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a b s t r a c t 

Psoriasis is a chronic inflammatory skin disease characterized by erythema, scaling, and 

skin thickening. Topical drug application is recommended as the first-line treatment. Many 

formulation strategies have been developed and explored for enhanced topical psoriasis 

treatment. However, these preparations usually have low viscosity and limited retention 

on the skin surface, resulting in low drug delivery efficiency and poor patient satisfaction. 

In this study, we developed the first water-responsive gel (WRG), which has a distinct 

water-triggered liquid-to-gel phase transition property. Specifically, WRG was kept in a 

solution state in the absence of water, and the addition of water induced an immediate 

phase transition and resulted in a high viscosity gel. Curcumin was used as a model 

drug to investigate the potential of WRG in topical drug delivery against psoriasis. In 

vitro and in vivo data showed that WRG formulation could not only extend skin retention 

but also facilitate the drug permeating across the skin. In a mouse model of psoriasis, 

curcumin loaded WRG (CUR-WRG) effectively ameliorated the symptoms of psoriasis 

and exerted a potent anti-psoriasis effect by extending drug retention and facilitating 

drug penetration. Further mechanism study demonstrated that the anti-hyperplasia, anti- 

inflammation, anti-angiogenesis, anti-oxidation, and immunomodulation properties of 

curcumin were amplified by enhanced topical drug delivery efficiency. Notably, neglectable 
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local or systemic toxicity was observed for CUR-WRG application. This study suggests that 

WRG is a promising formulation for topically psoriasis treatment. 

© 2023 Shenyang Pharmaceutical University. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

soriasis is an autoimmune skin disease affecting 2%–
% of people worldwide, characterized by erythema,
caling, and skin thickening [1–3] . These pathological skin 

onditions mainly result from keratinocyte proliferation,
pidermal hyperplasia, increased angiogenesis, and 

xtensive infiltration of immune cells. According to 
he disease progression, current psoriasis treatments 
nclude topical application of retinoic acid-based regimens 
acitretin, methotrexate), corticosteroids (dexamethasone,
etamethasone [4] ), and vitamin D3 (calcipotriol) [5] ,
hototherapy [6] (photodynamic [7] , photochemotherapy 

8] ), and other biological agents [9 ,10] . But, these strategies are 
ll still far from satisfactory. For example, topical application 

f corticosteroids usually causes skin irritation, and the 
reatment is often compromised due to low drug retention 

nd penetration [11] . As for phototherapy, the anti-psoriasis 
herapeutic outcome is always delayed, and the risk of 
kin cancer also restrains its application. Biological agents,
ike antibodies against tumor necrosis factor- α (TNF- α) and 

nterleukin-17 (IL-17), have shown impressive therapeutic 
fficacy in severe psoriasis patients by suppressing TNF- 
/IL-17-involved inflammation. But it is important to note 
hat long-term immunosuppression could boost the risk for 
ffection and cancer initiation. As such, further investigations 
re urgently required to develop alternative therapeutic 
ptions. 

Topical application is still an attractive alternative for 
soriasis treatment due to the non-invasive delivery manner,

imited side effects, and improved patient compliance.
he major challenge for topical drug delivery is the 
kin’s barrier function. Healthy skin contains an intact 
tratum corneum, which largely reduces the penetration 

f drug molecules. However, in psoriasis skin, increased 

roliferation and decreased differentiation of keratocytes,
s well as the inflammation-associated increased vascular 
ermeability and vasodilatation, contribute to the partial 

oss of barrier function of the skin, providing a preferable 
rea for topical application of drugs for psoriasis treatment.
any newly reported novel drug delivery systems, like 
anoparticles, liposomes, micelles, solid lipid nanoparticles,
nd dendrimers, have been explored for topically drug 
elivery. Nevertheless, these novel preparations usually have 

ow liquid viscosity, and their retention on skin surface 
as insufficient, leading to an unsatisfactory drug delivery 

fficiency and reduced therapeutic outcome [12 ,13] . Though 

he thickening regents have been used to increase the 
iscosity of these new preparations, the nanostructure 
tability, drug solubility, and drug penetration could also be 
ffected, which might compromise the delivery efficiency. For 
xample, carboxymethylcellulose increased the emulsion but 
ecreased the skin penetration of capsaicin [14] . Therefore,
he formulation that has high viscosity to extent drug 
etention on the skin surface and keeps enhanced drug 
enetration performance is strongly required for psoriasis 
herapy. 

In this study, we developed a water-responsive gel (WRG) 
hat holds a solution state in the absence of water but 
onverted to a gel state with a considerable viscosity in 

he presence of water. This is the first gel formulation with 

ater-triggered liquid-to-gel phase transition property for 
soriasis use to our best knowledge. Our data indicated 

hat WRG exhibited high viscosity after gelation and 

ncreased skin retention and drug permeation into the 
kin tissue. These features are quite suitable for topical drug 
elivery for psoriasis treatment. Hydrogels have already been 

sed for psoriasis treatment for many years. Compared to 
raditional hydrogel, WRG prepared here displayed additional 
dvantages, including enabling hydrophobic drug fully 
issolved, easier smearing, keeping skin surface moistened 

ithin a longer time, etc., beneficial for topical drug delivery 
or prsoriasis treatment. Curcumin, a natural polyphenolic 
ngredient of the spice turmeric possessing strong anti- 
xidative and anti-inflammatory properties [15–20] , was 
sed as a model drug. The water-responsive gelation and 

hysicochemical properties of the WRG were investigated.
e systemically studied the anti-psoriasis efficacy of CUR- 
RG in the imiquimod (IMQ)-induced psoriasis mouse 
odel. CUR-WRG could significantly improve the drug 

elivery efficiency and attenuate the psoriasis symptoms by 
educing inflammation, oxidative stress, and angiogenesis 
nd inhibiting T lymph cells recruitment ( Scheme 1 ). 

