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Introduction: The increasing prevalence of systemic fungal infections, especially among immunocompromised individuals, high-
lights the need for advancements in targeted and effective antifungal treatments. This study presents a novel nanomaterial, CFW-
phosphatidylethanolamine conjugate (CFW-PEc), designed to enhance the delivery and efficacy of antifungal agents by targeting
fungal cell walls through specific chitin binding. Ethosomes, lipid-based nanocarriers known for their ability to improve drug delivery
across skin and cell membranes, were utilized in this study.

Methods: The physicochemical characteristics of voriconazole-loaded CFW-PEc ethosomes (CFW-PEc-VRC-ethosomes) were
examined, including particle size, zeta potential, and entrapment efficiency. Antifungal efficacy of CFW-PEc-VRC-ethosomes was
evaluated, including antifungal activity in vitro, CFW-PEc-ethosomes cellular uptake, and models of animal infection and imaging
analyses.

Results: In vitro experiments demonstrated a concentration-dependent inhibition of C. albicans growth by CFW-PEc, with cell
inhibition rates reaching nearly 100% at 256 pM. In vivo investigations confirmed a 5-fold reduction in fungal burden in the liver and
a 7.8-fold reduction in the kidney compared to the control group following treatment with CFW-PEc (0.1 uM)-VRC-ethosomes.
Imaging analyses also confirmed the extended tissue retention of fluorescent dye-loaded CFW-PEc-ethosomes in mice, further
underscoring their potential for clinical use.

Discussion: The targeted delivery of antifungal medications via ethosomes coated with CFW-PEc presents a promising strategy to
improve antifungal effectiveness while reducing adverse effects, marking a significant advancement in fungal infection therapy.
Keywords: CFW-phosphatidylethanolamine conjugate, antifungal agents, fungal cell walls, chitin binding, ethosomes

Introduction

The incidence of fungal infections is increasingly threatening global public health. While many of these infections are
superficial, certain fungal species have the potential to cause life-threatening illnesses. Individuals with compromised
immune systems, such as organ transplant recipients, oncology patients, those with HIV/AIDS, and more recently,
individuals with SARS-CoV-2, are at a heightened risk for fungal infections.' * Systemic fungal infections typically
originate in the lungs through inhalation of conidia (such as Aspergillus and Cryptococcus) or from endogenous
microbiota (such as Candida species). Due to contaminated lines or leakage from the gastrointestinal tract and can

spread to multiple organs in the host. Fatal infections caused by these pathogens result in over one million deaths globally
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each year. Delayed initiation of appropriate therapy for systemic fungal infections can lead to medical emergencies with
high mortality rates.>® Candida albicans is responsible for approximately 70% of Candida infections worldwide, posing
a significant public health challenge with escalating severity.” C. albicans can transition between yeast and filamentous
forms, impacting its pathogenicity. Infections involve yeast cells attachment to host tissues and devices, forming biofilms
resistant to host defenses and antifungal treatments, complicating clinical treatment.®

The treatment of fungal infections usually entails the administration of four main classes of antifungals, namely
polyenes, azoles, echinocandins, and pyrimidine analogues, which target different structures within fungal cells.'®
Voriconazole is a broad-spectrum antifungal medication derived from fluconazole, belonging to the azole class,
commonly used for treating and preventing invasive fungal infections.'''* Therapeutic monitoring and prolonged
maintenance dosages are necessary due to infection recurrence.'®'> The diversity in plasma levels among individuals
undergoing voriconazole therapy presents a primary challenge, with this variability being impacted by factors including
liver function, cytochrome P450 isoenzyme polymorphisms, drug interactions, as well as liver disease and cancer.'® "’
Increased serum levels of voriconazole may lead to toxicity, presenting adverse effects such as phototoxicity, hallucina-
tions, and hyponatremia.®®*!

Nanostructured systems present a promising strategy for enhancing antifungal therapy by reducing toxicity and
improving drug targeting.”> >> The utilization of nanostructured systems in antifungal therapy dates back to the 1990s,
particularly with the advancement of lipid formulations of amphotericin B.>*?” A significant aspect of nanotechnology in
medicine lies in the advancement of drug delivery systems. Encapsulation of drugs in nanoparticles leads to a substantial
increase in the therapeutic index compared to non-encapsulated drugs.”® Nanostructures have the capacity to protect
various compounds from enzymatic degradation, facilitate enhanced penetration through mucous epithelium, and
regulate pharmacokinetics, thereby enhancing the efficacy of the active ingredient.”’° Ethosomes are a lipid-based
drug delivery system that uses high alcohol concentrations (20—45%) to enhance drug permeation, especially through
skin. More flexible than traditional liposomes, ethosomes allow deeper penetration and better encapsulation of ther-
apeutic agents. This targeted method makes ethosomes a promising approach for drug delivery, overcoming conventional
system limitations.*’

Fungal cell walls, including C. albicans, are structurally crucial for their function and interactions with the environ-
ment and immune recognition.*>** They consist of fibrous and gel-like carbohydrate polymers forming a robust core
scaffold, with proteins and superficial components added for strength and flexibility. The inner cell wall typically
contains B-(1,3) glucan, chitin, and branched B-(1,6) glucan, with variations in composition among fungal species. In
C. albicans, B-(1,6) glucan plays a key role in structural organization, linking B-(1,3) glucan and chitin.** This
organization provides mechanical support close to the membrane and protection from degradative enzymes in the
environment.>>>® Chitin is a unique component of fungal cell walls but absent in mammalian cells, making it an
advantageous target. This specificity allows for the selective targeting of fungal cells without affecting host cells. By
exploiting the inherent presence of chitin in fungal cell walls, drug delivery can be optimized through targeted interaction
at the infection site, thereby enhancing therapeutic efficacy while minimizing side effects on surrounding healthy tissues.
Calcofluor white (CFW), as a typical fluorescent brightener, is a valuable tool for detecting a range of yeasts and
pathogenic fungi, including C. albicans, Aspergillus species, and Cryptococcus neoformans, due to its specific binding
affinity with fungal components.*’>° CFW containing two sulfonic acid groups, enables solubilization under specific
conditions, such as slight acidity, facilitating its interaction with B-linked glucans and nascent chitin chains.*® This
interaction disrupts chitin assembly by competitively binding to hydrogen bonding sites, thereby compromising fungal
cell wall integrity and impeding fungal growth. Despite variations in cell wall structures between different fungi, CFW
predominantly targets the chitin layer, causing perturbations across the entire cell wall structure.*'** Notably, CFW is
deemed safe for mammals, suggesting its potential utility in targeted delivery of antifungals.

In this study (Scheme 1), we synthesized CFW-phosphatidylethanolamine conjugate (CFW-PEc) as a nanomaterial
with potent antifungal properties. The structure of CFW-PEc was elucidated using nuclear magnetic resonance spectro-
scopy. We also investigated the mechanism by which CFW-PEc interacts with its targets and determined its antifungal
activity in fungi. Moreover, we developed fungal-targeted nano drug delivery systems based on CFW-PEc, including
voriconazole-loaded CFW-PEc ethosomes (CFW-PEc-VRC-ethosomes), and studied their physicochemical

13048 "er= International Journal of Nanomedicine 2024:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Shen et al

Synthesis oH M
H H OH ( o q i
NN 0=$=0 WO
@ 1 o2 X )
o PTNN 0=5=0 O NSy £ v
C H H
HNV & Hoj o Voriconazole (VRC)
org:gf CFW-PEc %
[e] .
PEN VN VPO S S PSSO PUN Phospholipid "o @=
S VRC *
CFW-Phosphatidylethanolamine conjugate (CFW- PEc)
Ethanol Fthanol g%o
CFW-PEc-VRC-ethosomes %

