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Abstract

Psoriasis is a prevalent chronic disease affecting 2—3% of the global population. Cyclosporine A (CyA) has been widely
used with great promise in the treatment of moderate to severe psoriasis despite various side effects associated with its
systemic administration. Topical administration of CyA circumvents systemic side effects; however, the poor water solubil-
ity and large molecular weight of CyA pose challenges for dermal delivery. In this study, choline-based ionic liquids (ILs)
were used to enhance the dermal delivery of CyA for the potential treatment of psoriasis. All four ILs tested significantly
improved the solubility of CyA, which was greater than that of the control group with dimethyl sulfoxide (DMSO) as a
solubilizer (20%, w/w). The saturated solubility of CyA in two of the ILs, choline geranate ([Ch][Ge]) and choline ricin-
oleate ([Ch][Ra]), reached more than 90 mg/mL, and the solubilization capability of the ILs except [Ch][Ci] was resistant
to water dilution. The negligible change in CyA content determined by high-performance liquid chromatography and the
secondary structure detected by circular dichroism spectroscopy confirmed the stability of CyA in the ILs. At 4 h in the
in vitro penetration test, the amount of CyA retained in the skin in the IL groups was slightly greater than that in the
control group (20% DMSO). The water content of the ILs significantly affected their penetration ability. When the water
content increased from 10 to 70%, the dermal delivery of CyA first increased, peaked at a water content of 30%, and then
decreased. The dermal delivery ability of [Ch][Ge] and [Ch][Ra] with a water content of 70% was still comparable to that
of 20% DMSO. Moreover, CyA-loaded ILs (0.5%, w/w) significantly relieved the symptoms of psoriasis in an imiquimod
(IMQ)-induced mouse model, and the levels of inflammatory factors, including tumor necrosis factor a, interleukin 22
and interleukin 17, in the affected area were reduced by 71.7%, 75.6%, and 89.3%, respectively. The IL tested, choline
sorbate ([Ch][So]), showed low cytotoxicity to human immortalized epidermal cells (HaCaT). After 7 days of consecutive
application, [Ch][So] did not cause significant irritation. In conclusion, ILs demonstrate promising potential for the dermal
delivery of CyA for the treatment of psoriasis.
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Psoriasis is a common, long-term skin disorder that affects
approximately 2—3% of the global population [1]. Although
the exact cause of psoriasis remains unclear, it is widely
believed that T cells are likely involved in the development
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to inflammatory infiltration and keratinocyte hyperprolifer-
ation. Immunosuppressive agents are currently the remedies
of choice for psoriasis treatment [3]. Cyclosporine A (CyA),
a calcineurin inhibitor, was chosen as a safe and effective
medication for this purpose at the 2008 National Psoriasis
Foundation Consensus Conference [4]. To date, only oral
formulations of CyA, such as Neoral®, Neocyspin®, and
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Sandimmune®, are clinically available for the treatment of

psoriasis [5, 6]. However, the oral administration of CyA
is associated with many side effects, including systemic
nephrotoxicity and arthritis, and this treatment is prescribed
only for severe conditions involving large areas of psoria-
sis [4, 7]. Topic administration applies CyA directly to the
affected skin surfaces, thus reducing side effects associated
with systemic administration [8—10]. However, owing to its
low solubility and large molecular weight (1202.6 g/mol),
CyA encounters difficulties in permeating stratum corneum
barriers [11]. To address this issue, several carrier systems,
such as liposomes [12], microneedles [13], lipid vesicles
[14] and solid lipid nanoparticles (SLNs) [15], have been
employed to facilitate the transdermal or dermal delivery of
CyA. However, these systems are not without drawbacks.
For example, nanocarriers suffer from relatively large
sizes, instability, and complicated and costly preparative
processes, whereas microneedles may cause potential skin
damage owing to their invasive nature.

Ionic liquids (ILs) are “liquid salts” synthesized from a
pair of acids and bases, one of which should be a weak one,
with a melting point below 100 °C and preferably at room
temperature. ILs have been utilized as solubilizers [16—18],
bacteriostatic agents [19, 20], and penetration enhancers
[21-24] for versatile biomedical purposes. If one of the acid/
base pairs is an active pharmaceutical ingredient (API), that
IL can be defined as an API-IL [25, 26]. In previous studies,
enhanced dermal delivery of a series of biomacromolecules
has been observed with several choline-based ILs, such as
choline malate (dextran, MW 4000 g/mol) [27], choline
geranate (bovine serum albumin, MW = 66000 g/mol; oval-
bumin, MW = 45000 g/mol; and insulin, MW 5807.7 g/mol)
[28], and several choline-fatty acids (peptides, MW 963.1 g/
mol) [29]. ILs are emerging as a new class of permeation
enhancers with promising characteristics, such as biocom-
patibility, degradability, tailor-made properties, stability,
and safety [21-24].

