the hydrogel, employing CHI as the gelling
agent. A solution of CHI (1.0% w/v) was prepared on a hot
magnetic plate by allowing it to swell in 0.1% acetic acid. The
resulting LNP formulation was then gradually poured into
the CHI solution while being stirred continuously throughout
the addition. To ensure a clear and uniform preparation, the
resulting mixture was swirled for an additional 30 min after
combining. Table 1 lists the components of FLU-LNP-CHI
formulations.

‘was

2.2.EE

The entrapment of FLU-LNPS-CHI was determined via an
indirect method. The prepared formulations were centrifuged
(Union 32R, Hanil, Korea) at 7,000 rpm at —4°C for 40 min, and
the quantity of unentrapped medications in the nanoparticles
in the supernatant was calculated. A UV-visible (UV-Vis)
spectrophotometer (2401/PC, Shimadzu, Japan) was used to
determine the amount of unentrapped medicines at 261 nm.'° The
EE of FLU was determined through the following equation:'"'2

Total amount of drug — Amount of free drug

EE(%) = x100%

Total amount of drug
(1)

Formulations that showed the greatest encapsulation potential
were selected for further studies.

2.3. Particle size, polydispersity index, and ZP

Distilled water (10 mL) was added to a small amount of
FLU-LNP-CHI, and then the mixture was shaken for 5 min,
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Table 1. Composition and encapsulation efficiencies of the prepared
FLU-LNP

Formulation Lipid type Oil:Lipid Tween Chitosan EE (%)
ratio 80 (%) (%)

F1 SP3 5:1 1 1 43.86+1.04
F2* LS100 5:1 1 1 72.35£1.05
F3 Soy lecithin 5:1 1 1 26.47%3.12
F4 Egg lecithin 5:1 1 1 72.01£1.67
F5 SP3 3:1 1 1 37.67+0.21
Fé* LS100 3:1 1 1 67,72+0.84
F7 Soy lecithin 3:1 1 1 24.55%1.25
F8* Egg lecithin 3:1 1 1 67.14+0.21
F9 SP3 2:1 1 1 25.14£0.42
F10 LS100 2:1 1 1 31.48+0.21
F11 Soy lecithin 2:1 1 1 12.10+0.22
F12 Egg lecithin 2:1 1 1 43.561+0.24

Note: “Selected for further investigation.
Abbreviations: EE: Encapsulation efficiency; FLU: Fluconazole; LNP: Lipid nanoparticle.

followed by short-term bath sonication. After that, the
sample was placed in a quartz cuvette for photon correlation
spectroscopy analysis at room temperature using a Malvern
Zetasizer Nano ZS (Malvern Instruments, UK) to estimate
particle size, polydispersity index (PDI), and ZP.*'*!3

2.4. In vitro FLU release efficiency

InvitroFLU release was investigated via the dialysis bag method."*
The study was conducted with 10% ethanolic phosphate buffer
(pH 5.5).'>'® A quantity of each selected nanoformulation
equivalent to 1 mg FLU was placed in each dialysis bag (cut-
off molecular weight = 14 kDa) and sealed. The amber-colored
glass bottles, holding the sealed dialysis bags, contained 100 mL
of ethanolic phosphate buffer and were maintained at 32 +
0.5°C" and 100 rpm for 24 h.'*'"® At 1,2,3,4,6,and 24 h,a 2 mL
sample was obtained, and an equivalent volume of medium was
added. The FLU regression equation in ethanolic buffer was
used to assess the samples spectrophotometrically at 261 nm.
Next, the FLU release efficiency (RE) was calculated. The results
were analyzed kinetically using release models, such as zero-
order, first-order, and Higuchi models, to assess the release
mechanisms. Based on the release data, two formulations were
selected for further testing.

