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Purpose: Reactive oxygen species (ROS)-induced oxidative stress plays a key role in the
pathogenesis and progression of psoriasis by causing inflammation. Antioxidative strategies
eradicating ROS may serve as effective and easy treatment options for psoriasis, while
nanozymes with intrinsic antioxidant enzyme-like activity have not been explored for
psoriasis treatment. The aim of this study is to fabricate B-cyclodextrins (B-CDs)-modified
ceria nanoparticles (B-CDs/CeO, NPs) with drug-loaded and multimimic-enzyme activities
for combinational psoriasis therapy.

Methods: The -CDs/CeO, NPs were synthesized by a hydrothermal method using unmodified
B-CDs as a protecting agent. The structure, size and morphology were analyzed by dynamic light
scattering, transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS)
and Fourier transform infrared (FTIR) spectroscopy. Considering the superoxide dismutase
(SOD)- and catalase-mimetic activities, the in vitro antioxidant activity of the f-CDs/CeO2
NPs was investigated. After dithranol (DIT) was loaded, the drug-loading capacity and release
profile were determined by UV-visible light spectrophotometer and high-performance liquid
chromatography. The anti-psoriatic efficacy was studied in the imiquimod (IMQ)-induced mouse
model on the basis of morphological evaluation, psoriasis area and severity index calculation
(PASI), and inflammatory cytokine expression.

Results: The average particle size of the blank f-CDs/CeO, NPs was 60.89+0.32 nm with
a polydispersity index (PDI) of 0.12, whereas that of the DIT-loaded NPs was 79.38+1.06 nm
with a PDI of 0.27. TEM results showed the as-prepared NPs formed a uniform quasi-
spherical shape with low polydispersity. XPS indicates synthesized NPs have a mixed Ce®
*/Ce*" valence state. FTIR spectroscopy confirmed the presence of B-CDs and DIT in the
NPs. Inhibition of superoxide anion rate by NPs could be reached to 79.4% in the presence of
200 pg/mL, and elimination of H,O, efficiency reached about 50% in the presence of 40 ng/
mL, demonstrating excellent superoxide dismutase- and catalase-mimicking activities,
thereby providing remarkable cryoprotection against ROS-mediated damage. Furthermore, 3-
CDs on the surface endowed the NPs with drug-loading function via host—guest interactions.
The entrapment efficiency and drug loading of DIT are 94.7% and 3.48%, respectively. The
in vitro drug release curves revealed a suitable release capability of DIT@B-CDs/CeO, NPs
under physiological conditions. In IMQ-induced psoriatic model, the DIT@B-CDs/CeO, NPs
exhibited excellent therapeutic effect.

Conclusion: This study may pave the way for the application of nanozyme B-CDs/CeO,
NPs as a powerful tool for psoriasis therapy.

Keywords: ceria nanoparticles, reactive oxygen species, mimic-enzyme, dithranol, anti-

psoriatic, drug delivery
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Introduction

Psoriasis is a chronic inflammatory skin disease clinically
featured by erythematous plaques covered with silvery
scales.'” Psoriasis would cause high morbidity duo pain,
itching, functional and cosmetic impairments, and even high
mortality due to depression and suicidal contemplations. The
prevalence of psoriasis is currently estimated to be as high as
2-3% worldwide, becoming a serious global problem.*”
Moreover, it is also associated with many comorbidities such
as psoriasis arthritis,® metabolic syndrome’ and cardiovascular
disease,® which brings huge health and economic burden to
patients. Although various immune abnormalities have been
proposed to be involved in the pathogenesis of psoriasis,’
oxidative stress is also believed to play a pivotal role in the
pathophysiological mechanism. Increased production of ROS
would induce a vast number of biological responses to the
initiation of psoriasis pathogenesis.'®'? ROS including super-
oxide anion (O,¢ ), *OH free radicals and nonradical mole-
cules such as H,O, would induce oxidative damage, such as
lipid peroxidation, DNA modification, and secretion of inflam-
matory cytokines in psoriatic derma.'''? Oxidative damage
markers including malondialdehyde, lipid hydroperoxides,
thiobarbituric acid reactive substances, protein carbonyl, and
nitric oxide have been detected in patients with psoriasis.'"'?
Therefore, antioxidative strategies eradicating ROS may
serve as effective and easy treatment options for psoriasis.'*
Antioxidants, such as epigallocatechin-3-gallate,'” glabridin,'®
proanthocyanidins,'” polyandric acidA'® and other natural

compounds'**°

with beneficial effects on cutaneous psoriasis
have been reported.