In this study, ILs were utilized as both a carrier system
and a permeation enhancer to enhance the permeation of
CyA into the skin. Four choline-based ILs, namely, choline
citrate ([Ch][Ci]), choline geranate ([Ch][Ge]), choline sor-
bate ([Ch][So]), and choline ricinoleate ([Ch][Ra]), were
synthesized and evaluated for their potential for dermal
delivery of CyA. An imiquimod (IMQ)-induced mouse pso-
riasis model was used to assess the efficacy of CyA-loaded
ILs by evaluating psoriasis area severity index (PASI)
scores, spleen weight, histopathological changes, and the
levels of key inflammatory cytokines, including tumor
necrosis factor (TNF)-a, interleukin (IL)-17, and IL-22.
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Materials and methods
Materials

CyA was a kind gift from the Sichuan Industrial Institute
of Antibiotics (Chengdu, China). Acetonitrile and metha-
nol were acquired from CINC High Purity Solvent Co.
(Shanghai, China). Choline bicarbonate and 40% formalin
were acquired from Sigma—Aldrich Co. (Darmstadt, Ger-
many). Tert-butyl methyl ether was purchased from Aladdin
Co. (Shanghai, China). Phosphoric acid was acquired from
MACKLIN reagent (Shanghai, China). Geranic acid and
ricinoleic acid were acquired from RHAWN Co. (Shanghai,
China). Sorbic acid, citric acid, and ethanol were acquired
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). IMQ cream was purchased from Med Shine Co.
(Chengdu, China). Neoral®, a Novartis (Basel, Switzerland)
product, and betamethasone cream, a United Laboratories
(Hong Kong, China) product, were purchased from a local
pharmacy. A Cell Counting Kit-8 (CCK-8) was purchased
from Beyotime Co. (Shanghai, China). Reagent-grade
deionized water was obtained via a Milli-Q purification sys-
tem (Millipore, MA, USA). All remaining reagents were of
analytical grade.

BALB/c mice (18-20 g) and SD rats (150-200 g) were
purchased from Shanghai Laboratory Animal Center
(China) and raised at the Experimental Animal Center of the
School of Pharmacy, Fudan University. Human immortal-
ized epidermal cells (HaCaT cells) were purchased from the
National Collection of Authenticated Cell Cultures. The ani-
mal experiments were approved by the Laboratory Animal
Ethics Committee of Fudan University School of Pharmacy
(Protocol code 2020-040YJ-QJP-01).

Preparation and characterization of ILs

ILs were prepared via an acid-base neutralization reaction
according to a previous method [27]. In brief, citric acid,
geranic acid, sorbic acid, or ricinoleic acid was dissolved
in 25 mL of ethanol, gradually added to a flask containing
0.05 mol of choline bicarbonate, and then stirred overnight
at 25 °C. Ethanol and water were removed by vacuum rotary
evaporation (60 °C for 2 h), and an IL with a low water
content (below 10%, w/w) was obtained through vacuum
freeze-drying for 3 h. These ILs were named after the base
choline and each of the acids—[Ch][Ci] (choline citrate),
[Ch][Ge] (choline geranate), [Ch][So] (choline sorbate),
and [Ch][Ra] (choline ricinoleate). The water content was
determined via a Karl Fischer moisture titrator (Kyoto
Electronics, Japan). In brief, before the experiment, anhy-
drous methanol and Karl Fischer reagent were added to the
instrument, and the instrument was subsequently calibrated
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with pure water. After calibration, 1 mL of different ILs
was added to the instrument. The water content was calcu-
lated by the consumption of the regent. The viscosity was
assessed with a rotational rheometer (Malvern, U.K.) and
calculated by measuring the shear rate and shear stress.

