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Abstract Psoriasis is a prevalent chronic inflammatory skin disorder, characterized by epidermal thick-

ening and an inflammatory hypoxic microenvironment, which significantly hinder drug penetration

through the thickened skin and limit the efficacy of photodynamic therapy (PDT). Here, we introduce

a dual-section microneedle (MN) patch (termed S-PTP MN patch) to enhance the therapeutic efficacy

of psoriasis treatment. The needle section contains PTP nanoparticles (NPs) loaded with triamcinolone

acetonide (TA) and coated with a reactive oxygen species (ROS)-responsive layer, while the base section

of the patch encapsulates sodium percarbonate (SPC) particles that serve as oxygen generators to facil-

itate deep penetration of the PTP NPs into inflammatory sites and improve PDT efficacy. Moreover, the

PTP NPs enable sustained release of TA drug over 6 days, demonstrating potent anti-inflammatory activ-

ity. In an imiquimod-induced psoriatic mouse model, a single application of the S-PTP MN patch demon-

strated superior therapeutic efficacy compared to the conventional topical TA cream, with significantly
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alleviated clinical symptoms, reduced epidermal thickness, and lowered inflammatory cytokine levels,

highlighting the potential of the S-PTP MN patch as a clinically translatable strategy for effective pso-

riasis therapy.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Psoriasis is a prevalent immune-mediated chronic inflammatory

skin disease, characterized by high recurrence rates and

involvement of the skin, joints, and nails, posing significant

challenges to achieving sustained clinical remission1. The pri-

mary pathological mechanisms include immune dysregulation

and a compromised skin barriers, with hallmark features such as

epidermal thickening due to excessive keratinocyte proliferation,

accompanied by symptoms including erythema, scaling, dryness,

and itching2. A wide range of therapeutic strategies have been

developed for the treatment of psoriasis, ranging from topical

corticosteroids3,4, to systemic agents like methotrexate5,6, which

offer varying degrees of symptom relief. In recent years, biologic

agents targeting specific immune pathways have revolutionized

management of the disease, exhibiting high efficacy and

improved safety profiles7,8. However, biologics are costly, may

require long-term administration, and can increase the risk of

infections. Moreover, therapeutic resistance and disease relapse

remain prevalent, necessitating the exploration of adjunct or

alternative strategies.

Among emerging modalities, photodynamic therapy (PDT) has

garnered attention as a safe, non-invasive, and spatiotemporally

selective option with minimal systemic side effects9,10. PDT

typically involves the activation of photosensitizers by light in the

presence of oxygen, resulting in the generation of cytotoxic

reactive oxygen species (ROS) that selectively eliminate hyper-

proliferative keratinocytes in psoriatic lesions11,12. Despite its

advantages, conventional PDT faces several limitations in the

treatment of psoriasis. Firstly, the thickened stratum corneum in

psoriatic skin acts as a substantial barrier, hindering the effective

delivery of photosensitizers and significantly reducing therapeutic

efficacy13,14. Furthermore, photosensitizers require oxygen to

generate sufficient levels of ROS, but the hypoxic microenviron-

ment of psoriatic lesions compromises this mechanism15,16,

limiting the effectiveness of PDT. Additionally, the psoriatic

microenvironment is characterized by pronounced inflammation,

including activated immune pathways and infiltrating immune

cells that release pro-inflammatory cytokines, further exacerbating

oxidative stress via excessive ROS generation17. Therefore, the

development of a novel therapeutic strategy with enhanced drug

penetration, improved PDT efficacy, and the ability to modulate

the inflammatory microenvironment would be highly desirable for

effective psoriasis management.

Microneedles (MNs), typically ranging from tens to hundreds

of micrometers in length, have emerged as an effective trans-

dermal drug delivery system due to their unique properties,

including enhanced drug penetration, improved delivery effi-

ciency, and increased patient compliance18-21. Therefore, MNs

have been widely used in the treatment of various diseases, such as

diabetes22,23, wound healing24-26, hair loss27,28, skin cancer29,30,

and notably psoriasis31,32. Several recent studies have demon-

strated the feasibility of MN-based platforms for psoriasis therapy.