Recently, nanomaterials with enzyme-like activity named
nanozymes,>"** have been exploited as potential therapeutics
in various diseases, including Parkinson’s disease,

25-27 28,29 and

Alzheimer’s disease,24 cancer, ischemic stroke,
ischemia reperfusion injury,’® through mainly eliminating
ROS levels in cells. For instance, Mn;O,4 nanozymes have
been used as a promising therapeutic agent for treating inflam-
mation because of their excellent ROS scavenging activity.*®
Ceria nanoparticles (CeNPs) exhibit tremendous potential as
effective antioxidant enzymes, such as peroxidase, oxidase,
catalase, and SOD.*'? These high-performance ROS reduc-
tion capacities originate from the dual oxidation states (ce’
*/Ce*") on the surface of these particles in which Ce®" is
responsible for eliminating O,+ and *OH, while Ce*" eradicat-
ing H,0,.>> CeNPs have been applied to treat various ROS-
associated diseases, including ischemic stroke,*® rheumatoid

arthritis,>* autoimmune degenerative disease.”> Nowadays,

nanodermatology is an emerging field that uses nanotechnol-
ogy to facilitate the diagnosis and treatment of skin
disease.*®*>” However, most of them are inorganic nanomater-
ials lack of multi-functional and have not been explored for
psoriasis treatment.

To fill this research gap, we designed a multifunctional
drug delivery system based on CeNPs capped with B-CDs for
psoriasis treatment (Scheme 1). B-CDs/CeO, NPs exhibit high
mimetic enzymatic activity to eliminate intracellular ROS,
rendering them ideal antioxidants for the treatment of oxida-
tive stress-induced damage in psoriasis. Moreover, the intro-
duction of B-CDs, a family of cyclic oligosaccharides,*® on
the surface of CeNPs increases their water solubility, biocom-
patibility, and antioxidant property. Furthermore, the porous
nanostructures with unique hydrophobic B-CDs cavity could
be used as a promising drug carrier for hydrophobic molecules
by supra-molecular inclusion.***' In the present study, we
investigated the drug-loading ability and anti-psoriasis activity
of B-CDs/CeO, NPs on IMQ-induced psoriasis-like mouse
model by using DIT as the lipophilic model drug.

Materials and Methods

Materials

DIT was obtained from Yuanye Biotechnology Co. Ltd.
(Shanghai, China). B-CDs were purchased from Kelong
Chemical Reagent Factory (Chengdu, China). Cerium nitrate
was obtained from Bodi Chemical Company Co. Ltd. (Tianjin,
China). Carbopol 940 was supplied by Tianliyuan
Biotechnology Co. Ltd. (Qingdao, China). IMQ was pur-
chased from Mingxin Pharmaceutical Co. Ltd. as a topical
cream (5% imiquimod; Sichuan, China). Halometasone cream
(0.05%) was purchased from Huabang Pharmaceutical Co.
Ltd. (Chongging, China). Paraformaldehyde (4%) was
obtained from Biosharp Biological Technology (Anhui,
China). Methanol was attained from Tedia Compang (high
purity, US). Sodium sulfide was purchased from Hengxing
Chemical Reagent Company Co. Ltd. (Chengdu, China).