2.5. Transmission electron microscopy (TEM)

The morphology of the selected formulations was investigated to
assess their structural characteristics, particularly size and shape
uniformity. FLU-LNP-CHI formulations were diluted with
distilled water (1:10). One drop of the dilution was applied to a 300~
mesh carbon-coated grid and left to air-dry at room temperature.
Before the film had completely dried, it was adversely stained with
1% phosphotungstic acid. Micrographs were taken at appropriate
magnifications through TEM (JEM-1230, JEOL, Japan) at room
temperature and an acceleration voltage of 80 kV.

2.6. Rheological characteristics

A parallel-plate rheometer (Physica MCR 301, Anton Paar,
Germany) was used to measure the rheological characteristics
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of FLU-LNP-CHI at 25 £ 0.5°C."® The rheometer plate was
filled with a 0.5 g sample, and the shear rate was gradually
increased from 10 to 100 s™'. Next, a ratio of 100-10 was used."
The viscosity maximum value and shear rate dependence
were recorded. To examine the rheological characteristics of
the formulations under study, viscosity curves (viscosity vs.
shear rate) were plotted. The average of the duplicates was
used to generate the plot. All rheological measurements were
performed in duplicate (n = 2), and the average of the duplicate
runs was considered as the measured value as reported by
previous literature. In the current research, rheological
characteristics are conducted in duplicate rather than triplicate
due to some practical constraints, such as time consumption,
cost, and the high reproducibility of modern rheometers.

2.7. Differential scanning calorimetry

A differential scanning calorimeter (DSC; DSC-60, Shimadzu
Corporation, Kyoto) was used to perform a thermal analysis
on FLU, LS100, CHI, and freeze-dried FLU-LNP-CHI.
The samples were heated from 25 to 200°C, then cooled at
10°C/min. All thermograms were recorded and investigated
for any inconsistencies, such as noticeable variations or new
peak appearances.?*?!

2.8. pH measurement

ThepH ofthe hydrogels was determined atambient temperature
with a pH meter (Jenway, Bibby Scientific Limited, UK) after
calibration with buffer solutions (pH 7.0 and 10.0). The pH
was measured after 0.5 g of FLU-LNP-CHI was well mixed
and diluted 10 times with distilled water. Three replicates were
performed, and the mean + standard deviation is shown.

2.9. Ex vivo rat skin permeation

Modified Franz diffusion (FD) cells, with an effective diffusion
area of 0.77 cm”and a receiver chamber capacity of 50 mL,
were used for this investigation. A permeation experiment was
conducted using rat skin. The rat’s belly hair was shaved using
a razor. Before use, the rat skin pieces were soaked in the media
for 45 min. Next, 10% ethanolic phosphate buffer (pH 7.4) was
added to the receiving compartments." Water circulation was
maintained at 37°C,'* while the fluid in the receiving chamber was
constantly rotated by a magnetic stirrer. Each donor compartment
was filled with 1 g of evenly distributed selected FLU-NLP-CHI,
which was then sealed to create an occlusive environment. To
maintain sink conditions, a 2 mL sample was removed at 1, 2, 3,
4, 6, and 24 h, and an equivalent volume of medium was added.
The total quantity of the medication that permeated the samples
was calculated at 261 nm via a UV-Vis spectrophotometer.

2.10. Skin deposition study

After the permeation experiment, the skin placed on the FD
cells was removed and washed three times with phosphate
buffer. After adding 10 mL of methanol, the mixture was
subjected to 1 h of bath sonication. After being chopped, the
skin samples were incubated for 24 h in a refrigerator at 4°C
with 10 mL of methanol. Each sample was thereafter filtered
via a 0.2 um syringe filter. The amount of FLU present in the

skin layers was calculated spectrophotometrically at 261 nm.'*%
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2.11. Irritancy test

To evaluate the skin-irritation potential of the medication
and the optimized hydrogels, a skin-irritation experiment
was conducted on Wistar rats. For the study, nine healthy
rats were given unrestricted access to food and drink. To
prevent peripheral injury, the backs of the rats were carefully
shaved 24 h before the study. Each rat’s left side of hairless skin
received a uniform application of approximately 0.05 mL of
formulation, whereas the right side served as a control. At 24,
48, and 72 h following application, the dorsal skin surface (left
side) was checked for any obvious changes, such as erythema
(redness). The degree of erythema was recorded according to
the erythemascore, with the following definitions: No erythema
= 0, slight erythema (barely visible light pink) = 1, moderate
erythema (dark pink) = 2, moderate-to-severe erythema (light
red) = 3, and severe erythema (extreme redness) = 4.