. Materials and methods 

.1. Materials 

urcumin (CUR) was purchase from Macklin (Shanghai,
hina). Phosphatidylcholine (PC) was purchased from Lipoid 

Ludwigshafen, Germany). Glyceryl Dioleate (GDO) was 
ought from Shanghai Wencai New Materials Technology 
o., Ltd. (Shanghai, China). Propylene glycol (PG), Tween 80,
ialysis bag (molecular weight cut-off: 7000 Da), Hematoxylin 

nd Eosin (H&E) staining kit, Malondialdehyde (MDA) and 

uperoxide dismutase (SOD) kit were purchased from 

olarbio (Beijing, China). IL-17 and IL-22 enzyme-linked 

mmunosorbent assay (ELISA) kits were obtained from 

ianglai Biological (Shanghai, China). Indocyanine green (ICG) 
MB4675) was bought from Meilun Biotechnology Co., Ltd.
Dalian, China). The anti-Ki67 (ab 15580), anti-VEFG (ab1316) 
nd anti-MPO (ab65871), and donkey anti-rabbit IgG H&L 

http://creativecommons.org/licenses/by-nc-nd/4.0/


Asian Journal of Pharmaceutical Sciences 18 (2023) 100782 3 

Scheme 1 – Curcumin loaded water-responsive gel (CUR-WRG) ameliorates psoriasis-like inflammation by inhibiting 
hyperproliferation, inflammation, and angiogenesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Alexa Fluor® 647) were obtained from Abcam (MA, US). The
anti-CD4 (bs-0647R) and anti-CD8 (bs-0648R) were purchased
from BIOSS company (Beijing, China). The anti-cytokeratin
10 (CK 10, AF0197), anti-IL-6 (DF6087) were bought from
Affinity Biosciences (OH, USA). The anti-PECAM (sc365804)
was provided by Santa Cruz Biotechnology (TX, USA). 5%
Imiquimod (IMQ) cream was purchased from Sichuan Ming
Xin Pharmaceutical Co., Ltd. (Chengdu, China). Acetonitrile,
ethanol, and methanol were all of HPLC grade. 

2.2. Animals and cell lines 

Healthy male BALB/c mice (4–6 weeks, 20–22 g) were
purchased from Shanghai Laboratory Animal Center
(Shanghai, China) and bred in a specific-pathogen-free
environment in the animal center of Wenzhou Medical
University. All animal studies were performed in accordance
with the Guidelines for Animal Experimentation of Wenzhou
Medical University, and the protocols were approved by the
Animal Ethics Committee of Wenzhou Medical University. 

The human immortalized keratinocytes (HaCaT) cells
were purchased from Hunan Fenghui Biotechnology Co., Ltd.
(Changsha, China). HaCaT were grown in a high glucose-
DMEM medium with 10% (v/v) FBS under a humidified 5% CO 2

incubator at 37 °C. 

2.3. Preparation and characterization of WRG 

Ethanol (5.5%, w/w), PG (10%, w/w), and Tween 80 (4.5%,
w/w) were firstly mixed in a 2 ml tube, and then PC (35%,
w/w) and GDO (45%, w/w) were added and fully dissolved.
The formed solution was vortexed and probe-sonicated for
homogenization and then stored at 4 °C. This obtained
solution was named WRG, which presented as a solution
state (Sol). For gelation, double stilled water was added into
the WRG Sol with different weight ratios (1:10, 2:10, 3:10,
and 4:10). For curcumin loaded water-responsive gel (CUR-
WRG) preparation, CUR was firstly dissolved in the mixture of
Ethanol, PG and Tween 80, and the following steps were same
as described above. To track the drug in WRG, ICG was selected
as a fluorescence probe. For ICG-WRG, ICG was firstly dissolved
in the mixture of Ethanol, PG, and Tween 80, and the following
steps were the same as described above. 

The water triggered sol-gel transition process in the
tube was first observed by the naked eye [21] , and the
recrystallization during the sol-gel transition process was
visualized and recorded under the polarized light microscope
(PLM, Axio Scope.A1, ZEISS, Germany) at 25 ± 0.5 °C. To explore
the water responsive property and adhesion ability of WRG,
the WRG sol was smeared onto a tin sheet, and then the coated
sheet was immediately immersed into the double-distilled
water and directly contacted to the tube wall. Water could
initiate the gelation, and the sheet contacting to tube wall
could indicate the adhesion ability of WRG. The binding sheet
was photographed at designed time intervals. In addition, the
viscosity, viscoelasticity, and thixotropy were measured using
the rheometer (the TRILOS RH-x) with a cone plate (diameter
of 30 mm). The gap distance was set at 1 mm. The viscosities
and shear-thinning behaviors of the WRG were tested with
shear rates ranging from 0 to 100 rad/s. 
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.4. In vitro drug release 

he in vitro release behavior of CUR from WRG was evaluated 

sing a modified dialysis method [22 ,23] . Briefly, 1 mL of CUR- 
RG was added into the dialysis bag (molecular weight cut- 

ff: 7000 Da), which was then sealed from the two ends and 

mmersed into 10 ml pH 7.4 PBS medium containing 0.5% 

odium dodecyl sulfonate under a horizontal shaker (25 °C,
00 rpm). At predetermined time intervals (0, 1, 2, 4, 8, 12, 24 
nd 48 h), 1 ml the sample was collected, and the same fresh 

edium was replenished. The collected samples were diluted 

ith acetonitrile, filtered (0.22 μm) and then analyzed using 
 modified HPLC method [24] . Briefly, the mobile phase was 
he mixture of acetonitrile and 0.4% (v/v) acetic acid solution 

n the ratio of 65:35; isocratic elution was applied, and the 
ow rate was 1.0 ml/min; the wavelength for detection was 
et at 428 nm. A thermo-scientific reverse-phase C 18 column 

5 μm, 4.6 mm × 250 mm) was applied for all analyses, and the 
olumn temperature was kept at 30 °C. 