Animals

Male BALB/c mice (6-8 weeks old) were purchased from
Ltd.
(Qingdao, China) and housed under specific pathogen-free

Qingdao Darenfucheng Animal Husbandry Co.

conditions by the Experimental Animal Center, Weifang
Medical University (Weifang, China). All of the animal
experiments performed in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory
Animals published by the Weifang Medical University. The
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Scheme | Schematic interpretation of the design of B-cyclodextrin capped ceria nanoparticles as a nanozyme loaded with dithranol for the combinational therapy of psoriasis.

protocol was approved by the Committee on the Ethics of
Animal Experiments of Weifang Medical University (Permit
Number: 2019SDL096). The treatment of experimental ani-
mals followed the 3Rs principles. All experiments were
abided by the ethical principles of experimental animal wel-
fare, and every effort was made to minimize suffering.

Cells Line and Cells Culture

The HaCaT human keratinocyte cells line was obtained
from Procell Life Science & Technology Co. Ltd. (Wuhan,
China) and cultured in RPMI 1640 medium (Gibco, NY,
USA) supplemented with 15% fetal bovine serum
(Beijing, China), 100 U/mL penicillin, and 100 mg/mL
streptomycin. The cells were maintained at 37°C with 5%
CO, in a humidified incubator. The growth medium was
replaced every 2-3 days.

Preparation of DIT-Loaded B-CDs/CeO,

NPs

The synthesis of B-CDs capped CeO, NPs were performed
according to previous literature.*> Cerium nitrate solid parti-

cles were added to 30 mL of distilled water, and ultrasonic

cleaner was used to dissolve it completely. B-CDs solid was
added and stirred with a magnetic stirrer for 10 min. The
colorless liquid became a white mixture. Then, NaOH solid
was added to the mixed solution slowly and stirred for
another 15 min. The white mixture changes to a reddish
brown liquid. The prepared mixture liquid was placed at
125°C for 6 h using a hydrothermal method, cooled to
room temperature, and then left at room temperature for 12
h. The solution of blank NPs was slowly dropped into the
dissolved DIT in different concentrations, and the optimal
particle size was selected as the dose concentration.

Characterization of DIT@ B-CDs/CeO,
NPs

The particle size distribution and polydispersity index
(PDI) of the blank NPs and drug-loaded NPs were deter-
mined in triplicate at 25°C using a Zeta Sizer Nano ZS90
(Malvern Instruments, Malvern, UK). The morphologies
of the blank NPs and drug-loaded NPs were observed by
TEM (Tecnai 20, FEI, USA). Measurements were per-
formed in triplicate for each sample. A standard curve
DIT wusing a UV-visible light

was obtained for
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spectrophotometer at 289 nm, and the drug loading (DL)
and entrapment efficiency (EE) were measured. The DL
(%) and EE (%) were calculated as follows:

Actual amount of drug encapsulated in NPs

Drug loading (%) = Amount of NPs

x 100%
Actual amount of drug
Entrapment encapsulated in NPs
. = - 1
efficiency (%) Intial of amount x 100%
of drugused

The chemical structure of the prepared NPs was character-
ized using Fourier transform infrared spectrometry (FT-IR;
VERTEX 70; Bruker, Bremen, Germany). The spectra of
the samples of B-CDs, cerium nitrate, DIT, B-CDs/CeO,
NPs, and DIT@p-CDs/CeO, NPs were obtained sepa-
rately. X-ray photoelectron spectroscopy (Ultima IV;
Rigaku Corporation, Japan) was used to investigate the
microstructure of the B-CDs/CeO, NPs.

In vitro Release of DIT@ B-CDs/CeQO,

NPs

In vitro drug release study of DIT@B-CDs/CeO, NPs and
free DIT solution was conducted by the dialysis bag
method (molecular weight cut-off 12,000 Da).** Release
media consisted of acetate buffer pH 3.3 and Milli-Q
water in the proportion 50:50 containing 0.5% (v/v)
Tween-80. Free DIT solution (2 mg in 2 mL 1%
DMSO) and DIT@ pB-CDs/CeO, NPs (corresponding
DIT amount was 2 mg, 2 mL) were added separately
into the dialysis bags and then immersed in 10 mL of
release medium at 37°C with a shaking speed of 100 rpm.
At predetermined time points, 500 pL of sample was
collected, and fresh media replacement was done after
sampling. The quantity of DIT was measured using the
Shimadzu Prominence high-performance liquid chroma-
tography system and C 18 analytic column (Luna C18(2)
25 ecmx4.6 cm,5 mm, Phenomenex Inc, Torrance, CA).
The mobile phase is a mixture of methanol and water
(80:20, volume/volume ratio). The UV absorbance was
measured at a wavelength of 289 nm, with a flow rate of
1.0 mL/min and a 25-pL injection volume. Standard
curve has been measured by applying HPLC. All samples
are prepared in triplicate.

