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Abstract Recently, photodynamic therapy (PDT) has gained considerable attention as a promising

therapeutic approach for the treatment of psoriasis. Unfortunately, the activation of high mobility group

box 1 protein (HMGB1) by PDT triggers innate and adaptive immune responses, which exacerbate skin

inflammation. Herein, we combined glycyrrhizic acid (GA), a natural anti-inflammatory compound and

immunomodulator derived from the herb Glycyrrhiza uralensis Fisch., with PDT actuated by the photo-

sensitizer chlorin e6 (Ce6) by co-loading them in GA-based lipid nanoparticles coated with a catechol-

modified quaternary chitosan salt (GC NPs/QCS-C). GC NPs/QCS-C exhibited high drug loading effi-

cacy, uniform size distribution, an ideal topical adhesive property, enhanced skin retention and penetra-

tion in psoriasis-like lesions, and high intracellular uptake in epidermal cells compared with the

counterparts. Subsequently, the transdermal administration of GC NPs/QCS-C followed by near-

infrared laser radiation in an imiquimod-induced psoriasis-like mouse model significantly ameliorated

psoriasis symptoms, promoted the apoptosis of hyperproliferative epidermal cells, and alleviated the in-

flammatory cascade. The significant therapeutic outcomes of GC NPs/QCS-C were attributed to the syn-

ergistic effects of GA and PDT on modulating immune cell recruitment and inhibiting dendritic cell

maturation. Our results demonstrated that the topical bio-adhesive nanosystem that combines GA and

Ce6 offers a synergistic chemo-phototherapeutic strategy for psoriasis treatment.
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1. Introduction

Psoriasis is a chronic autoimmune-mediated inflammatory
dermatosis that is estimated to affect 2%e3% of the global pop-
ulation1,2. Due to its complex pathogenesis, conventional treat-
ments using immune inhibitors and newly developed biological
agents have failed to achieve satisfactory therapeutic outcomes, as
indicated by the high incidence of their side effects and short-term
symptomatic relief they afford3. Currently, photodynamic therapy
(PDT), an emerging approach with minimal invasiveness, low
toxicity, and low drug resistance, has been widely used to
ameliorate inflammatory dermatoses (e.g., severe acne, rosacea,
and psoriasis)4. 5-Aminoleavulinic acid (5-ALA)-based PDT has
been approved by US. Food and Drug Administration (FDA) as a
well-known treatment approach for non-hypertrophic actinic ker-
atoses and superficial basal-cell carcinomas5. Its therapeutic ad-
vantages are probably attributable to the promotion of
inflammatory cell apoptosis and necrosis in the skin by the gen-
eration of excessive reactive oxygen species (ROS), which inhibit
the proliferation and keratinization of keratinocytes in psoriasis
development6,7. However, only intracellular 5-ALA that is
metabolized into protoporphyrin IX can generate excessive ROS8.
The therapeutic benefit of 5-ALA is greatly limited by its poor
penetration into the thick stratum corneum of psoriatic skin and its
poor intracellular accumulation. In comparison, the second-
generation photosensitizer chlorin e6 (Ce6) exhibits a higher
yield of single-linear oxygen. Ce6-based PDT has been widely
used to treat inflammatory diseases and tumors9,10. Therefore, the
powerful photodynamic effect induced by Ce6 offers a promising
treatment approach for psoriasis.

However, PDT not only results in ROS-induced cell death but
also triggers the cascade of immunogenic cell death and activates
the expression of high mobility group box 1 (HMGB1) pro-
tein11,12. The activation of HMGB1, in turn, promotes dendritic
cell (DC) maturation and accelerates antigen presentation13,
initiating a series of cellular reactions and ultimately activating
innate and adaptive immune responses14. Although this can
potentially be a greatly useful collateral benefit in tumor therapy,
it impedes the remission of skin inflammation in psoriasis. We
hypothesized that the combination of an HMGB1 inhibitor with
PDT would enhance psoriasis treatment outcomes and suppress
the downstream inflammatory cascade. Glycyrrhizic acid (GA), a
bioactive compound in the herbal medicine Glycyrrhiza uralensis
Fisch., exhibits promising anti-inflammatory and immunosup-
pressive potential for the treatment of various diseases. GA is
acknowledged as an effective intracellular inhibitor of
HMGB115,16, possibly interfering with the HMGB1eDNA
complex structure17. The suppression of HMGB1 by GA has
been applied to treat nasal inflammation, ischemic stroke, hepatic
inflammation, and vascular endothelial inflammation18-20.
Therefore, we attempted to enhance the psoriasis remission ef-
fect of PDT by combining it with GA, which presents the ad-
vantages of inherent anti-inflammatory activity and HMGB1
blockade21,22.
However, the efficient delivery of GA and Ce6 into psoriasis
lesions is a major challenge that remains to be addressed.
Compared with oral or intravenous administration, topical treat-
ment for psoriasis is associated with better patient compliance and
fewer side effects23. Currently, lipid-based nanovehicles are
widely recognized as promising carriers for dermal drug delivery
due to their effective transdermal penetration and good biocom-
patibility24,25. Their lipidic nature is beneficial to facilitate skin
permeation and increase payload bioavailability26. In a previous
study, by replacing cholesterol with GA, we successfully fabri-
cated a novel GA-based lipid nanovehicle with high lipid mem-
brane stability and drug-loading capacity27. Furthermore, when
Ce6 was encapsulated in this GA-lipid nanovehicle, the generated
spatiotemporal co-delivery nanosystem not only avoided the po-
tential drugedrug interactions between co-delivery agents and the
unstable drug ratio in nanoparticles (NPs) but also exhibited
compatibility between the lipid membrane and the epidermis.

Furthermore, given the thickness of the cuticle, long-term drug
retention and effective drug penetration in the skin remain major
challenges in the topical drug delivery system for psoriasis treat-
ment. Chitosan (CS) has been widely used for dermal applica-
tions28, such as to treat burns, wounds, and plaque psoriasis29-31.
CS-based formulations were recommended to prolong drug
retention in the skin and to enhance drug penetration to promote
drug diffusion via the transcellular or paracellular route32. Apart
from its well-known antibacterial activity, the strong bioadhesive
effect of CS, due to the interaction between its cationic nature and
the polyanionic nature of epidermal cells, is a great advantage.
However, the poor water solubility of CS greatly limits its
application. In comparison, the introduction of quaternary
ammonium moieties can provide an effective approach to enhance
the positive charge, water solubility, mucoadhesive capacity,
cellular uptake, and skin permeability properties of topical drug
delivery systems33.