2.12. In vitro antifungal activity

In the present study, an FLU-resistant strain of C. albicans
(ATCC10231) was used to examine the antifungal activity of the
prepared FLU-LNP-CHI formulations via the well-diffusion
method.”® The initial step involved uniformly spreading
200 UL of pre-cultured Sabouraud dextrose broth (equivalent
to a 1 McFarland standard solution) on agar plates of the same
medium. The wells (diameter = 7 mm) were subsequently
produced in each agar plate via a sterile glass Pasteur pipette.
A total of 100 UL of dimethyl sulfoxide (DMSO) solution of
the tested formulations (containing 2.5 mg drug/mL) was
added to separate wells, with DMSO alone serving as a control.
The inhibition zone was measured in mm after incubation for
1 day at 30°C. Moreover, the minimal inhibitory concentration
(MIC; the lowest concentration of the prepared formulation
that inhibited Candida growth) was determined using different
concentrations of the prepared formulations.

2.13. In vitro antioxidant activity

The Brand-Williams method was used to determine the
antioxidant activity, which depends on the scavenging of
DPPH free radicals.* A stock methanolic solution of DPPH
was initially prepared (24 mg of DPPH dissolved in 100 mL of
methanol). Thereafter, 3.9 mL of the diluted solution (10 mL
of the stock solution diluted with 45 mL of methanol) was
added to 0.1 g of the prepared formula, which was shaken
well and then left to stand for 24 h in the dark. Any reduction
in absorbance was assessed at 515 nm, and the antioxidant
potential was expressed as UM of Trolox equivalents (TE) per
gram of formulation sample.

2.14. In vivo study

The rats were placed under general anesthesia, after which
an incision (1.5 x 1.5 cm) was made between their shoulders.
After that, 0.1 mL of a solution containing 1.5 x 107 colony-
forming units of C. albicans yeast was administered to the
wound, leading to infection within 24 h. The animals (except
those for the healthy control) were randomly distributed into
four groups: Group 1 was the unwounded healthy control;
Group 2 was the untreated, infected negative control; and
Group 3 received the blank formulation, whereas Groups 4
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and 5 received free-FLU suspension and the FLU-LNP-CHI
(F2) hydrogel, respectively (8 animals/group). The FLU-LNP-
CHI hydrogel was administered before the start of wounding.
The formulations were topically administered to the wound
area once daily, beginning 24 h after the first operation and
lasting for 20 days. Every rat was inspected for infection or any
fluid in the wounds.”

2.15. Histopathology

We collected rat tissues from each group. The samples were
dehydrated, washed in xylene, and embedded in paraffin blocks
after fixation for 48 h in 10% buffered formalin solution. Serial
5 wm sections were mounted, washed in a water bath, and
dewaxed in an oven using glass slides. The slices were stained
with hematoxylin and eosin. Histopathological changes were
assessed using an Olympus CX41 light microscope (Japan).
We processed the photomicrographs via Adobe Photoshop
version 8.0.

2.16. Statistical analysis

Statistical analysis was performed using Statistical Package for
the Social Sciences (version 28.0, IBM, United States). Data are
expressed as mean * standard deviation. Differences among
multiple groups were evaluated using one-way analysis of
variance (ANOVA). When a statistically significant difference
was detected, Fisher’s Least Significant Difference (LSD) and
Tukey’s Honestly Significant Difference (HSD) post hoc tests
were applied to identify intergroup differences. A value of
p<0.05 was considered statistically significant.