SOD- and Catalase-Mimetic Activity

Assay
The SOD-mimetic activity of the B-CDs/CeO, NPs was
investigated through its O,* scavenging activity with the
Total Superoxide Dismutase Assay Kit with nitro-blue
tetrazolium (NBT, Biotech, China) as described in the
previous literature.** In brief, 20 pL of the B-CDs/CeO,
NPs dispersion at different concentrations (0, 5, 10, 20, 40,
80, 160, and 200 pg/mL) was incubated with assay reagent
containing xanthine, xanthine oxidase, and NBT into a 96-
well plate at 37°C for 30 min. The absorbance at 560 nm
was then recorded using a Multiskan GO microplate reader
(Thermo Scientific, USA), and the O,¢™ inhibition rate was
calculated in accordance with the manufacturer’s formula.
Catalase-mimicking activity was measured with the
catalase assay kit (Biotech, China). In brief, a H,O, stan-
dard curve was drawn by different concentrations (0,
0.0025, 0.005, 0.01, 0.015, and 0.02 pM).* Then, we
prepared a blank control and a sample solution (0, 5, 10,
20, 40, 80, 160, 200 png/mL) and reacted at 25°C for 5 min.
A stop solution and color-developing solution were added,
and then the solution was incubated at 25°C for 15 min.
Then, the absorbance at 520 nm was recorded using
a Multiskan GO microplate reader (Thermo Scientific,
USA), and the catalase activity was calculated in accor-
dance with the manufacturer’s formula.

3-(4,5-Dimethylthiazolyl)-
2,5-Diphenyltetrazolium Bromide (MTT)
Assay

The potential cytotoxicity of B-CDs/CeO, NPs was inves-
tigated in MTT assay as we reported earlier.*® The HaCaT
human keratinocyte cells line was selected to analyze cell
viability in MTT assay (Sigma, MO, USA). HaCaT human
keratinocyte cells were seeded into 96-well plates at
a concentration of 1x10 cells/well and then incubated at
37°C and 5% CO, for 24 h to ensure proper stability and
adherence. Then, the culture medium was removed. The
cells were incubated with fresh medium containing
100 pg/mL B-CDs/CeO, NPs for 24 h before 20 uM
H,0, was added. After 24 h of cell culture, 10 pL of
MTT (5 mg/mL) was added into each well. Incubation
was continued for 4 h, and then 100 uL of DMSO was
appended to each well to dissolve MTT crystals. The
reactions were monitored using an iMark microplate
reader (Bio-rad, CA, USA) at a wavelength of 490 nm.
The experiment was repeated three times.
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Cellular ROS-Scavenging Activity

The role of nanocarriers in scavenging ROS was investi-
gated using 2’,7’-dichlorodihydrofluorescein diacetate.*®
The HaCaT human keratinocyte cells line was selected
and seeded into 12-well plates at a concentration of
4x10* cells/well. Cells were incubated at 37°C and 5%
CO, for 24 h to ensure proper stability and adherence,
and then the culture medium was removed. Then, f-
CDs/CeO, NPs (100 pg/mL) were added in the different
wells, except in the positive control wells. After 24 h,
serum-free medium (1 mL) with 20 uM H,O, was added
to each well, except the blank hole. After 6 h, the
wells were added with 2°,7°-dichlorodihydrofluorescein
diacetate (ROS fluorescence probe), incubated for
another 20 min, and then observed under fluorescence
microscopy.