As a proof of concept, we developed a novel bioadhesive
chemo-photodynamic nanosystem for psoriasis treatment, which
takes full advantage of the suppression of epidermal cell hyper-
plasia induced by PDT and falling off the potential PDT-induced
inflammatory cascade by the use of GA. Meanwhile, inspired by
the catechol-chemistry-based humid adhesive dressing, we fabri-
cated a catechol-modified quaternary chitosan salt (QCS-C) and
coated it on GA-based lipid NPs. As shown in the scheme, GC
NPs/QCS-C with a shellecore structure were flexibly fabricated.
Due to the strong adhesive character of the QCS-C layer, the GC
NPs containing GA and Ce6 exhibited enhanced retention and
permeation in the thickened skin lesion. Under laser irradiation,
the intracellular GC NPs, combined with GA-induced HMGB1
downregulation, induced the apoptosis of abnormal hyperplastic
epidermal cells and suppressed the inflammatory cascade (Scheme
1). Potent anti-psoriatic effects of GC NPs/QCS-C were observed
in an imiquimod (IMQ)-induced psoriasis mouse model in vivo.
To the best of our knowledge, this study is the first to develop a
flexible topical chemo-phototherapy nanosystem that combines a
natural HMGB1 inhibitor and PDT for psoriasis treatment.

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


Scheme 1 A novel bioadhesive chemo-photodynamic nanosystem was developed for psoriasis treatment, combing epidermal cell hyperplasia

suppression by photodynamic therapy with alleviating the potential induced inflammatory cascade by glycyrrhizic acid.
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2. Materials and methods

2.1. Materials

Quaternized chitosan salt (QCS) was purchased from Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). Glycyrrhizic
acid (GA) was purchased from Meilunbio Biotechnology Co., Ltd.
(Dalian, China). Chlorin e6 (Ce6) was obtained from Zhengzhou
Feynman Biotechnology Co., Ltd. (Zhengzhou, China). Egg yolk
lecithin (phosphatidylcholine >68%, phosphatidylethanolamine
<20%) was purchased from AVT (Shanghai) Pharmaceutical Tech
Co., Ltd. (Shanghai, China). Cell culture medium and fetal bovine
serum (FBS) were obtained from Invitrogen (Carlsbad, CA, USA).
Imiquimod ointment (5%) was purchased from Zhuhai United
Laboratories Co., Ltd. China Mouse HMGB1 ELISA Kit was
obtained from Elabscience� Biotechnology Co., Ltd. (Wuhan
China). Mouse IL-18 ELISA Kit was obtained from Hangzhou
Lianke Biotechnology Co., Ltd. (Hangzhou, China). Dihy-
droethidium (DHE) was obtained from Uelandy Biotechnology
Co., Ltd. (US EVERBRIGHT, Suzhou, China). Annexin V-FITC/
PI apoptosis kit was supplied by Beyotime biotechnology
(Shanghai, China). Immunohistochemical antibodies of HMGB1,
Ki67, CD3, and IL-17 were purchased from Wuhan Servicebio
Technology Co., Ltd. (Wuhan, China). Flow Cytometry Anti-
bodies CD3, CD4, CD8, MHC II, CD86 and CD80 were obtained
from Biolegend (Biolegend, CA, USA).

2.2. Cell culture and animal feeding

Human Keratinocytes (HaCaT Cells) line purchased from
Boster Biological Technology Co., Ltd. (California, US) and
cultured in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% FBS, penicillin (100 U/mL), and strepto-
mycin (100 mg/mL). Male ICR mice, 8 weeks old, weighing
18e20 g, were acquired from SPF Biotechnology Co., Ltd.
(Beijing, China), and were housed at 25 �C with a 12-h lightedark
cycle. All animal experiments were conducted in accordance with
the National Institutes of Health (NIH) Guidelines for the Care
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and Use of Laboratory Animals and the Guidelines for the Care
and Use of Laboratory Animals approved by the Ethics Com-
mittee of the School of Pharmacy, Chengdu University of Tradi-
tional Chinese Medicine (Certificate of Ethical Review for
Laboratory Animal Welfare No. 2024013).

2.3. Synthesis of catechol-modified quaternized chitosan salt
(QCS-C)

QCS-C was synthesized based on previous references34-37. Spe-
cifically, 25 mL of anhydrous ethanol containing 1 g catechol and
1.15 g EDC-HCl (Macklin) was added dropwise to 100 mL QCS
solution (0.01 g/mL). Adding 0.69 g NHS (Macklin) as a catalyst,
the mixture was stirred at 25 �C for 24 h. The purified QCS-C was
then obtained by dialysis method (MWCO: 3500 Da) for 3 days
against deionized water and then freeze-dried. The QCS-C grafts
were characterized using FT-IR, 1H NMR, and XRD. Specific
analytical methods are described in Supporting Information

2.4. Preparation of Ce6-loaded GA-lipid NPs coated by QCS-C
(GC NPs/QCS-C)

GC NPs/QCS-C were prepared by two-step method. Primarily, the
Ce6-loaded GA-lipid NPs were obtained via the combined ethanol
injection and ultrasonic emulsification method. Briefly, 6 mg of
GA, 30 mg of egg yolk lecithin, and 1 mg of Ce6 were accurately
weighed and co-dissolved in 2 mL of anhydrous ethanol. The
mixture was then slowly dropped into 10 mL of purified water and
stirred for 1 h. The liquid suspension was sonicated for 5 min in
ice bath with a sequence of 3 s of sonication and 2 s of suspension
by an Ultrasonicator (Ymnl-1000Y, Nanjing, China). And then,
GC NPs coated with QCS-C were readily prepared by the physical
interaction. 1 mg/mL of QCS-C solution was added dropwise into
the GC NPs suspension (0.5:10, v/v), keeping stirring for 30 min
and then obtain GC NPs/QCS-C suspension. The unloaded agents
and large particles were removed by 0.45 mm microporous
membrane ultrafiltration. Similarly, a replacement of GA with
cholesterol and then Ce6 NPs/QCS-C was prepared. GC NPs/
QCS, GA NPs, and GA NPs/QCS-C were prepared by the same
method.

2.5. Characterization of GC NPs/QCS-C

The size distribution and zeta potential of GC NPs/QCS-C were
measured using a dynamic light scattering particle size analyzer
(Litesizer 500, Anton Paar, Austria). Its morphology was observed
by a transmission electron microscope (HT-7800, Ruli TEM,
Japan), with the detailed characterization methods listed in
Supporting Information

2 mL of GC NPs/QCS-C was dissolved in 10 mL of methanol
with ultrasound treatment. The suspension was filtered by 0.22 mm
millipore filter. The concentrations of GA and Ce6 in suspension
were quantified by high-performance liquid chromatography
(HPLC, Ultimate 3000, Thermo Fisher, US). Cosmosil C18 col-
umn (250 mm � 4.6 mm, 5 mm) was used at 25 �C. The flow rate
and injection volume were 1.0 mL/min and 10 mL, respectively.
For GA detection, the mobile phase was methanol/0.1% phos-
phoric acid in water (v/v) with a volume ratio of 75:25, and the
detective wavelength was 250 nm. Additionally, the mobile phase
for Ce6 determination was acetonitrile/0.1% phosphoric acid
water (v/v) with a volume ratio of 50:50, and the detective
wavelength was 405 nm.
The encapsulation efficiency (EE) and loading efficiency (LE)
were calculated38, based on the following Eqs. (1) and (2):

LE (%) Z (Weight of drug in NPs) / (Weight of NPs) � 100 (1)

EE (%) Z (Weight of drug in NPs) / (Weight of added
drug) � 100 (2)

The storage stability of GC NPs/QCS-C suspension was
examined by measuring the changes of particle size and zeta
potential, for 30 consecutive days at 4 �C. Meanwhile, the pho-
tostability of GC NPs/QCS-C during a 15-day storage period was
also evaluated by the changes of particle size, LE and EE of
payloads.

