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Non-invasive transdermal delivery of peptide
inhibitors of the IL-23/IL-17 axis by novel ionic
liquid biomaterials for psoriasis treatment
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Psoriasis has been successfully treated by directly blocking the interleukin (IL)-23/IL-17 pathway and

several inhibitors that specifically target the IL-23/IL-17 signaling axis have been approved by the Food

and Drug Administration for clinical use and show excellent efficacy. However, all the approved IL-23/

IL-17 axis targeting agents cannot be non-invasively delivered as topical treatment due to their biological

and physicochemical properties, e.g., susceptibility to degradation, large molecular size, hydrophobicity

and charge. Herein, we used novel ionic liquid biomaterials, amino acid esters and octanoic acids, as a

non-invasive transdermal drug delivery system for bicyclic peptide inhibitors targeted to IL-23R and

IL-17A. Using phenotypical images, psoriasis area and severity index, hematoxylin–eosin, and immunohis-

tochemistry, we demonstrate that a biocompatible ionic liquid-based topical delivery approach of peptide

inhibitors alleviates psoriasis in an imiquimod-induced psoriasis mouse model. Flow cytometry of innate

lymphoid cells (ILCs) within the spleen, peripheral blood, and lesional epidermis shows that treatment

with ionic liquids-peptides selectively blocks and reconfigures the spectrum of skin-resident and circulat-

ing ILCs. These results provide a framework for a topical delivery approach for peptides. Our findings

highlight the potential of topical administration of peptide inhibitors of the IL-23/IL-17 pathway by bio-

compatible ionic liquids to treat psoriasis. The main immunopathogenic mechanism of peptide inhibitors

mitigating psoriasis is reconfiguration of a spectrum of skin-resident and circulating ILCs.

Introduction

Psoriasis is a chronic, inflammatory skin disorder whose global
prevalence is rapidly increasing,1,2 affecting approximately
2–3% of the population, the most common type of which is
plaque psoriasis, accounting for over 80% of all psoriasis
cases.3,4 In the United States, the estimated annual economic
burden is as high as $112 billion.5 The interleukin-23 (IL-23)/
interleukin-17 (IL-17) axis plays a central role in the immuno-
pathogenesis of psoriasis and related comorbidities by stimu-
lating keratinocyte hyperproliferation and feed-forwarding cir-
cuits of perpetual T cell-mediated inflammation.6,7 The pro-

inflammatory myeloid dendritic cells release IL-23 and interleu-
kin-12 (IL-12) that activate IL-17-secreting T cells, T helper 1
(Th1) cells and T helper 17/22 (Th17/22) cells, to produce abun-
dant psoriatic cytokines such as tumor necrosis factor alpha
(TNF-α), IL-17 and interleukin-22 (IL-22).8 Emerging evidences
from clinical trials have shown that biologics specifically target-
ing IL-23, IL-23 receptor (IL-23R), and IL-17A/IL-17F are
effective in the substantial reduction or even elimination of
psoriatic skin injury and improve the quality of life of most
patients with psoriasis.9 In addition, based on studies of skin-
resident innate lymphoid cells (ILCs) for the development of
psoriatic lesions, an early and intensive IL-23/IL-17 axis block-
ade that suppresses the convergence of IL-17-producing and
IL-22-producing ILC3s could prevent the local reappearance of
inflammatory plaques and prevent relapse of psoriasis.10,11

However, all biologic agents are currently administered by
either intravenous or subcutaneous injection, which restricts
targeting biologics in first-line therapeutics in patients with
moderate or severe psoriasis, or psoriatic arthritis.12

While the majority of studies have focused on intravenous
or subcutaneous pathways, transdermal delivery presents new
opportunities for delivering biologics that specifically target†These authors contributed equally to this work.
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inflammatory cytokines.13 Topical delivery is a non-invasive
transdermal approach that can enable local administration,
reduce systemic exposure, and improve safety. Additionally,
delivering drugs through the skin offers several advantages,
such as ease of application and termination, and avoidance of
first-pass metabolism, especially for patients with localized
plaque psoriasis. However, topical drug delivery faces the sig-
nificant challenge of the skin barrier, which under normal
conditions only allows the permeation of small (<500 Da) lipo-
philic molecules.14 Compared to various device-based physical
methods, several formulation-based approaches, primarily
involving chemical permeation enhancers, have been devel-
oped. Ionic liquids have been introduced as a novel formu-
lation-based approach to enhance topical drug delivery for a
wide range of molecules up to 150 kDa.15 The unique advan-
tages of ionic liquids, including chemical tunability, stability,
and biocompatibility, have led to their wide application in bio-
medical engineering.16 Amongst the latest investigational skin
permeation approaches, ionic liquids are gaining increasing
attention.17 Ionic liquids are typically defined as organic salts
composed of an organic cation and an organic or inorganic
anion, which remain stable below their melting point.18 In
recent years, research on ionic liquids for protein delivery, par-
ticularly insulin delivery, has made important advances.19

Despite decades of effort, the transdermal delivery of biologi-
cal drugs remains a major pharmaceutical challenge.

Cyclic peptides have emerged as an interesting therapeutic
option because they can bind to challenging targets that tra-
ditional small-molecule compounds cannot easily access. In
recent studies, to develop double-bridged peptides constrained

by two chemical linkers, Kong et al. isolated IL-17A and IL-23R
target-specific peptides with nanomolar affinities that resisted
proteases in undiluted simulated intestinal fluid.20 The develop-
ment of these stable and smaller bicyclic peptides with a mole-
cular weight approaching 1 kDa is significant for the develop-
ment of drugs suitable for topical or oral administration.21

Peptide-based drugs, being smaller than proteins and anti-
bodies, are more suitable for transdermal delivery, but convert-
ing existing bioactive peptides into topical drugs is extremely
difficult.22 For most peptides, achieving the high bioavailability
and in vivo stability required for therapeutic applications
remains challenging, prompting in-depth research into efficient
peptide delivery strategies specifically for topical administration
routes. Here, we used biocompatible ionic liquids, amino acid
esters, and octanoic acids as a topical drug delivery approach for
bicyclic peptide inhibitors targeting IL-23R and IL-17A.
Specifically, we identified a combination of ionic liquids that
simultaneously stabilizes peptides and enhances their pene-
tration into the skin following topical application. In an imiqui-
mod (IMQ)-induced psoriasis mouse model,23 we demonstrated
the efficacy of the formulation in blocking the IL-23/IL-17 axis
and elucidated the possible mechanism of reconfiguration of a
spectrum of skin-resident and circulating ILCs in vivo (Fig. 1).