Experiments on BALB/c Mice

IMQ-Induced Plaque-Like Mouse Model of Psoriasis
IMQ-induced psoriasis-like mouse model was established
as previously described.*” Male BALB/c mice (6-8
weeks old) were fed a standard diet and provided with
free water at room temperature. IMQ is a TLR7/8 ligand
and a potent immune activator. A psoriasis model was
established as previously described with slight modifica-
tions. In specific, IMQ was administered locally to induce
and aggravate psoriasis lesions. After 1 week of adaptive
feeding, the back shaving area was 2 cmx3 cm. IMQ
cream (5%) was applied to the shaved area at the back
of the mouse every 24 h for 8 consecutive days (50 mg
per mouse), the skin lesions were observed by taking
photos every day, and the PASI score was obtained.
Animals were randomly grouped as follows: Group 1
(normal mice), Group 2 (mice with IMQ treatment only
and induced psoriasis), Group 3 (mice treated with 1 mg
of DIT-loaded B-CDs/CeO, NPs), Group 4 (mice treated
with 0.04 mg of DIT), Group 5 (normal mice treated with
1 mg of DIT-loaded B-CDs/CeO, NPs), and Group 6
(halometasone cream as positive control, 0.1 mg per
mouse daily). The second group served as a negative
control group, and the sixth group served as a positive
control group.

Evaluation of PASI

To assess the severity of lesions at the back of the
psoriatic mice, we followed the clinical criteria of PASI
and established an objective scoring system to evaluate
the degree of inflammation on the back lesions of the

mice.”” Erythema, scaling, and thickening were scored
independently by two people on a scale of 0 to 4 (0,
none; 1, slight; 2, moderate; 3, marked; and 4, very
marked). The scoring was performed every day for 8
days.

Histopathology of Mouse Back Skin Lesion

The induced dorsal skin lesions were collected at the end of the
8th day, soaked, and then fixed with 4% paraformaldehyde.
The fixed samples were dehydrated and embedded in paraffin.
Then, 4 pm microtome sections of the skin were deparaffi-
nized, rehydrated, and stained with hematoxylin and eosin
(H&E) as described previously.*’ Histopathological sections
were observed under a microscope (BN-DC-RGBS500,
Nanjing, China).

Weight Ratio of Spleen to Body (Spleen/Body Wt%)
The spleen is the largest immune organ in the human
immune system. The weight of the spleen is a sensitive
indicator of the body’s immune status. The increase in
spleen/body mass fraction may reflect the increase in the
number of immune-related cells in the spleen, which is
associated with diseases related to inflammation and
immune activation.*> The body weight of the mice was
recorded, and then the spleen of the mice was dissected at
the end of the eighth day. Finally, the spleen/body wt %
was obtained.

Immunofluorescence Staining

Tumor necrosis factor (TNF)-a plays a key role in the patho-
genesis of psoriasis. The levels of TNF-a were detected by
immunofluorescence staining of lesions to explore the thera-
peutic mechanism of DIT-loaded B-CDs/CeO, NPs in the
psoriatic mice. Immunofluorescence staining was performed
by a routine staining method.?* Rabbit polyclonal antibody to
TNF-a (1:150, Abcam) was used as the primary antibody, and
anti-rabbit antibody (1:250, Proteintech) was used as the sec-
ondary antibody.

Statistical Analysis

Data were analyzed with Statistical Package for the Social
Sciences version 16.0 software (SPSS Inc., Chicago, IL,
USA). The experiments were carried out in triplicates, and
values are expressed as mean = standard deviation (SD).
Student’s #-test was conducted to determine significance.
Statistical significance was considered at a probability level
of p <0.05.
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Results and Discussion

Synthesis and Characterization of B-CDs-
Capped CeO, NPs

Generally, CeNPs are synthesized in the organic phase and
require further surface modification with hydrophilic
ligands for biomedical applications.*® In the present study,
the B-CDs/CeO, NPs were synthesized by a hydrothermal
method using unmodified B-CDs as a protecting agent.*?
Several recent studies used B-CDs as a metal NP stabilizer
and size-control agent due to its strong hydroxyl binding to
the surface of metal NPs.**>' The lipophilic drug (DIT)
was loaded in the hydrophobic inner cavity of B-CDs via
host-guest interactions.***' The drug EE of DIT was
94.7%, indicating that DIT was highly exhibited in these
NPs and the corresponding DL reached to 3.48%.