% moemo 1 C. albicans yeast
1 !
1 % ! C. albicans hypha
1 1

C. albicans pseudohypha

Chitin

Scheme | lllustrative depiction of the therapeutic application of CFW-PEc-VRC-ethosomes in mice afflicted with fungal peritonitis. CFW-PEc, a synthesized compound
derived from CFW and PE, is employed to formulate ethosomes encapsulating VRC. These ethosomes are administered intravenously to mice suffering from intraperitoneal
infections caused by C. albicans. The structural characteristics of C. albicans promote the formation of biofilms at the infection sites, characterized by a loosely structured
extracellular matrix predominantly composed of glucans, chitin, and various polymers. The interaction of CFW-PEc with chitin in the cell walls of C. albicans facilitates the
targeted delivery of its ethosomes to the Candida infection sites via the bloodstream, thereby enhancing the therapeutic efficacy against the fungal pathogen.
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characteristics such as particle size, zeta potential, and entrapment efficiency. The antifungal activity of these formula-
tions against C. albicans yeast cells and hyphal cells was evaluated in vitro. Importantly, we characterized the drug
delivery effectiveness of CFW-PEc-ethosomes in vitro and the distribution of CFW-PEc-Cy5.5-ethosomes in mice using
small animal imaging. The antifungal activity of CFW-PEc-VRC-ethosomes was further examined in mice infection
model. Meanwhile, the biosafety of CFW-PEc and CFW-PEc-VRC-ethosomes were determined, respectively, in vitro
and in vivo. Our results provide compelling evidence that the innovative biomaterial CFW-PEc displays effective
antifungal activity against C. albicans by exhibiting a specific binding affinity towards chitin located within the cell
walls. The utilization of CFW-PEc has been shown to substantially improve the delivery efficiency and antifungal
efficacy of nanoparticle-based treatments targeted against C. albicans. This enhancement provides a promising strategy
for effectively reducing the fungal burden in mouse models of fungal peritonitis.

Methods

Materials and Strains

The materials used in this study included CFW, N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride-
crystalline (EDC-HCI), phosphatidylethanolamine (PE), N-hydroxysuccinimide (NHS), voriconazole (VRC),
N-acetylglucosamine, polyoxin D, coumarin 6 (C6), cyanine 5.5 (Cy5.5), and phosphate buffered saline (PBS), all
obtained from Sigma-Aldrich (St Louis, MO, USA). Crystal violet ammonium oxalate solution (1%, w/v) was obtained
from Solarbio (Beijing, China). Purified water from Merck Millipore Ultrapure Water System (Darmstadt, Germany) was
used in all experiments. All other chemicals and reagents were of analytical grade quality or higher.

The strains utilized were the sequenced reference strains C. albicans SC5314 and C. neoformans H99, purchased from
the American Type Culture Collection (ATCC). The fungal cells were cultured on Yeast-peptone-dextrose (YPD) plates
containing 1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) dextrose and 2% (w/v) agar; YPD broth including 1%
(w/v) yeast extract, 2% (w/v) peptone, and 2% (w/v) dextrose; or spider medium including 1% (w/v) mannitol, 1% (w/v)
yeast extract, and 0.2% (w/v) K,HPO,. A standard cell suspension was prepared by inoculating a single colony into YPD
broth and incubating overnight at 30°C with shaking at 200 rpm. For in vitro antifungal activity and cellular uptake
efficacy testing, C. albicans yeast cells were harvested, washed in PBS, and re-suspended in YPD broth at
a concentration of 1 x 10° CFU/mL.

CFW-PEc Synthesis

PE and succinic anhydride were individually dissolved in anhydrous tetrahydrofuran by ultrasonication, and 1 mL of N,
N-diisopropylethylamine (DIPEA) was drawn into a sterile syringe. DIPEA was added to the flask. After 2 days of
reaction at 25°C in the dark condition, the reaction mixture was diluted with 4 times deionized water, and then dialyzed
in deionized water using a dialysis bag for 4 days. The solution was centrifuged at 493 g for 5 minutes. The supernatant
and precipitate were lyophilized by a freeze dryer and stored at 25°C. The supernatant was then further reacted with
EDC-HCI, NHS, and CFW in a flask at 25°C in the dark condition. The reaction mixture was diluted with 4 times the
volume of deionized water and then dialyzed in deionized water using a dialysis bag for 4 days. The solution was
centrifuged at 493 g for 5 minutes. The final product was then lyophilized and stored at 25°C in the dark condition. The
"H nuclear magnetic resonance (NMR) spectrum of PE in DMSO and CEW-PEc in DMSO was determined by NMR
spectrometer (Bruker AM-400).

CFW-PEc Binding Assessment

To assess the binding capability of CFW-PEc, C. albicans and C. neoformans cultures were cultivated in YPD broth
under various stress conditions. Initially, the cells were cultured overnight in YPD broth at 30°C with shaking at 200 rpm,
then transferred to YPD broth supplemented with either 23 mm N-acetylglucosamine or 0.18 mm polyoxin D. After
6 hours of incubation at 30°C with shaking at 200 rpm., the cell cultures were diluted to a density of 1 x 10" CFU/mL.
CFW-PEc was added to the YPD broth, and the cultures were incubated for 10 minutes at 30°C with shaking at 200 rpm.
Additionally, the cells were cultured overnight in the YPD broth, and after 6 hours of incubation at 30°C with shaking at
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200 rpm, they were diluted to a density of 1 x 10" CFU/mL. CFW-PEc, pre-incubated with chitin, was then added to the
YPD broth, and the cultures were incubated for 10 minutes at 30°C with shaking at 200 rpm. Subsequently, the cells were
washed twice with PBS and re-suspended in 200 uL of PBS for fluorescence microscopy. Imaging was performed using
a confocal laser scanning microscope (Leica TCS SPE) with a 63% oil immersion lens, exciting the cells with UV light
below 365 nm, and capturing emission at 435 = 10 nm.

The human breast cancer cell line MDA-MB-231 and the 293T cell line were obtained from the Type Culture
Collection of the Chinese Academy of Sciences in Shanghai, China. 293T cells and MDA-MB-231 cells were cultured
separately in DMEM at a concentration of 1 x 10> CFU/mL. Subsequently, 200 uL of each cell culture was transferred to
two laser confocal dishes and incubated for 3 hours at 37°C with 5% CO,. Following this, the cultures were
supplemented with 2 mL of DMEM and continued to incubate overnight at 37°C with 5% CO,. The C. albicans
SC5314 yeast cells, cultured overnight, were centrifuged at 493 g for 5 minutes, washed twice with PBS, resuspended in
DMEM, and diluted to a concentration of 1 x 10® CFU/mL. Subsequently, 100 uL of the diluted cell suspension was
added to the confocal dishes containing the overnight-cultured 293T cells and MDA-MB-231 cells, respectively. Both
20 pL of 0.2 mm CFW-PE and 20 pL of Rhodamine B dye were added to each dish, and the cultures were incubated for
5 hours. Following the removal of the DMEM culture, the mixed cells were resuspended in 200 puL of PBS. Imaging was
conducted using the Leica TCS SPE equipped with a 63x oil immersion lens.

Preparation of CFW-PEc-VRC-Ethosomes and VRC-Ethosomes
CFW-PE-VRC-ethosomes and VRC-ethosomes were prepared using an ethanol injection method. Phospholipids (8 mg)

and VRC (1 mg) were dissolved in 200 pL of anhydrous ethanol under sonication. The resulting solution was injected
into 800 puL of deionized water under sonication to obtain 1 mL VRC-ethosomes. CFW-PEc (10 mg) was dissolved in
1 mL of DMSO, and phospholipids (8 mg) were dissolved in 199 pL of anhydrous ethanol. The CFW-PEc solution was
mixed with the prepared solution and injected into water under sonication to obtain 1 mL of CFW-PEc (1 uM)-VRC-
ethosomes. Similarly, CFW-PEc (0.1 pM)-VRC-ethosomes and CFW-PEc (0.01 uM)-VRC-ethosomes were prepared
following the same procedure.