For example, Zhu’s research group33 developed a detachable

H2O2-responsive, gel-based MN patch for psoriasis therapy. This

MN patch featured a dual-mode drug release profile, enabling the

rapid release of methotrexate and sustained release of epi-

gallocatechin gallate, thereby improving therapeutic outcomes in

psoriasis-like animal models. Our research group also recently

reported a dissolvable MN patch incorporating self-assembled

hyaluronic acid (HA) nanoparticles (NPs) conjugated with meth-

otrexate for targeted and long-acting psoriasis treatment34. Despite

these advancements, MNs-mediated transdermal drug delivery

still suffers from limited drug penetration depth, particularly

through the thickened epidermis in psoriatic skin. Additionally,

mechanical resistance and skin elasticity often prevent full inser-

tion of MNs, thereby compromising drug delivery efficiency35.

Furthermore, the integration of MNs with PDT for psoriasis

therapy remains largely unexplored.

In this work, we designed a dual-section microneedle (S-PTP

MN) patch for psoriasis therapy. The patch comprises two

distinct layers: (1) a tip layer composed of HA encapsulating

triamcinolone acetonide (TA)-loaded, TSPBA-polyvinyl alcohol

(PVA)-modified NPs (termed PTP NPs); and (2) a base layer

made of polyvinylpyrrolidone (PVP) containing sodium percar-

bonate (SPC) particles, which serves as oxygen generators to

facilitate the effective delivery of PTP NPs to the inflammatory

sites and enhance PDT efficacy (Fig. 1A). SPC is a solid adduct

of sodium carbonate and hydrogen peroxide. When dissolved in

water, it decomposes to release hydrogen peroxide, which further

breaks down into water and oxygen. Upon insertion into the

thickened epidermis, the S-PTP MN patch rapidly dissolves,

releasing SPC particles that react immediately with interstitial

fluid to generate oxygen, which promotes deep diffusion of PTP

NPs into psoriatic tissue (Fig. 1B). Within the lesion, the PTP

NPs undergo responsive degradation in the ROS-rich environ-

ment, enabling efficient PDT under light irradiation, which is

further enhanced by the locally elevated oxygen concentration,

thereby significantly suppressing keratinocyte proliferation.

Meanwhile, PTP NPs allow for the sustained release of TA drug

during slow degradation, providing a potent anti-inflammatory

effect. This dual-action strategy of controlled ROS generation

and continuous anti-inflammatory drug release can maximize

therapeutic efficacy in psoriasis treatment while maintaining

favorable safety. Owing to these features, in an imiquimod

(IMQ)-induced psoriatic mouse model, a single application of

the S-PTP MN patch demonstrated a superior therapeutic effi-

cacy compared to the conventional topical TA cream, with

significantly alleviated clinical symptoms and reduced epidermal

thickness and inflammatory cytokine levels, which highlights the

potential of the S-PTP MN patch as a clinically translatable

strategy for effective psoriasis therapy.
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2. Materials and methods

2.1. Materials

HA (molecular weight, 10 kDa) was obtained from Meilun

(Dalian, China). Tetrakis (4-carboxyphenyl) porphyrin (TCPP),

zirconyl chloride octahydrate (ZrOCl2·8H2O), benzoic acid (BA),

DPBF, N,N-dimethylformamide (DMF), and ethanol were

purchased from Macklin Biochemical Technology Co.

(Shanghai, China). DMEM, fetal bovine serum (FBS), and

penicillin—streptomycin antibiotics were sourced from Gibco

(New York, NY, USA). MTT, live/dead cell staining kit, and

cytotoxicity assay kit were procured from Beyotime (Shanghai,

China). Phosphate-buffered saline (PBS) was obtained from Ser-

vice Bio (Wuhan, China).

2.2. Methods

2.2.1. Characterization of PTP NPs and S-PTP MN patch

The crystal structure of PTP NPs was characterized by XRD. The

microstructure of the NPs was examined using transmission

electron microscopy (TEM, Hitachi, HT7700, Hitachi Ltd.,

Tokyo, Japan). The particle size and zeta potential of PTP NPs

were measured by Nanoparticle Size and Zeta Potential Analyzer.

