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Candida albicans is one of the most common pathogens causing invasive fungal infections, with a mor-
tality rate of up to 20%-50%. Amphotericin B (AmB), a biopharmaceutics classification system (BCS) IV
drug, significantly inhibits Candida albicans. AmB is primarily administered via oral and intravenous in-
fusion, but severe infusion adverse effects, nephrotoxicity, and potential hepatotoxicity limit its clinical
application. Deep eutectic solvents (DESs), with excellent solubilization ability and skin permeability, are
attractive for transdermal delivery. Herein, we used DESs to deliver AmB for antifungal therapy trans-
dermally. We first prepared and characterized DESs with different stoichiometric ratios of choline (Ch)
and geranate (Ge). DESs increased the solubility of AmB by a thousand-fold. In vitro and in vivo, skin
permeation studies indicated that DES;, (Ch and Ge in 1:2 ratio) had the most outstanding penetration
and delivered fluorescence dye to the dermis layer. Then, DES;.,-AmB was prepared and in vitro anti-
fungal tests demonstrated that DES;.,-AmB had superior antifungal effects compared to AmB and DES;.,.
Furthermore, DES;.,-AmB was skin-irritating and biocompatible. In conclusion, DESSAmB provides a new
and effective therapeutic solution for fungal infections.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

About 6.5 million people worldwide suffer from invasive fungal
infections each year, of which about 2.5 million die, posing a se-
vere threat to human health [1]. Invasive fungal infections occur in
the subcutaneous tissues and internal organs. Candida, especially
Candida albicans, is one of the most common pathogens causing
invasive fungal infections [2]. According to the list of fungal pri-
ority pathogens issued by the World Health Organization, Candida
albicans belongs to the critical priority group, and its mortality rate
of invasive infections is up to 20%-50% [3,4].

Amphotericin B (AmB) is a polyene antifungal antibiotic from
the biopharmaceutics classification system (BCS) IV drug, exerting
antifungal effects by disrupting the permeability of cell membranes
and forming extramembranous aggregates [5]. Due to its broad-
spectrum antifungal activity and low resistance, AmB is the gold
standard drug for invasive fungal infections [6,7]. AmB is adminis-
tered via oral and intravenous infusion, however, severe infusion
adverse effects, nephrotoxicity, hemolysis, and poor oral absorp-
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tion limit its clinical application [8,9]. For instance, AmBisome®, an
approved liposomal formulation, can significantly reduce toxicity
but suffers from high treatment costs and potential hepatotoxicity
[10-12]. Therefore, developing a safe and low-cost strategy for the
efficient delivery of AmB is urgent.

Transdermal delivery provides a non-invasive, highly compliant,
and safe treatment option [13-15]. However, the stratum corneum
(SC) comprises keratinocytes and intercellular lipids; only drugs
with specific chemical properties can pass through it [16-18]. Deep
eutectic solvents (DESs) are liquid mixtures that are primarily
formed by hydrogen bonding between hydrogen bond acceptors
and donors [19,20], also referred to as ionic liquids, as the two
have a molar ratio of 1:1 [21,22]. DESs significantly increase the
solubility and enhance the skin permeability of insoluble drugs,
and have been widely used in the transdermal delivery of insolu-
ble drugs, biomolecules, and rigid particles [23-26]. In particular,
choline (Ch) and geranate (Ge)-based DESs exhibit superior bio-
compatibility and biodegradability and are attractive options for
transdermal delivery [27].

In this study, we prepared Ch-Ge-based DESs-AmB to treat fun-
gal infections via transdermal administration. We first prepared
and characterized various DESs with different Ch-Ge stoichiometric
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ratios. DESs significantly improved AmB’s solubility and skin per-
meability. More significantly, DESs-AmB exhibited excellent anti-
Candida albicans activity without skin irritation. Therefore, DES-
AmB is a promising strategy for the transdermal treatment of fun-
gal infections.

First, DESs with different Ch-Ge stoichiometric ratios (4:1, 2:1,
1.5:1, 1:1, 1:2, and 1:4 ratios) were prepared by salt metathesis
reaction, expressed as DES4.1, DES;.1, DES;5.1, DES;.1, DES;.5, and
DES;.4, respectively. DESs were transparent and clear liquids (Fig.
S1 in Supporting information). Then, we characterized the DESs
using proton nuclear magnetic resonance ('H NMR) and Fourier-
transform infrared spectroscopy (FTIR) (Fig. S2 in Supporting in-
formation). In the 'H NMR spectroscopy, an upfield shift of H in
the Ge-related fragment indicated the disruption of the original
intermolecular hydrogen bonding and the formation of new hy-
drogen bonding in DESs. In the FTIR spectra, the absorption peaks
of O-H and C=0 in choline bicarbonate appeared at 3389.9 and
1624.1 cm™!, respectively. The absorption peaks of O-H and C=0
in Ge appeared at 2969.6 and 1691.8 cm~!, respectively. The shifts
of O-H and C=0 absorption bands in DESs changed with the mo-
lar ratio of Ch and Ge. The O-H and C=0 peaks in DESs shifted at
2967.4-3418.5cm™! and 1621.4-1692.1 cm~!. The results confirmed
the formation of DESs.