Characterization of CFW-PEc -VRC-Ethosomes and VRC- Ethosomes

The protocol was performed as described elsewhere.*’ Basically, the particle size and zeta potential of nanoparticles were
analyzed using dynamic light scattering with a Zetasizer Nano-ZS ZEN3600 (Malvern Instruments Ltd, Worcestershire,
UK) at 25°C after diluting the nanoparticles in deionized water. The entrapment efficiency (EE) and drug loading
capacity (DL) of VRC were determined through indirect calculations: 1 mL of nanoparticles was centrifuged at 1972
g using an ultrafiltration tube (Millipore, USA, MWCO 10 kDa) for 10 minutes to separate the free drug (Wgee) and
encapsulated VRC (W). The filtrate collected was analyzed for free VRC content using high-performance liquid
chromatography with a C'® reversed-phase column (5 pm) and a mobile phase ratio of methanol to 0.1% acetic acid
of 70:30 at a flow rate of 1.0 mL/min, detection at 256 nm, column temperature set at 30°C, and an injection volume of
20 pL. Total VRC (W) in nanoparticles was determined by disrupting the nanoparticles with a mixture of 900 pL
methanol and 100 puL of nanoparticles. Wy;, represents the total amount of lipid materials used for ethosomes preparation.
EE (%) and DL (%) were then calculated using the following formulas. The stability of the nanoparticles during storage
was evaluated by monitoring changes in particle size and zeta potential at 25°C over a period of 2 weeks.

EE% = —22 T 2100 (1)

DL% — Wtotal_Wfree %100 (2)
Wiotal _Wfree+W|ip
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In vitro Antifungal Efficacy

The antifungal efficacy of the compounds against C. albicans yeast cells was assessed in the YPD broth according
to protocols from the National Committee for Clinical Laboratory Standards (M27-A3). Serial dilutions of CFW-
PEc, ranging from 8 uM to 512 pM, and serial dilutions of CFW-PEc (0.01-1 uM)-VRC-ethosomes and VRC-
ethosomes (0.015 to 32 ug/mL) were prepared in YPD broth. These dilutions were added to the first 10 rows of
a 96-well plate (100 uL per well) using a multichannel pipette. Each well received 100 pL of YPD broth containing
1 x 10° CFU/mL of C. albicans yeast cells. Control wells contained 1 x 10> CFU/mL in 100 pL of YPD broth and
100 pL of drug-free YPD broth. The plates were incubated at 30°C with shaking at 200 rpm for 12 hours, and
optical density at 600 nm was measured using a microplate spectrophotometer to determine the percentage
inhibition of C. albicans growth relative to the control. Each assay was conducted in duplicate and repeated
three times.

The antifungal efficacy of the compounds against C. albicans biofilm formation was evaluated using the crystal violet
method. A single colony of C. albicans SC5314 was selected and inoculated into 5 mL of YPD broth, then incubated
overnight at 30°C with shaking at 200 rpm. The resulting culture was centrifuged at 493 g for 5 minutes, washed twice
with PBS, resuspended in a spider medium containing 10% fetal bovine serum, and the OD value was measured at 600
nm using a UV spectrophotometer. The density of C. albicans SC5314 was diluted to 1 x 10* CFU/mL, and 100 pL of
the diluted culture along with 100 pL of the compound-containing samples (final concentrations of 4 pg/mL and 8 pg/
mL) in spider medium with 10% fetal bovine serum were added to each well of a 96-well plate. Control groups consisted
of 100 pL of the diluted culture with 100 pL of spider medium, while blank controls received 200 pL spider medium.
The plate was then incubated for 24 hours at 37°C with shaking at 200 rpm. Following three washes with sterile PBS,
0.1% crystal violet solution was added and allowed to stain for 15 minutes. Excess stain was removed with sterile water,
followed by elution with 95% ethanol for 15 minutes. The eluate was transferred to a new 96-well plate, and the OD
value was measured at 595 nm.

Cytotoxicity Assay of CFW-PEc and CFW-PEc (0.0l pM-I pm)-VRC-Ethosomes
CFW-PEc-ethosomes were prepared with CFW-PEc at concentrations from 0.01 uM to 1 uM through ethanol injection.
Similarly, CFW-PEc-VRC-ethosomes were loaded with VRC at 50 pug/mL. After filtration through a 0.22 uym membrane,
the preparations were diluted 10 times with DMEM medium. 293T cells in DMEM medium were washed twice with 2 mL
of PBS. 1 mL of EDTA-trypsin was then added and incubated for 30 seconds. Following this, 2 mL of DMEM medium was
added to terminate the digestion. 293T cells were centrifuged at 190 g for 5 minutes and adjusted to a density of 5 x 10*
CFU/mL during the logarithmic phase. Each well of a 96-well plate received 180 pL of the cell suspension and was
incubated overnight at 37°C with 5% CO,. The sample groups were treated with 20 pL of the prepared CFW-PEc-
ethosomes and CFW-PE-VRC-ethosomes, while the control groups received 20 pL of drug-free DMEM medium. The plate
was then incubated at 37°C with 5% CO, for 12 hours. For the cytotoxicity assay of CFW-PEc, 293T cells were prepared as
described earlier and exposed to varying concentrations of CFW-PEc (0.01-1 uM) in each well, incubated at 37°C with 5%
CO, for 12 hours. Cytotoxicity was assessed using the Cell Counting Kit-8 (Sigma-Aldrich, St Louis, MO, USA) reduction
assay, and the OD value was measured at 450 nm. Cell viability percentages were calculated relative to the control using
GraphPad Prism v.9.0. All experiments were conducted in duplicate and repeated three times.

CFW-PEc-Ethosomes Cellular Uptake

The cellular uptake of CFW-PEc-ethosomes by C. albicans cells was evaluated using coumarin-based fluorescent
ethosomes. CFW-PE (0.01-1 uM)-C6-ethosomes and C6-ethosomes were prepared and diluted to a concentration of
0.2 pg/mL. For the investigation of nanoparticle uptake in C. albicans yeast cells, 20 pL of C6 dye solutions were added
to each well of a 24-well plate containing 1.98 mL of YPD medium with 1 x 10> CFU/mL C. albicans yeast cells. The
plates were shielded from light and incubated at 30°C. In the study of nanoparticle uptake in C. albicans hyphal cells,
C. albicans yeast cells in YPD medium were washed twice with PBS, resuspended in spider medium containing 5% fetal
bovine serum. 20 puL of C6 dye solutions were added to each well of a 24-well plate containing 1.98 mL of spider
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medium with 4 x 10> CFU/mL C. albicans yeast cells. The plates were shielded from light and incubated at 37°C. At 3,
6, and 9 hours post-treatment, 400 uL of fungal cells were collected, washed, and resuspended in 100 pL of PBS for
imaging using a Leica TCS SPE. Fluorescence was captured with two distinct UV light excitation wavelengths, with
emissions collected at 490 + 10 nm for C6 and 435 + 10 nm for CFW-PEc. The assays were conducted in duplicate and

repeated five times.

In vivo Animal Imaging Analysis

Kunming mice aged 4-5 weeks and weighing 14-16 g were procured from Jinan Pengyue Experimental Animal
Breeding Co., LTD (Jinan, Shandong, China) for the in vivo imaging study. Twenty mice were randomly chosen and
divided evenly (n = 4) into five groups. A single colony of Candida albicans SC5314 was inoculated into 5 mL of YPD
broth, followed by overnight incubation at 30°C with shaking at 200 rpm. The cell cultures were centrifuged at 493 g for
5 minutes and washed twice with PBS. The cell suspension was adjusted to a concentration of 2 x 10% CFU/mL. Each
mouse received an intraperitoneal injection of 200 pL of the cell suspension. In the control group, 200 pL of PBS was
injected intraperitoneally. CFW-PEc (0.01-1 uM)-Cy5.5-ethosomes and Cy5.5-ethosomes were prepared for the study.
After 7 days post-infection, infected mice were administered 200 pL of Cy5.5-loaded nanoparticles via the tail vein.
Additionally, uninfected mice received an injection of CFW-PEc (0.1 pM)-Cy5.5-ethosomes. Fluorescence imaging was
conducted using an IVIS Spectrum In Vivo Imaging System (PerkinElmer, USA) at five time points post-treatment:
1.5 hours, 4 hours, 6 hours, 8 hours, and 24 hours for data collection and analysis.