UV‒Vis spectra of PTP were recorded with a UV‒visible spec-

trophotometer. The infrared absorption peaks of the samples were

recorded using an FTIR spectrometer (Thermo Fisher, Nicolet

iS50, Waltham, USA). Thermogravimetric analysis (TGA,

Mettler-Toledo, TGA2/DSC3, Mettler-Toledo International Inc.,

Columbus, USA) was conducted to characterize the thermal

properties of PTP. The morphology of the MN patches was

observed with scanning electron microscopy (SEM, Hitachi

SU8010, Hitachi Ltd., Tokyo, Japan) and an optical microscope

(LEICA TL3000Ergo, Wetzlar, Germany). The mechanical

strength of the MN patches was assessed using a mechanical tester

(Mark-10, ESM303, New York, USA). Fluorescence images were

captured with an inverted fluorescence microscope (Olympus,

IX73, Tokyo, Japan).

2.2.2. Synthesis of PCN-224 NPs

PCN-224 NPs were synthesized using a solvothermal method.

First, 100 mg of TCPP, 200 mg of ZrOCl2·8H2O, and 2.8 g of BA

were dissolved in 100 mL dimethylformamide (DMF) and thor-

oughly dispersed. The mixture was then left undisturbed in a dark

oven at 90 ◦C for 5 h. Afterward, it was centrifuged at 11,000 rpm

for 20 min to collect the precipitate. The precipitate was washed

three times with DMF and then vacuum-dried overnight at 80 ◦C

to obtain the final PCN-224 NPs.

2.2.3. Synthesis of TSPBA

The amount of 1.5 g (4-bromomethylphenyl) boronic acid was

dissolved in 60 mL DMF at 60 ◦C, after which 0.15 g of N,N,N′,

N′-tetramethyl-1,3-propanediamine was added to the mixture and

stirred for 24 h. Following the addition of 150 mL of tetrahy-

drofuran (THF) to the solution, the mixture was quickly filtered.

The resulting precipitate was washed three times with THF and

then vacuum-dried overnight at 40 ◦C to yield pure TSPBA.

2.2.4. Synthesis of PTP NPs

A total of 10 mg PCN-224 NPs and 20 mg of TA were added to

5 mL of acetone and stirred at room temperature for 24 h. The

mixture was then centrifuged at 11,000 rpm for 20 min, and the

resulting precipitate was washed three times with acetone to

remove any unencapsulated TA. Finally, the precipitate was vac-

uum dried at 40 ◦C to yield TP NPs. Subsequently, 10 mg of TP

NPs was added to a 2 mL solution containing 2% PVA and 2%

TSPBA, and the mixture was ultrasonicated for 5 min to ensure

uniform dispersion. The suspension was centrifuged at

11,000 rpm, and the precipitate was washed three times with

deionized water before being freeze-dried to obtain PTP NPs.

Figure 1 Schematic illustration of the preparation and application of the S-PTP MN patch for psoriasis treatment. (A) Preparation of PTP NPs

and dual-sectioned S-PTP MN patch. (B) Application of the S-PTP MN patch for enhanced psoriasis therapy.
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2.2.5. Release of TA from PTP NPs in vitro

To evaluate the release of TA from PTP NPs in vitro, 10 mg of

PTP NPs was placed in a dialysis bag and dispersed in 10 mL Tri-

HCl buffer release medium at 37 ◦C. The experimental group used

a release medium containing 400 μmol/L H2O2 to better mimic

the oxidative stress conditions associated with psoriatic pathol-

ogy33,36. They were then placed together on a shaker at 150 rpm.

At the predetermined time points (0, 8, 12, 24, 48, 72, 96, 120,

144, and 168 h), 1 mL of supernatant was collected and 1 mL of

fresh release medium was added to maintain the constant volume.

The UV‒Vis absorbance of the sample was measured at 240 nm

and the cumulative release rate of TA was calculated.

2.2.6. Evaluation of ROS generation by PTP NPs through

photodynamic action

DPBF was used as a probe to measure ROS generation. Briefly,

60 μmol/L DPBF solution was prepared by using the solvent of

DMF. Then, 8 μL of the DPBF solution was added to a sample

suspension dispersed in 992 μL of DMF to obtain a 100 μg/mL

PTP dispersion. The sample was irradiated with a 660 nm laser,

and supernatant samples were collected at the time points of 0, 1,

2, 3, 4, and 5 min. The UV‒Vis absorbance of the collected

samples was measured at 415 nm.