Next, we studied the DES’s ability to solubilize AmB and
transdermally deliver the payloads. DESs demonstrated sig-
nificant solubility enhancement of the drug. The AmB sol-
ubility in DESs was 110-5585 times higher than in water
(Fig. 1A and Table S1 in Supporting information). Then, we
tested the skin penetration of DESs-1,1"-dioctadecyl-3,3,3’,3’-
tetramethylindotricarbocyanine iodide (DiR) and -fluorescein isoth-
iocyanate (FITC). The cumulative DiR-penetration amounts from
DESs (DES4.q, DES,.1, DESys.q, DESy.;, DES;.;, and DES;.4) were
23.13+£0.40, 24.46 + 0.32, 25.96+1.34, 26.30 + 2.50, 28.74 +1.05,
and 26.93 + 148 ng/cm?, respectively (Fig. 1B). The results indi-
cated that DESs improved the skin penetration of DiR compared
to DiR solution, and DES;., had the highest penetration ability.
Furthermore, the penetration depth of DESs-FITC in vitro was ob-
served using fluorescence microscope (Fig. 1C). DESs-FITC passed
through the SC and diffused into the epidermis and dermis lay-
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Fig. 1. Solubilization and permeation enhancement. (A) Equilibrium solubility of
AmB in DESs with different stoichiometry. (B) The cumulative penetration amount
of DESs-DiR in vitro. (C) In vivo DESs-FITC permeation into rat skin (SC, stratum
corneum). Scale bar: 250pm. (D) Semi-quantitative analysis of FITC fluorescence
intensity (mean=+SD, n=20). ***P<0.001vs. the control group; *##P<0.001vs.
DES;.,-FITC group. ns, no significance.
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ers. Again, DES;.,-FITC showed higher penetration than other DESs
(Fig. 1D). This enhanced skin permeability may be attributed to
DESs’ lipid extraction [28]. Moreover, increasing Ch in DESs com-
promised the skin permeability due to high viscosity and high hy-
drophilicity [29]. As a result, the penetration elevated as the Ch-Ge
stoichiometric ratio reduced from 4:1 to 1:2.

To characterize the drug-loading DES, we prepared DES-AmB
(with 1mg/mL AmB) by vortexing and sonication. DES-AmB ex-
hibited a clarified and transparent appearance (Fig. S3 in Support-
ing information). To verify the interaction between AmB and DES,
we performed the test of FTIR and 'H NMR of DES;.,-AmB. The
TH NMR peaks at § 6.41-5.99 and 1.23-0.91 ppm in AmB disap-
peared in DES;.,-AmB, indicating the interactions between AmB
and DES;., (Fig. 2A). As shown in Fig. 2B, the O-H stretching vi-
bration peak in AmB shifted from 3383.9cm! to 3396.7 cm™!. The
C=0 stretching vibration peak in AmB shifted from 1689.5cm~! to
1645.3 cm~!, demonstrating the hydrogen bonding in DES;.,-AmB.

DESs have self-assembling behavior in water and form colloidal
systems, such as micelles or emulsions, due to the hydrophilic
of Ch and hydrophobic tails of Ge [30-32]. In addition, the mi-
cellar structure can increase skin permeability through diffusion
and fusion during transdermal drug delivery [33]. Here, we di-
luted DES-AmB to 30% (v/v) using water and measured the par-
ticle size (Fig. 2C and Table S2 in Supporting information). The for-
mulation of 30% DES;.,-AmB demonstrated the most minor diam-
eter (14.08 +£1.90 nm, PDI 0.282 +0.012). In contrast, other formu-
lations of 30% DES-AmB displayed a significant increase in parti-
cle size and PDI, likely due to the compromising interaction be-
tween the drug and DESs and the ratios of Ch-Ge [29,34]. Trans-
mission electron microscopy (TEM) examination displayed that the
30% DES;.,-AmB nanocomplexes were sub-spherical (Fig. 2D). In
the differential scanning calorimetry (DSC) spectra (Fig. 2E), AmB
and DES;., showed heat-absorption peaks at 205 and 241 °C, re-
spectively. DES;.,-AmB had a heat-absorption peak at 239°C with
a similar peak to DES;.;, indicating that AmB was miscible with
DES;.5.
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Fig. 2. Preparation and characterization of DESs-AmB. (A) '"H NMR and (B) FTIR
spectra of AmB, DES;.,-AmB and DES;.,. (C) Particle size and PDI of 30% DESs-AmB.
(D) TEM image of 30% DES;.,-AmB (scale bar: 200nm). (E) DSC thermograms of
AmB, DES;.,-AmB and DES; ;.
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Fig. 3. Antifungal activity in vitro. (A) The inhibitory circle of DESs. (B) The in-
hibitory circle of DES;., with different concentrations. (C) The inhibitory circle of
AmB and DES;.;-AmB. (D) The IDZs of DESs (***P <0.001). (E) The IDZs of AmB
with different concentrations (*P < 0.05, ##P < 0.01vs. 0.125pug/mL). (F) The IDZs of
DES;., with various concentrations (***P <0.001vs. the 30% DES;.,; #P <0.05). (G-
[) The IDZs of AmB, DES;.; and DES;.,-AmB. The concentration of AmB was 0.125,
1, and 8pg/mL (***P <0.001, ****P <0.0001vs. the AmB group; *P<0.05). (J) The
minimum inhibitory concentration of AmB and DES;.,-AmB. Data are presented as
mean=+SD, n=3.