Quantification of CyA

The quantification of CyA was performed via high-perfor-
mance liquid chromatography (HPLC) with Agilent 1260
equipment according to a previous method [2]. The mobile
phase was a mixture of acetonitrile, water, tert-butyl methyl
ether, and phosphoric acid (60:35:5:0.1, v/v/v/v). A C4 col-
umn (Agilent, Zorbax SB, 5 um, 4.6 mm X 250 mm) was
utilized to separate CyA. The detection wavelength was
210 nm. The flow rate was kept constant at 1.5 mL/min,
while the column temperature was kept at 70 °C. Samples
with a volume of 20 pL. were injected for analysis.

Solubility of CyA in ILs

The solubility of CyA was determined via a modified equi-
librium method [30]. Briefly, CyA was dissolved in 10 mL
of ethanol, and an excess amount of CyA was added to 1
mL of each formulation. The ethanol was removed by vac-
uum rotary evaporation at 60 °C for 2 h. The mixtures were
mechanically shaken for 24 h at room temperature (20 °C)
to ensure solubility equilibrium, followed by centrifugation
at 13,000 rpm for 20 min to remove the undissolved pre-
cipitate. The amount of CyA in the supernatant was then
determined via high-performance liquid chromatography
(HPLC) following appropriate dilution with the mobile
phase.

Preparation of CyA-loaded ILs

The CyA-loaded ILs (CyA-ILs) were simply obtained by
adding a CyA ethanol solution to the ILs through vortex
mixing followed by vacuum rotary evaporation to remove
ethanol. The concentration of CyA in the ILs was fixed at
5 mg/mL (0.5%, w/w) according to the topical dosage of
CyA [12, 15]. To evaluate the influence of water content on
penetration efficacy, CyA-ILs with different water contents
were prepared. The blank control consisted of a suspension
of CyA in phosphate-buffered saline (PBS) at a concentra-
tion of 5 mg/mL (0.5%, w/w). The positive controls were
a solution of CyA in 20% DMSO and Neoral® (CyA dis-
solved in a solution of ethanol, propylene glycol, glycerol
and macrogolglycerol hydroxystearate) diluted with PBS to
the same CyA concentration.

Stability of CyA inILs

The chemical stability of CyA in the ILs was evaluated by
measuring the CyA content, while its conformational stabil-
ity was assessed by circular dichroism (CD) spectroscopy
(Applied Photophysics Chirascan Spectrometer, Surrey,
UK) [31]. For CD analysis, CyA-ILs were diluted to a con-
centration of 50 pug/mL in PBS containing 25% ethanol,
and a CyA solution in PBS with 25% ethanol at the same
concentration was used as a control. Spectra were collected
in the far-UV range (190-250 nm) using a cell with a path
length of 0.5 mm and a time interval of 0.5 s. Each sam-
ple was detected in triplicate. Chirascan software (version
4.2.17) was used to estimate the content of the secondary
structure.

In vitro release of CyA from ILs

A Franz diffusion cell (Kaikai Technology Trade Co.,
Shanghai, China) with an effective diffusion area of 1.77
cm? was utilized to evaluate the in vitro release of CyA from
ILs. A dialysis membrane (MWCO 1500, Spectrum, USA)
was mounted between the donor and receptor chambers, and
7 mL of PBS (pH=7.4) containing 25% ethanol was used
as the receptor medium. CyA-loaded ILs and CyA solution
dissolved in the receptor medium (0.5 mL, equivalent to
2.5 mg of CyA) were added to the donor chamber, and the
medium in the receptor chamber was stirred at 500 rpm and
maintained at 32 °C. At predetermined time intervals (0.083,
0.25,0.5,1,2,4,6, 8, and 12 h), 500 uL of the sample from
the receptor chamber was withdrawn, and an equivalent
amount of fresh receptor medium at the same temperature
was replenished. The CyA content was analyzed via HPLC
as described above.

In vitro permeation into rat skin

The in vitro permeation profile was tested under the same
experimental conditions as those used in the in vitro release
study, including the same Franz diffusion cells, recep-
tor medium, stirring speed, and temperature. The excised
full-thickness rat abdominal skin was mounted between
the donor and receptor chambers. Then, 0.5 mL of the test
formulation (equivalent to 2.5 mg of CyA) was added to
the donor cell. At predetermined time intervals (0.5, 1, 2,
and 4 h), 0.5 mL of each sample was withdrawn and ana-
lyzed via HPLC, and an equal volume of fresh fluid at equal
temperatures was replenished simultaneously. After 4 h, the
rat skin samples were removed, washed with PBS, gently
wiped with paper, and stored at —20 °C for further analysis.
The amount of CyA retained in the skin tissue was analyzed
according to a previous method [32]. Briefly, the skin tissue
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was first cut into small pieces and mixed thoroughly follow-
ing the addition of 3 mL of mobile phase. The mixture was
then subjected to ultrasonic extraction at room temperature
for 1 h and then centrifuged for HPLC analysis.