In vivo Antifungal Efficacy

For the CFU assay, CFW-PEc (0.01-1 uM)-VRC-ethosomes, VRC-ethosomes, and VRC in solution were prepared and
dissolved in sterile saline. Sixty mice were randomly selected and divided equally into six groups. Intraperitoneal
infection was described in the in vivo animal imaging analysis. One day after infection, the mice were intravenously
administered 2 mg/kg of the test drugs. Control group mice received PBS at the same dosage. After 8 days post-infection,
seven mice from each group were sacrificed, and their liver and kidney tissues were isolated, weighed, and placed in
10 mL of PBS. The tissues were homogenized, and the resulting suspension was plated on YPD agar and incubated at
30°C for 2 days to determine the colony-forming units. Additionally, for histopathological assessment, three mice from
each group were sacrificed at 8 days post-infection, and their liver and kidney tissues were collected and stained with
Hematoxylin and Eosin (H&E).

Image Analysis

Image analysis was performed using Imagel, a software developed by the National Institutes of Health, for image
compilation and analysis. In the study of the cellular uptake efficiency of CFW-PEc-ethosomes in vitro, the mean gray
value of nanoparticle fluorescence intensity was determined by dividing the total intensity across cells by the cell area.
Statistical significance was assessed by measuring five images per experimental group. For the in vivo animal imaging
analysis, the total flux of nanoparticle fluorescence intensity in the peritoneal cavity of mice was quantified using Living
Image software (version 4.4). Individual measurements were taken for each mouse in every experimental group to ensure

accurate data collection.

Statistical Analysis

Experiments were repeated independently at least three times for reproducibility, with data presented as the mean + SD.
Statistical significance was determined using ANOVA and Tukey’s test (SPSS 19.0; IBM, Armonk, NY, USA), with
a significance threshold set at P < 0.05.
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Results and Discussion

Characterization of CFW-PEc Structure

The synthesis scheme of CFW-PEc is shown in Figure 1 A. The first step involves the reaction of succinic anhydride with
the amino group in PE under alkaline conditions to generate a carboxyl group, producing the intermediate product PE-
succinic anhydride. The second step involves the esterification reaction between the intermediate product and CFW to
produce CFW-PEc. The structure of the final product was determined through NMR spectroscopy analysis. The "H NMR
spectrum of PE in DMSO and the synthesized product in DMSO are presented in Figure 1B and C, respectively.
Remarkably, Figure 1C displays two additional sets of peaks compared to Figure 1B. The signals observed at & 3.6-3.7
ppm were assigned to the CH, protons of CFW, while the peaks at 6 6.0-8.0 ppm indicated the presence of an anomeric
hydrogen of CFW. These results indicate a complete linkage between CFW and PE-succinic anhydride, confirming the
successful synthesis of CFW-PEc. The synthesis of novel CFW-PEc through a coupling of CFW with PE via the succinic
anhydride reaction is a significant innovation. This unique synthetic method allows for precise functionalization designed
for specifically targeting fungal cells, distinguishing our approach from previously developed antifungal nanoparticle
systems.**

CFW-PEc Exhibits Specific Binding to Chitin Within the Cell Walls

CFW is a diaminostilbene derivative that emits fluorescence under UV light and has a selective affinity for B-linked
fibrillar polymers such as cellulose and chitin, forming attachments through hydrogen bonding.*® In order to determine if
CFW-PEc could replicate the interaction between CFW and chitin in fungal cell walls, a specific binding test was
performed between CFW-PEc and its substrate. In C. albicans yeast cells cultured in YPD broth and treated with CFW-
PEc, a typical CFW fluorescence pattern was observed in the cell wall (Figure 2A). The fluorescence intensity of CFW-
PEc in yeast cells cultured in YPD broth supplemented with 23 mm N-acetylglucosamine exhibited a significant increase
compared to the control cells (Figure 2B). In contrast, yeast cells cultured in YPD broth with 0.18 mm polyoxin
D displayed a marked decrease in fluorescence intensity (Figure 2C). Furthermore, the fluorescence intensity of CFW-
PEc in yeast cells treated with CFW-PEc that had been preincubated with chitin was nearly undetectable (Figure 2D). In
C. neoformans cells, similar patterns of CFW-PEc fluorescence were observed (Figure 2E—H). The growth of fungi cells
on N-acetylglucosamine-enriched medium stimulates chitin synthesis, resulting in elevated chitin levels in the cell wall.*®
In contrast, polyoxin D impacts septum formation, cell wall maturation, and bud ring formation, leading to impaired
fungal cell growth due to its inhibition of chitin polymerization.*® Our findings suggest a strong correlation between the
fluorescence intensity of CFW-PEc in C. albicans and C. neoformans cells and alterations in chitin synthesis. The
fluorescence intensity of CFW-PEc in fungi cells serves as a reliable indicator of the chitin levels in the cell wall. Hence,
it is reasonable to infer that CFW-PEc retains the capacity to bind to chitin chains in the cell wall inherited from CFW.

To investigate the selective binding of CFW-PEc to chitin in the fungal cell wall compared to mammalian cells,
a binding assay was performed using C. albicans yeast cells and mammalian cells. As depicted in Figure 2I, the
fluorescence intensity of CFW-PEc was exclusively detected in C. albicans yeast cells rather than in 293T cells.
Similarly, a consistent pattern of fluorescence intensity of CFW-PEc was observed in the co-culture of MDA-MB-231
cells and C. albicans yeast cells (Figure 2J). These findings suggest that CFW-PEc demonstrates a preference for binding
to fungal cells over mammalian cells through specific interactions with chitin in the fungal cell wall. The ability of CFW-
PEc to selectively bind to chitin in fungal cell walls marks a significant advancement in antifungal therapy. While there
are other antifungal nanoparticles available, many of them lack specificity toward fungal structures, which can result in
off-target effects and reduced safety, thereby limiting their application in the clinical field.*”** CFW-PEc’s clear
preference for fungal cells, without interacting with mammalian cells, may minimize potential cytotoxicity and enhance
the therapeutic index, making it a promising candidate for safer antifungal treatments.

In vitro Assessment of the Antifungal Activity and Cytotoxicity of CFW-PEc
To investigate the antifungal activity of CFW-PEc against C. albicans yeast cells, an in vitro antifungal activity assay was
conducted in YPD broth. The results presented in Figure 2K demonstrate a concentration-dependent inhibition rate of
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with CFW to yield CFW-PEc. (B) 'H NMR spectrum of PE in DMSO, demonstrating the initial reactant’s characteristics. (C) 'H NMR spectrum of the synthesized CFW-PEc,
highlighting the additional peaks that confirm the successful formation of CFW-PEc.
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Figure 2 (A) Fluorescence imaging showing specific localization of CFW-PEc in the cell wall of C. albicans yeast cells cultured in YPD broth. (B) Significant enhancement in
fluorescence intensity of CFW-PEc in yeast cells supplemented with 23 mm N-acetylglucosamine, indicating increased binding to chitin. (C) Noticeable reduction in fluorescence
intensity with 0.18 mm polyoxin D treatment, suggesting impairment in chitin binding. (D) Minimal fluorescence detected in yeast cells treated with CFW-PEc preincubated with
chitin, indicating competitive inhibition of binding. (E-H) Fluorescence imaging patterns in C. neoformans cells, similar to those observed in C. albicans. Scale bars are 10 um. (I) CFW-
PEc fluorescence was exclusively detected in C. albicans yeast cells, indicating specificity for fungal cells over 293T cells. (J) CFW-PEc fluorescence in co-culture with MDA-MB-23 |
cells demonstrates selective retention in C. albicans. Scale bars are 20 um. (K) Inhibition rates of CFW-PEc against C. albicans yeast cells, highlighting significant efficacy across
concentrations (**P < 0.01; P < 0.001). (L) Viability comparison of 293T cells treated with CFWV versus CFW-PEc, indicating relative safety with CFW-PEc treatment (*P < 0.05).
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CFW-PEc, with the maximum cell inhibition rate reaching nearly 100% at a concentration of 256 uM. Conversely, the
minimum cell inhibition rate of CFW-PEc against C. albicans yeast cells was approximately 21% at a concentration of
4 uM. In fungi, the antifungal activity of CFW is attributed to its binding to chitin chains. Therefore, the preservation of
antifungal efficacy in CFW-PEc, following its formation from CFW, is not surprising. Additionally, an in vitro
cytotoxicity assay was performed to assess the safety profile of CFW-PEc in mammalian cells. The cell viability of
293T cells treated with CFW-PEc was compared to that of cells treated with a PBS solution, as shown in Figure 2L. The
cell viability of 293T cells exposed to CFW-PEc at a concentration of 1 uM was approximately 86%, which increased to
around 95% at a concentration of 0.1 pM. These findings suggest that CFW-PEc exhibits a favorable safety profile
in vitro.