As shown in Fig. S4 (Supporting information), storage stabil-
ity indicated that the AmB content in DES;.,-AmB remained con-
stant after one-month storage at 4°C (Figs. S4A and B). However,
long-term testing indicated that the drug content in 30% DES;.,-
AmB decreased significantly under similar storage conditions (Fig.
S4C). AmB in 30% DES;.,-AmB was almost completely degraded
under high temperature, high humidity and intense light due to
the sensitivity of AmB to water, light, and temperature (Figs. S4D-
G). The results indicated that DES;.,-AmB instead of 30% DES;.,-
AmB should be stored at low temperature and low humidity and
protected from light. We also found that the drug stability was re-
lated to the Ch-Ge stoichiometric ratios in DES.

The antifungal effects of DESs and AmB were studied by mea-
suring the inhibition zone diameters (IZDs) (Figs. 3A-C). DESs with
different stoichiometric ratios significantly inhibited Candida albi-
cans, and the antifungal effect of DES;., was comparable to that
of other DESs except for DES;.4 (Fig. 3D). DES;., and AmB en-
hanced antifungal activity in a dose-dependent manner (Figs. 3E
and F). Considering the convenience and applicability, 30% DES;.,-
AmB with appropriate flowability was selected for the following
study. When the concentration of AmB was 0.125, 1, and 8 pg/mL,
the [ZDs of DES;.,-AmB were more significant than that of AmB
(Figs. 3G-I). In particular, when the concentration of AmB was
8ng/mL, the 1ZDs of DES;.,-AmB were 1.2 and 3.4 times higher
than those of DES;., and AmB, respectively, and the significant dif-
ference indicated the synergistic antifungal effects between DES;.,
and AmB (Fig. 3I).

The minimum inhibitory concentration (MICgy) of AmB and
DES;.,-AmB was further performed to evaluate the antifungal abil-
ity. The MICqy of AmB and DES;.,-AmB were 0.25 and 0.125 pg/mL,
respectively (Fig. 3]). The antifungal effect of DES;.,-AmB may be
attributed to several antifungal mechanisms. AmB binds to ergos-
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Fig. 4. Safety evaluation. (A) In vitro cytotoxicity of DES;.; (mean+SD, n=6). (B)
Histopathological evaluation of rats’ skin sections treated with saline, DES;.,, AmB
and DES;.,-AmB (scale bar: 100 um).

terol on fungal cell membranes, creating micropores and killing the
fungus [35]. Recent studies have shown that AmB extracts ergos-
terol and forms extramembranous aggregates to exert antifungal
effects [36,37]. DESs may extract or fluidize microbial membrane
lipids [38,39]. The results indicated that combining DESs and an-
tifungal drugs could be an effective strategy against fungal infec-
tions.

Finally, safety was assessed by studying the cytotoxicity and
skin irritation. The viability of human immortalized epidermal
(HaCaT) cells decreased with the increase of DES;., concentra-
tion. When the concentration of DES;., reached 16 mg/mlL, the
survival rate of HaCaT cells was still higher than 80%, indicating
that DESy., had a comprehensive safety range (Fig. 4A). In addi-
tion, histopathological analysis revealed that the treatment using
DES;.,-AmB showed a tight connection between the SC, epidermis
layer, and dermis layer and allowed little inflammatory cell infil-
tration and necrosis compared to saline administration (Fig. 4B),
indicating biocompatibility. All the animal experimental were per-
formed according to the protocols approved by China Pharmaceu-
tical University Institutional Animal Care and Use Committee (No.
202409016).

In summary, the Ch-Ge-based DESs could dramatically solubi-
lize AmB and improve transdermal delivery. Notably, DES;., pos-
sessed potent antifungal effects, and its combined application with
AmB exhibited excellent inhibition of Candida albicans without sig-
nificant skin irritation. DES;.,-AmB is promising to treat dermato-
logic conditions caused by fungal infections and has the potential
for clinical translation. In addition, due to simple composition and
preparation, DES;.,-AmB could be adapted to other antifungal and
antibacterial drugs, reducing resistance and improving therapeutic
efficacy.
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