Results and discussion
Synthesis and characterization of ionic liquids

The selection of ionic liquids for topical formulations is
crucial to construct a biocompatible vehicle to ensure

Fig. 1 Schematic illustration of non-invasive transdermal delivery of peptide inhibitors of the IL-23/IL-17 axis by biocompatible ionic liquids for
psoriasis treatment.
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maximum drug solubility together with enhanced drug per-
meation capacity.18 Four amino acid ester ionic liquids,
namely [Lys][C8] (KCA), [Arg][C8] (RCA), [His][C8] (HCA) and
[Ala][C8] (ACA), were successfully synthesized, and their
appearance was light yellow to orange-yellow, with a viscous
oily form (Fig. 2A). The structures of the synthesized ionic
liquids were investigated by Fourier transform infrared (FTIR)
spectroscopy. The CvO vibration peak of the –COOR group in
the amino acid ester structure was found at 1740–1750 cm−1,
and the symmetric and asymmetric C–H stretching vibrations
of the methyl and methylene groups showed strong broad
peaks at 2800–3000 cm−1, and the same characteristic peaks
are also shown for ionic liquids (Fig. 2B). The CvO stretching
peak of the –COOH groups was observed at 1712 cm−1 in the
octanoic acid spectrum, and this characteristic peak has
obvious signal attenuation and blue shift in the spectra of
ionic liquids. It shifted to 1706 cm−1 in the KCA spectrum,
1676 cm−1 in the RCA spectrum, 1710 cm−1 in the HCA spec-
trum, and 1709 cm−1 in the ACA spectrum. The shift of the
characteristic peaks indicated that the product formed a car-
boxylate salt, and ionic liquids were successfully prepared.

The differential scanning calorimetry (DSC) results afforded
the melting point temperature (Tm) and glass transition temp-
erature (Tg) of the ionic liquids (Fig. 2C). The Tm of KCA, RCA,
HCA, and ACA were −23 °C, −10 °C, 6.61 °C, and −9 °C,
respectively. The higher melting point of HCA may be due to
the strong intermolecular hydrogen bonds formed in ionic
liquids, which need to be partially broken when melting,
resulting in a higher melting point. The heat flow curves
showed that Tg of RCA and HCA were −67.3 °C and −56.5 °C,

demonstrating crystallization at lower temperatures. However,
KCA and ACA did not exhibit this characteristic.

As seen from the thermogravimetric analysis (TGA) results
(Fig. 2D), the thermal decomposition of the four ionic liquids
occurred from 120 to 300 °C. The weight loss commenced at
temperatures exceeding 100 °C, and the samples began dis-
playing a substantial amount of decomposition when heated
above 120 °C. KCA, RCA, and HCA still exhibited incomplete
degradation products at temperatures up to 300 °C, and ACA
was entirely degraded at approximately 150 °C, likely due to
the stronger chemical bonds of alkaline amino acids that
enhance the thermal stability of ionic liquids. The viscosity of
the ionic liquids was also determined. At low shear rate con-
ditions, as the shear rate increased, the viscosity of the ionic
liquids decreased, exhibiting a shear-thinning behavior.
However, when the shear rate reached 30 rad s−1, the viscosity
stabilized (Fig. 2E). As shown in Fig. 2F, the viscosity of the
ionic liquids decreased with an increase of temperature. The
high viscosity and low fluidity of HCA may be attributed to its
strong intermolecular hydrogen bonding, leading to an
increase in intermolecular forces. In summary, maintaining an
appropriate viscosity of ionic liquids is crucial for their
effective application in drug delivery on the skin surface.

Skin permeation study of ionic liquids

Transdermal administration of drugs with permeation enhan-
cers depends on sequential penetration through the stratum
corneum (SC), viable epidermis, and portions of the dermis.24

The SC presents the most significant obstacle to transpor-
tation, with diffusivity reduced by up to 1000-fold compared to

Fig. 2 Characterization of ionic liquids. (A) The appearance of the four prepared ionic liquids. (B) FTIR spectra of ionic liquids. (C) DSC thermograms
of ionic liquids. (D) TGA thermograms of ionic liquids. The viscosity of ionic liquids with (E) shear rate and (F) temperature change.
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the epidermis.25 The SC barrier property is determined by its
structure, with hydrophobic lipid matrix and keratin being the
main factors of the barrier.26 ATR-FTIR studies were carried
out to evaluate the changes of lipid in the SC after incubation
with ionic liquids. ATR-FTIR spectroscopy was used to gain
insights into the effect of ionic liquids on the SC. As shown in
Fig. 3A, the characteristic absorption peaks at ≈1650 cm−1

(amide I) and ≈1550 cm−1 (amide II) due to NH-CvO
vibrations correspond to the secondary structure of keratin.
The two prominent bands at 2800–3000 cm−1 are attributed to
phospholipids and fatty acids and result from the symmetric
and asymmetric stretching vibrations of CH3 and CH2 groups
from alkyl chains. The characteristic peaks for both keratin
and lipid of the SC are shown in Fig. 3A. In the amide I region,
we deconvoluted a single broad peak into peaks corresponding
to α helix, β sheet and β turn. Upon application of ionic
liquids, the SC keratin shows significant responses, which
increase the fraction of α helix structures (≈1650 cm−1). A loss
of α helices is a sign of protein destabilization and denaturing,

while ionic liquid shows stabilizing effects on protein second-
ary structure. In the high wavenumber region
(2800–3000 cm−1), ionic liquid results in the reduction of the
symmetric CH2 stretching (≈2850 cm−1) peak area. The trend
of decreasing peak areas represents influences on SC lipids:
lipid is extracted by ionic liquids, the lipid content is reduced
and the ordered structure of the SC is destroyed.