The particle size distribution and PDI of the blank and
drug-loaded NPs were determined using dynamic light scat-
tering. The average particle size of the blank B-CDs/CeO,
NPs was 60.89+0.32 nm with a PDI of 0.12 (Figure 1A),
whereas that of the DIT-loaded NPs was 79.38+1.06 nm with
a PDI of 0.27 (Figure 1B). TEM results showed that the as-
prepared NPs formed a uniform quasi-spherical shape with
low polydispersity, and the diameter was consistent with the
above particle size measurement results and without
obviously visible aggregation among the particles (Figure 1
C and D). The enzyme-mimicking activities of nano-cerium
are due to the presence of mixed oxidation states.**** Thus,
XPS was performed to determine the mixed oxidation states.
In the XPS spectrum (Figure 1E), the peaks at 883.5, 900.1,
and 917.5 eV corresponded to Ce **, whereas the peaks at
889.5,903.1, and 908.1 eV were related to Ce>". The results
indicate that the synthesized NPs have a mixed-valence state
(Ce>/Ceh) 213132

The bio-composite complex formation of the synthesized
particles was further attested through Fourier transform infra-
red spectroscopy by analyzing the characteristic peaks
involved. As shown in Figure 1F, the presence of B-CDs
was confirmed on the nanoceria particle surface. The main
peak at 3419 cm ™' was associated with OH stretching, and
the peak at 3448 cm ' in the B-CDs/CeO, NPs involved the
interaction between nanoceria and OH.*’ Bands appeared at
1368 cm ' (bending mode of CH,), 1157 cm™ ' (asymmetric
C-O-C stretching), and 1029 cm™' (C-O stretching) in free
B-CD and in the B-CDs/CeO, NPs. Compared with free
B-CDs, the decreased relative intensity of the bands at
937 cm ! (skeletal vibration of 1.4 link bond), 755 cm™'
(ring vibration), and 707 cm ™' (pyranose ring vibration) in

the B-CDs/CeO, NPs were attributed to the “fixed”” nature of
the B-CDs on the nanoceria surface that prevented the pyr-
anose ring and skeletal vibration.”® Because of the existence
of B-CDs, the NPs can be dispersed efficiently into the water
solutions even at a high concentration of 15 mg'mL ™', the
sediments are observed clearly in the samples without of -
CDs (Figure 2A). This result implies that the introduction of
B-CDs on the surface of CeNPs increased their water solubi-
lity. After DIT was loaded, the characteristic peaks of DIT at
1614 and 1446 cm ™' (aromatic ring skeletal vibrations) and
1073, 929, and 747 cm™' (C-H in- and out-plane bending)
were found in the DIT@p-CDs/CeO, NPs. This finding
confirmed the presence of DIT in the NPs.

The drug release behavior of DIT@ B-CDs/CeO, NPs
in vitro was studied and release profiles are shown in
Figure 2B. The figure clearly indicates almost 85.3+1.1%
DIT were released from free DIT solution in 8 h, whereas
DIT release from the NPs was comparatively slow, it
showed 73.3 + 1.6% in 60 h. It is evident that DIT@
B-CDs/CeO, NPs exhibited an obvious sustained-release
profile with no evident burst effects. The pronged-release
of DIT from NPs can be explained on the basis that the
drug is encapsulated into the hydrophobic B-CDs cavity by
supra-molecular inclusion.

SOD- and Catalase-Mimicking Activity of
B-CDs/CeO, NPs

As major antioxidant enzymes, SOD and catalase can protect
organisms involved in the neutralization of ROS.** The
SOD- and catalase-mimetic activities of the B-CDs/CeO,
NPs were investigated. SOD, an important antioxidant
enzyme in living organisms, can catalyze the deuteration of
0,* s to H,O, and oxygen. SOD-mimicking activity was
studied by the classical NBT chromogenic method. In brief,
the O, was produced by the xanthine and xanthine oxidase
reaction systems, which further reduced to be detectable blue
formazan at 560 nm.** In the presence of B-CDs/CeO, NPs,
the absorbance of formazan considerably decreased due to its
SOD-mimicking activity. As shown in Figure 2C, the -CDs/
CeO, NPs possessed catalase-mimicking activity in a dose-
dependent manner. The O,¢™ inhibition rate reached to 79.4%
in the presence of 200 pg/mL dispersion.