2.2.7. Fabrication and characterization of S-PTP MN patches

The MN patches were fabricated using a three-step casting process

with a polydimethylsiloxane (PDMS) mold. First, 100 μL of 16%

HA (10 kDa) and 16% sucrose aqueous solution, mixing with

10 mg/mL PTP NPs, filled into the tips of the MN mold by

centrifugation (4200 rpm, 5 min). The mold was then air-dried at

room temperature overnight to form the needle-tip layer. For the

base layer, 3% SPC was added to a 30% PVP (55 kDa) ethanol

solution and filled into the mold. Finally, 50 μL PS (20%) solution

dissolved in dioxane was casted on the mold surface to form the

backing layer. The mold was then dried at room temperature for

24 h, and the MN patch was carefully peeled from the mold,

yielding the S-PTP MN patch, which was stored in a desiccator for

future use. Blank MN patches were fabricated by casting solutions

without PTP and SPC, following the same method as S-PTP MN

patch. The morphology of the MNs was observed and imaged

using SEM and optical microscopy.

2.2.8. Skin penetration and mechanical performance tests of the

S-PTP MN patch

The S-PTP MN patch was applied to porcine skin ex vivo for

15 min. Afterward, delivered drug in the skin was observed under

an optical microscope, and the residual MN patch was collected

and photographed. The skin was then sectioned into 10-μm thick

slices using a cryostat (Thermo Fisher Scientific, HM525 NX,

Waltham, USA) and imaged under an inverted fluorescence mi-

croscope to observe the cross-section of the skin. Finally, a me-

chanical tester was used to measure the deformation stress of a

single needle to verify the puncture performance of the S-PTP

MN.

2.2.9. Evaluation of cellular uptake of PTP NPs

HaCaT cells were seeded into six-well plates and cultured in

DMEM containing 10% FBS and 1% antibiotics at 37 ◦C in an

incubator with 5% CO2 for 24 h. The cells were then placed in an

anaerobic pouch for 6 h to induce hypoxia in HaCaT cells.

Different MNs were added to the cells for co-incubation, and at

the time points of 0, 2, 4, and 8 h, the cells were washed three

times with PBS and stained with DAPI for nuclear visualization.

The fluorescence intensity within the cells was observed under an

inverted fluorescence microscope.

2.2.10. Evaluation of intracellular ROS generation by PTP NPs

After co-incubation with MNs and subsequent laser treatment,

intracellular singlet oxygen production was assessed using a

DCFH-DA detection kit, and the fluorescence intensity within the

cells was observed under an inverted fluorescence microscope.

2.2.11. Cytotoxicity and biosafety evaluation of S-PTP MN

patches

HaCaT cells were used to assess cytotoxicity of the MN patches.

The toxicity of biomaterials in the MN patch-treated and untreated

groups was evaluated using the MTT assay and a calcein-AM/PI

staining kit. Each experiment was performed in triplicate. To

further assess the biocompatibility of PTP NPs and MN patches,

rat blood was collected in anticoagulant tubes. Blood samples

were centrifuged at 1500 rpm for 15 min at 4 ◦C to collect red

blood cells (RBCs), which were then dispersed in normal saline

solution. A 200 μL RBC suspension was mixed with normal saline

solution containing PTP or MN patches. Normal saline solution

and ultrapure water were used as negative and positive controls,

respectively. The cell suspensions were incubated at room tem-

perature for 4 h, and then centrifuged at 3000 rpm for 10 min. The

absorbance of the supernatant was measured at 540 nm using a

UV spectrophotometer to calculate the hemolysis rate.

2.2.12. Therapeutic efficacy of the S-PTP MN patch for

psoriasis treatment in vivo

The experimental protocol was approved by the Animal Care and

Use Committee of Wuhan University (WP20240380). SPF-grade

male BALB/c mice (18‒20 g) were used to evaluate the thera-

peutic efficacy of MN patches in a psoriasis-like mouse model.