An in vitro skin permeation study was performed using a
Franz diffusion cell system to evaluate the effectiveness of the
synthesized ionic liquids as skin-penetration enhancers for
delivering model drug coumarin 6 (Cou6). The results showed
that the cumulative permeabilities of Cou6/KCA, Cou6/RCA,
Cou6/HCA, Cou6/ACA, and Cou6/PBS were 14.14%, 21.30%,
7.61%, 7.83%, and 2.62%, respectively (Fig. 3B). The per-
meation rate of the experimental group was significantly
higher than that of the control group. Especially, the RCA
group had the strongest skin penetration effect.

In addition, we further validated the transdermal delivery
capability of the RCA system for cyclic peptide drugs (Fig. S1).

Fig. 3 Skin permeation study of ionic liquids. (A) FTIR spectra for SC samples treated with ionic liquids. Deconvoluted peaks are shown for high
wavenumber region (lipid, 2800–3000 cm−1) and amide I region (keratin, 1600–1700 cm−1). (B) Cumulative release of Cou6 permeated across the
skin over time (mean ± SD, n = 3). (C) Fluorescent images of tissue slices containing the epidermis and dermis (scale bars: 100 μm). (D) SEM image of
SC cross-section after being incubated with RCA. Normal skin incubated with PBS was used as control (scale bar = 100 μm).
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The 24-hour cumulative permeation rate of FITC-IL-23Ri deli-
vered by RCA was 13.12%, representing a 5-fold increase com-
pared to the control group (Fig. S1A). For FITC-IL-17Ai deli-
vered by RCA, the 24-hour cumulative permeation rate was
11.12%, corresponding to a 7-fold enhancement relative to the
control group (Fig. S1B). These results demonstrate that RCA is
also capable of efficiently delivering macromolecular hydro-
phobic cyclic peptide drugs across the skin, overcoming the
inherent challenge of poor skin permeation for cyclic peptide
drugs attributed to their high hydrophobicity and large mole-
cular weight. This characteristic facilitates the entry of cyclic
peptide drugs into the body, enabling the operation of their
pharmacological activities.

Furthermore, cyclic peptide-loaded RCA exhibits no detect-
able chemical structural alterations. The cyclic peptides can
form hydrogen bonds with the CvO moiety of the stearic acid
carboxyl groups in RCA; this interaction not only enhances
drug solubility, stability, and loading efficiency but also pre-
vents drug precipitation. As illustrated in Fig. S2, this synergis-
tic effect ensures efficient transdermal delivery of cyclic pep-
tides by RCA, thereby facilitating the drugs in exerting their
therapeutic efficacy.

Encouraged by the impressive penetration ability of ionic
liquids in vitro, we proceeded to assess the drug delivery
efficacy in vivo. Following the application of different ionic
liquids on skin on the back of a mouse, the remaining
samples were removed, and the skin tissue was obtained for
cryotomy. As shown in Fig. 3C, S3, and S4, all experimental
groups showed strong green fluorescent signals of the skin
tissue, indicating that the ionic liquids can effectively promote
drug penetration. Semi-quantitative results showed that fluo-
rescence could be detected in the epidermis or dermis of the
experimental groups, indicating that the ionic liquids could
effectively deliver drugs across the SC to the dermis. The RCA
group accumulated more fluorescence in the skin, which was
consistent with the results of cumulative permeation in vitro,
and together proved that RCA had a better effect of promoting
the permeation of the drug. Follow-up experiments are hence
considered, using RCA as a penetration enhancer to deliver
therapeutic drugs for the treatment of psoriasis.

Scanning electron microscopy (SEM) imaging exhibited the
microstructural changes in the SC cross-section after ionic
liquid treatment (Fig. 3D). The skin cross-section in the
control group exhibited a smooth and flat surface with a dis-
tinct oily sheen, and the multilayered lipids in the SC were
densely organized. In contrast, the RCA-treated SC was loose
and dry, with obvious gaps between the multilayers of lipids.
The SEM results were consistent with the ATR-FTIR results,
which demonstrated that the ionic liquids extracted the SC,
adjusted the permeability of the skin, and increased the
penetration.

The barrier function of transdermal drug delivery mostly
depends on the organization of the lipid matrixes and the
keratin protein structure in the SC layer.23 The ATR-FTIR
spectra suggested that the ionic liquids fused with the lipids
in the SC to destroy the ordered structure of the SC, and the

lipid content of the SC was reduced, which led to the decrease
in the spectral peak area of the lipids. In contrast, keratins
treated with ionic liquids showed an increase in the area of
absorption peaks within the amide I region, indicating that
the ionic liquids do not have a destructive effect on the sec-
ondary structure of keratins, and, on the contrary, they may
have a stabilizing effect. The SEM results were also consistent
with the ATR-FTIR results, which demonstrated that the ionic
liquids extracted the SC, adjusted the permeability of the skin,
and increased the penetration. Furthermore, both cumulative
permeability and permeation rate were significantly higher
with the RCA-based formulation compared with others.
Therefore, animal experiments were considered, using RCA as
a delivery vehicle to load therapeutic drugs for the treatment
of psoriasis.

Remission of psoriasis by the transdermal formulation of
IL-23/IL-17 axis blockade in vivo

Treatment options of psoriasis are primarily based on the
severity of the skin lesions, assessed using the Psoriasis Area
and Severity Index (PASI).1 For patients with mild or localized
plaque psoriasis (PASI ≤ 10 or affected body surface area <
5%), first-line treatments include topical corticosteroids, calci-
neurin inhibitors, vitamin D analogues, keratolytics, and tar-
geted phototherapy.27 Among the various available treatments,
topical corticosteroids remain the standard of care for mana-
ging all grades of plaque psoriasis, whether as monotherapy or
as an adjunct to systemic therapy. However, long-term use of
corticosteroids may lead to a range of off-target and adverse
effects, including epidermal and dermal atrophy, striae, folli-
culitis, telangiectasia, and purpura.28 In order to reduce long-
term toxicity and comprehensively enhance therapeutic
efficacy, the early use of topical application of targeted inhibi-
tors of the IL-23/IL-17 axis would be an ideal solution.