Considering that H,O, is a common form of ROS,> we
studied the H,O,-scavenging activity of the B-CDs/CeO,
NPs. Such H,0, scavenging activity can be attributed to
the catalase-mimicking activity of the nanoparticles.*> When
H,0, is sufficient, catalase can catalyze H,O, to produce
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water and oxygen. The remaining H,O, coupled with
a substrate and catalyzed by peroxidase to generate a red
product, (N-(4-antipyryl)-3-chloro-5-sulfonate-p-benzoqui-
none monoimine), would be detected at 520 nm.* As
expected, the concentration of H,O, decreased with increas-
ing concentration of B-CDs/CeO, NPs (0200 pg/mL), as
shown in Figure 2D. The H,0, eliminated efficiency reached
about 50% in the presence of 40 pg/mL B-CDs/CeO, NPs.

All of the above results clearly demonstrated that the (-
CDs/CeO, NPs could play as SOD and catalase mimics.
CeNPs possess SOD- and catalase-mimicking activities due
to the mixed valence states of Ce®" and Ce**" 213132

Intracellular ROS Scavenging Detection
Considering their potential SOD- and catalase-mimetic
activities, we investigated the in vitro antioxidant activity
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(C) and scavenging activities of H,O, (D) by B-CDs/CeO; NPs.

of the -CDs/CeO, NPs for protecting cells from oxidative
damage using the HaCaT cells line as a model. First, the
possible toxicity of the B-CDs/CeO, NPs was evaluated
through MTT assay. The viability of the cells treated with
B-CDs/CeO, NPs (0-250 pg/mL) in the experimental con-
ditions was not obviously altered compared with the
control groups (Figure 3A). Then, we examined the effec-
tiveness of the -CDs/CeO, NPs for protecting cells from
oxidative damage. As shown in Figure 3B the viability of
the cells incubated with 50 uM H,0O, for 24 h was reduced
to about 60%, whereas pretreatment with B-CDs/CeO,
NPs (100 and 200 pg/mL) can prevent cellular damage
triggered by H,O,. Furthermore, the intracellular ROS
level was monitored using 2’,7’-dichlorofluorescein diace-
tate as the fluorescence probe.*® As shown in Figure 3C,
a negligible fluorescence signal was observed when the
cells were incubated with B-CDs/CeO, NPs compared
with the control experiments. By contrast, high fluores-
cence signals were observed when the cells were incubated
with HO,. When the cells were pretreated with f-CDs/

CeO, NPs the fluorescence intensity of the H,O,-treated
cells was significantly reduced, indicating the effective
intracellular ROS scavenging activity of B-CDs/CeO,
NPs. Oxidative stress plays a pivotal role in the pathogen-
esis of psoriasis.'® Previous studies also found that anti-
oxidants can improve the symptoms of psoriasis.'®'*!’
These results suggest that our system has a potential appli-
cation in psoriasis therapy by suppressing ROS and pro-

tecting cells from oxidative stress.

Anti-Psoriatic Efficacy in BALB/c Mice

Considering that the 3-CDs on the CeO, NPs surface can be
used as hydrophobic drug carriers, we loaded DIT, a classic
psoriasis treatment drug, and investigated its anti-psoriatic
efficacy in the IMQ-induced mouse model. For the conveni-
ence of administration, carbopol gel was chosen as the matrix
of the DIT@p-CDs/CeO, NPs. After initiation of IMQ and
DIT@pB-CDs/CeO, NPs treatment, we calculated the PASI,
performed H&E staining, and then calculated the weight ratio
of spleen to body to evaluate the anti-psoriatic effect. The
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erythema, scales, and thickness of PASI scored from 0 to 4 are
shown in Figure 4A-D. The mice treated with DIT@p-
CDs/CeO, NPs had lower mean scores for erythema, scales,
and skin thickness than the mice treated with IMQ or DIT alone
at the end of day 8. This result suggests that the DIT@)-
CDs/CeO, NPs exerted a therapeutic effect on psoriasis and
IMQ-induced skin inflammation.