.5. MTT assay 

he safety of WRG or CUR-WRG was evaluated using an MTT 

ssay. Briefly, HaCaT cells were seeded in a 96-well plate with 

he density of 5 × 10 3 cells/well and allowed for adherence 
vernight. WRG or CUR-WRG with different concentrations 
ere used to treat cells, respectively, for 12 h. After that, the 

ells were incubated with 0.5 mg/mL MTT solution at 37 °C 

or 3 h. After removing the MTT solution, DMSO (150 μl) was 
dded to each well and incubated for 30 min to dissolve 
he formazan. The absorbance at 492 nm was measured 

sing a microplate reader (Spectra Max; Molecular Devices,
unnyvale, CA, USA). 

.6. In vivo biocompatibility of WRG 

he in vivo biocompatibility of WRG was investigated using 
ealthy BALB/c mice. Briefly, WRG was subcutaneously 

njected or topically smeared on the back of mice. After 
 d or 3 d, the mice were sacrificed, and the skin tissues 
n the treated area and out of the area were collected for 
bservation and histological analysis. In addition, the major 
rgans, including the heart, liver, spleen, lung, and kidney,
ere also collected, fixed in 4% paraformaldehyde, embedded 

n paraffin, sliced, and stained with H&E. All sections were 
isualized and recorded using Nikon inverted microscope 
Japan). 

.7. Evaluation of drug penetration into the skin 

CG was selected as a fluorescence probe to monitor the drug 
enetration into the skin. The concentration of ICG loaded 

nto WRG was kept as 100 μg/ml, and free ICG was used 

s a control. The BALB/c mice were shaven on the ear side 
4 h before the experiment. ICG loaded WRG (ICG-WRG) and 

CG were applied topically to the shaven ear region of mice 
nd kept under dark conditions. After 3 h, the animals were 
acrificed, and their ears were excised. After washing with PBS 
or three times, the ears were mounted between glass slides 
nd imaged with a Leica laser-scanning confocal microscope 
TCS SP8, Oberkochen, Germany). The photographs were 
aptured at sequential 3 μm intervals from the skin surface.
he orthogonal view of the skin was reconstructed using the 
-Z sectioned images to visualize the vertical trends of ICG 

enetration. Quantitative analysis was performed by using the 
icroscope-matched software. 

.8. IMQ-induced psoriasis model and topical application 

f CUR-WRG 

he psoriasis model was constructed using the same method 

e reported in our previous study [25] . Briefly, the hair on 

he mouse’s back or ear was shaved the day before the 
xperiment, and 5% IMQ cream was then topically applied 

Day 0) on the mouse’s back or ear skin for seven days 
nless otherwise stated. Mice were randomly divided into 4 
roups (6 mice in each group). The CUR-WRG (30 μM, 200 
l) was smeared on the shaved ear or back on predesigned 

ime points, and then water was sprayed for rapid gelation.
UR was firstly dissolved in ethanol and then diluted with 

ouble-distilled water, and the same dose of CUR was used 

s a control. All applications and treatments were conducted 

nder anesthesia. The severity of skin inflammation was 
onitored and evaluated based on the clinical Psoriasis Area 

everity Index (PASI) [26] . The body weight was also recorded 

very day. After the experiments, the serum, full-thickness 
kin samples, and the spleen of mice were all collected for 
urther analysis. 

.9. Histological assessment 

he collected skin tissue and spleen were fixed, embedded,
nd sliced into 5-μm sections. As previously reported, the 
issue sections were deparaffinized and stained with H&E for 
nalysis [27] . For immunohistochemical assay, the sections 
ere incubated with anti-Ki 67 (1:200), anti-CK 10 (1:200),
nti-TNF- α (1:200), anti-IL 6 (1:200), anti-MPO (1:200), anti- 
ECAM (1:200), or anti-VEGF (1:200) at 4 °C overnight. After 
ashing three times, the sections were incubated with 

RP-conjugated secondary antibodies at 37 °C for another 
 h. Dimethylaminoazobenzene (DAB) was then added to 
anifest positive areas. The H&E and IHC samples were 

xamined using an orthographic microscope (Olympus Corp.,
okyo, Japan). In addition, immunofluorescence staining was 
lso performed to detect the infiltration of lymphocytes in 

soriatic skin. Anti-CD4 (1:200) and anti-CD8 (1:200) were used 

o identify CD4 + or CD8 + cells, respectively. Alexa Fluor®
47-conjugated second antibodies were used for localization.
luorescence images were recorded using a fluorescent 
icroscope (Olympus Corp., Tokyo, Japan). Quantification was 

erformed using Image J. 