The viscosities of GC NPs, GC NPs/QCS and GC NPs/QCS-C
suspensions were tested with a rotational rheometer (MCR 102e,
Anton Paar)39. Suspensions were taken at room temperature 25 �C
temperature in a certain direction to gradually increase the shear
rate (0.1e100 1/S) to test the relationship of suspension viscosity
with shear rate.

2.6. Drug release from GC NPs/QCS-C

The in vitro drug release profile of GC NPs/QCS-C was evaluated
by dialysis bag method. Briefly, 2 mL of GC NPs/QCS-C sus-
pension freshly prepared was placed in a dialysis bag (MWCO:
1000 Da) against 30 mL PBS containing 0.1% (w/v) Tween 80 (pH
7.4) under continuous shaking (80 rpm) at 37 �C. At pre-
determined time points (0, 0.5, 2, 4, 6, 8, 12, 24 h), 1 mL of
release medium was drawn out and replenished with an equal
volume of fresh dialysis medium. These collected samples were
mixed with the equivolumetric methanol and then filtrated through
a 0.22 mm membrane filter. The amounts of GA and Ce6 were
detected by HPLC (Thermo Fisher) based on the aforementioned
methods. Likewise, the release profiles of free GA, free Ce6, and
GC NPs were also implemented.

2.7. In vitro singlet oxygen generation

The production capacity of singlet oxygen derived from GC NPs/
QCS-C under laser irradiation was detected by singlet oxygen
sensor green fluorescent probe (SOSG) (Meilunbio Dalian,
China). Briefly, 50 mL of SOSG (25 mmol/L) was added to 1 mL
of free Ce6, and GC NPs/QCS-C, in which the Ce6 concentration
was equivalently 100 mg/mL, respectively. The amounts of singlet
oxygen generated in these samples were detected under laser
irradiation (650 nm, 0.5 W/cm2) for different periods. The fluo-
rescence signal intensity was measured by fluorescence spectro-
photometer (Guangdong F-380, China). As a negative control, the
samples without irradiation treatment were used.

2.8. Cellular uptake in vitro

HaCaT cells were seeded into 6-well plates (2 � 105 cells/mL)
and incubated at 37 �C overnight for cell adherence. After then,
fresh culture medium containing free Ce6, GC NPs, and GC NPs/
QCS-C (Ce6 equivalent concentration of 30 mg/mL) were
respectively added and incubated for 2 h. Then, the cells were
rinsed with cold PBS for 3 times. After fixing in para-
formaldehyde for 15 min, the cell nuclei and cytoskeleton were
stained with DAPI (Beyotime Biotech Co., Ltd., China) and
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phalloidin (Biosharp, China). Finally, cells were imaged using a
laser confocal microscope (CLSM, TSC SP8, Leica, Germany).
The excitation and emission wavelength (Ex/Em) for DAPI,
phalloidin, and the intracellular Ce6 determination was 364/
454 nm, 545/570 nm, and 488/520 nm, respectively.

Additionally, the cellular uptakes of GC NPs/QCS-C in HaCaT
cells were also quantitatively determined by flow cytometer
(FCM) (FACS Canto II, Thermo Fisher, US). Similarly, HaCaT
cells were seeded into 6-well plates (2 � 105 cells/mL). After cell
adherence, cells were cultured with fresh culture medium con-
taining free Ce6, GC NPs, and GC NPs/QCS-C (Ce6 equivalent
concentration of 30 mg/mL) for 2 h. Finally, the cells were washed
with PBS for twice, and collected into cell suspension in PBS. The
intracellular fluorescence of Ce6 in each group was quantified
using FCM (Thermo Fisher).

2.9. In vitro cytotoxicity efficacy

HaCaT cells were seeded into 96-well plates (5 � 103 cells/well)
overnight. After 24 h of culture, HaCaT cells were treated with
free Ce6, Ce6 NPs/QCS-C and GC NPs/QCS-C with the same
concentration of Ce6 (0.006e6 mg/mL). After 2h of treatment,
cells were exposed to laser irradiation (650 nm, 0.5 W/cm2) for
3 min. After the additional 24 h of incubation, cell cytotoxicity
was assessed using CCK-8 assay (Biosharp, China). Likewise, the
cytotoxicity of free GA and GA NPs/QCS-C with the GA con-
centration at 0.05e50 mg/mL was also determined. The percent-
age of the treated group versus the untreated control group was
calculated as cell viability.

2.10. Intracellular ROS measurement and cell apoptosis assays

HaCaT cells (2.0 � 105 cells/mL) were seeded overnight in 24-
well plates. Then, the fresh culture medium containing free GA,
GA NPs/QCS-C, free Ce6, Ce6 NPs/QCS-C and GC NPs/QCS-C
was added in cell well, in which the concentration of GA and Ce6
was 250 and 30 mg/mL, respectively. After 2 h of incubation, cells
treated with these formulations containing Ce6 were exposed to
650 nm, 0.5 W/cm2 laser irradiation for 3 min. After additional 4 h
treatment, the cells were washed twice with cold PBS and stained
with DHE dye at the concentration of 50 mmol/mL for 30 min.
And then, cells were washed twice with PBS and prepared as cell
suspension. The fluorescence intensity derived from the intracel-
lular DHE was quantified using FCM (Thermo Fisher).

Likewise, HaCaT cells were treated with various formulations
by the similar above-mentioned approach. After additional 4 h of
treatment, the cells were collected and stained by the Annexin
V-FITC/PI Apoptosis Detection Kit. The apoptosis rate of each
group was analyzed using FCM (Thermo Fisher).

2.11. Skin retention and penetration of GC NPs/QCS-C in
psoriatic mice

To evaluate the skin retention with rinsing resistance on psoriatic
mice, 1 mL of GC NPs/QCS-C was spread evenly on back skin of
healthy mice and psoriasis mice, respectively. After 5 min of
treatment, the skin was gently washed with PBS. The skin before
and after washing was imaged using a multifunctional imaging
system (UVP iBox Scientia, Analytik Jena, Germany) to quantify
the residual fluorescence.

Similarly, we also investigated the retention and penetration
capacity of GC NPs/QCS-C on psoriatic skin, compared to free
Ce6, GC NPs, and GC NPs/QCS. After treatment for 2, 24 and
48 h, respectively, the mice were imaged by a multifunctional
imaging system. Meanwhile, dorsal skin sections of psoriatic mice
were harvested at 2 and 48 h post-treatment. The penetrated
fluorescence in skin tissue was imaged by an automatic biological
microscope (DM6B, Leica, Germany).