Mouse model and treatment

An IMQ-induced psoriasis mouse model was established via
a previously reported method [33]. Healthy male BALB/c
mice were randomly divided into 8 groups (n=5): PBS
(normal control), IMQ-induced model, IMQ + betametha-
sone cream (positive control 1), IMQ+topical Neoral®
(positive control 2), IMQ + blank ILs (negative control), and
IMQ +CyA-loaded ILs with different water contents (10%,
20%, and 30%). Briefly, a 2.5 cm X 2.5 cm area on the back
of each mouse was depilated with a Vetin Depilatory Cream
one day prior to the study. With the exception of the PBS
group, 62.5 mg of IMQ cream was applied to each mouse
back once daily for seven consecutive days. Six hours after
IMQ application, 100 pL of different CyA formulations
(5 mg/mL, equivalent to 25 mg/kg CyA) and betametha-
sone cream (20 mg for each mouse, equivalent to 1 mg/kg
betamethasone) were applied throughout the entire admin-
istration area. Formulations with high viscosities could be
well retained on skin surfaces and were painted directly on
the target area. Only diluted IL formations with 20% and
30% water content and PBS could not be well retained and
therefore were carefully painted multiple times, with a small
amount of the formulation each time. The body weight of
each mouse was recorded daily during the experiment. At
the end of the experiment, the PASI score was determined
via a four-point scale ranging from none (0) to very severe
(4) on the basis of the intensity of redness, scaling condi-
tions, and thickness of the skin, according to previous meth-
ods [34-36]. After euthanization via decapitation, the skin
and spleen tissues were collected for further evaluation.

Hematoxylin and eosin staining

The skin tissue samples from the animal treatment study
were embedded in paraffin and cut into 5 pm-thick slices
via a microtome (Leica, Germany), after which hematoxylin
and eosin (HE) staining was performed. The tissue sections
were observed with an Olympus VS200 full-glass scanner
(Olympus, Japan) to identify signs of increased epidermal
thickness, inflammatory cell infiltration, and abnormal kera-
tinocyte proliferation.

ELISA

Previous studies [12] have shown that TNF-a, IL-22 and
IL-17 are typical inflammatory cytokines involved in
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psoriasis. Psoriatic skin from the treatment study was
excised, weighed, processed into a 10% homogenate with
PBS and subjected to centrifugation at 3000 rpm for 10 min.
The resulting supernatants were analyzed via ELISA for
TNF-a, IL-22, and IL-17.

Skin irritation

Male SD rats weighing 150-200 g were separated into
three groups with five mice in each group. One day prior
to the study, the backs of the mice were shaved. The IL
group received 100 pL of IL ([Ch][So]) daily on the shaved
area three times a day for a period of seven days, whereas
the blank and positive control groups received PBS and
20% DMSO. The application sites were visually observed
throughout the experiment. Following euthanization, the rat
skin was isolated, fixed, embedded in paraffin, and observed
after HE staining.

Cytotoxicity

HaCaT cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) at 37 °C in a 5% CO, incubator. HaCaT cells
were seeded in 96-well plates at a concentration of 2x 10*
cells/well and cultured for 24 h. Then, the medium was
replaced with 100 pL of IL solutions at different concentra-
tions. After incubation for 6 h, the cells were washed with
PBS. CCK-8 was utilized to detect cell viability. Briefly,
after removing the ILs, 10 pL of CCK-8 and 100 puL of
medium were added to each well and incubated at 37 °C for
0.5 h. The absorbance at 450 nm of each well was measured
with a Synergy 2 microplate reader (Bio-Tek, USA) to cal-
culate the cell viability.