.10. Determination of SOD activity and levels of MDA, 
L-17 and IL-22 

he serum was achieved after centrifuging blood samples 
t 5,000 rpm for 15 min. The protein concentration was 
etermined using the BCA kit. The MDA level and SOD activity 
ere detected using the MDA assay kit and SOD assay kit 
ccording to the instructions from the manufacturer. For 
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Fig. 1 – The water-triggered sol-gel phase transition property of WRG. (A) WRG turns from Sol state to Gel state after adding 
water in the tube. (B) Optical images of the Sol or Gel state of WRG on the slanted slide. (C) Inverted optical microscopy and 

polarized light microscopy (PLM) was used to visualize the Sol- or Gel state. Scale bar = 50 μM. (D) The WRG-Sol smeared tin 

foil could tightly adhere to the tube wall and last up to 24 h, indicating the strong adhesion property of WRG-Sol converting 
to WRG-Gel in the presence of water. (E) The appearance photographs. (F, G) The viscosity of WRG after mixing with different 
amounts of water. Data are presented as mean ± SEM in (F) and (H) ( n = 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

skin tissue, the samples were lysed by the lysis buffer and
then centrifuged at 12,000 rpm for 10 min at 4 °C to collect
the supernatant. The following procedure was the same as
described above. IL-17 and IL-22 levels were determined using
ELISA kits according to the manufacturer’s instructions. 

2.11. Statistical analysis 

All statistical analysis was performed using GraphPad Prism
8.0 (Version 8.0, GraphPad Software, Inc., USA). All quantitative
data were expressed as the mean ± standard error of mean
(SEM). The differences among groups were assessed using
Student’s t -test or one-way analysis of variance with Tukey’s
post hoc test. P < 0.05 was considered to be significant. 

3. Results and discussion 

The water-responsive gel (WRG) was prepared using
phosphatidyl choline (PC) and glyceryl dioleate (GDO),
as described in the method section. To investigate the
water-responsive gelation ability of WRG, we just added
double distilled water into the tube containing WRG-Sol.
As indicated in Fig. 1 A, the transparently yellow converted
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Fig. 2 – Characterization of curcumin loaded WRG formulation (CUR-WRG). (A) The photographs of a) CUR in DMSO, b) CUR in 

water, and c) CUR-WRG (Sol state). The white arrow indicates the undissolved CUR. (B) FTIR spectra of CUR, WRG, and 

CUR-WRG. (C) Cumulative release of CUR from free CUR or CUR-WRG in PBS (pH 7.4) containing 1% Tween 80. Data are 
presented as mean ± SEM ( n = 3). 
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o milky white on the interface areas between the water 
hase and WRG-Sol phase, indicating the Sol-Gel phase 
ransition. In the absence of water, the WRG-Sol was kept 
n a liquid state, evidenced by the photographs in Fig. 1 B 

 S1. After mixing with water, the Sol-state was changed 

o Gel-state, and notably, the formed WRG-Gel could be 
ticking to the tube bottom or adhering to the slanted slide.
s shown in Video S1, several drops of WRG-Sol were evenly 
pread on the glass slide; after spraying some water, the 
ol WRG was quickly shifted to a Gel state, demonstrating 
he water triggered Sol-Gel phase transition property and 

he convenience of WRG for topical application. The Sol- 
el transition of WRG in the absence/presence of water 
as further visualized under a microscope ( Fig. 1 C). WRG-Sol 

howed a homogeneous dispersion; WRG-Gel was a bit humpy 
nd hillocky but not very clear. Polarized light microscopy 
as further employed to investigate the dispersion state of 
RG ( Fig. 1 C). The isotropous distribution of WRG-Sol was 

bserved, whereas WRG-Gel showed significantly different 
orphology, indicating the Sol-Gel transition occurred.

he above results demonstrated that WRG-Sol could quickly 
hange to a Gel state after contacting with water. Interestingly,
e found that the WRG-Gel could convert back to Sol state 
fter losing water by keeping it at 37 °C for three days (Fig.
2). The phase transition could be two-way regulated by the 
ater that exists in the formulation. In addition, we tested 

he adhesive property of WRG using a modified adhesion 

xperiment based on the previously reported method [28] .
s shown in Fig. 1 D, a tin foil was smeared with WRG-Sol 
n one side and immersed in the water in a square-shaped 

ube. The phase transition of WRG happened within 1 min.
he tin foil could tightly adhere to the tube wall and last up 

o 24 h, indicating the strong adhesion property of WRG-Gel.
herefore, WRG offers an interesting gel formulation with 

ater triggered phase transition property, suitable for topical 
pplication. 

We have demonstrated the water-triggered phase 
ransition property of WRG. It is also of importance to 
nvestigate the water-responsiveness of WRG is applicable 
n practice. So, there is a question begs asking: How much 

ater is sufficient to initiate the Sol-to-Gel transition? In 

he following experiments, we investigated the gelation 

rocess of WRG after adding different amounts of water to 
he WRG-Sol. As shown in Fig. 1 E, the appearance of WRG was
radually changed from transparently yellow to milky white 
s the amount of water added increased. We further tested the 
iscosity ( Fig. 1 F & 1 G) of WRG-Gel. The 10:1 (Sol: water, v/v)
ixture achieved similar viscosity as WRG-Sol, indicating 

he 10: 1 mixture was maintained in the liquid state. The 
hotograph in Fig. 1 E showed 10: 1 mixture still presents 
 transparent color, consistent with the viscosity results.
he increased water ratio in mixture further increased the 
iscosity, indicating the formation of WRG-Gel. In addition,
he higher water ratio in mixture resulted in a stronger 
iscosity. The sol-gel transition of an aqueous solution usually 
ccompanies changes in the hydration and the solute-binding 
f dispersed molecules [29 ,30] . Thus, the increased water 
atio changed the hydration and water-binding condition of 
ispersed components in WRG, which might further affect the 

ntra- and inter-molecular hydrogen bonding and initiate the 
hase transition. These data confirmed the water-triggered 

hase transition of WRG, and more importantly, a relatively 
mall amount of water could initiate the gelation process,
hich provides more convenience for the use of WRG in 

ractice. The water-responsive property of WRG make it more 
onvenient for topical application by smearing. In addition,
he involved additional water could also aid to keep the 
kin moistened, beneficial for drug delivery and psoriasis 
reatment. 