2.12. In vitro transdermal capacity of GC NPs/QCS-C

In vitro transdermal delivery ability of GC NPs/QCS-C was car-
ried out on Franz diffusion cells (RYJ-6B, Huanghai drug in-
spection instrument, Shanghai, China). The dorsal skin of
psoriatic mice was immobilized between the recipient chamber
and donor chambers. Free GA, free Ce6, GC NPs, and GC NPs/
QCS-C suspensions were placed into donor chambers, respec-
tively. Ultrasonically treated receiving medium (8 mL PBS, pH
7.4) was added to the receiving cell. The device was placed in
water bath at 37.5 � 0.5 �C with magnetic stirring at 100 rpm. At
the predetermined time points (0, 1, 2, 4, 12, 24, 36, 48 h), 500 mL
of the receiving medium was taken, and the same volume of fresh
medium was added immediately to keep the volume constant.
Concentrations of GA and Ce6 in the receiving samples were
determined by HPLC (Thermo Fisher). The cumulative release
rates of GA and Ce6 were determined.

2.13. Chemo-photodynamic treatment of psoriasis in vivo

After 5 consecutive days of IMQ administration, the mice pre-
sented some typical symptoms of psoriasis, like skin erythema and
exanthema desquamativum. And then, these modeled mice were
randomly divided into Model group without administration, GA
NPs group, GA NPs/QCS-C group, Ce6 NPs/QCS-C group, Ce6
NPs/QCS-C NIR group, GC NPs/QCS-C group, and GC NPs/
QCS-C NIR group. These mice without IMQ treatment were acted
as the untreated control group, 6 mice were in each group. Drugs
were administered on two consecutive days beginning on Day 6.
Each mouse received 200 mL of drug at a dose of 500 mg/mL for
GA and 60 mg/mL for Ce6. 2 h after administration, mice in the
irradiation group were irradiated with a 650 nm laser at 0.5 W/cm2

for 3 min.
All mice were scored and weighed daily. The PASI score was

used to assess the severity of the disease, including the degree of
erythema, thickness and scaling. Sections were scored indepen-
dently on a scale of 0e4. The mice were sacrificed on the eighth
day. The levels of HMGB1 and IL-18 in serum samples were
determined by ELISA kits. The back skin tissues were harvested
and fixed with paraformaldehyde. Paraffin-embedded sections
were made with hematoxylin and eosin (H&E) staining. The levels
of HMGB1, Ki67, CD3, and IL-17 in the skin tissues were
detected by immunohistochemistry (IHC). ImageJ software was
used to perform the quantitative analysis.

2.14. Effects of chemo-photodynamic on the immune system

To determine the effects of chemo-photodynamic therapy of GC
NPs/QCS-C on the body immune system, spleen organs were
minced and filtered through 70-mm cell sieves to prepare single-
cell suspensions. The single-cell suspensions were incubated with
anti-mouse CD3, anti-mouse CD4, anti-mouse CD8 antibodies.
The cells were then detected using FCM (Thermo Fisher).

To determine the DCs maturation, lesions skin and spleens
were minced and passed through 70-mm cell sieves to prepare
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single-cell suspensions. The single-cell suspensions were incu-
bated with anti-mouse CD80, anti-mouse CD86, anti-mouse
MHC-II antibodies. Similarly, the cell suspension was deter-
mined by FCM (Thermo Fisher).

2.15. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0
software (GraphPad Software, USA). The unpaired Student’s t-test
or one-way ANOVA test was used to determine statistical differ-
ences. Data are presented as mean � standard deviation (SD).
Significance is shown on graphs as *P < 0.05, **P < 0.01,
***P < 0.001.

3. Results

3.1. Characterization of QCS-C

The successful synthesis of QCS-C was confirmed using 1H NMR,
FT-IR, and XRD. Dihydrocaffeic acid (CA) was grafted onto the
QCS chain by a coupling reaction of EDC and NHS to obtain
QCS-C (Fig. 1A). QCS showed characteristic peaks for CS,
d Z 3.63 ppm (H3eH6) and d Z 3.76 ppm (H2, GluNAc). In
Figure 1 Characterization of GC NPs/QCS-C. (A) Schematic of QCS-C

spectra of CA, QCS and QCS-C. Size distribution and TEM images of GC

NPs, GC NPs/QCS, and GC NPs/QCS-C (scale bar Z 100 and 500 nm). T

NPs, and GC NPs/QCS-C in vitro release profiles. (I) PDT efficiency of fre

presented as mean � SD (n Z 3).
addition, two characteristic peaks at 3.2 and 4.3 ppm for QCS
were attributed to the introduction of the GTMAC tris-
methylammonium and eNHeCH2e proton, and the character-
istic peaks in the range of 6.5e7.5 ppm were attributed to the
catechol moiety introduced by protocatechuic acid (Fig. 1B). The
CA grafting rate of QCS-C was 11.61% by 1H NMR.

Strong bands were observed in the range of 3200e3500 cm�1.
These bands correspond to the NeH and OeH stretching vibra-
tions of CS. Contrary to QCS, CS did not show a band at
1598 cm�1 because of the reaction at the eNH2e site on the QCS
chain, where the primary amines were converted to secondary
amines. Furthermore, FT-IR analysis of CS showed bands at
approximately 1420 and 1320 cm�1 (Fig. 1C), while QCS-C
showed no bands. The carboxyl group on catechin and the
amine group on CS were linked by amination.

The XRD spectra of QCS and GC NPs/QCS-C are presented in
Supporting Information Fig. S1. QCS exhibits a broad peak at
2q Z 20�, while QCS-C graft displays a characteristic peak at
2q Z 22�. The shift in characteristic peaks indicates that the
grafting reaction altered the physical structure of QCS. This is
primarily due to the incorporation of catechol groups into the QCS
skeleton, which disrupted its crystal structure and increased the
amorphous phase.
synthesis. (B) 1H NMR spectra of QCS-C, QCS, and CA. (C) FT-IR

NPs (D) and GC NPs/QCS-C (E). (F) Apparent viscosity values of GC

he in vitro release of GA (G) and Ce6 (H) from free GA, free Ce6, GC

e Ce6, GC NPs/QCS-C based on SOSG probe determination. Data are
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3.2. Characterization of GC NPs/QCS-C

The morphology and particle distribution of GC NPs and GC NPs/
QCS-C are shown in Fig. 1D and E. The average particle sizes of
GC NPs and GC NPs/QCS-C measured using DLS were
159.2 � 5.92 and 184 � 23.4 nm, respectively. The z potentials of
GC NPs and GC NPs/QCS-C were �21.6 and �15.9 mV,
respectively. The morphology of GC NPs and GC NPs/QCS-C
examined by TEM revealed complete spheres with a uniform
size. The particles of GC NPs/QCS-C were slightly larger than
those of GC NPs, and this difference was attributable to the
adsorption and encapsulation of QCS-C on the surface of the li-
posomes during the preparation process. Similarly, the TEM re-
sults clearly showed enhanced shadowing on the surface of GC
NPs/QCS-C, further confirming the successful encapsulation of
QCS-C onto the liposomal surface. The EE of Ce6 in GC NPs and
GC NPs/QCS-C was 80.60% and 90.39%, respectively, while that
of GA in GC NPs and GC NPs/QCS-C was 91.39% and 93.48%,
respectively. Characterization data (particle size, potential, EE and
LE) of GA NPs, GA NPs/QCS-C, Ce6 NPs/QCS-C and GC NPs
are displayed in the Supporting Information Fig. S2A and S2B.