3.Results and discussion
31.EE

The EE of the prepared formulations is listed in Table 1. A high
EE and amount of drug in the matrix reduced the amount of
drug used. The average EE values were in the following order:
nanoparticles containing egg lecithin (hydrophilic-lipophilic
balance [HLB] = 7)* > nanoparticles containing LS100
(HLB = 8.6)Y > nanoparticles containing SP3 (HLB = 8.3)
> nanoparticles containing soy lecithin (HLB = 9.2).? The EE
of egg lecithin was very high because it has the lowest HLB,
resulting in good solubilization of FLU in the hydrophobic
region of the lipid particles. An increase in the HLB decreases
the EE of lipophilic drugs,?” as the solubility of FLU in the
hydrophobic phase of the nanoparticles decreases, allowing
FLU to be easily diffused from the lipid matrix. Increasing
the lipid concentration clearly led to a noticeable reduction in
EE. This could be due to the repulsion between the negative
charges on the drug® and the negative charges on the lipids,"!
which facilitates expulsion of the drug from the nanosystems.
Similar results have been reported for a decrease in EE after the
inclusion of a negatively charged component in nanosystems.*!
F2,F4,F6,and F8, which showed the highest EE, were selected
for further investigations.

3.2. Particle size and ZP

The particle size, ZP, and PDI values are displayed in Table 2.
The particle size ranged between 251.6 and 409.0 nm. Particle
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Table 2. Particle size (PS), zeta potential (ZP), polydispersity index (PDI), and release efficiency (RE) of the selected formulations

Parameter F2 F4 Fé F8 Free FLU
Drug released (%)
Oh 0 0 0 0 0
1h 19.54+0.04 22.98+1.17 23.37+1.64 20.03+1.02 12.87+0.37
2h 25.93+1.28 29.83£2.52 31.11£2.45 37.9043.18 20.35+1.32
3h 30.2243.77 33.33+2.47 37.0840.92 45.38+0.21 21.5240.58
4h 32.47+2.47 33.7940.95 38.18+1.56 47.78+0.63 22.22+1.54
6h 32.85+0.98 34.4210.34 39.1443.15 51.12+0.42 22.77+0.34
24h 41.14+1.25 44.02+1.21 53.27+2.47 73.7110.61 26.79+1.85
RE,,, (%) 34.29+0.64 36.55+3.54 42.45+3.87 56.22+0.33 23.20£2.23
PS (nm) 409.00+0.22 251.60+2.29 304.90+1.25 255.50%2.35 -
ZP (mV) 32.71+1.44 22.82+0.97 51.73+2.67 30.39+2.93 -
PDI 0.442+0.09 0.441+0.02 0.405+0.03 0.425+0.05 -

Abbreviation: FLU: Fluconazole.

sizes less than 500 nm are reportedly appropriate for topical
delivery.”? An increasing oil: lipid ratio significantly decreased
the particle size (p<0.05). A high oil content might lead to a
decrease in viscosity, resulting in lower particle size values.'
These observations are consistent with earlier reports.”**
The formulations selected for the current investigation
showed promising EE, as mentioned in the previous section.
Increased surface curvature and additional particles that
engage in active interactions with molecules at the interface
(such as surfactants) are the result of particles in the nanoscale
range. The capacity of lipid molecules to form an ideal crystal
decreases as surface curvature increases. This highlights
the formation of amorphous systems that are capable of
encapsulating FLU better.* The reasonable positive ZP values
could be due to the presence of positively charged CHI on the
surface of the nanoparticles, which might have contributed
to the favorable stability of the FLU-LNP-CHI hydrogel.***’
Due to electrostatic repulsion, charged nanoparticles typically
remain scattered in a stable manner.®® All PDI values were
less than 0.5, indicating the narrow size distribution of all the
nanoparticles.”