To explore the biomedical use of WRG as a drug delivery 
arrier against psoriasis, CUR was selected as a model drug 
nd loaded into WRG. As shown in Fig. 2 A, CUR was easily
issolved in DMSO (a) but almost insoluble in the water,
resenting as precipitates at the bottom of the tube (b).
UR could be completely dissolved in WRG-Sol, evidenced 

y the uniformed yellow color. This also demonstrates the 
trong drug loading capacity of WRG, which could be applied 

o most hydrophobic molecules. Additionally, FTIR was also 
arried out to investigate the involvement of CUR in the 
RG system ( Fig. 2 B). WRG exhibited several characteristic 

bsorption peaks, 2850 cm 

−1 and 2930 cm 

−1, corresponding 
o C 

–H vibration. CUR showed 3400 cm 

−1 and 1520 cm 

−1 ,
orresponding to the O 

–H stretch band and C 

= O stretching 
ibrations. Most of the characteristic peaks in CUR were 
lso presented in the spectrum of CUR-WRG, confirming 
he successful entrapment of CUR in WRG formulation. We 
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Fig. 3 – Enhanced permeation of ICG-WRG into psoriasis skin. (A) Representative confocal images of ear skin topically 

treated with ICG or ICG-WRG. Images were obtained at 3-μm intervals below the lateral ear skin surface. Scale bar = 100 μm. 
(B) Representative x-y-z orthogonal images of ICG- or ICG-WRG-treated ear skin. Vertical image length, 40 μm; Horizontal 
image length, 512 μm. (C) Relative fluorescence was quantified. Each value is represented as mean ± SEM ( n = 3). ∗∗P < 0.01. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

further investigate the in vitro release profile of CUR from
WRG in PBS (pH 7.4) containing 1% Tween 80 ( Fig. 2 C).
Free CUR was quickly released by over 80% in four hours,
whereas CUR-WRG showed sustained release of CUR, and
the cumulative release reached ∼40% in 48 h. The significant
difference should be attributed to the water-responsive
gelation property of WRG. CUR-WRG could quickly shift to a
gel state after being immersed in medium ( Fig. 1 ) and keep
the loaded drug for sustained release, while the free drug
could be quickly released without any obstacle. These results
suggested that CUR could be successfully loaded in WRG and
sustainably released from the WRG. The enhanced solubility
and sustained property of CUR in WRG make it suitable for
topical application. 

Drug retention and penetration are critical for topical
drug delivery [31 ,32] . WRG could initiate Sol-Gel transition in
the presence of water, and the formed gel with appropriate
viscosity was beneficial for drug retention on the skin surface.
To confirm this, we smeared the WRG-Sol on the back skin
of the mouse and observed the in-situ gelation process after
water spraying (Fig. S3). The WRG-Sol could be easily spread on
the mouse skin due to the liquid state. An appropriate amount
of water was spraying onto the mouse’s back. Very quickly,
the smeared WRG shifted to a gel state and tightly adhered
to the mouse back skin (Fig. S3). These results demonstrated
that water spraying could initiate the WRG gelation, and the
formed gel could prolong skin retention compared to normal
liquid preparations. 
 

Following that, we further studied the drug molecules’
penetration behavior in WRG. ICG was used as a fluorescence
probe to track and visualize the penetration process when the
WRG was topically administrated, and free ICG was utilized
as the control. Three hours post topical administration and
spraying water, the gel-state ICG-WRG was removed, and
the ear tissue was cleaned for detection using a confocal
microscope. Free ICG showed very weak fluorescence in all
Z-stack images, while ICG-WRG showed a much stronger
signal than free ICG ( Fig. 3 A). Furthermore, these data were
reconstructed in 3D ( Fig. 3 B). It was observed that ICG-
WRG showed stronger overall signals compared to free ICG,
and the quantitative analysis was consistent ( Fig. 3 C). The
WRG-mediated enhanced penetration enabled loaded drug
traffic across the skin layer and reached the epidermis for
functioning. These results suggested that WRG could not
only improve the skin retention of loaded drugs but also
facilitate the penetration of them into skin, which was
suitable for topical drug delivery and psoriatic treatment. The
enhanced penetration might be attributed to the extended
retention, allowing drug permeation within a longer time.
In addition, the components in WRG, like ethanol and PG
could moisten the skin surface, aiding drug penetration
[33 ,34] ; PC, GDO, and Tween 80 could act as absorption
enhancers and facilitate drug permeation to some exert [35–
37] . The extended retention and the components in WRG
synergistically contributed to the enhanced drug permeation
into skin. It should be mentioned is that the psoriatic skin
is intact compared to the heathy skin. The permeation
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Fig. 4 – The therapeutic efficacy of CUR-WRG in a IMQ-induced psoriasis mouse model. (A) Representative gross images of 
mouse back skin after various treatments. The (B) erythema (C) desquamation (D) induration and (E) PASI scores of back skin 

lesions in psoriasis mice. (F) Total PASI scores of back skin lesions in psoriasis mice on Day 7. (G) The body weight was 
monitored and compared after varous treatments. Data are presented as mean ± SEM ( n = 6). ∗∗P < 0.01, ∗∗∗∗P < 0.0001. 
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ehavior on the psoriatic and healthy skin of WRG-loaded 

rugs may be different. Admittedly, the psoriatic skin is 
ore suitable for the evaluation of the preparations for 

soriasis treatment. Comparatively, if WRG could facilitate 
rug penetration in healthy skin, it must be able to show 

nhanced drug permeation in psoriatic skin due to the intact 
kin barrier. 