During seven days of storage, Ce6 NPs/QCS-C exhibited large
fluctuations in particle size potential, and the rest of the liposomes
showed better stability (particle size, potential, and encapsulation
rate), which further illustrates the stabilizing effect of GA on
liposome (Fig. S2C and S2D).

The stability of GC NPs/QCS-C was evaluated by particle size
and z potential measurement over 30 days at 4 �C under light-
protected conditions. After the 30-day storage period, GC NPs/
QCS-C demonstrated enhanced stability compared with GC
NPs, indicated by the maintenance of a uniform particle size
distribution of the former, as shown in Fig. S2E. The QCS-C,
which was initially wrapped around the liposomes via electro-
static interaction, began to detach from the liposome after 30 days
of storage, as indicated by the TEM findings of GC NPs/QCS-C
(Fig. S2F). This detachment led to a decrease in the size of GC
NPs/QCS-C over the 30-day storage period.

Next, we conducted a photostability evaluation of GC NPs/
QCS-C over a 15-day storage period. As shown in Fig. S2G, the
particle size of the NPs exhibited uniformity and stability
throughout the 15-day storage period, even under non-light-
protected conditions, indicating that the light had no discernible
impact on the particle size of GC NPs/QCS-C. Additionally, the
EE and LE of GA and Ce6 of GC NPs/QCS-C were examined by
HPLC. The EE of GA was found to decrease from 86% to 60%
and LE from 16% to 10%, while the EE of Ce6 decreased from
98% to 82% and LE from 1.5% to 1.76%. These findings indicate
that GC NPs/QCS-C require light protection during storage.
Therefore, in the subsequent step, these NPs were formulated into
lyophilized powders to ensure optimal light-protected storage.

We expected QCS-C-coated GC NPs to have enhanced skin
retention ability. To indirectly substantiate this hypothesis, we
employed a rotational rheometer to assess the adhesive properties
of the NP suspension before and after polysaccharide encapsula-
tion. The results showed that GC NPs/QCS-C presented a vis-
cosity that gradually decreased with the increase in shear rate,
indicating that GC NPs/QCS-C had shear-thinning properties. In
contrast, GC NPs did not exhibit shear-thinning characteristics,
and their viscosity was not as high as that of GC NPs/QCS-C
(Fig. 1F).

The in vitro release profiles of GA and Ce6 from GC NPs/
QCS-C during the first 24 h was determined. As shown in
Fig. 1G and H, both free GA and free Ce6 exhibited rapid release
and accumulation. Free GA and free Ce6 are essentially consistent
with the drug release firsteorder equation (Fig. S3A). After 6 h,
the cumulative rates of free GA and free Ce6 exceeded 80% and
nearly approached 100%. Nevertheless, GC NPs and GC NPs/
QCS-C exhibited a sustained release of payloads. After 24 h,
less than 50% of the accumulated GA and Ce6 could be released
from GC NPs and GC NPs/QCS-C. During that period, due to the
structure of GC NPs, GA molecules interacted with lecithin and
were distributed on the lipid bilayer, whereas Ce6 was distributed
in the interlayer of the lipid bilayer. Therefore, the release rate of
GA was slightly higher than that of Ce6 because of their different
spatial distribution in GC NPs. These results suggest that the
encapsulation of the GC NPs/QCS-C carrier significantly
improved the drug release profiles by facilitating controlled
release. The Ce6 release from the nanocarriers was determined by
dissolving the GC NPs/QCS-C in water and irradiating it with NIR
for 10 min. The supernatant was collected, centrifuged at
10,000 rpm for 10 min (TGL-25M, Luxiangyi, China), and the
liquid phase was used to determine the supernatant to obtain the
cumulative Ce6 release. It can be seen that the NIR treatment
triggered the release of Ce6 from the Nano systems, and 90% of
Ce6 was released after 10 min of irradiation (Fig. S3B).

The PDT efficiency of GC NPs/QCS-C after laser irradiation
was evaluated using an SOSG reactive oxygen probe. Little
fluorescence was observed in control groups (Fig. 1I). Free Ce6
could not produce sufficient single-line oxygen, but the fluores-
cence intensity of GC NPs/QCS-C increased significantly after
irradiation. Meanwhile, we also attempted another SOSG fluo-
rescence determination approach with 3 min of continuous irra-
diation. Fig. S3C shows that after continuous irradiation, the
fluorescence intensity of GC NPs/QCS-C was much higher than
that of free Ce6. These results indicate that the encapsulation of
Ce6 in GC NPs/QCS-C greatly promoted the single-line oxygen
production capacity and improved the PDT efficiency.

The low and high doses of free Ce6 and GC NPs/QCS-C both
showed an increase in temperature after 10 min of continuous
irradiation, and neither the GA NPs/QCS-C nor the water group
showed an increase. As shown, after laser irradiation for 10 min,
the different temperature changes caused by free Ce6 and GC
NPs/QCS-C (Fig. S3D and S3E). The water and GA NPs/QCS-C
without Ce6 containing were employed as controls. The photo-
thermal effect of free Ce6 was limited, which only resulted in 9 �C
elevation. Nevertheless, high dose of GC NPs/QCS-C could in-
crease 15 �C after 10 min of laser irradiation.

3.3. Enhanced uptake, ROS production, and cell apoptosis in
HaCaT cells by GC NPs/QCS-C

We evaluated the blood compatibility of GC NPs, GC NPs/QCS
and GC NPs/QCS, and the results showed that all three groups of
nanoparticles had good blood compatibility and similar absor-
bance to the Control group (Fig. S3F). The cellular uptake of free
Ce6, GC NPs, and GC NPs/QCS-C NPs by HaCaT cells was
assessed both qualitatively and quantitatively using confocal mi-
croscopy and flow cytometry, respectively. As depicted in Fig. 2A,
after a 2-h incubation period, CLSM revealed a significantly
higher level of green fluorescence in the cells treated with NPs
than in those treated with free Ce6. This observation suggests that
the NPs enhanced the cellular uptake of Ce6. In comparison, cells
treated with GC NPs/QCS-C exhibited higher fluorescence in-
tensity than those treated with GC NPs, which may be explained



Figure 2 Cellular uptake, cytotoxicity, ROS production, and cell apoptosis induced by GC NPs/QCS-C in HaCaT cells. (A) CLSM images of

cellular uptake after 2 h treatment with different Ce6 formulas (scale bar Z 100 nm). (B, C) Statistical results of FITC fluorescence of each group

by FCM determination. (D) Cell viability against HaCaT cells treated by different formulas at a series of concentrations for 24 h by CCK-8 assay.