In vivo TEWL assay

Trans-epidermal water loss (TEWL) is the process of pas-
sive water diffusion through the skin, reflecting its ability
to function as a barrier to water movement [37]. The ani-
mal grouping and sample preparation for TEWL assessment
were conducted in the same manner as described for skin
irritation. The initial TEWL of the shaved site was measured
via a vacuum evaporimeter (Delfifin, Finland) 1 h prior to
the experiment. During the experiment, 100 pL of each test
sample was applied to the entire treatment area at 15-min
intervals. One hour after administration, the test areas were
washed with PBS and dried. TEWL was measured at 0, 0.5,
1, 2, and 4 h post administration.
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Data analysis

The data were analyzed via Origin Pro 2024 and are pre-
sented as the means+ SDs. Comparisons between groups
were assessed by independent sample ¢ tests and one-way
analysis of variance via IBM SPSS statistics 25. Statisti-
cal significance is presented as *P<0.05, **P<0.01, and
***P<0.001.

Results and discussion
Characterization of ILs and CyA-ILs

The four choline-based ILs listed in Table 1 were synthe-
sized according to the synthetic scheme (Fig. 1a). Since
the structures of these ILs were identified in our previous
studies [18, 27], we did not carry out repetitive identifica-
tion in this study. Only the appearance, water content and
viscosity were characterized. As shown in Fig. 1b, the ILs
were clearly transparent liquids. After freeze-drying, the
water content of the four ILs could be reduced to less than
10%, which might not significantly affect the ionic inter-
actions in ILs according to previous experience [38]. The
chain length and number of carboxyl groups in the aliphatic
acids strongly affected the viscosity of the ILs. [Ch][Ra]
exhibited the highest viscosity, which may be due to its long
side chains, whereas the higher viscosity of [Ch][Ci] may be
associated with the multiple carboxyl groups in citric acid.
With a single carboxyl group and a shorter side chain, either
[Ch][Ge] or [Ch][So] has a lower viscosity. This difference
may be due to more complicated entanglement in ILs with
more carboxyl groups and longer side chains.

The solubilization of CyA in water by ILs was evaluated.
An HPLC method was first developed for the determination
of CyA (Fig. S1). As shown in Fig. lc, the solubility of CyA
in three of the four ILs reached approximately 95.5 mg/mL,
which was 8.8 times greater than that of the 20% DMSO con-
trol group (10.8 mg/mL). However, the solubility of CyA in
[Ch][Ci] was only 16.4 mg/mL, which was slightly greater
than that of the DMSO group. With increasing water content

in the ILs, the solubility of CyA decreased significantly, but
[Ch][Ge] and [Ch][Ra] with a water content of 70% still had
a considerable ability to solubilize CyA, which was not sig-
nificantly different from that of the DMSO group (Fig. 1d).
In addition, the stability of CyA in the ILs was evaluated.
Owing to the limited solubility of CyA in [Ch][Ci], only
[Ch][Ge], [Ch][So], and [Ch][Ra] were tested. The content
of CyA in the three ILs remained stable for up to seven days
(Fig. 1e), which ensures stability during the efficacy experi-
ments over the same period. CD spectroscopy verified the
stability of the secondary structure of CyA (Fig. 1f). The
negative absorption peak at approximately 226 nm in the
CD spectrum indicates the typical structural features of the
B-turn in CyA [31]. Figure 1f clearly shows identical CyA
absorption peaks in both the ILs and the PBS solution con-
taining 25% ethanol, suggesting the conformational stabil-
ity of CyA in the ILs. In summary, [Ch][Ge], [Ch][So] and
[Ch][Ra] could significantly improve the solubility of CyA
and were therefore selected for downstream studies.

In vitro penetration of CyA

In vitro penetration of CyA was evaluated in excised rat
abdominal skin. In our preliminary study, CyA could not be
detected in the receiving chamber until 8 h, indicating neg-
ligible penetration of CyA through intact skin. Therefore,
the retention of CyA in the skin tissue was evaluated, and
the in vitro penetration time was shortened to 4 h to ensure
that the data were collected from intact skin. As shown in
Fig. 2a, compared with the negative control and DMSO,
all three ILs significantly enhanced the dermal delivery of
CyA. Among all ILs, [Ch][Ge] displayed the best dermal
delivery ability, followed by [Ch][So] and [Ch][Ra].