Preliminary results of animal experiments indicated that 
RG formulation improves drug retention and penetration 

or topical use, which is inspiring. Before in vivo psoriasis 
reatment, we first studied the biocompatibility of WRG in 

aCaT cells and healthy mice (Fig. S4). MTT assay was used to 
tudy the safety of WRG in HaCaT cells. As shown in Fig. S4A,
egligible toxicity was observed in different concentrations 
f WRG. The WRG-Sol was further subcutaneously injected 

nto the mouse’s back. It is very interesting to observe the 
n-situ gelation of WRG occurs by absorbing the surrounding 
nterstitial fluid. The appearance of WRG on Day 3 after 
ubcutaneous injection was recorded (Fig. S4B). The skin 

issue was collected after sacrificing the mouse, and the 
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Fig. 5 – Histological analysis of the back skin of psoriasis mouse after various treatments. (A) H&E staining (scale 
bar = 100 μM). Immunohistochemical assay for (B) Ki 67 and (C) CK10 (scale bar = 100 μM). (D) Quantitative analysis for the 
relative epidermal thickenss. Quantitative analysis for the expression of (E) Ki 67 and (F) CK10. Data are presented as mean 

± SEM ( n = 3). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

appearance underneath the skin was also recorded (Fig.
S4C). No abnormal swelling was observed in all groups.
The collected skin tissue with subcutaneous injection of
WRG showed similar features compared to the normal skin
tissue (Fig. S5). Also, the skin tissue was sectioned for
H&E staining. As shown in Fig. S4D, topical application and
subcutaneous injection did not induce histological changes
compared to the normal tissue. After 3 days following
subcutaneous injection, the major organs were also collected,
and H&E staining was performed for histological examination
(Fig. S6). No changes were observed in the tested mice
compared to the control mice. These results suggested that
WRG holds acceptable biocompatibility for topical application
and subcutaneous injection, allowing for further in vivo
study. 
We then tested the therapeutic effect of CUR-WRG against
IMQ-induced ear psoriasis by topical administration. The
whole experimental design graph is shown in Fig. 4 A. After
experiments, the mice were sacrificed, and the ear samples
were collected, photographed, and sectioned for H&E staining
(Fig. S7A). The ears in the IMQ-treated model group showed
a thickening stratum corneum, while CUR-WRG treatment
could significantly ameliorate IMQ-induced psoriatic stratum
corneum. Free CUR also showed some therapeutic effects,
but was significantly lower than CUR-WRG. The ear thickness
(Fig. S7B) and relative keratin thickness (Fig. S7C) were also
quantified, and both parameters were consistent with the ear
phenotype. In addition, the PASI scores were also determined
by monitoring the conditions of erythema, scaling, and
desquamation in the psoriatic ear (Fig. S7D-S7G). The skin
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Fig. 6 – CUR-WRG treatment ameliorates psoriasis related inflammation and oxidative stress. Immunohistochemical assay 

for the expression of (A) TNF- α, (B) IL-6 and (C) MPO in the skin tissue (scale bar = 100 μM). ELISA assay for (D) IL-17 and (E) 
IL-22 levels in the skin tissue. (F) MDA and (G) SOD levels in the skin tissue. ELISA assay for (H) IL-17 and (I) IL-22 levels in 

the serum. (J) MDA levels and (K) SOD activities in the skin tissue. Data are presented as mean ± SEM ( n = 3). ∗P < 0.05, 
∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001. 
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rythema and desquamation in each group were increased 

or the first four consecutive days. Both CUR and CUR- 
RG successfully reversed the upward trend, and CUR-WRG 

howed a stronger effect in attenuating these two symptoms.
he scaling score in each group was increased in the first 

hree days, and the trend was similar to that in erythema 
r desquamation. On the seventh day, the model group 

eached its highest PASI score (Fig. S7H). Free CUR decreased 

he PASI to some extent, which could be attributed to the 
nti-inflammation property of CUR itself. CUR-WRG further 
ecreased the PASI score to ∼1. The increased viscosity of 
RG resulted in delayed drug retention (Fig. S3) and enhanced 

rug penetration ( Fig. 3 ), thus helping to maximize the drug 
ffect of CUR. 

We also investigated the anti-psoriasis efficacy of CUR- 
RG in an IMQ-induced psoriasis mouse model on the dorsal 

kin. The experimental design was similar, as shown in Fig. 4 A,
ther than the psoriatic lesions were induced on the back skin.
s shown in Fig. 4 B, the model mice showed distinct scaly and

hickened skin on the back. Both CUR and CUR-WRG exerted 

herapeutic efficacy to alleviate the skin symptoms. Compared 

o CUR, CUR-WRG gave a better performance with very less 
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Fig. 7 – CUR-WRG treatment attenuates psoriasis induced epidermal angiogenesis. (A) The presentation of vessels in the 
back skin. Immonohistochemical assay for the expression of (B) VEGF and (C) PECAM in skin tissue (scale bar = 100 μM). (D) 
Quantitative analysis of relative vessel length. The quantification of the expression of (E) VEGF and (F) PECAM in skin tissue. 
Data are presented as mean ± SEM ( n = 3). ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