The histopathology of the skin samples was performed
to further confirm the anti-psoriatic effect of the DIT@p-

CDs/CeO, NPs. The phenotypic and the H&E-stained
images of skin from different groups are shown in
Figure 5. Severe erythema covered with white scales and
marked inflammatory infiltration can be observed in the
mice treated with IMQ compared with the normal mice.
After treatment with different prescriptions, especially the
IMQ+DIT@NPs group and IMQ+Halometasone (positive
control) group, white scale and erythema of inflammatory
skin were significantly reduced and consistent with the
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visual observation. These observations showed that the
IMQ+ DIT@NPs were highly effective in alleviating the
symptoms of IMQ-induced psoriasis in mice.

The spleen is the largest organ in the body’s immune
system, and the increased spleen/body wt% is an indicator
reflecting the enhancement of immune activation-related
diseases.”® After 8 days of application with IMQ and differ-
ent prescription, the mice were sacrificed and the weight ratio
of spleen to body was calculated (Figure 4E). As expected,
the weight ratio of spleen to body was the lowest in the
normal mouse group and the highest in the IMQ-only
group. Those of the IMQ-+DIT@NPs group and IMQ
+Halometasone (positive control) group were between the

normal mouse and IMQ-only groups. The calculated spleen/
body weight% of the IMQ group (1.02 + 0.26) was approxi-
mately three times larger than that of the normal mouse group
(0.31£0.05), and the results showed that the number of cells
in the spleen significantly increased. The spleen/body weight
% of the IMQ+DIT@NPs group was significantly lower than
that of the IMQ-only group (p<0.01). In addition, the PASI
score and spleen/weight % results indicated that the
DIT@NPs was more effective than the DIT treatment.
Overall, these results indicate that the dermal administration
of the DIT@p-CDs/CeO, NPs effectively alleviated psoria-
sis, suggesting that the NPs may be used as a potential
therapy for psoriasis.
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Psoriasis is a multifactorial disease with myriads of obviously increased in the IMQ-treated mice compared
inflammatory mediators." For instance, tumor necrosis factor ~ with the control groups. However, the NPs significantly
(TNF)-a is overexpressed in psoriatic skins. We observed the  alleviated the TNF-o upregulation induced by IMQ. These
effects of the NPs on the expression of TNF-a using immu-  findings suggest that the NPs display anti-psoriatic activities
nofluorescence. As shown in Figure 6, TNF-a expression in vivo.

Normal

DIT NPs

IMQ treatment

DIT NPs Halometasone

Figure 6 The representative staining of TNF-a in psoriatic skins after different treatments including the healthy skin of normal mice, the diseased skin of psoriasis mice, the
skin of psoriatic mice treated with DIT, DIT@NPs and Halometasone.
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Conclusion

In summary, we fabricated DIT@p-CDs/CeO, NPs exhi-
biting multi-enzyme mimic activity and functionally drug-
loaded activities, which would rescue cells under oxidative
stress and provide synergistic anti-psoriatic effects. The
DIT could effectively be encapsulated in the inner cavity
of B-CDs with a DL capacity of 3.48% and an EE of
94.7%. The B-CDs/CeO, NPs could effectively scavenge
O,* and H,0, and provide remarkable cryoprotection
against ROS-mediated damage. More importantly, the
DIT@p-CDs/CeO, NPs provide an excellent therapeutic
effect in IMQ-induced psoriatic model on the basis of
morphological evaluation, PASI calculation, and inflam-
matory cytokine (TNF-a)) expression. This study paves the
way toward the application of nanozyme -CDs/CeO, NPs
as a powerful tool for psoriasis therapy.
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