The water content of ILs significantly influences their
ability to enhance dermal penetration [27, 38], so ILs
with different water contents were evaluated. As the water
content in the ILs increased from 10 to 70%, the dermal
deposition of CyA first increased, peaked at a water con-
tent of 30%, and then decreased significantly. In the [Ch]
[Ge] and [Ch][Ra] groups with a water content of 70%,
the dermal deposition of CyA was still comparable to that

Table 1 Structures and physical ILs Anion Molar ratio ~ Water content Viscosity
properties of choline-based ILs (cation/anion) (%, Wiw) (Pa-S)
Q)
Choline/citric acid °¢%o
. 3:1 7.92 8.65 +0.55
[Ch][Ci] g)k:&‘)koe
. L o
C"°“'[‘§’,%]°['G“2]° acid g)l\)\/\)\ 1:1 8.81 1.86 £ 0.04
; i i 0
Chohln gfﬁ;‘;’f acid NN L1 7.61 331£023
L IS
Ch°""‘[”c‘,';fl‘l';{’;]°‘° acid /":l::/\;::; 1:1 636 13.97 +0.60
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Fig. 1 Synthesis and characterization of ILs and CyA-loaded ILs. (a)
Synthesis of choline-based ILs by using choline bicarbonate as the
base. The types of acids (R-) and molar ratios of the reactions are
shown in Table 1. (b) The appearance of the ILs. (¢) Solubility of CyA
in PBS, 20% DMSO and different ILs. (d) Solubility of CyA in 20%
DMSO and ILs with different water contents (10%, 30%, 50%, and
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in the content of CyA in ILs over seven days at room temperature.
(f) Conformational stability of CyA in ILs evaluated by CD spec-
troscopy compared with that of CyA in PBS containing 25% ethanol.
***P<0.001; ** P<0.01; *P<0.05. n=3
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Fig. 2 In vitro evaluation of the enhanced dermal delivery of CyA by
ILs. (a) In vitro permeation of CyA into rat skin in the presence of
PBS, 20% DMSO or different ILs (CyA/skin, pg/g). (b) Enhanced
in vitro permeation of CyA into rat skin by ILs with different water
contents (10%, 20%, 30%, 50%, and 70%). A water content of 10%

in the DMSO group. However, the dermal delivery effi-
ciency of CyA in [Ch][So] with a water content above
50% was very low, which may be due to the limited solu-
bilization ability of [Ch][So] at such a high water content
(Fig. 1d).

The penetration-enhancing ability of ILs is affected not
only by the type of ILs but also by the interactions between
drugs and ILs. When the ILs were slightly diluted, the vis-
cosity of the ILs decreased, leading to accelerated release
of CyA from the ILs. On the other hand, slight dilution did
not significantly affect the penetration-enhancing ability
of the ILs, thus resulting in enhanced penetration of more
CyA by slightly diluted ILs. With a further increase in water
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represented undiluted ILs. (¢) Viscosities of ILs with different water
contents (10%, 20%, 30%, 50%, and 70%). (d) In vitro release of CyA
from the ILs compared with that of the CyA solution in PBS containing
25% ethanol. ***P <0.001; ** P<0.01; *P<0.05. n=3

content, the structure of the ILs may deteriorate gradually
[38], leading to a decrease in their penetration-enhancing
ability. Consequently, ILs containing 30% water exhibited
optimal dermal delivery of CyA. Concurrent determination
of viscosity indicated significantly decreased viscosity as
a result of dilution by water (Fig. 2¢). CyA was released
more slowly than it was from PBS containing 25% ethanol
(Fig. 2d). The release of CyA in the PBS group reached a
maximum at 4 h, whereas only 60% of the CyA-loaded ILs
were released at 12 h. Additionally, the release of CyA from
[Ch][Ra] was slower than that from the other two ILs, which
could be attributed to the higher viscosity of [Ch][Ra].
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Efficacy

An IMQ-induced psoriasis mouse model was established to
evaluate the efficacy of the topical administration of CyA-
loaded ILs. As [Ch][So], [Ch][Ge], and [Ch][Ra] all dis-
played excellent dermal penetration of CyA in vitro, they
were further optimized in vivo. Among the three ILs, one
mouse in the [Ch][Ge] group died on the first day, whereas
the others demonstrated subcutaneous hemorrhage (Fig.
S2b) and died on day 4. As direct administration of both
CyA and the blank [Ch][Ge] did not result in obvious toxic-
ity, the current observations looked unexplainable. Although
the exact reason for the death and severe toxicity of the
experimental animals has yet to be elucidated, the interplay
of CyA and [Ch][Ge] may play a role and lead to lethal out-
comes. Alternatively, there might also be unknown synergy
between [Ch][Ge] and CyA or unpredictable events such as
rapid and substantial absorption in vivo, which, however,
has yet to be elucidated. Importantly, care should be taken
when [Ch][Ge] is used as a permeation enhancer. The mice
in the [Ch][Ra] group presented obvious skin irritation and
psoriasis characteristics (Fig. S2¢). This may be attributed
to the longer side chain of [Ch][RA], which deteriorates the
lipid layers in the stratum corneum [39]. Therefore, only
[Ch][So] was chosen for downstream evaluations. Consid-
ering the low solubilization and penetration-enhancing abil-
ity at a water content above 50%, the water content was set
at 10%, 20% and 30%.