After a 7-day acclimation period, the mice were randomly divided

into seven groups (n � 5) for different treatments: Health, Model,

TA cream, PTP MN (L), S-PP MN (L), S-PTP MN and S-PTP MN

(L). The hair on the mice’s backs was removed, and 62.5 mg of

IMQ cream was applied daily for 7 consecutive days to induce a

psoriasis-like dermatitis model. Treatment was initiated immedi-

ately after successful model establishment, and skin photographs

of the mice’s backs were taken on Days 1, 3, 5, and 7 under a

microscope to assess healing progress. After 7 days of treatment,

the mice were euthanized, and skin samples were collected and

processed into paraffin sections for histological analysis. ImageJ

software was used to quantify psoriasis skin thickness, positive

rates of IL-6, IL-17, IL-23, and TNF-α, as well as Ki67 fluores-

cence indicators. Finally, the major organs (heart, liver, spleen,

lungs, and kidneys) were collected from the mice and stained with

H&E to evaluate in vivo biosafety.

2.2.13. Statistical analysis

The experimental results in this study are presented as

mean ± standard deviation (SD). Statistical analysis was per-

formed using a two-sided Student’s t-test or ANOVA. Origin and

GraphPad software were used for the statistical analyses. A P-

value of less than 0.05 was considered statistically significant,

with significance levels indicated as *P < 0.05, **P < 0. 01,

***P < 0.001.
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3. Results and discussion

3.1. Preparation and characterization of PTP NPs

Triamcinolone acetonide (TA) was initially encapsulated into

PCN-224 NPs via physical adsorption to form TP NPs. Subse-

quently, a ROS-responsive P-T coating (PVA modified with

TSPBA, i.e., PVA-TSPBA) was applied to the surface through

ultrasonic stirring, resulting in the formation of PTP NPs. Trans-

mission electron microscopy (TEM) revealed that the PTP NPs

maintained a spherical morphology with size and structure com-

parable to PCN-224 (Fig. 2A and B). X-ray diffraction (XRD)

analysis confirmed the purity and crystallinity of the PTP NPs,

exhibiting characteristic peaks at 4.65◦, 6.54◦, 7.99◦, and 9.22◦

that aligned with reported PCN-224 data, indicating successful

synthesis and structural preservation after TA loading and P-T

coating (Fig. 2C). Thermogravimetric analysis (TGA) demon-

strated a TA loading efficiency of approximately 9.80 ± 0.61%

(Fig. 2D). Elemental composition analysis via X-ray photoelec-

tron spectroscopy (XPS) revealed the presence of Zr, Br, B, F, C,

and O, further confirming the successful integration of TA and the

P-T coating in the PTP NPs (Fig. 2E and F). Fourier transform

infrared (FTIR) spectroscopy of PCN, P-T, and PTP samples

showed that PTP NPs exhibited distinct absorption peaks corre-

sponding to the C]O bond at 1690 cm− 1 and the B-O-C bond at

1101 cm− 1 (Fig. 2G), consistent with the characteristic signals of

PCN and P-T, thereby validating the successful synthesis of PTP

NPs. Dynamic light scattering (DLS) analysis indicated that the

average particle size of PTP NPs was 298.07 ± 3.85 nm, larger

than that of TP NPs (187.93 ± 5.87 nm), due to the presence of the

P-T coating (Fig. 2H and I). Additionally, zeta potential mea-

surements showed a decrease from 26.73 ± 0.90 mV to

1.97 ± 0.51 mV after P-T coating (Fig. 2J), supporting successful

surface modification.

To simulate the release behavior of TA in a psoriatic lesion

environment, the in vitro release of TA from PTP NPs was

assessed under ROS conditions. As shown in Fig. 2K, the release

of TA was significantly accelerated in a medium containing

400 μmol/L hydrogen peroxide (H2O2), with a cumulative release

reaching 90% by Day 6. This suggests that PTP NPs can achieve

ROS-responsive drug release in the high-ROS environment char-

acteristic of psoriatic lesions. Both the ROS-responsive condition

(400 μmol/L H2O2) and the normal condition (without H2O2)

exhibited a notable initial burst release, with approximately 30%

of the total drug released at the first time point of 5 h. This rapid

initial release is likely attributed to TA molecules located near or

on the surface of the PTP NPs, which are more readily diffused

upon exposure to aqueous media. Furthermore, PTP NPs pre-

treated with H2O2 demonstrated strong ROS generation upon

660 nm light irradiation (Fig. 2L and Supporting Information

Fig. S1), indicating that the TA-loaded and P-T-coated NPs

retained their photodynamic capabilities.