3.3. Invitro drug release

The prepared FLU-LNP-CHI initially exhibited rapid release
within 6 h, followed by sustained release over the subsequent
24 h (Table 2). The percentage release values ranged between
41.14% and 73.70% after 24 h. A rapid release of FLU was
observed for 6 h in the first phase. The diffusion of untrapped
adsorbed FLU onto formulation surfaces and the simple
diffusion of the media into the system, followed by gradual
release, could be the cause. The development of a thick gel
matrix structure of CHI could be a cause of the delayed release!!
and subsequent immobilization, independent of the slow FLU
release. Sustained release of FLU eventually enhances its
bioavailability, thereby reducing the dosage and frequency of
treatment.® The incorporation of CHI improved encapsulation
and facilitated the formation of a diffusion barrier, thereby
facilitating the controlled release of FLU from the prepared
systems. The outcomes are in line with those of other previous
investigations.* Changes in the oil: lipid ratio affect the rate
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of drug release from formulations. A decrease in the oil:
lipid ratio from 5:1 to 3:1 increased drug release. This can be
explained by the smaller particle size of the formulations with
lower ratios, which allows easier diffusion of the drug from
the prepared systems, as a higher surface area: Volume ratio
facilitates the release and permeation of the entrapped drug
through physiological drug barriers.* The reduced release of
FLU from the suspension may be caused by the greater particle
size or less porous structure (RE = 23.20%). Loading FLU into
FLU-NLP-CHI increased its release from the semipermeable
membrane (RE = 34.29% to 56.22%) due to the improved
solubility and reduced particle size.**

Several mathematical models were used to analyze in vitro
release profiles. The highest correlation coefficient (R?) (data
not shown) was obtained when the drug was released from
all formulations and from its free suspension, as predicted by
the Higuchi equation. As a result, FLU needs to dissolve in a
lipid matrix, migrate to the matrix surface, and then separate
into the polymer (CHI) layer. The FLU was then discharged
into the surrounding medium. Similar results were reported
by other authors.** F2 and F4, which have a reasonable
release pattern, ZP, and particle size, were therefore selected
for further studies.

34.TEM

TEM was performed to examine the morphological structure
of F2 and F4 (Figure 1). The particles were spherical, with
no aggregations. The extremely homogeneous morphology
of the nanodroplets, along with the porous surface and tiny
dark dots, demonstrated successful drug encapsulation in the
prepared systems and a consistent particle size distribution.
The particle size in the transmission photos is consistent with
the Zetasizer results.

3.5.Rheological characteristics

The viscosity curves (viscosity vs. shear rate) of the selected
formulations (F2 and F4) are displayed in Figure 2. A continuous
reduction in viscosity was observed with increasing shear
rate, indicating that the FLU-LNP-CHI systems exhibited
pseudoplastic, non-Newtonian flow behavior. The viscosity of the
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formulations fluctuated with changes in shear rate. The dependent ~ CHI is shown by a wide endothermic peak in its DSC curve
change in viscosity is advantageous, as it facilitates the elimination ~ at approximately 100°C. This melting peak vanished after
of the formulation from the container and its application and  incorporation into the investigated formulations. This could be
spread over the skin. The network structure of the preparation  attributed to the large surface area of the nanometric particles
disintegrates under shear force, leading to a progressive decrease  and to the components of the investigated formulations.
in viscosity. F2 had higher viscosity values than F4 did, attributable ~ Similar results were previously reported.'®

to the semisolid nature of the phospholipid LS100* compared

with the liquid nature of egg lecithin® at ambient temperature. 3.7. pH measurements