scaly skin left. The PASI scores based on skin desquamation,
scaling, and erythema were also recorded and compared
( Fig. 4 C- 4 F). As the test proceeds, the model group showed an
increased score in every aspect. Topical application of CUR or
CUR-WRG started to decrease these scores on the third to fifth
day ( Fig. 4 C- 4 F), which was consistent with the ear results (Fig.
S5D-S5G). On the seventh day, the model group showed the
highest PASI score, while both CUR and CUR-WRG treatment
decreased the score, but not at the same level ( Fig. 4 G). CUR-
WRG presented a better therapeutic efficacy, which could be
attributed to the delayed drug retention by the increased
viscosity (Fig. S3) and the facilitated drug penetration ( Fig. 3 ).
In addition, the body weight was also monitored ( Fig. 4 H).
IMQ exposure resulted in significant weight loss in the model
group [38] . The weight-loss effect in the CUR treatment
group was lower, indirectly reflecting the relieved psoriasis
progression. The mice in the CUR-WRG group had similar
body weight as the normal group, demonstrating the superior
therapeutic efficacy and the biological safety of CUR-WRG
against psoriasis. 
After the experiments, the skin samples were collected
for histological analysis. As shown in Fig. 5 A, the basal
and upper basal hyperplasia, vascular hyperplasia, and
infiltration of inflammatory cells were observed in the H&E
staining in the model group. This data was consistent with
previously reported data [25 ,38] , and confirmed the successful
development of the psoriasis mouse model. CUR treatment
alleviated these histological characteristics in the skin tissue
with IMQ exposure. CUR-WRG showed the most potent
therapeutic effect against IMQ-induced psoriasis, evidenced
by the decreased basal hyperplasia, vascular hyperplasia, and
infiltration of inflammatory cells in psoriatic skin, and the
treated back skin recovered back to that similar to healthy
skin. The relative skin thickness also confirmed these results
( Fig. 5 D). Keratinocyte hyperproliferation is one of the crucial
pathological changes in psoriatic skin. Therefore, we further
analyzed the expression of Ki 67, a biomarker for proliferation,
in skin samples using an immunohistochemical assay ( Fig. 5 B
& 5 E). The expression of Ki67 was increased along with
the thickened basal of the epidermis. The increased Ki67
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Fig. 8 – CUR-WRG treatment suppresses psoriasis induced splenomegaly and restricts T lymph cells recruitment. (A) The 
photograph of spleen on Day 7. (B) the spleen/body weight ratio. (C) H&E staining of the spleen. The immunofluorescence 
staining of (D) CD4 and (F) CD8 in skin tissue. Quantitative analysis of (E) CD4 and (G) CD8. Scale bar = 100 μM. ∗P < 0.05, 
∗∗P < 0.01, ∗∗∗P < 0.001. 
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xpression reflected the hyperplasia of skin tissue after IMQ 

xposure. CUR and CUR-WRG both decreased the Ki 67 
xpression, while CUR-WRG exhibited a stronger suppressing 
ffect. Cytokeratin 10 (CK10) was also used to indicate the 
roliferation state of keratinocytes ( Fig. 5 C & 5 F). IMQ exposure 
ignificantly improved the expression of CK 10, while CUR and 

UR-WRG largely offset this increase. Quantitative analysis of 
K10 ( Fig. 5 F) showed a similar trend as the Ki67 expression 

 Fig. 5 E). Collectively, these data suggested that CUR-WRG 

ould suppress the hyperproliferation in psoriatic skin by 
ecreasing Ki67 and CK10 expression in a psoriasis model. 

Psoriasis is associated with mild chronic inflammation 

hat increases oxidative stress and causes cell and tissue 
amage. So, we further detected the impact of CUR-WRG on 

kin inflammation and oxidative stress in psoriasis mice. TNF- 
and IL-6 have been widely reported to be involved in the 
evelopment of psoriasis and are also regarded as indications 
or disease severity [39–41] . The corresponding inhibitors or 
ntagonists have been explored to treat psoriasis and showed 

onsiderable efficacy [42 ,43] . In our results, IMQ exposure 
ignificantly increased the expression of TNF- α ( Fig. 6 A and 

8A) and IL-6 ( Fig. 6 B and S8B) in skin tissue. Both CUR and
UR-WRG showed a considerable effective suppressing effect,
videnced by the downregulation of TNF- α and IL-6 after 
reatments. Of course, CUR-WRG possessed a stronger effect.
hese results were consistent with the better appearance of 
ice in the CUR-WRG group ( Fig. 4 ). 
Clinical data demonstrated that Th17 cells are highly 

nvolved in the pathogenesis of psoriasis [44] . Th17 could 

elease inflammatory cytokines (including IL-17 and 
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IL-22), which induced a series of changes, like keratinocyte
hyperproliferation, dermal blood vessel hyperplasia, and
leukocyte infiltration into the dermis etc., exacerbating the
psoriatic condition [44] . Therefore, we further monitored the
IL-17 and IL-22 levels in both skin and serum to evaluate the
Th17 activation and psoriatic condition by ELISA assay. As
shown in Fig. 6 D & 6 E, the IMQ-induced model group showed
a significantly increased amount of IL-17 and IL-22 in skin
tissues. It should be mentioned that the serum amount of
IL-17 and IL-22 of mice in the model group was drastically
increased ( Fig. 6 H & 6 I). These data suggested that IMQ
exposure aggressively activated Th17 and boosted the release
of IL-17 and IL-22. As expected, CUR and CUR-WRG decreased
the inflammatory cytokine in both skin tissue and serum,
and CUR-WRG robustly decreased the IL-17 and IL-22 levels,
exerting a much stronger effect than CUR. 