FCM determination of ROS production (E) and apoptosis rate by Annexin V-FITC double staining. (F) In HaCaT cells after treatment with

different formulas NPs for 4 h. Data are presented as mean � SD (n Z 3). Note: significance as *P < 0.05, ***P < 0.001.
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by the permeation and adhesion effect of the QCS-C coating40.
Quantitative FCM results (Fig. 2B and C) also corroborated that
the uptake of GC NPs/QCS-C in HaCaT cells was greater than that
of other NPs.

The cytotoxicity of free GA, free Ce6, GA NPs/QCS-C, Ce6
NPs/QCS-C, and GC NPs/QCS-C to HaCaT cells at a series of
concentrations was evaluated using a CCK-8 assay (Fig. 2D). Ce6
NPs/QCS-C were prepared using a similar approach to GC NPs/
QCS-C, except that no GA was added to the NPs. The results
showed that after 24 h of treatment, none of the GA formulations,
including free GA and GA NPs/QCS-C, attenuated cell viability.
However, under laser radiation, the Ce6 formulations remarkably
reduced cell viability in a concentration-dependent manner,
among which GC NPs/QCS-C exerted the strongest cytotoxicity
against HaCaT cells at each concentration. This is consistent with
the enhanced cellular uptake profiles of GC NPs/QCS-C.
To determine the efficiency of PDT-induced cell death, we
examined ROS production in HaCaT cells induced by different
formulas using a DHE fluorescent probe. The results showed that
neither free GA nor GA NPs/QCS-C without Ce6 loading resulted
in ROS production. Nevertheless, treatment with Ce6 formulations
significantly increased intracellular ROS accumulation due to the
Ce6-induced PDT effect (Fig. 2E). The quantitative result showed
that Ce6-loaded NPs including Ce6 NPs/QCS-C and GC NPs/
QCS-C had a stronger ability to generate intracellular ROS than
free Ce6. Subsequently, the apoptosis activities in HaCaT cells
were also evaluated using the Annexin V-FITC double staining
method. Similar to the above findings, GA formulations without
Ce6 did not induce cell apoptosis, whereas Ce6-loaded NPs
greatly promoted the occurrence of apoptosis (Fig. 2F). All of
these results indicate that GC NPs/QCS-C were effectively inter-
nalized into HaCaT cells, where they generated ROS to promote
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apoptosis and cell cytotoxicity, whereas GA formulations
demonstrated a high level of biosafety.

3.4. Enhanced retention and penetration of GC NPs/QCS-C
in vivo

We investigated the waterproofing properties of GC NPs/QCS-C
on psoriatic skin by applying them to the dorsal skin of IMQ-
induced mice and healthy control mice. The results showed no
significant change in fluorescence on the dorsal skin of IMQ-
induced mice. Approximately 82% of the fluorescence was
retained after rinsing the IMQ-induced mice skin with water.
Notably, GC NPs/QCS-C were easily removed from healthy
control mice. by rinsing with water and wiping (Fig. 3A and B),
and only 40% of the fluorescence was retained. This transient non-
Figure 3 Evaluation of GC NPs/QCS-C adhesion and penetration on ps

normal and psoriatic mice, with or without rinsing with PBS. (B) Fluo

treatment. (C) Fluorescence intensity of mice dorsal skins after treatment

imaging of dorsal skin of psoriasis model mice after different time-points

tissues were observed with fluorescence microscope (scale bar Z 100 mm

diffusion cells in vitro. (G) In vitro transdermal permeation profiles of G

presented as mean � SD (n Z 3). Note: Significance as *P < 0.05, **P
bioadhesion of GC NPs/QCS-C to healthy control mice. and
limited binding of GC NPs/QCS-C to the superficial layer of the
intact normal stratum corneum may explain the observed
phenomenon.

A challenge often encountered in in situ dermal drug delivery
is the limited retention of the medication at the application site. To
validate that QCS-C-coated liposomes improved drug retention in
psoriatic skin, we applied the same amount of free Ce6, GC NPs,
GC NPs/QCS, and GC NPs/QCS-C to IMQ-induced mice and
performed imaging at the same time points over 48 h. The results
showed that the GC NPs/QCS-C group had higher drug retention
with longer action on the skin. At 48 h, the GC NPs/QCS-C group
exhibited a higher fluorescence intensity (2 � 104) than the other
groups. Additionally, approximately 83% of the fluorescence
remained on the back after 48 h (Fig. 3C and D). Skin sections
oriatic skin. (A) Spread the GC NPs/QCS-C evenly on dorsal skin of

rescence intensity quantification of mice dorsal skins with different

with different formulations at different time-points. (D) Fluorescence

. (E) After spreading with GC NPs/QCS-C for 2 and 48 h, mice skin

). (F) Schematic representation of transdermal drug tests with Franz

A and Ce6 on skin tissues from psoriatic mice over 48 h. Data are

< 0.01.
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from each group of mice were sampled at 2 h and 48 h and
observed for drug penetration and retention. The GC NPs/QCS-C
group showed more effective drug retention than the other groups,
as evidenced by the higher fluorescence intensity (Fig. 3E). These
results suggest that GC NPs/QCS-C can serve as an efficient
carrier for drug delivery to psoriatic skin due to their ability to
penetrate the skin and form a water-resistant adherence to the
tissue during the penetration process.

The transdermal delivery efficiency of GC NPs/QCS-C on the
psoriatic skin of mice was investigated using Franz diffusion cells
in vitro. As shown in Fig. 3F, neither GA nor Ce6 in free drug
form could permeate the mouse skin tissue efficiently. The cu-
mulative transdermal drug rate after 48 h was 59.32% and
36.41% for free GA and free Ce6, respectively (Fig. 3G).
However, NPs exhibited higher transdermal delivery efficiency
than the free drug form. The transdermal cumulative curves of
GC NPs and GC NPs/QCS-C were highly similar. The encap-
sulation of GC NPs/QCS-C promoted the transdermal penetration
of payloads, mainly due to the high biocompatibility of lipo-
somes. The lecithin in liposomes has an affinity for the phos-
pholipids present in skin cell membranes, which facilitated the
penetration of the liposomal structure through the skin. This
result indicates that GC NPs/QCS-C significantly facilitated the
penetration of transdermally delivered drugs.