Pathogenetically, psoriatic lesions result from prominent
immune cell infiltration, hyperproliferation and disturbed
differentiation of epidermal keratinocytes that are provoked by
immune mediators of the IL-23/IL-17 axis.2,29,30 Therapeutic
blocking of IL-23 or IL-17 can significantly reduce or even
eliminate psoriatic skin lesions, improving the quality of life
for most patients.6,29 Compared to chemically synthesized
small-molecule drugs, biologics targeting the IL-23/IL-17 axis
are substantially more effective and may therefore be con-
sidered as first-line therapies for patients with mild or loca-
lized plaque psoriasis.6 Unfortunately, all biologics have to be
delivered via intravenous infusion or subcutaneous injection
dosage forms, which are associated with adverse effects such
as systemic inflammatory response, opportunistic infections,
infusion reactions and low patient compliance due to pain,
limiting mild or localized patient use.31–33 Due to protease
degradation, polar surface, large molecular size, and weight,
therapeutic biologics cannot be delivered non-invasively
through topical administration.10 Additionally, small mole-
cules are difficult or impossible to develop for cytokine targets
because of the flat or featureless binding surfaces of protein–
protein interactions. Cyclic peptides are a class of molecules
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that have the potential to bridge the gap between small mole-
cules and monoclonal antibodies in non-invasive transdermal
administration.34 Their larger size allows them to interact with
extended surfaces where small molecules typically cannot
bind, and their ring-shaped structure limits conformational
flexibility, thus reducing the entropic penalty upon target
binding.35,36

To guarantee animal safety and the valid execution of
in vivo experiments, we initially evaluated the in vitro cyto-
toxicity and cutaneous irritation of RCA. For the in vitro cyto-
toxicity assay, cells were co-incubated with RCA solutions at
concentrations ranging from 0 to 1000 μg mL−1 for 24 hours.
Cell viability exceeded 90% across all concentrations, with
cells maintaining normal growth patterns and no overt cyto-
toxicity observed. Notably, at low RCA concentrations, an
increase in cell count was observed, suggesting a growth-pro-
moting effect on cells and further confirming the excellent bio-
compatibility of RCA (Fig. S5).

Building on the in vitro cytotoxicity results, subsequent
in vivo studies confirmed that topical application of RCA to the
dorsal skin of mice did not induce any alterations in the mor-
phology or structure of dorsal skin cells. Nor did it cause any
cutaneous damage to the mice throughout the treatment
period (Fig. S6).

To assess the therapeutic efficacy of ionic liquids-peptides,
we conducted PASI, body weight and spleen index evaluation,
which coincided with the total duration of topical application.
The typical skin lesions, PASI scores (Fig. S7), and body weight
changes from day 0 to day 12 of the IMQ-induced psoriasis
model in mice are shown in Fig. 4B, D and E, respectively.
Erythema, scales and wrinkles gradually appeared on the
backs of the mice during the modeling period, and were most
pronounced on days 6 and 7. In the later stages of the experi-
ment, the scales gradually fell off from the modeled areas on
the backs of the mice, but the erythema and thickening of the
skin were still evident. For the IL-23Ri&IL-17Ai/PBS and RCA
groups, the profiles of the PASI scores were almost the same as
those of the IMQ model group, indicating no anti-psoriasis
efficacy. After administration of IL-23Ri/RCA, IL-17Ai/RCA, and
IL-23Ri&IL-17Ai/RCA, the scores of erythema, scales and wrin-
kles were markedly lower compared with those of the IMQ
model group (Fig. 4D). The IL-23Ri&IL-17Ai/RCA group showed
the lowest degree of skin erythema, scaling and thickness,
indicating excellent anti-psoriasis efficacy (Fig. 4B and D). The
results of PSAI score indicate that ionic liquids-peptides out-
perform single ionic liquids or peptides.

There was a slight decrease in body weight of the mice after
the start of modeling, which leveled off by day 8 (Fig. 4E). This
may be due to the fact that the IMQ cream used for modeling
caused an immune response in the mice, and the mice
adapted better during the subsequent treatment phase,
showing a stable body weight. IMQ induces psoriasis which, in
addition to exhibiting a skin inflammatory condition, also
leads to hypertrophy of the spleen tissue (Fig. 4C and G). The
spleens of mice in the IMQ model group were markedly hyper-
trophied, with significant differences in spleen weights from

those of healthy mice. The spleen size of mice was signifi-
cantly reduced by IL-23Ri/RCA, IL-17Ai/RCA, and
IL-23Ri&IL-17Ai/RCA treatments. The data of body weight and
spleen index also suggest that peptide inhibitors of the IL-23/
IL-17 axis not only reverse local psoriasis-like lesions but also
ameliorate systemic inflammation. After treatment, the levels
of liver biochemical indicators (alkaline phosphatase [ALP],
alanine transaminase [ALT], aspartate transaminase [AST]) and
kidney biochemical indicators (creatinine [CREA], urea nitro-
gen [UN], uric acid [UA]) were all within the normal range of
mouse biochemical indicators (Fig. S8).

Hematoxylin–eosin (H&E) staining was used to analyze the
histopathological changes upon psoriasis induction (Fig. 5A).
The skin of mice in the model group showed obvious psoriasis
symptoms, such as thickening of the SC, hyperkeratosis, hyper-
trophy of the SC, extension of the epidermal protuberance into
the dermis, and massive infiltration of inflammatory cells. In
contrast, the thickness of the SC of the skin of mice was sig-
nificantly reduced and the infiltration of inflammatory cells
gradually subsided after IL-23Ri/RCA, IL-17Ai/RCA, and
IL-23Ri&IL-17Ai/RCA treatments, and the recovery of psoriasis
symptoms in the skin of mice in the IL-23Ri&IL-17Ai/RCA
group was the most obvious.

Immunohistochemistry (IHC) results showed that skins
treated with IL-23Ri/RCA, IL-17Ai/RCA, and IL-23Ri&IL-17Ai/
RCA showed lower IL-23R, IL-17A, TNF-α and IL-22 expression
than those of non-treatment or groups with only peptide
inhibitor or ionic liquid treatments, further indicating that
IL-23 receptor inhibitor (IL-23Ri) and IL-17 inhibitor (IL-17Ai)
were successfully delivered into the epidermis and attenuated
inflammatory keratinocyte proliferation (Fig. 5B–D). Moreover,
the level of psoriasis-relevant lymphocytic cytokines, such as
TNF-α and IL-22, in skin lesions from the IHC results revealed
that their production was significantly reduced by IL-23Ri/
RCA, IL-17Ai/RCA, and IL-23Ri&IL-17Ai/RCA treatments
(Fig. 5E and F).