The increased oxidative stress also plays a key role in the
psoriasis development, and the psoriatic skin often remains
hyperoxidized [45] . Thus, we examined the expression of
MPO, a bridge linking inflammation and oxidative stress, by
immunohistochemical assay. As shown in Fig. 6 C and S8C, IMQ
exposure significantly elevated the MPO expression, which
could be contracted by CUR and CUR-WRG, and CUR-WRG
exerted a much stronger effect than CUR due to the enhanced
retention and penetration. Furthermore, we also studied the
MDA level and SOD activity in skin tissue and serum to
indicate the redox state after various treatments. MDA in skin
tissue was elevated by IMQ exposure but decreased after CUR-
involved treatment ( Fig. 6 F). Similarly, the increased serum
MDA level was also suppressed by CUR or CUR-WRG treatment
( Fig. 6 J). More surprisingly, CUR-WRG decreased the serum
MDA level to a lower level as compared to that of healthy mice.
Therefore, CUR-WRG could effectively suppress IMQ-induced
hyperoxidation in both skin tissue and serum. Conversely,
SOD activity was decreased in the model group in both skin
tissue and serum but elevated by CUR formulations ( Fig. 6 G &
6 K). Taken together, it was suggested that IMQ exposure could
induce hyperoxidition and oxidative stress, but the redox state
could be effectively corrected back to a normal level with CUR-
WRG topical treatment. 

Angiogenesis is also one of the obvious characteristics
of psoriasis, and vascular proliferations and abnormalities
of dermal blood vessels often occur during different stages
of psoriasis [46–48] . Several anti-angiogenesis agents have
been reported to treat psoriasis by topical administration
or systemic application [49 ,50] . Here, we also detected the
vascular alterations to further understand the therapeutic
effect of CUR-WRG ( Fig. 7 ). In the model group, IMQ
exposure induced significant blood vessel dilation and new
branched vessel formation ( Fig. 7 A). Both CUR and CUR-
WRG showed an inhibitory effect on neovascularization in
the psoriatic lesions. Quantitative analysis demonstrated
that CUR-WRG decreased the vessel length and density
to normal, demonstrating its potential therapeutic efficacy
( Fig. 7 D and S9). We further studied the expression of VEGF and
PECAM, two classic biomarkers for neovascularization, with
an immunohistochemical assay ( Fig. 7 B & 7 C). Strong signals
that represent VEGF or PECAM were observed in the model
group, suggesting the high activity of vascularization. CUR and
CUR-WRG treatment significantly decreased the expression of
these two biomarkers, and the quantitative analysis ( Fig. 7 E
& 7F) was consistent. So CUR could inhibit angiogenesis by
decreasing VEGF and PECAM expression, which contribute to
the anti-psorisis therapy, and meanwhile, WRG formulation
amplified the therpeutic effect of CUR against psoriasis. 

Spleen is usually enlarged in psoriatic patients due to the
overreacted immune system. Spleen harbors many immune
cells and plays a critical role in immune function. Here, we
also monitored the spleen condition after various treatments.
As shown in Fig. 8 A, the spleen in the model group had
a bigger size compared to that in the normal group, and
the spleen/body ratio was significantly increased (about
3-fold), indicating the increased immune cell number and
activated immunization in the psoriatic spleen ( Fig. 8 B).
CUR and CUR-WRG treatments decreased the spleen size as
well as the spleen/body ratio, indicating a considerable
immunomodulation function. As expected, CUR-WRG
presented a stronger effect on this aspect compared to
free CUR. The spleen tissue was further sectioned for H&E
staining. As shown in Fig. 8 C, the white pulp, comprising
lymph-related nodules rich in T cells and macrophages,
was significantly expanded in the model group compared to
that in the normal group. CUR-WRG treatment dramatically
decreased the number of lymph-related nodules, which is
more significant than CUR treatment. So, CUR-WRG could
suppress psoriasis associated systemic immune activation.
Then, we further determined the infiltration of T cells in
psoriatic lesions. As shown in Fig. 8 D- 8 G, we examined the
presentation of CD4 + and CD8 + cells in psoriatic skin after
various treatments. Plenty of CD4 + and CD8 + cells were
recruited to the psoriatic skin after IMQ exposure, and the
increase was up to about 9 folds and 8 folds. We noticed
that CUR could reduce the infiltration of T CD4 + and CD8 +
cells while using WRG as a delivery carrier could further
enhance its drug action. The suppressed systemic immune
activation ( Fig. 8 A- 8 C) could also contribute to the decreased
infiltration of T lymphocytes in skin. Taken together,
CUR-WRG could modulate systemic immune activation
and decrease T lymphocyte infiltration in psoriatic skin 

lesions. 

4. Conclusion 

In this study, we developed a gel formulation, WRG, with
water-triggered sol-gel phase transition property and
validated its potential as a CUR topical deliver carrier
for psoriasis treatment. CUR-WRG prolonged the skin
retention of CUR and enhanced the drug permeation
into psoriatic skin tissue in a psoriasis mouse model. In
vivo data confirmed that CUR-WRG could ampliefied the
anti-hyperplasia, anti-inflammation, anti-angiogenesis,
anti-oxidation, and immunomodulation properties of CUR,
effectively amerliorating the psoriasis symtoms and exerting
robust anti-psoriatic effect. Notably, the CUR-WRG showed
neglectable local and systemic toxicity, evidenced by the
histological analysis in healthy mice and stable body
weight in psoriatic mice. In summary, WRG provided a
promising drug delivery carrier for topically psoriatic 
treatment. 
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