The F2 and F4 hydrogels had pH values of 5.97 + 0.019 and
6.18 + 0.038, respectively. The pH of the skin is between 5.0
The thermograms of F2, F4, and individual components are  and 7.0; thus, these numbers are appropriate.”” Therefore, both
shown in Figure 3. The DSC curve of pure FLU showed  hydrogels can be applied safely.
an endothermic melting peak (max. 138.4°C), indicating its
crystalline state. This endothermic peak vanished in every 3-8 Permeation and skin deposition
formulation that was examined, suggesting that the produced Figure 4 presents the permeation profiles of FLU from its
formulations changed the crystalline form of FLU to the suspension and the chosen formulations (F2 & F4). Because
amorphous form. The complete solubilization of FLU in the lipid systems may encapsulate medications, maintain their
system matrix could be the cause. The melting transition of release, extend the time that payloads remain in the skin, and
effectively penetrate the skin barrier, they show considerable
A B promise for the topical delivery of therapeutic substances.”
b7 Compared with the free FLU suspension, the FLU-LNP-
2 a5 T CH systems presented higher permeation values. This can
) i be attributed to the permeation-enhancing effects of CHI,
lecithin, and phospholipids.*-°

3.6. Differential scanning calorimetry

ey

i - F2 demonstrated lower permeation and higher skin deposition
v » S i ; compared with F4, attributable to its higher viscosity, which
: S hindered the penetration of FLU through the skin, thereby
allowing greater deposition.

L
AN 2

Figure 1. Transmission electron microscopy images of (A) F2 ~ The formulations under investigation were able to deliver
(scale bar: 1 wm; magnification: x50) and (B) F4 (scale bar: 200 nm;  drugs to the skin layers appropriately. To effectively treat
magnification: x50). burn wounds, the findings show that the current preparation
was efficient at depositing FLU into the skin layers and that
. the highest FLU concentration was present at the target
' locations (epidermis and dermis). Increased corneocyte
interaction and skin blockage of CHI systems have been
proposed as explanations for this dermal retention of FLU.

Due to their tiny size, nanoparticles are more prone to interact
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w
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Viscosity (pa.s)
&
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—— with the superficial connections of cornocyte clusters and

oo, o the furrows between cornocyte islands, thereby promoting
hear rate (15) T i their accumulation for an extended period. Consequently,

Figure 2. Rheological behavior of (A) F2 (1 = 2) and (B) F4 (n = 2). it is postulated that highly lipophilic drugs encapsulated in

nanoparticles form a “depot” within the stratum corneum,

enabling their sustained release into deeper skin layers."
80 5
3.9. Irritancy study

60 . . . . . .
After topical treatment is applied to the skin, it can occasionally

cause allergic reactions or irritation, including redness,
edema, or scaling. To ensure the safety and viability of the
formulations, careful evaluation of the effects of the ingredients
in the topical formulation is needed. There were no apparent
signs of skin irritation, erythema, or edema in the rat skin 24,
204 48, or 72 h after the administration of F2 or F4, according to
visual grading (erythema score = 0).

40 4

Heat flow (mV) 29 3

-40 .

50 1o 150 200 3.10. In vitro antifungal activity
Temperature (°c)

Figure 3. Differential scanning colorimetry curves of fluconazole, ~ The in vitro antifungal potency of F2 and F4 was evaluated using
LS100, chitosan, F2, and F4 (all n = 2). FLU-resistant C. albicans. The results shown in Table 3 indicate
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Figure 4. Ex vivo (A) skin permeation profiles and (B) skin deposition values of free fruconazole, F2, and F4 (all n = 3)

that both formulations exhibited antifungal activity against the
examined strain, with F2 (MIC = 78 ug/mL) exhibiting a larger
inhibition zone than F4. In the pharmaceutical field, the particle
size of drugs is one of the most crucial criteria affecting their
bioactivity and characteristics, such as saturation solubility and
adhesiveness to membranes or surfaces, and various nanoparticles
exhibit enhanced antifungal activity.”! El Rabey et al** reported
that the loading of FLU in CHI nanoparticles strongly increased its
biocidal activity against drug-resistant strains of C. albicans. In the
present study, FLU alone did not result in any area of inhibition,
possibly because the strain used in the experiment was resistant to
the drug. Loading FLU into the formulation enhanced its effect
on the resistant strain, resulting in a zone of inhibition. The larger
inhibition zone of F2 was attributed to its constituents, as the
blank F2 had an inhibition zone greater than that of the blank F4.