Reconfiguration of a spectrum of skin-resident and circulating
ILCs in an IMQ model

ILCs are a novel family of lymphoid effector cells that serve
essential roles in the early immune response, comprising both
“cytotoxic” ILCs (natural killer [NK] cells) and “helper”
ILCs.37,38 “Helper” ILCs are characterized by CD127 expression
and are classified into three groups based on the cytokines
they produce and the transcription factors required for their
development and function: interferon-γ (IFN-γ)-producing
T-bet-dependent ILC1s; IL-4-, IL-5- and IL-13-producing
GATA-3-dependent ILC2s; and IL-17- and IL-22-producing
RORγT-dependent ILC3s.38 These different ILC subsets are
found in various lymphoid and non-lymphoid tissues and are
enriched at mucosal sites, playing important roles in main-
taining barrier function and innate immune defense. Tissue-
resident ILCs, including quiescent cells and ILC2s, help main-
tain barrier function and respond to local signals. In healthy
individuals, most of the effector ILCs in the skin are ILC2s,
producing cytokines IL-5 and IL-13.39,40 Some studies have
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shown that inducing psoriasis in mice through IL-23 or IMQ
can reconfigure a spectrum of skin ILCs, shifting them toward
a pathological ILC3-like state characterized by co-production
of IL-13 and IL-22 or IL-13 and IL-17A.7,41,42

To explore the regulatory effect of the therapeutic approach
on ILC3s subtypes, we employed flow cytometry to analyze the
presence and distribution of ILC3s within the spleen, peri-
pheral blood, and epidermal tissues. Characteristic flow plots
are shown in Fig. 6A and B. The quantified results indicated
that, in the spleen, the total ILCs (Lin−CD127+) exhibited sig-
nificant down-regulation in the model group compared to the

control (Fig. 6C). Conversely, there was a discernible up-regu-
lation of total ILCs in peripheral blood mononuclear
cells (PBMCs) in the IMQ model group relative to the healthy
control group (Fig. 6C). Notably, in the skin epidermis, we
observed an enrichment of ILCs. Although no significant
reduction was observed after treatment, a notable
decreasing trend was evident (Fig. 6C). These results suggest
that in the IMQ model group, there is an enrichment of
ILCs in the circulatory and lesional epidermal tissues, which
may originate from secondary lymphoid organs such as the
spleen.

Fig. 4 In vivo characterization of ionic liquids-peptides in an IMQ-induced psoriasis-like mouse model. (A) Schematic illustration of psoriasis treat-
ment. (B) Representative skin surface morphology of the various groups at day 7 and day 12. (C) Skin thickness statistics of various mouse groups. (D)
PASI score (erythema, scaling, wrinkle) measured from days 0 to 12. (E) Bodyweight variations of each group from days 0 to 12. (F) Representative
gross image of spleens and (G) spleen index of each group. (Mean ± SD, n = 3, ****p < 0.0001.) G1: control; G2: IMQ model; G3: IL-23Ri&IL-17Ai/
PBS; G4: RCA; G5: IL-23Ri/RCA; G6: IL-17Ai/RCA; G7: IL-23Ri&IL-17Ai/RCA.
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Further analysis was conducted on the RORγT+ positive
ILC3s. The results for ILC3s (CD127+RORγT+) in the spleen
indicated a significant up-regulation in the model group com-
pared to the healthy group. After treatment, groups IL-23Ri/
RCA, IL-17Ai/RCA, and IL-23Ri&IL-17Ai/RCA showed a signifi-
cant decrease in ILC3s (Fig. 6E). Similarly, in PBMCs and epi-
dermal tissues, there was a significant difference between the
IMQ model group and the control group, and after treatment,
the IL-23Ri/RCA, IL-17Ai/RCA, and IL-23Ri&IL-17Ai/RCA groups
showed a significant reduction in ILC3s (Fig. 6F and G). These
results suggest that IL-23Ri/RCA, IL-17Ai/RCA, and
IL-23Ri&IL-17Ai/RCA can reduce the proliferation of ILC3s,
which is one of the important mechanisms by which they exert
their therapeutic effects.

Here, we provide evidence that ILC3s are the major pro-
portion of tissue-resident ILCs in psoriatic lesions, the patho-
genesis of which may be dependent on the proportion
switch of ILC2s to ILC3s on local exposure to IMQ. In-depth

flow cytometric immunophenotypic characterization of these
cells provides insights into the immunological mechanisms
required for IL-23/IL-17 axis blockade peptides to restore psor-
iatic pathology. Notably, a significant reduction of ILC3s
within the spleen, PBMCs, and skin lesions of IL-23Ri/RCA,
IL-17Ai/RCA, and IL-23Ri&IL-17Ai/RCA groups reveal that pep-
tides transdermally delivered by the ionic liquids play a crucial
role in treatment of psoriasis mouse models. Further, the
observation that the flow cytometric analysis of ILCs within
lesional skin highly correlates with H&E and IHC results corro-
borates this finding. Therapeutics targeting the IL-23/IL-17
axis have been administered by intravenous or subcutaneous
injections. However, we now demonstrate the efficacy of a
topical formulation of ionic liquids and peptide inhibitors in
IL-23/IL-17 axis selective blockade and reconfiguration of a
spectrum of skin-resident and circulating ILCs and may there-
fore represent a potential approach for plaque psoriasis
therapy.