3.5. In vivo chemo-photodynamic therapy with GC NPs/QCS-C

The study investigated the efficacy of chemo-photodynamic
therapy using an IMQ-stimulated mouse model. Fig. 4A shows
the dosing strategy for this experiment, including representative
images of the dorsal skin and dorsal blood vessels in different
treatment groups on Days 1, 5, and 8. The skin of the model mice
showed signs of thickening, erythema, and desquamation. The
disease was attenuated, but not significantly so, in the GA-only
and PDT-only treatment groups. However, the GA and PDT co-
treatment group showed significant reductions in erythema,
thickening, and scaling. In addition, as vascular growth in the
dermis is a characteristic feature of psoriasis, the dorsal skin was
assessed for vascular growth on Day 8. The dorsal blood vessel
demonstrated that IMQ had successfully induced psoriasis-like
dermatitis. Due to metabolic abnormalities and inflammatory re-
sponses, there was significant vascular proliferation and branching
in the model group. In addition, the group treated with PDT alone
showed inflammatory manifestations, while the group treated with
GA showed a decrease in vascular proliferation and redness in the
dermis. These findings suggest that in psoriasis, GA has a superior
anti-inflammatory effect to PDT, which can cause varying degrees
of tissue inflammation.

With regard to the PASI scores, all groups except the control
group had the highest scores before receiving different drugs.
After the administration of different drugs, all groups showed
varying degrees of reduction in psoriatic symptoms. However, the
group treated with the GA and PDT combination exhibited a
better therapeutic effect than the other groups. The scores for
erythema, thickening, and scaling were significantly lower
(approximately 1) in this group than those in the model group
(Fig. 4B‒E). The results of in vivo potency comparison of blank
carrier and free Ce6 with GC NPs/QCS-C NIR are shown in the
Supporting Information Fig. S4A and S4B.

The line graph depicting the body weight recordings indicates
a continuous downward trend in the body weight of mice during
IMQ treatment (Fig. 4F). The spleen, an essential immune organ,
reflects the degree of activation of the body’s immune system. The
spleen/body weight ratio (w/w) in the model group was approxi-
mately 1, which was significantly different from the ratio of
approximately 0.3 in the control group. The spleens of mice in the
Ce6 NPs/QCS-C and Ce6 NPs/QCS-C NIR groups were also
enlarged, possibly due to the inflammatory cascade effect of light
damage. In comparison, the spleen/body weight ratio was signif-
icantly lower in mice treated with GA, being as low as approxi-
mately 0.5 in the GC NPs/QCS-C NIR group (Fig. 4G). This
shows that the PDT and GA combination inhibited aberrant im-
mune system activation in psoriatic mice.

To determine the level of inflammation in each mouse group,
we measured the serum levels of HMGB1, IL-18, and IL-6 using
ELISA kits. The model group showed higher expression levels of
HMGB1, IL-18, and IL-6 than the other groups. Furthermore, the
group treated with Ce6 NPs/QCS-C NIR showed higher expres-
sion levels of HMGB1 and IL-18 than the group treated with Ce6
NPs/QCS-C (Fig. 4H‒J). These results indicate that PDT induces
accelerated apoptosis in cells while also causing varying degrees
of damage to the cells. In the group co-treated with PDT and GA,
GA exhibited a significant antagonistic effect on HMGB1,
resulting in a reduction in both HMGB1 and IL-18 expression
induced by PDT.

3.6. GC NPs/QCS-C promoted skin tissue repair

The H&E results indicate that the normal wavy nature of the
dermo-epidermal junction was altered in the model group. The
same alteration was observed in the Ce6 NPs/QCS-C group. The
vascular proliferation in the skin was attenuated in the GA NP
group, but no significant improvement in epidermal hyperkeratosis
was observed. The groups treated with PDT showed improvement
in the epidermal layer thickness, approaching that found in normal
mice. However, there was still a noticeable infiltration of mono-
nuclear or multinucleated cells in the dermis (Fig. 5A). Next, we
measured the thickness of the stratum corneum in each group of
mice. The cuticle thickness reached 70 mm in the model group and
decreased to 50 mm under GA or PDT treatment; however, under
the GA and PDT combination treatment, the cuticle thickness
decreased to 37 mm, which was only about ten micrometers higher
than the 25 mm in the control group (Fig. 5B). These findings
indicate that the epidermal layer in the group treated with the GA
and PDT combination was significantly thin, the epidermis formed
a normal wavy edge, and the hypertrophy of the stratum spinosum
disappeared.

Skin tissues were analyzed using immunohistochemistry to
observe changes in HMGB1 expression at the treatment site
(Fig. 5C). All treated groups showed higher expression of HMGB1
mediated by inflammation than in the control group. Its expression
was particularly high in the model, Ce6 NPs/QCS-C, and Ce6 NPs/
QCS-C NIR groups. In skin tissues, the PDT effect produced by
NIR treatment caused cell necrosis and accelerated the apoptosis
process. The Ce6 NPs/QCS-C NIR group showed increased
HMGB1 expression compared to the Ce6 NPs/QCS-C group,
whereas the corresponding GC NPs/QCS-C NIR group showed
decreased HMGB1 expression compared to the Ce6 NPs/QCS-C
NIR group. The group with the GA and PDT combination exhibi-
ted a decrease in HMGB1 expression (Fig. 5D). The expression
levels of Ki67, IL-17, and CD3 in the skin tissues were examined
using IHC. The model group exhibited high expression levels of
Ki67, IL-17, and CD3, while the groups treated with GA NPs, GA
NPs/QCS-C, and GC NPs/QCS-C showed decreased expression



Figure 4 GC NPs/QCS-C ameliorates IMQ-induced psoriasis mice model. (A) Mice dorsal skin characteristics. PASI scores (B), scale scores

(C), skin thickening scores (D), erythema scores (E), and body weight (F) of each group during the experimental period were recorded. On Day 8,

spleen index (G) levels of IL-6 (H), HMGB1 (I), and IL-18 (J) in serum samples of each group were determined. Data are presented as mean � SD

(n Z 6). Note: significance as *P < 0.05, **P < 0.01, ***P < 0.001.
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levels of these factors, possibly due to the anti-inflammatory and
immunomodulatory effects of GA. The Ki67 group, which pro-
duced PDT under NIR treatment, also exhibited better inhibition of
the expression of these factors. These results indicate that co-
treatment with GA and NIR significantly reduced the expression
levels of Ki67, IL-17, and CD3 (Fig. 5E‒G).
3.7. Potential immunoregulatory effects of combination therapy

To gain a better understanding of the immune system changes in
psoriasis, we extracted progenitor cells from the spleens of mice
(Fig. 6A). The spleens were stained with H&E and showed no
significant lesioning effect from the drug (Fig. 6D). We performed



Figure 5 Histopathological analysis of mouse skin. (A) H&E staining analysis. (B) Epidermal thickness in H&E staining analysis. (C) Immu-

nohistochemical staining of HMGB1, Ki67, IL-17, and CD3 antibodies (scale barZ 200 mm). Semiquantitative results of the levels of (D) HMGB1,

(E) Ki67, (F) IL-17, and (G) CD3 in each group. Data are presented asmean� SD (nZ 3). Note: significance as *P< 0.05, **P< 0.01, ***P< 0.001.
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FCM analysis of T cells from splenic lymphocytes and used the
ratio of T helper/T suppressor cells (CD4þ/CD8þ) as an indicator
of immunomodulation41. In the IMQ-treated model group, the
immune system of mice was abnormally activated, resulting in
enlarged spleens and a CD4þ/CD8þ ratio twice that in normal
mice. However, under the GA and PDT combination treatment,
the CD4þ/CD8þ ratio dropped to 3 (Fig. 6B and C).
We also analyzed the changes in MHC-II, CD80, and CD86 in
DCs from mouse spleen primary cells using flow cytometry. As
expected, the model group showed high expression levels of the
maturation markers CD80 (Fig. 7A and B), CD86 (Fig. 7C and D),
and MHC-II (Fig. 7E and F) in DCs due to IMQ stimulation42,43.
However, the combined effect of GA and PDT significantly
inhibited the maturation markers in DCs. We then measured the



Figure 6 (A) Representative images of spleen organs in each group on Day 8 (scale bar Z 1 cm). (B, C) The expression of CD4þ and CD8þ at

T cells by FCM analysis. (D) H&E staining of spleen organs in each group (scale bar Z 200 mm). Data are presented as mean � SD (n Z 3).