Characterization of CFW-PEc-VRC-Ethosomes and VRC-Ethosomes

Nanoparticles offer the potential to mitigate unfavorable drug characteristics and enhance drug permeation across
biological membrane barriers, thereby facilitating the treatment of deep-seated fungal infections.** Essential nanoparticle
properties, including particle size and zeta potential, play a crucial role in their ability to adhere to and interact with
biological cells, facilitate drug release, promote brain penetration, and enhance cellular uptake efficiency.*’ The particle
size and zeta potential of nanoparticles were characterized using dynamic light scattering. The particle size distributions
of CFW-PEc (0.01-1 pM)-VRC-ethosomes and VRC-ethosomes are depicted in Figure 3A—H, with detailed distributions
shown in Figure 3A and B for VRC-ethosomes, and Figure 3C—H for CFW-PEc (0.01 uM), (0.1 uM), and (1 pM)-VRC-
ethosomes, respectively, while the average of particle size and zeta potential is listed in Table 1. Notably, the
polydispersity index (PDI) of CFW-PEc (0.1 uM and 1 pM)-VRC-ethosomes was lower than that of VRC-ethosomes,
indicating a more centralized particle size distribution. Furthermore, the particle sizes of CFW-PEc (0.01-1 pM)-VRC-
ethosomes and VRC-ethosomes were measured at 94.32 &+ 0.045 nm, 95.08 + 0.28 nm, 95.93 + 0.63 nm, and 98.63 = 1.19
nm, respectively. These findings indicate that inclusion of CFW-PEc does not significantly alter particle sizes. The zeta
potential values for CFW-PEc (0.01-1 pM)-VRC-ethosomes and VRC-ethosomes were determined to be —33.1 + 0.7
mV, —28.9+ 0.6 mV, —23.25 + 1.05 mV, and —21.9 + 0.4 mV, respectively. Of particular note is the slight decrease in
negative zeta potential of CFW-PEc-VRC-ethosomes, which contributes to the steric stabilization of nanoparticles at the
particle/water interface.’® Efficient drug entrapment efficiency (EE) and drug loading (DL) are crucial parameters for
evaluating drug delivery systems.”' As illustrated in Table 1, the EE (%) of VRC-ethosomes was recorded at 53.35 =+
0.51%, with a DL (%) of 6.51% 0.06%; while the EE of CFW-PEc (0.01-1 uM)-VRC-ethosomes ranged from 39.20 +
0.96% to 43.67 + 2.15%, with a DL of 4.78 + 0.12% to 5.33 + 0.26%. Figure 31 and J show that there were no notable
alterations in the particle size and zeta potential of CFW-PEc (0.01-1 pM)-VRC-ethosomes following a 2-week storage
period at 25°C, suggesting exceptional storage stability.

In vitro Antifungal Activity of CFW-PEc-VRC-Ethosomes and Cytotoxicity of
CFW-PEc-VRC-Ethosomes

The antifungal activity of CFW-PEc-VRC-ethosomes was evaluated through an in vitro antifungal activity test conducted
in YPD broth containing C. albicans yeast cells. The test compared the effects of CFW-PEc (0.01-1 uM)-VRC-
ethosomes, VRC-ethosomes, and VRC, with the results summarized in Figure 4A. The inhibition rates of the five
components demonstrated significant efficacy against C. albicans yeast cells, with cell inhibition rates exceeding 60%.
No substantial differences in cell inhibition rates were observed between VRC-ethosomes and VRC across all concen-
trations. While the inhibition rates of CFW-PEc (0.01 pM and 0.1 pM)-VRC-ethosomes were slightly lower than those of
VRC, the differences were generally, generally, around 3% in most cases. Interestingly, CFW-PEc (I uM)-VRC-
ethosomes exhibited markedly reduced growth inhibition effects at all concentrations compared to the other four
components. These results suggest that CFW-PEc-VRC-ethosomes could preserve the antifungal activity of VRC
in vitro. Importantly, the presence of a high concentration of CFW-PEc (1 uM) was found to compromise the drug
delivery efficiency of VRC in vitro.
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Figure 3 (A-H) Comparative analysis illustrating zeta potential and particle size distribution of VRC-ethosomes (green), CFW-PEc (0.01 uM)-VRC-ethosomes (purple),
CFW-PEc (0.1 pM)-VRC-ethosomes (blue), and CFW-PEc (I pM)-VRC-ethosomes (red), highlighting the differences in their drug delivery profiles. (I-J) Stability assessment
of CFW-PEc (0.0 uM—1 uM)-VRC-ethosomes showing no significant changes in particle size and zeta potential after 2 weeks at 25°C, suggesting robust storage conditions.

An in vitro cytotoxicity assay was conducted to evaluate the safety profile of CFW-PEc (0.01-1 uM)-ethosomes and
CFW-PEc (0.01-1 pM)-VRC (0.5 pg/mL)-ethosomes in mammalian cells. The cell viability of 293T cells exposed to the
tested components was compared to that of cells treated with a PBS solution, as illustrated in Figure 4B. Notably, the cell
viability of the 293T cells treated with CFW-PEc (0.01-1 uM)-ethosomes exceeded 93%, while a slight decrease to
approximately 88% was observed in groups treated with CFW-PEc (0.01-1 uM)-VRC (0.5 pg/mL)-ethosomes, likely due
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Table | Therapeutic Properties of Nanoparticles (n = 3)

CFW-PEc (0.0l pM)-VRC- CFW-PEc (0.1pM)-VRC- CFW-PEc (IpM)-VRC- VRC-
Ethosomes Ethosomes Ethosomes Ethosomes
Size (nm) 94.32 + 0.045 95.08 + 0.28 95.93 + 0.63 98.63 + .19
Zeta Potential (mV) -33.1 £ 0.7 —28.9+ 0.6 -23.25 + 1.05 -219+04
Encapsulation efficiency (%) 39.20 £ 0.96 43.27 £ 0.07 43.67 £ 2.15 53.35 + 0.51
Drug loading capacity (%) 4.78 £ 0.12 5.32 £ 0.09 5.33+ 0.26 6.51+ 0.06

Note: All data expressed as means * standard deviations.
Abbreviations: EE, Entrapment efficiency; DL, Drug loading capacity.

to the presence of VRC. These results indicate that CFW-PEc (0.01-1 uM)-ethosomes demonstrate a favorable safety
profile in the context of VRC drug delivery in vitro. The favorable safety profile demonstrated by CFW-PEc in
mammalian cell assays suggests reduced cytotoxicity of CFW-PEc-VRC-ethosomes compared to previously developed
nanoparticle systems, which often induce adverse effects at therapeutic doses.’>>® Such profiles are crucial for main-

taining patient safety and compliance during treatment.