After seven days of continuous IMQ treatment, the psoria-
sis-like mouse model was successfully established (Fig. 3a).
Body weight monitoring revealed a decrease in body weight
during the initial four days (Fig. 3c), which was likely
caused by the inflammatory response induced by IMQ. The
blank ILs caused almost no alleviation of psoriatic symp-
toms, but the scaling conditions were ameliorated, indicat-
ing a softening effect on the stratum corneum (Fig. 3a). The
mice in the CyA-loaded IL group presented milder psoriatic
symptoms, which were not significantly different from those
in the positive control group (betamethasone), with reduced
erythema and scaling. Notably, the water content in the ILs
did not influence the therapeutic effect. Although slightly
diluted ILs may enhance the in vitro dermal deposition of
CyA (Fig. 2b), a decrease in viscosity shortens the retention
time of CyA on the skin, thereby impacting its therapeutic
efficacy. Surprisingly, the Neoral® group showed no allevia-
tion of psoriatic characteristics, as judged by appearance.
The PASI showed the same trend for each group (Fig. 3d).
Compared with those of the model group, the betametha-
sone and IL groups presented notable decreases in spleen
weight (Fig. 3f), indicating decreases in inflammation and
psoriatic symptoms [12, 40]. HE staining was performed to
assess histopathological changes and epidermal thickness
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Fig. 3 Topical treatment of psoriatic mice. The groups were catego-}
rized as follows: blank control (PBS), positive control (betametha-
sone), positive control (Neoral®), negative control (blank ILs), and
treatment groups (CyA-ILs with water contents of 10%, 20% and
30%). A water content of 10% represented undiluted ILs. During the
seven-day experiment, IMQ was applied to the shaved area on the
backs of the mice every morning to induce psoriasis. Four hours after
modeling, the mice were treated with 100 pL of PBS or a diluted solu-
tion of Neoral® or ILs in the shaved area at a CyA dosage of 25 mg/
kg. The dosage of betamethasone was set at 1 mg/kg. (a) Appearance
of psoriasis-like skin on day 7. (b) HE-stained images of psoriasis-like
skin on day 7 (the scale bar represents 200 pm for the original image
and 20 pm for the enlarged image). (¢) Changes in body weight over
7 days. (d) PASI scores of psoriasis-like skin. (e) Epidermal thickness
calculated from HE-stained images. (f) Spleen index =spleen weight/
body weight. ***P <0.001; **P<0.01; *P<0.05. n=5

(Fig. 3b and e). CyA-loaded IL treatment reduced epider-
mal thickening and hyperkeratosis. As the water content
increased from 10 to 30%, the thickness of the epidermis
slightly increased.

The overexpression of TNF-a, IL-22 and IL-17 leads
to persistent inflammation and excessive proliferation
of keratinocytes in psoriasis, whereas the calcineurin
inhibitor CyA can effectively inhibit T-cell activation,
resulting in decreased levels of these inflammatory fac-
tors [41-43]. Therefore, the three inflammatory factors
were tested to further evaluate their therapeutic effects.
As shown in Fig. 4, the levels of TNF-a, IL-22 and IL-17
in the model group were five times greater than those in
the healthy (PBS) group, whereas the undiluted IL group
presented a 71.7% reduction in TNF-a, a 75.6% reduc-
tion in IL-22, and an 89.3% reduction in IL-17, which
were also greater than those in the betamethasone group.
Blank ILs and the water content of the ILs had no sig-
nificant effect on the cytokine levels. The Neoral® group
also demonstrated a reduction in cytokine levels, indi-
cating facilitated absorption of CyA. The presence of
various emulsifiers and coemulsifiers in the formulation
may function as permeation enhancers. Compared with
previous studies, ILs achieved comparable efficacy in
enhancing the dermal delivery of CyA to that achieved
with nanocarriers [13—15] while exhibiting superior per-
formance in reducing cytokine levels [12]. As nanocar-
rier systems are associated with various problems, such
as complicated preparative processes, instability, poor
reproducibility, and difficulties in translation, ILs prove
to be more promising delivery systems for enhanced der-
mal drug delivery with prestigious features of solubili-
zation, penetration enhancement, and tailorable viscosity
that facilitate formulation and easy administration.
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Fig. 4 Inflammatory cytokine levels in a mouse psoriasis model after
treatment. On day 7, the psoriasis-like skin was removed, and ELISA
was performed. (a) Heatmap of three inflammatory cytokines in differ-