Fig. 5 Histological and immunohistochemical analysis of skin tissue sections from IMQ-induced psoriasis-like mice after treatments. (A) H&E stain-
ing images of the dorsal skin tissues in different treatment groups. Scale bar is 500 μm. (B) Representative images of IL-23R, IL-17A, TNF-α, and IL-22
expression in the dorsal skin of mice. Scale bar is 200 μm. Statistics of (C) IL-23R, (D) IL-17A, (E) TNF-α, and (F) IL-22 positive area in each group.
(Mean ± SD, n = 3, ****p < 0.0001.) G1: control; G2: IMQ model; G3: IL-23Ri&IL-17Ai/PBS; G4: RCA; G5: IL-23Ri/RCA; G6: IL-17Ai/RCA; G7:
IL-23Ri&IL-17Ai/RCA.
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Fig. 6 Changes of splenic, peripheral blood and epidermal ILCs and ILC3 after treatment. (A) Representative flow cytometry charts of ILCs and ILC3
(RORγT+) after being gated on CD127+. Statistical analysis of ILCs in (B) SP, (C) PBMCs, and (D) EP. Statistical analysis of ILC3 (RORγT+) in (E) SP, (F)
PBMCs, and (G) EP. (Mean ± SD, n = 3, ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ns: no significance.) G1: control; G2: IMQ model; G3:
IL-23Ri&IL-17Ai/PBS; G4: RCA; G5: IL-23Ri/RCA; G6: IL-17Ai/RCA; G7: IL-23Ri&IL-17Ai/RCA.
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Conclusion

Here, we present an ionic liquid formulation capable of
improving the transdermal delivery of bicyclic peptides. We
hypothesized that a formulation of ionic liquids would
improve peptides’ penetration. We validated this hypothesis in
an IMQ-induced psoriasis-like skin inflammation model that
resembles plaque-type psoriasis in humans. Topical appli-
cation of ionic liquids-peptides for five consecutive days gener-
ated substantial reduction in PASI score, the levels of inflam-
matory cytokines and a spectrum of skin-resident and circulat-
ing ILCs. Our results also indicated that no skin damage and
no liver or kidney toxicity were observed in the mice during
the treatment period. These findings suggested that the ionic
liquid-based topical delivery approach with peptide inhibitors
might be a promising treatment for psoriasis patients. Our
findings also indicated that these novel ionic liquid biomater-
ials, amino acid esters and octanoic acids, as a non-invasive
transdermal drug delivery system might be used for other
diseases.

Methods
Synthesis of ionic liquids

Amino acid ester hydrochloride was dissolved in methanol and
slowly passed through an anion exchange resin to remove the
hydrochloride. After the methanol was removed by spin evap-
oration, a calculated amount of octanoic acid (mole ratio of
amino acid ester to octanoic acid = 1 : 4) was added to the reac-
tion flask. The appropriate amount of methanol was added to
dissolve the reactants, and the mixture was magnetically
stirred at room temperature for 24 h. At the end of the reac-
tion, methanol was removed by rotary evaporation, and an oily
product was obtained adhering to the bottom of the bottle as
an ionic liquid. Four amino acid ester ionic liquids, namely
KCA, RCA, HCA and ACA, were successfully synthesized. The
identities of the ionic liquids were investigated using FTIR
spectra obtained in the range 500–3500 cm−1 with an accumu-
lation of 32 scans.

Physical and chemical properties of ionic liquids

The thermal stability properties of compounds are often deter-
mined by DSC and TGA. DSC thermograms of the ionic liquids
were obtained using a differential scanning calorimeter
(DSC250, TA, USA). Weighed samples (<10 mg) were placed in
aluminum sample trays and sealed with aluminum caps. A
blank aluminum box was used as a control. The temperature
increase rate was set at 2 °C min−1, and the scanning tempera-
ture range was −75 °C to 75 °C. The samples were scanned
three times in a cycle under a constant nitrogen flow of 30 mL
min−1. TGA thermograms of the ionic liquids were obtained
using a thermogravimetric analyzer (TGA550, TA, USA).
Samples (5–10 mg) were placed in an aluminum sample pan,
and heated at 25–300 °C under a constant nitrogen gas flow at

30 mL min−1 (heating rate 10 °C min−1) to determine the
change in weight of each sample.

A rheometer (DHR-2, TA, USA) can be used to determine
the viscosity of the ionic liquids, reflecting their spreadability.
A parallel plate fixture was selected with a measurement temp-
erature of 25 °C and a gap of 1 mm. The sample was loaded in
the center of the sample stage, the fixture was lowered to the
pre-set gap, and the sample outside the fixture was scraped
off. The viscosity change was measured in the range of shear
rate of 1–100 s−1. The same operation was performed as above,
with a fixed shear rate of 10 s−1, to determine the change in
viscosity of the ionic liquids over the temperature range of
25–50 °C.

Study of SC

All animal experiments followed the NIH Guide for the Care
and Use of Laboratory Animals and were performed in accord-
ance with guidelines of the Affiliated Drum Tower Hospital of
Nanjing University. Mouse skin was wrapped in tinfoil and
heated at 60 °C for 2 min to separate the SC. The SC was
immersed in 0.25% trypsin solution overnight to digest the
adherent tissues and rinsed three times with water. After
drying at room temperature for 24 h, the SC was cut into
0.5 cm × 0.5 cm squares. The SC was immersed in 0.3 mL of
ionic liquids and incubated for 24 h. The surface of the SC was
rinsed clean of ionic liquids with water and dried at room
temperature for 24 h. A control sample with PBS was also pre-
pared under the same conditions. An ATR-FTIR spectrum of
each sample was recorded in the range 500–4000 cm−1 with an
accumulation of 32 scans. SEM imaging was used to observe
the microstructure of the SC cross-section.

In vitro skin permeation study

After the mice were euthanized, the back hair was shaved off
with a shaver and applied evenly with depilatory cream, which
was wiped off after a few minutes. The skin on the back was
peeled out with scissors and the subcutaneous fatty tissue was
removed, and rinsed well with saline. The skin was wiped dry,
laid flat on plastic wrap and placed in a −20 °C refrigerator
prior to analysis.