Note: significance as *P < 0.05, **P < 0.01.
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levels of MHC-II, CD80, and CD86 on DCs in the dorsal skin of
mice in the control, model, and GC NPs/QCS-C NIR groups. The
results showed that chemo-photodynamic therapy, both locally
and site-specific, inhibited the maturation of DCs, resulting in an
anti-psoriatic effect (Supporting Information Fig. S5). These re-
sults suggest that the GA and PDT combination is an effective
synergistic treatment strategy for psoriasis.
4. Discussion

Although the mechanism of psoriasis is not yet fully understood,
abnormal proliferation of human keratinocytes and recruitment of
immune cells are known to play vital roles in the onset and pro-
gression of psoriasis44,45. Similar to tumor cells during their
immunogenic death, psoriatic cells release a series of signaling
molecules such as HMGB1 and heat shock proteins (HSP70,
HSP90) during the injury process. HMGB1 then binds to TLR4,
which facilitates the recruitment of immune cells, the maturation
of DCs, and the activation of adaptive immune responses. In this
study, we utilized the PDT effect produced by the second-
generation photosensitizer Ce6 to induce apoptosis of keratino-
cytes and T cells within the psoriatic lesions and alter the local
immune status. The Ce6-induced intracellular ROS production in
and apoptosis of the cells confirmed the effects of Ce6 (Fig. 2E
and F). The H&E and IHC results demonstrated significant



Figure 7 FCM analysis and quantitative results of the expression levels of CD80, CD86, and MHC-II in DC cells from mouse spleen primary

cells in each group. Data are presented as mean � SD (n Z 3). Note: significance as *P < 0.05, **P < 0.01.
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reductions in the stratum corneum thickness, Ki67 protein level,
and T cell infiltration in the skin tissue due to PDT (Fig. 5D and
E). However, the application of PDT still faces challenges. The
in vitro cell experiment results showed that PDT caused significant
cell death. The levels of HMGB1 and IL-18 in mice were
measured using an ELISA kit. Both HMGB1 and IL-18 exhibited
higher expression levels in the Ce6 NPs/QCS-C NIR group than in
the Ce6 NPs/QCS-C group (Fig. 4I and J). The IHC results
revealed that the lesion sites in the Ce6 NPs/QCS-C NIR group
exhibited higher expression levels of HMGB1 and IL-17 than
those in the Ce6 NPs/QCS-C group (Fig. 5D and F).

To deliver Ce6, liposomes were formed using GA instead of
cholesterol due to the former’s amphiphilic nature. This approach
addressed the difficulty in drug delivery caused by Ce6’s hy-
drophobicity and promoted the repair of PDT-induced skin
damage owing to GA’s anti-inflammatory properties. In vitro cell
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experiments demonstrated that GA-encapsulated Ce6 liposomes
did not diminish the ROS production and apoptotic effects of
PDT in cells (Fig. 2E and F). In vivo, the GA and PDT combi-
nation was found to yield more significant therapeutic results
than monotherapy. Additionally, GA was found to inhibit the
release of HMGB1 due to cell death (Fig. 5D). Thus, these results
indicate that the GA and PDT combination is a promising strategy
for treating psoriasis with minimal systemic side effects. However,
it is important to note that the photodamage and inflammation
resulting from PDT can persist. To improve drug efficacy, it is
necessary to increase the retention time of the therapeutic agent on
the skin. The QCS-C-coated NPs showed superior skin adhesion
and penetration ability (Fig. 3A and E), as well as a superior
cellular uptake effect, to other NPs, as confirmed by in vivo im-
aging results (Fig. 2A and C).

To compare the therapeutic effects of monotherapy and com-
bination therapy with GA and Ce6, we administered the drugs to
mice with IMQ-induced psoriasis. We compared the effects of GA
NPs and GA NPs/QCS-C to determine whether QCS-C exacer-
bated inflammation and prolonged the repair time. The experi-
mental results demonstrated that the GA and PDT combination
treatment effectively inhibited abnormal cell proliferation and
thereby reduced skin thickness (Fig. 5A and B). Furthermore,
mice that received the GA and PDT combination exhibited
improved recovery of skin lesions, with decreased expression
levels of HMGB1, Ki67, IL-17, and CD3, compared with the
model mice (Fig. 5D‒G). Additionally, the GA and PDT com-
bination treatment effectively limited the recruitment of immune
cells, resulting in a decrease in the CD4þ/CD8þ ratio from 4 to
approximately 2 (Fig. 6C). Furthermore, this treatment inhibited
expression of the maturation markers CD80, CD86, and MHC-II
on splenic DCs (Fig. 7). PDT was unable to effectively address
the aberrant activation of the immune system at the psoriatic site.
The combination treatment demonstrated a more pronounced
maturation inhibitory effect on DCs than monotherapy (Fig. S5),
which further highlights the advantage of a multifaceted approach
to immune modulation.

5. Conclusions

In sum, considering the potential synergistic benefits of the GA and
PDT combination, we fabricated a topical adhesive chemo-
photodynamic nanosystem in which GAelipid framework NPs
loaded with Ce6 were coated with QCS-C (GC NPs/QCS-C). Due
to their uniform nano-scaled structure, enhanced cellular internal-
ization, and high skin adhesion and penetration, GC NPs/QCS-C
could effectively block abnormal epidermal cell proliferation and
immune cell infiltration at the lesion site through the potent Ce6-
induced PDT effect. As expected, HMGB1 levels were also
elevated following PDT, but this elevation was effectively sup-
pressed by GA in the combination treatment. Ultimately, the
transdermal administration of GC NPs/QCS-C twice consecutively
effectively ameliorated psoriasis-like symptoms, such as skin ery-
thema and squamous and epidermis hyperplasia, in the IMQ-
induced psoriasis mouse model and exhibited a high level of
biosafety. This formulation effectively suppressed the abnormal
overproliferation of skin keratinocytes, reduced the infiltration of
inflammatory factors, and normalized immune system activation.
This work describes how the GA and PDT combination treatment
can address unmet clinical needs in psoriasis and provides a novel
chemo-photodynamic combination strategy for psoriasis treatment.
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