Safety evaluation

Cytotoxicity, TEWL and histological variations were
observed to test the safety of ILs applied to the skin.
Cytotoxicity was assessed in HaCaT cells, which are
commonly used as cell models for transdermal drug
delivery [44], via the CCK-8 method for evaluating cell
viability [45]. The cell viability decreased as the concen-
tration of the IL ([Ch][So]) increased, with an ICs, value
of 148.64 +10.96 mmol/L (Fig. 5b), in contrast with
the I1Cs, of 0.20+0.02 mmol/L reported for azone [46],
a widely used chemical penetration enhancer. [Ch][So]
showed significantly reduced cytotoxicity in comparison
with azone. TEWL is an indirect index that reflects the
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influence on the integrity of skin barriers [47]. Compared
with the blank group (PBS), both the positive control
(20% DMSO) and the IL ([Ch][So]) exhibited signifi-
cantly increased TEWL within 1 h after administration
(Fig. 5d), which was consistent with the drug permeation
results because a higher TEWL value is usually related
to enhanced drug penetration. After removal of the test
samples, the TEWL gradually decreased and returned to
its initial level within 2 h, indicating that [Ch][So] could
effectively moderate the skin barriers in a reversible
manner.

According to the histological images (Fig. 5c), the epi-
dermal layer appeared to be significantly thicker in the
DMSO group than in the control group, with a noticeable
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phenomenon of keratinocyte detachment, indicating
skin irritation. In contrast, the degree of epidermal layer
thickening in the [Ch][So] group was obviously lower
than that in the DMSO group, and there were no signs of
edema or inflammatory infiltration. These findings sug-
gested that [Ch][So] could serve as a safe and reliable
penetration enhancer.

Conclusion

The four synthesized choline-based ILs, i.e., [Ch][Ci],
[Ch][Ge], [Ch][So], and [Ch][Ra], all appear to be vis-
cous, transparent liquids with water contents less than
10%. A longer chain length ([Ch][Ra]) and multiple car-
boxyl groups ([Ch][Ci]) of the aliphatic acid are associ-
ated with a higher viscosity of the ILs. The functions of
ILs include various aspects. ILs can serve as formula-
tion vehicles with a CyA solubility of more than 90 mg/
mL, in which CyA can remain stable both chemically and
structurally. An in vitro penetration study revealed negli-
gible transport of CyA across excised rat abdominal skin.
Compared with that of PBS and DMSO, the skin deposi-
tion of CyA by ILs significantly increased in the order of
[Ch][Ge] > [Ch][So] > [Ch][Ra]. An in vivo efficacy test
demonstrated that CyA-loaded [Ch][So] cream signifi-
cantly reduced psoriatic features, epidermal thickness,
and TNF-a, IL-22 and IL-17 levels in the skin to a greater
extent than did the positive control betamethasone cream.
The effects of the water content of the ILs on their perfor-
mance were confirmed by both in vitro and in vivo inves-
tigations. Despite the ameliorating effect of water, [Ch]
[Ge] and [Ch][Ra] with a water content of 70% could still
have a considerable solubilization capability for CyA.
Compared with undiluted ILs, diluted ILs with a water
content of 30% showed greater permeation ability, which
may be related to the lower viscosity of the diluted ILs,
which resulted in faster drug release from the IL carriers.
Furthermore, [Ch][So] exhibited lower cytotoxicity than
azone did, and it did not induce significant irritation after
7 days of skin application. Multiple mechanisms may be
involved in the enhanced dermal delivery of CyA by ILs,
including (1) serving as a solubilizer for CyA, (2) soften-
ing the scaling skin surfaces, and (3) interfering with the
lipid matrices of the skin or extracting lipids from the
formulations. It has been concluded that choline-based
ILs function to increase the permeation and retention of
CyA in the skin, which holds promise for the potential
treatment of psoriasis.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s13346-
024-01705-8.
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