For experiments, mouse skin was placed in a Franz
diffusion cell (TYP-2, LTD, China) with the SC facing up. The
receiving pool was added with PBS (5% Tween 80) solution
until it just touched the mouse skin, excluding air bubbles. In
vitro transdermal experiments were performed to examine the
pro-osmotic efficiency of the four ionic liquids by delivering
the fluorescent substance Cou6. Cou6 & PBS was used as the
control group, and the experimental groups were set up as
Cou6 & RCA, Cou6 & RCA, Cou6 & HCA, and Cou6 & ACA, with
a concentration of Cou6 of 50 μg mL−1. The receiving solution
and the mouse skin were equilibrated at 37 °C for 30 min, and
then 0.3 mL of the sample solution was added to the supply
pool. The experiments were performed under constant mag-
netic stirring at a temperature of 37 ± 0.5 °C and a speed of
300 rpm. At preset time intervals (2, 4, 6, 8, 10, 12, 24 h), 1 mL
of buffer solution sample was removed from the receiving pool
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and an equal volume of isothermal buffer solution was
immediately replenished. The sample solution was removed
and the fluorescence intensity of the contained Cou6 was
measured by a microplate reader (BioTek Synergy H1, Agilent
Technologies, USA). After 24 h of sampling, the skin of each
group was collected, rinsed and dried repeatedly, and stored at
−80 °C. After performing frozen sectioning and staining, the
skin was scanned to observe the accumulation of Cou6 in
mouse skin.

Transdermal delivery of cyclic peptides by RCA

IL-23Ri and fluorescein isothiocyanate (FITC) were accurately
weighed and separately dissolved in 2 mL of dimethyl sulfox-
ide (DMSO). Subsequently, the FITC solution was slowly added
dropwise to the IL-23Ri solution, and magnetic stirring was
maintained for a 24-hour reaction at room temperature. Upon
completion of the reaction, the reaction mixture was trans-
ferred to a regenerated cellulose dialysis bag (molecular weight
cutoff: 1000 Da) for dialysis. The dialyzed solution was then
lyophilized to yield orange-yellow powdery FITC-labeled
IL-23Ri (FITC-IL-23Ri). Using an identical protocol, FITC-
labeled IL-17Ai (FITC-IL-17Ai) was prepared via the reaction of
IL-17Ai with FITC.

FITC-IL-23Ri/PBS and FITC-IL-17Ai/PBS were designated as
the control groups, while FITC-IL-23Ri/RCA and FITC-IL-17Ai/
RCA were assigned as the experimental groups. The in vitro
skin penetration assay was performed using a Franz diffusion
cell system, with the temperature maintained at 37 ± 0.5 °C
and a stirring rate of 300 rpm. Samples were collected from
the receptor compartment at pre-determined time intervals.
The fluorescence intensity of the collected samples was deter-
mined using a multifunctional microplate reader, and the con-
centration of the fluorescently labeled drug in each sample
was calculated accordingly.

RCA stability study

IL-17Ai was precisely weighed and dissolved in RCA at a con-
centration of 500 μg mL−1. Using RCA as the reference sub-
stance, the infrared spectral structure of IL-17Ai/RCA from 0 to
7 days was determined through FTIR spectroscopy scanning.

In vitro cytotoxicity test

NIH/3T3 cells were seeded in a 96-well plate at an appropriate
density and cultured in fresh DMEM complete medium. RCA
was accurately weighed to prepare serial concentrations
ranging from 0 to 1000 μg mL−1. Subsequently, 100 μL of the
RCA solution at each concentration was added to the corres-
ponding wells. Following 24 hours of incubation, 100 μL of
MTT solution (1 mg mL−1) was added to each well under dark
conditions. The plate was then returned to the incubator for
an additional 4-hour incubation. After incubation, the optical
density (OD) of each well was measured using a microplate
reader, and the relative cell viability was calculated
accordingly.

Skin irritation study

After the mice were anesthetized, their dorsal hair was
removed with a hair clipper, and the remaining hair was elimi-
nated by applying depilatory cream. An ionic solution was
evenly applied to the depilated skin of the mice for 5 consecu-
tive days. On the 2nd day after the last application, the mice
were anesthetized, and approximately 1 cm2 of skin tissue was
excised from the dorsal region with scissors. The skin tissue
was fixed in 4% paraformaldehyde overnight, followed by
paraffin embedding and sectioning into 5 μm slices. H&E
staining was performed on the sections following routine
protocols.

Psoriasis-like mouse models

All animal experiments followed the NIH Guide for the Care
and Use of Laboratory Animals and were performed in accord-
ance with guidelines of the Affiliated Drum Tower Hospital of
Nanjing University. IMQ is a Toll-like receptor (TLR) agonist
that activates natural immunity and further stimulates adap-
tive immunity by stimulating TLR7/8. Currently, animal
models of psoriasis are often established using topical IMQ
cream for induction. In this experiment, 6- to 8-week-old
female Balb/c mice were selected to establish a psoriasis
model by IMQ induction. The hair on the back of the mice was
shaved with a shaver, and the removal area was about 2 cm ×
3 cm. Depilatory cream was applied to the removal area to
completely remove the hair. After depilation, the mice were
put back into the cage for normal feeding and observation for
48 h. Mice with no broken or erythematous allergies on their
backs were selected for subsequent experiments. Mice were
daily dorsally coated with 25 mg cm−2 of IMQ cream to con-
struct a psoriasis model. The amount of IMQ cream applied
can be gradually increased if conditions such as no significant
skin changes or reversible regression occur. The modeling
period is usually 7 days, and the appearance of obvious scaly
coverage, erythema, and folds on the back of the mice indi-
cates that the mice have been successfully modeled.

In vivo evaluation of therapeutic efficacy on psoriasis mice

The mice were randomly divided into seven groups, with one
group as a healthy control group (Control) and six groups
induced with psoriasis by IMQ. Then, the psoriasis-bearing
mice were treated with different formulations to evaluate the
treatment efficiency. One group was chosen as a negative
control without treatment (IMQ Model), and the other five
treatment groups were administered with free bicyclic peptide
inhibitors targeted to IL-23R and IL-17A (IL-23Ri&IL-17Ai/PBS),
blank ionic liquid (RCA), ionic liquid delivery of IL-23R
peptide inhibitor alone (IL-23Ri/RCA), ionic liquid delivery of
IL-17A peptide inhibitor alone (IL-17Ai/RCA), and ionic liquid
co-delivery of drug bicyclic peptide inhibitors targeted to
IL-23R and IL-17A (IL-23Ri&IL-17Ai/RCA). Before administering
the medication, the model area on the back of the mice was
gently wiped with normal saline to remove any residual drugs
from the previous administration. Mice in each group were
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administered 100 μL of the corresponding preparation daily
for 5 days. The corresponding drugs were applied to the model
area on the back of the mice, ensuring they were evenly distrib-
uted. The administration site was gently pressed until the
drugs were fully absorbed and no liquid leaked out.