Cellular Uptake of CFW-PEc-Cé6-Ethosomes in C. albicans Yeast Cells

The photoluminescence of C6 is commonly utilized to analyze the cellular uptake of non-fluorescent drug molecules
using fluorescence microscopy.’*>> To assess the impact of CFW-PEc on nanoparticle drug delivery effectiveness, the
intracellular uptake of CFW-PEc (0.01-1 uM)-C6-ethosomes and C6-ethosomes was quantitatively evaluated in
C. albicans yeast cells through confocal microscopy. Figure SA-D display confocal micrographs depicting the uptake
of C6-loaded ethosomes into C. albicans yeast cells. In the groups treated with CFW-PEc (0.01 puM)-C6-ethosomes
(Figure 5A), the fluorescence intensity of C6 peaked at 3 hours and subsequently exhibited a rapid decline at 6 and
9 hours. The fluorescence intensity of CFW-PEc (0.1 pM)-C6-ethosomes (Figure 5B) reached its maximum at 6 hours
and remained stable until 9 hours. For the groups treated with CFW-PEc (1 puM)-C6-ethosomes (Figure 5C), the
fluorescence intensity peaked at 6 hours before undergoing a rapid decrease at 9 hours. Interestingly, the peak
fluorescence intensity of the three distinct CFW-PEc -C6-ethosomes formulations was observed at 6 hours in the groups
treated with CFW-PEc (0.1 puM)-C6-ethosomes. The treatment with C6-ethosomes showed a fluorescence intensity trend
similar to that of the groups treated with CFW-PEc (0.01 pM)-C6-ethosomes (Figure 5D). These results indicate
a difference in nanoparticle uptake rates between CFW-PEc-C6-ethosomes and C6-ethosomes. The inclusion of CFW-

PEc has a notable impact on the uptake of ethosomes in C. albicans yeast cells.
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Figure 4 (A) In vitro antifungal activity of CFW-PEc (0.01-I uM)-VRC-ethosomes, VRC-ethosomes, and VRC against C. albicans yeast cells, emphasizing significant antifungal
efficacy (*P < 0.05; **P < 0.01; **P < 0.001). (B) Cytotoxicity assessment of CFW-PEc formulations on 293T cells, reinforcing safety profiles with significant differences

noted at various concentrations (*P < 0.05; **P < 0.01).
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Figure 5 (A-D) Confocal microscopy images show the uptake of CFW-PEc (0.0 uM)-Cé-ethosomes, CFW-PEc (0. uM)-Cé-ethosomes, CFW-PEc (I uM)-Cé-ethosomes,
and Cé- ethosomes in C. albicans yeast cells over time (3, 6, and 9 hours). The peak fluorescence intensity of Cé (green) detected at various time points indicates differences
in uptake efficiency influenced by CFW-PEc, while the blue fluorescence originates from CFW-PEc excitation, illustrating its distribution within the cells. All images include
scale bars of 10 um, with magnified regions outlined by white dashed lines for clarity. (E) Quantification of fluorescence intensity for Cé-loaded nanoparticles, showing
significant differences in uptake efficiency with the highest mean gray value for CFW-PEc (0.1 uM)-Cé-ethosomes at 6 hours compared to Cé-ethosomes (***P < 0.001).

Furthermore, the fluorescence intensity in the cellular uptake of dye-loaded nanoparticles was quantified as the mean
gray value using ImageJ (Figure 5E). The mean gray value in the cellular uptake of CFW-PEc (0.1 uM)-C6-ethosomes
reached the maximum value at 6 hours, showing a slight increase compared to the uptake of C6-ethosomes at 3 hours.
The value in groups treated with CFW-PEc (0.1 uM)-C6-cethosomes showed the lowest level at 3 hours compared to all
other groups. However, at 9 hours, it was only approximately 30% lower than the maximum value. Our results indicated
that CFW-PEc could prolong the nanoparticle uptake in C. albicans yeast cells through the positive interaction between
CFW-PEc and chitin present in the cell wall. The concentration of CFW-PEc within the nanoparticles is likely to be
a critical factor in influencing the strength of the nanoparticles during their interaction with chitin in the cell wall of

C. albicans. Consequently, optimizing the amount of CFW-PEc can enhance the effectiveness of nanoparticle drug
delivery in C. albicans yeast cells.
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Cellular Uptake of CFW-PEc-Cé-Ethosomes in C. albicans Hyphal Cells

C. albicans demonstrates the ability to grow as budding yeast or filamentous pseudohyphal and hyphal forms in response
to environmental cues, impacting its virulence. The transformation from yeast to hypha enables the fungus to evade
macrophage phagocytosis, increasing the likelihood of tissue invasion and damage in the host.”® The impact of CFW-PEc
on nanoparticle drug delivery effectiveness was assessed by quantitatively evaluating the intracellular uptake of CFW-
PEc (0.01-1 uM)-C6-ethosomes and Co6-ethosomes in C. albicans hyphal cells using confocal microscopy. Figure 6A-D
depict confocal micrographs illustrating the uptake of C6-loaded ethosomes into C. albicans hyphal cells, where the
fluorescence intensity of C6 notably decreased. In contrast to C. albicans yeast cells treated with CFW-PEc (0.01 uM)-C6
-ethosomes, the fluorescence intensity of C6 peaked at 6 hours and persisted until 9 hours (Figure 6A). The peak
fluorescence intensity of C6 in groups treated with CFW-PEc (0.1 pM)-C6-ethosomes (Figure 6B) occurred at 6 hours
and remained stable until 9 hours, significantly surpassing other groups. The fluorescence intensity profile of C6 in
groups treated with CFW-PEc (1 puM)-C6-ethosomes closely mirrored that of the groups treated with CFW-PEc
(0.01 pM)-Cé6-ethosomes (Figure 6C). In C6-ethosomes treated groups (Figure 6D), the fluorescence intensity of C6
was nearly undetectable after 6 hours. The results suggest that the uptake of C6-loaded ethosomes into C. albicans
hyphal cells is influenced by the amount of CFW-PEc. Different fluorescence intensity patterns were observed in hyphal
cells treated with various formulations. The highest fluorescence intensity of C6 was observed in cells treated with CFW-
PEc (0.1 uM)-C6-ethosomes, indicating enhanced uptake effectiveness.

Moreover, the fluorescence intensity associated with the cellular internalization of Cé6-loaded nanoparticles in
C. albicans hyphal cells was quantified as the mean gray value utilizing ImageJ (Figure 6E). In C. albicans hyphal
cells, the mean gray value for the cellular uptake of CFW-PEc (0.1 pM)-C6-ethosomes was 1.21 times higher at 6 hours
compared to C6-ethosomes at 3 hours, and it was only approximately 35% lower than the maximum value at 9 hours.
Notably, at various time points, the mean gray value for the cellular uptake of CFW-PEc (0.1 uM) was significantly
greater than other CFW-PEc-C6-ethosomes formulations. Importantly, when comparing with Figure 5E, the mean gray
value for the cellular uptake of CFW-PEc (0.1 pM)-C6-ethosomes in C. albicans yeast cells at 6 hours was 1.24 times
higher than in hyphal cells. Quantitative analysis revealed an increased cellular uptake of CFW-PEc (0.1 uM)-C6-
ethosomes at 6 and 9 hours compared to C6-ethosomes in hyphal cells. Additionally, the uptake of CFW-PEc (0.1 uM)
was consistently higher than other formulations. The comparison with yeast cells highlighted a significant difference in
nanoparticle uptake between hyphal and yeast cells, emphasizing the potential impact of cell type on the efficiency of
uptake.

Hyphae play a crucial role in the development and structural integrity of C. albicans biofilms, serving as a support
scaffold for various cell types within the biofilm. The ability to form and adhere to hyphae is essential for the normal
development and maintenance of biofilms, highlighting their importance in biofilm architecture and stability.”” A crystal
violet method was performed to evaluate the antifungal activity of CFW-PEc (0.01-1 uM)-VRC-ethosomes against
C. albicans hyphal cells. The results summarized in Figure 6F. In groups treated with CFW-PEc (0.1 uM)-VRC-
ethosomes at 8§ pg/mL, the inhibition rate of biofilm formation in C. albicans hyphal cells reached approximately
82%, surpassing that of other groups. Even at 4 pg/mL, the inhibition rate still maintained the superiority. These results
indicate that CFW-PEc-VRC-ethosomes may be effective in preventing the development and stability of C. albicans
biofilms, highlighting their potential as a treatment for C. albicans infections. This improvement may be attributed to the

enhanced uptake effectiveness of CFW-PEc-VRC-ethosomes in C. albicans hyphal cells.