3.11. In vitro antioxidant activity

The use of antioxidants is pivotal for improving wound
healing.** The DPPH scavenging potential of the investigated
formulations was evaluated. The results indicate that F2
exhibited an activity of 2,773 + 82 UM TE/g, which was much
greater than the 1,554 + 67 UM TE/g of F4. On the other
hand, an equivalent amount of free FLU did not result in any
antioxidant activity. This result might be due to the antioxidant
activity of the formulation constituents (CHI, soybean

Biomater Transl. 2026, 7(3), 425-434

phosphatidylcholine, and egg yolk lecithin).***¢ Ultimately, F2
was selected for further investigation in in vivo experiments.

3.12. Histopathological examination

Histopathological examination of skin samples from different
groups was performed to evaluate the effectiveness of the
formulations, and micrographs are shown in Figures 5 and 6.
Micrographs from the healthy control group (Group 1)
revealed normal epidermal and dermal layers (Figure 5A).
The skin from the negative control group (Group 2) exhibited
inflammatory cell infiltration at the stratum corneum and
upper epidermal layer (black arrow); neutrophilic aggregation
at the skin surface with keratinization (green arrow); epithelial
hyperplasia, acantosis, and moderate spongiosis formation (red
arrow); and the presence of an edematous space between the
dermal and epidermal layers (star) (Figure 5B-F).

Figure 6 shows micrographs of the treated groups (Groups 3-5)
in comparison with Group 2. The tissue sections from Group 2
presented marked inflammatory cell infiltration and spongiosis
(Figure 5B). Compared with Group 2, the group treated
with the blank formulation (Group 3) did not significantly
differ, as inflammatory cell infiltrates were still present in the
superficial epidermal layer, and non-cellular keratin scale and
hyperkeratosis were also observed (Figure 6B). The tissue
sections from the free-FLU group (Group 4) presented mild
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Table 3. Zone of inhibition of the selected formulations

Sample Zone of inhibition (mm)
F2 (blank) 19+0.0

F2 23+0.4

F4 (blank) 17£0.0

F4 21£0.7
Fluconazole -

eosin

Figure 5. Hematoxylin and staining  showing
histopathological changes in the skin of (A) healthy control
(Group 1), demonstrating normal dermal and epidermal skin;
and (B-F) untreated negative control (Group 2). Scale bars:
(A-C, E, F) 200 pm, (D) 100 pm; magnifications: (A-F) x50.
Notes: Black arrow: Inflammation; Red arrow: Spongiosis formation;
Green arrow: Keratinization; Star: Edematous space.

Figure 6. Hematoxylin and eosin staining showing histopathological
changes in the skin of (A) negative control (Group 2), (B) blank
formulation (Group 3), (C) free fluconazole (Group 4), and
(D) F2 (Group 5). Scale bars: 200 pm; magnifications: x100.
Notes: Black arrow: Inflammation; Red arrow: Spongiosis formation;
Green arrow: Keratinization.
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inflammatory cell infiltration, marked keratinization, and
hyperkeratosis (Figure 6C). On the other hand, treatment
with our drug formulation (Group 5) markedly improved
healing (Figure 6D). A normal skin structure was observed
as a thin layer of keratin covering the completely regenerated
epidermis. In addition, the dermal layer was normal without
any inflammatory cells or edematous areas.

4, Conclusion

The present study demonstrates that FLU-LNP-CHI
hydrogel promoted wound healing in a C. albicans-infected rat
excision model. The enhanced healing response, supported
by histopathological findings and in vitro antifungal activity,
suggests that FLU-LNP-CHI may be a promising topical
approach for managing fungus-infected wounds. However,
further in vivo investigations incorporating quantitative fungal
burden analysis and molecular markers of inflammation and
tissue repair are warranted to fully elucidate its therapeutic
potential, particularly in the context of antifungal resistance.
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