PASI score was used to assess the severity of skin inflam-
mation in a mouse model of psoriasis. The factors assessed
were erythema, scaling, and wrinkling. Erythema refers to the
area of erythematous rash that appears on the skin of the back
of a mouse after the application of IMQ cream. Scaling refers
to the degree of flaking of the skin after the appearance of
symptoms of inflammation. Wrinkling refers to the degree of
folding of the skin after the development of symptoms of psor-
iasis. Mice were assessed in descending order of severity based
on their daily back conditions. The sum of the above three
assessment scores was used for overall assessment of the sever-
ity of psoriasis inflammation. The scores were recorded daily
from the day of the experiment, and photographs were taken
to document the condition of the backs of the mice.

Body weight and spleen weight measurement

The use of IMQ cream modeling to induce an immune
response in mice results in weight loss and, in severe cases,
death. Body weights of mice were recorded daily to reflect the
living conditions of the mice. IMQ induces an immune
response in mice that produces signs of hypertrophy of the
spleen tissue. At the end of the dosing treatment cycle, mice
were euthanized and dissected to obtain spleen tissue, which
was weighed and photographed to document spleen status.

Histopathological and immunohistochemical examination of
skin

At the end of the experiment, samples of skin of mice at the
dorsal modeling site were cut off and fixed with 4% parafor-
maldehyde. The fixed skin was dehydrated and embedded in
paraffin. For histological evaluation, the paraffin blocks were
sectioned into 4 μm sections and stained with H&E. A scanner
(NanoZoomer 2.0-RS, Japan) was used to obtain the images of
the skin sections. For IHC examination, anti-IL-23R antibody,
anti-IL-17A antibody, anti-TNF-α antibody and anti-IL-22 anti-
body were used as the primary antibodies. The sections were
incubated with diluted biotin-conjugated goat anti-rabbit IgG
at 4 °C for overnight. The sections were observed under a
Nikon ECLIPSE E100 microscope.

Isolation of cells from blood, spleen and skin

After euthanizing each mouse, blood, spleen, and skin tissues
were harvested. For flow cytometric analysis of the skin
tissues, samples were collected from the dorsal modeling area.
Subsequently, each skin sample was placed face-up in 10 mL
of epidermis digestion solution (containing 0.15% trypsin and
0.75 mM EDTA) and incubated for 45 min at 37 °C in a cell
culture incubator. The skin samples were briefly transferred to
the lids of the Petri dishes to remove the epidermis digestion
solution, then placed back into the Petri dishes with the
addition of 20 mL of 5% fluorescence-activated cell sorting

(FACS) buffer at 4 °C. Using two curved forceps, the epidermis
was gently separated from the dermis, and effective enzymatic
digestion allowed for the easy detachment of the epidermal
component without excessive force. Subsequently, further
mechanical dissociation was carried out using a 10 mL syringe
(Covidien), with 8 to 10 gentle pumps to avoid applying exces-
sive pressure and preserving cell viability. The cell suspensions
were filtered through sterile 100 mm Falcon™ Cell Strainers
(Corning) positioned on 50 mL conical tubes and centrifuged
at 400g for 5 minutes at 4 °C. After removing the supernatant,
the cell pellets were resuspended in 10 mL of 5% FACS buffer.
The solution was then filtered through sterile 40 mm Falcon™
Cell Strainers (Corning) placed on new 50 mL conical tubes,
followed by another centrifugation at 400g for 5 min at 4 °C.
The supernatant was removed, and the cells were resuspended
in 300 mL of 5% FACS buffer. To isolate PBMCs, mouse peri-
pheral blood was collected using a mouse peripheral blood
lymphocyte separating solution. After centrifugation, the
PBMCs were obtained from the buffy coat and washed with 2%
FACS buffer. To obtain spleen single cell suspension, the
spleen tissue was minced into small pieces and filtered using
a 70-μm cell strainer. The filtered cells were washed with 2%
FACS buffer. All steps should be performed under ice con-
ditions to prove cell viability. The isolated cells can be used for
downstream applications such as flow cytometry, cell sorting,
or cell culture.

Flow cytometry

The obtained single-cell samples were stained using 100 mL of
Zombie Aqua Fixable Viability Kit and a mixed solution of
mouse IgG, then incubated at 4 °C for 15 min to assess cell via-
bility. Following this, cell-surface antibodies were applied and
incubated for 30 min at 4 °C. Subsequently, 200 μL of 13
Foxp3 fixation/permeabilization working solution was used to
fix the cells, incubating them at room temperature in the dark
for 30 min. Afterwards, the cells were centrifuged at 500g for
5 min at 4 °C, and the supernatant was discarded. The cells
were then resuspended in permeabilization buffer working
solution. Another centrifugation at 500g for 5 min at 4 °C was
performed, and the supernatant was discarded. The cells were
resuspended in 13 permeabilization buffer working solution
containing 2% normal rat serum and incubated at room temp-
erature in the dark for 15 min. The antibody mixture for the
transcription factor RORγT was added to each sample and left
at room temperature for 1 h. After subsequent washing and
centrifugation steps, the cells were washed with 200 mL of per-
meabilization buffer working solution. They were centrifuged
at 500g for 5 min at 4 °C, and the supernatant was discarded.
Finally, the cells were resuspended in 200 mL of permeabiliza-
tion buffer working solution and kept on ice until data collec-
tion. Then, cell phenotyping was performed with a flow cyt-
ometer (Agilent, USA). The cell surface antibodies used were as
follows: CD127 BV421 (62-1271-82), CD45 BV711 (103147), Lin
FITC (133301), RORγT PE-cy7 (25-6981-82).
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Statistical analysis

Quantified data were recorded as the mean ± standard devi-
ation (SD). Statistical analysis was performed using GraphPad
Prism (GraphPad Software 8.0.2). One-way analysis of variance
(ANOVA) was performed to compare two or more groups.
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