Fluorescence Imaging of CFW-PEc-Cy5.5-Ethosomes in vivo

Cyanine-based systems play a crucial role in providing essential information for biomedical research in live animal
imaging, owing to their appealing optical properties and suitable bio-functionality.’®> To investigate the accumulation
property of CFW-PEc -ethosomes in mice, Cy5.5-ethosomes, and CFW-PEc (0.01-1 pM)-Cy5.5-ethosomes were
prepared. The experimental procedure is depicted in Figure 7A. An intraperitoneal infection model was established in

Kunming mice infected with C. albicans yeast cells. Seven days post-infection, mice were intravenously administered
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Figure 6 (A-D) Confocal microscopy images illustrating the uptake of CFW-PEc (0.01 pM)-Cé-ethosomes, CFW-PEc (0.1 pM)-Cé-ethosomes, CFW-PEc (I uM)-Cé-
ethosomes, and Cé-ethosomes in C. albicans hyphal cells over 3, 6, and 9 hours in spider medium. The images display dual fluorescence channels, with green fluorescence
representing C6 uptake and blue fluorescence indicating the distribution of CFW-PEc within the cells. All images include scale bars of 10 um, with white dashed lines
outlining magnified regions for clarity. (E) Quantification of fluorescence intensity for Cé-loaded nanoparticles, showing significant differences in uptake efficiency with the
highest mean gray value for CFW-PEc (0.1 uM)-Cé-ethosomes at 6 hours compared to Cé-ethosomes (*P < 0.05; **P < 0.01; ***P < 0.001). (F) Results of the crystal violet
assay demonstrating the inhibition rate of biofilm formation in C. albicans hyphal cells treated with CFW-PEc (0. pM)-VRC-ethosomes at 4 and 8 pg/mL, highlighting
significant efficacy in biofilm inhibition (*P < 0.05).
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Figure 7 (A) Schematic representation of the experimental procedure for in vivo fluorescence imaging of Cy5.5-loaded nanoparticles in Kunming mice. (B—F) Fluorescence imaging
results at various time points post-treatment using an VIS Spectrum. Each group of four infected Kunming mice received intravenous treatments with different formulations of
fluorescent nanoparticles, and their fluorescence was assessed at five different time points. (B) Fluorescence imaging of infected mice treated with Cy5.5-ethosomes, showing strong
fluorescence signals in the peritoneal cavity after 1.5 hours. (C) Infected mice treated with CFW-PEc (0.01 uM)-Cy5.5-ethosomes exhibited enhanced fluorescence retention. (D)
Infected mice treated with CFW-PEc (0.1 uM)-Cy5.5-ethosomes demonstrated significant fluorescence accumulation, especially at 8 hours. (E) Infected mice treated with CFW-PEc
(I uM)-Cy5.5-ethosomes also showed improved signal retention. (F) Non-infected mice treated with CFW-PEc (0.| uM)-Cy5.5-ethosomes presented lower fluorescence levels across
all time points, indicating reduced non-specific accumulation. (G) Analysis using Living Image software, demonstrating that the total flux of Cy5.5 was significantly higher in infected mice
treated with CFW-PEc formulations compared to Cy5.5-ethosomes alone (*P < 0.05).
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Cy5.5 in various formulations, followed by a live animal imaging assay to monitor the real-time fluorescence signals of
CFW-PEc (0.01-1 uM)-Cy5.5-ethosomes and CyS5.5-ethosomes.

Figure 7B illustrates that infected mice treated with Cy5.5-ethosomes exhibited consistent and intense signals in the
peritoneal cavity after 1.5 hours. The fluorescence intensity gradually decreased over time, maintaining a moderate level
after 8 hours, and becoming barely detectable after 24 hours. In comparison, the fluorescence patterns in mice treated
with CFW-PEc (0.01-1 uM)-Cy5.5-ethosomes (Figure 7C-E) were different from those treated with CyS5.5-ethosomes,
with the former group showing relatively higher fluorescence levels between 6 and 8 hours. Notably, at 8 hours, the
fluorescence intensity of Cy5.5 in the CFW-PEc (0.1 uM)-Cy5.5-ethosomes group was significantly stronger, and the
area distribution was larger compared to those in the Cy5.5-ethosomes group (Figure 7D). These findings indicate that
Cy5.5-loaded nanoparticles can be delivered intravenously into the peritoneal cavity, with CFW-PEc (0.1 pM)-Cys5.
5-ethosomes exhibiting significantly longer half-lives in infected tissues in mice. In order to address the potential non-
specific binding of CFW-PEc-ethosomes in the host, uninfected mice were administered treatment with CFW-PEc
(0.1 uM)-Cy5.5-ethosomes. Figure 7F illustrates the detection of fluorescence signals in the peritoneal cavity of
uninfected mice after 1.5 hours, with consistently lower Cy5.5 signals observed at all time points. These results suggest
that CFW-PEc (0.1 uM)-Cy5.5-ethosomes could be subject to relatively rapid metabolism in uninfected mice, potentially
reducing the likelihood of non-specific interactions. This contrasts sharply with conventional nanoparticle formulations,
such as poly(lactic-co-glycolic acid) and inorganic nanoparticles that may often experience rapid clearance and non-
specific accumulation, limiting their clinical utility.®>°' The improvement in efficacy is closely related to the extended
circulation time in the bloodstream and the high accumulation at the site of fungal infection.®?

Analysis using the Living Image software (Figure 7G) demonstrated that mice infected with Cy5.5-ethosomes
maintained a total flux of Cy5.5 at around 3.97 x 10'! after 1.5 hours, showing a slight increase (1.11-fold to 1.18-
fold) compared to the three groups treated with CFW-PEc (0.01-1 uM)-Cy5.5-ethosomes. However, the total flux of
Cy5.5 in infected mice treated with CFW-PEc (0.1 puM)-Cy5.5-ethosomes was notably 1.68-fold higher than in those
treated with Cy5.5-ethosomes at 6 hours, and substantially 1.91-fold higher than in those treated with Cy5.5-ethosomes at
8 hours. Collectively, the results suggest that CFW-PEc (0.1 uM)-Cy5.5-ethosomes demonstrate enhanced accumulation
and prolonged half-lives in infected tissues in mice compared to CyS5.5-ethosomes alone, potentially indicating their
effectiveness for targeted drug delivery. This improved performance is likely due to the active targeting ability of CFW-
PEc, which facilitates nanoparticle accumulation in fungal infection sites through blood circulation. The improved
effectiveness of drug delivery suggests that antifungal drug-loaded CFW-PEc-ethosomes may have promising therapeutic
benefits for treating C. albicans infections in vivo.

Antifungal Activity of CFW-PEc-VRC-Ethosomes in vivo

The antifungal efficacy of CFW-PEc-VRC-ethosomes was assessed by administering 2 mg/kg VRC in different
formulations to five groups of Kunming mice infected by C. albicans via intraperitoneal injection once daily for seven
consecutive days. The control group received appropriate PBS treatment. After 8 days post-infection, the liver and kidney
tissues of the mice were homogenized to quantify CFU. The experimental procedure is illustrated in Figure 8A. The
results are summarized in Figure 8B and C. Compared to the control group, there was a noticeable trend of decreased
fungal burdens in the liver and kidney of groups treated with both VRC and VRC-ethosomes. The number of CFU counts
in the groups treated with VRC-ethosomes was only 3.3-fold lower than that of the control group in the kidney and
approximately 44% lower in the liver, likely due to limitations in treatment duration and dosage. A greater drop in CFU
counts was observed in the three groups treated with CFW-PEc (0.01-1 pM)-VRC-ethosomes. Specifically, the CFW-
PEc (0.1 uM)-VRC-ethosomes group showed significantly lower CFU counts in the liver and kidney compared to the
VRC-ethosomes group, with a 5-fold reduction in the liver and a 7.8-fold reduction in the kidney.

The histopathological analysis was performed to assess the therapeutic efficacy of drug treatment in five groups. Liver
and kidney sections were stained with hematoxylin and eosin (H&E) and are captured in Figure 8D-O. Figure 8D shows
that C. albicans infection in the control group induced a necrotic lesion in the liver with a significant level of neutrophil
infiltration. In contrast, Figure 8E and F demonstrate a more pronounced necrotic lesion with visible necrotic tissue in the
center in the groups treated with both VRC and VRC-ethosomes. The necrotic lesion in the groups treated with CFW-PEc
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Figure 8 In vivo assessment of the antifungal activity of CFW-PEc-VRC-ethosomes in Kunming mice infected with C. albicans. (A) Schematic representation of the experimental
procedure illustrating the treatment protocol. (B and C) Quantification of CFUs from liver (B) and kidney (C) tissues of infected mice treated with various formulations, showing
significantly lower fungal burdens in those receiving CFW-PEc-VRC-ethosomes compared to the controls (*P < 0.05; **P < 0.01; ***P < 0.001). (D-1) Histopathological analysis of liver
sections stained with H&E, showing varying degrees of necrotic lesions and inflammatory responses in the control and treated groups. Notably, CFW-PEc (0.1 pM)-VRC-ethosomes
exhibited minimal pathological changes compared to controls. (J-O) Histopathological analysis of kidney tissues indicating inflammation and damage due to C. albicans infection; the
treated groups displayed improved tissue integrity. Red arrows highlight pathological changes in liver and kidney indicative of C. albicans infection. All images include scale bars of 200 um.
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(0.01 uM)-VRC-ethosomes, as shown in Figure 8G, displayed substantial infiltration of inflammatory cells, surrounded
by granulation tissue but devoid of discernible necrotic tissue. Conversely, Figure 8H and I show no notable pathological
changes resulting from C. albicans infection in the groups treated with CFW-PEc (0.1 uM)-VRC-ethosomes and CFW-
PEc (1 uM)-VRC-ethosomes. Figure 8] illustrates that C. albicans infection in the control groups led to a necrotic lesion
in the kidney with a high level of neutrophil infiltration and visible necrotic tissue in the center, similar to the VRC-
treated groups shown in Figure 8K. Furthermore, Figure 8L depicts abscess formation due to C. albicans infection with
neutrophil infiltration in the groups treated with VRC-ethosomes. Figure 8M shows localized interstitial infiltration of
inflammatory cells in the groups treated with CFW-PEc (0.01 pM)-VRC-ethosomes. Notably, Figure 8N indicates no
significant pathological changes due to C. albicans infection in the groups treated with CFW-PEc (0.1 uM)-VRC-
ethosomes. Figure 8O illustrates a significant inflammatory response with a large number of inflammatory cells
infiltrating the diffuse interstitium in the groups treated with CFW-PEc (1 puM)-VRC-ethosomes. Unlike existing
antifungal therapies that often have broad, non-specific action, CFW-PEc leverages chitin’s unique presence in fungal
cell walls to enhance specificity. This targeted approach reduces collateral damage to host tissues and improves patient
tolerance, which is a commonly recognized drawback in traditional antifungal therapies.®**

The results suggest that the antifungal efficacy of CFW-PEc-VRC-ethosomes was evaluated in mice infected with
C. albicans. Treatment with VRC and VRC-ethosomes led to decreased fungal burdens in the liver and kidney compared
to the control group, although the reduction was more pronounced in both organs. Furthermore, groups treated with
CFW-PEc (0.01-1 pM)-VRC-ethosomes exhibited a greater decrease in CFU counts. Histopathological analysis revealed
varying degrees of necrotic lesions and inflammatory responses in the liver and kidney, with notable improvements in
groups treated with CFW-PEc (0.1 uM)-VRC-ethosomes, indicating a potential therapeutic benefit of this formulation in
C. albicans infection. While typical nanoparticle-loaded antifungal drugs, such as VRC-ethosomes, may exhibit a certain
level of effectiveness, the synergy between CFW-PEc and the ethosomal delivery system leads to a more potent
therapeutic outcome, as illustrated by the observed reductions in fungal burden and favorable histopathological findings.
The specific binding of CFW-PEc to C. albicans cells facilitates the accumulation of VRC-loaded nanoparticles at the
infection sites through the bloodstream, thereby augmenting the antifungal efficacy of CFW-PEc-VRC-ethosomes.
Furthermore, the in vivo evaluation of CFW-PEc-VRC-ethosomes confirms their safety profile, suggesting the potential
of nanoparticle-based drug therapy, offering benefits like improved solubility and extended half-life.

The CFW-PEc drug delivery system demonstrated in this study has profound clinical significance, particularly in its
application for antifungal therapy in immunocompromised patients. By targeting the unique chitin present in fungal cell
walls, the high specificity of CFW-PEc not only enhances the antifungal activity of the drug but also significantly reduces
potential toxicity to normal cells. This selective targeted drug delivery system may lower treatment costs by improving
drug efficacy and reducing the occurrence of resistance issues, thereby decreasing the overall treatment burden on
patients. Furthermore, the results of this study indicate that CFW-PEc-VRC-ethosomes significantly reduced the fungal
burden in the liver and kidneys of infected mice, suggesting that this approach could improve patient outcomes and
quality of life in a clinical context. For high-risk groups, especially those undergoing chemotherapy or organ transplanta-
tion, CFW-PEc may change the landscape of antifungal therapy by reducing systemic side effects and enhancing efficacy.
Therefore, future clinical trials are necessary to validate the effectiveness and safety of this system, paving the way for its
application in clinical practice.

Conclusion

Our study on the synthesis, characterization, and application of CFW-PEc and its nanoparticle formulations (CFW-PEc-
VRC-ethosomes) has demonstrated significant findings in the field of antifungal therapy. The successful synthesis of
CFW-PEc was confirmed through NMR spectroscopy, showing complete linkage between CFW and PE. The specific
binding of CFW-PEc to chitin in fungal cell walls was established, distinguishing it from mammalian cells and
emphasizing its specificity and potential for targeted fungal therapy. In vitro and in vivo assays highlighted the effective
antifungal activity of CFW-PEc and its enhanced efficacy when used in nanoparticle formulations. The VRC-loaded
CFW-PEc-ethosomes showed concentration-dependent inhibition of C. albicans, with excellent safety profiles in
mammalian cells. Notably, the inclusion of CFW-PEc in ethosomes did not significantly alter the particle size or zeta
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potential but enhanced the drug delivery efficiency through improved stability and cellular uptake, particularly in fungal
cells. This role of CFW-PEc in facilitating targeted delivery was further corroborated by live animal imaging, demon-
strating prolonged retention and higher fluorescence intensity of CFW-PEc-Cy5.5-ethosomes in infected tissues.
Moreover, the therapeutic efficacy of CFW-PEc-VRC-ethosomes was validated through a decrease in fungal burden
and improved histopathological outcomes in infected mice, showcasing a significant reduction in necrotic lesions and
inflammatory responses.

In light of these findings, the clinical relevance of CFW-PEc-VRC-ethosomes extends beyond the laboratory,
presenting a potentially transformative approach to antifungal therapy in clinical settings. Future research should focus
on conducting clinical trials to evaluate the effectiveness of CFW-PEc-based formulations in diverse patient popula-
tions and to explore possible combination therapies with existing antifungal agents to enhance therapeutic outcomes.
Additionally, investigating the long-term effects and potential resistance mechanisms associated with CFW-PEc will be
critical for its success as a novel antifungal treatment. By enhancing our knowledge of the pharmacokinetics and
pharmacodynamics of CFW-PEc, we can facilitate the development of novel approaches to tackle difficult fungal
infections and enhance patient outcomes. This approach could potentially revolutionize the treatment of fungal
infections, offering a more effective, targeted, and safer therapeutic option compared to traditional antifungal
treatments.
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