3.2. Preparation and characterization of the S-PTP MN patch

To enhance the delivery efficiency of PTP NPs, we incorporated

them into a double-layered MN patch, termed the S-PTP MN

patch, using a three-step casting method. The needle tip layer was

Figure 2 Synthesis and characterization of PTP NPs. TEM images of PCN-224 NPs (A) and PTP NPs (B). (C) XRD analysis of PCN-224, TP

and PTP NPs. (D) TGA curves of PCN-224, TP, and TA. (E, F) XPS analysis of PCN, TP and PTP NPs. (G) FT-IR spectra of PCN, P-T and PTP.

(H, I) Particle size of PCN, TP and PTP NPs. (J) Zeta potential of PCN, P-T and PTP. (K) Cumulative in vitro release of TA from the PTP NPs

with or without H2O2. (L) Comparison of DPBF normalized degradation rate (A/A0) of PCN-224, TP, and PTP NPs after laser irradiation. n � 3

independent samples. Data are presented as mean ± SD.
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composed of HA polymer and PTP NPs, while the base layer

comprised SPC particles and PVP polymer. As shown in the

scanning electron microscope (SEM) image (Fig. 3A), the MN

tips exhibited a conical shape and were arranged in a 10 × 10

array on a 7 mm × 7 mm backing, with each needle measuring

850 μm in height. Mechanical testing revealed a puncture failure

force of 0.59 ± 0.07 N per needle (Fig. 3B and C), greater than the

required minimal force of 0.058 N37, indicating that the S-PTP

MN patch had sufficient mechanical strength for skin penetra-

tion and drug delivery. Each patch contained 203.64 ± 21.63 μg of

NPs (Fig. 3D), as determined by UV absorbance at 420 nm

(Fig. 3F).

To facilitate visualization, the base layer of the S-PTP MN

patch was loaded with fluorescein isothiocyanate (FITC) dye and

applied to porcine skin ex vivo (Fig. 3E). The results showed that

the S-PTP MNs rapidly dissolved upon insertion, driven by the

propulsion of oxygen bubbles generated from the patch. As shown

in Fig. 3G, the S-PTP MN patch achieved over 90% drug delivery

efficiency within 5 min, approximately twice that of the control

group (e.g., PTP MNs), demonstrating a significantly enhanced

capacity for transdermal drug delivery.

3.3. SPC facilitates evaluation of drug delivery behavior of the

S-PTP MN patch

We first evaluated the oxygen-generating capability of S-PTP

MNs in vitro. As illustrated in Fig. 4A, the S-PTP MNs rapidly

dissolved upon contact with phosphate-buffered saline (PBS),

producing abundant oxygen bubbles at the base layer, which

facilitated the diffusion of PTP NPs. Quantitative analysis

revealed that the diffusion distance of PTP NPs from S-PTP MNs

was approximately 2.6 times greater than that observed with PTP

MNs lacking SPC in the base layer (Fig. 4B). Moreover, dis-

solved oxygen measurements confirmed that S-PTP MNs

continuously generated ∼20 mg/L of oxygen within 1 h in PBS,

whereas no oxygen generation was detected from PTP MNs

(Fig. 4C).

We then evaluated the transdermal diffusion depth of the

therapeutic NPs following S-PTP MN application. As shown in

Fig. 4D, both PTP and S-PTP MNs effectively penetrated

porcine skin in an ex vivo model. However, S-PTP MNs achieved

significantly greater penetration depth compared to PTP MNs

(443.31 ± 30.13 μm vs. 303.11 ± 24.77 μm), likely due to the

oxygen-generating reaction between SPC and interstitial fluid

upon insertion (Fig. 4E). Additionally, post-application analysis

revealed minimal residual drug in the used S-PTP patches, further

confirming efficient transdermal delivery (Supporting Information

Fig. S2).

To further validate the enhanced penetration performance, we

examined S-PTP MNs in a psoriatic mouse skin model ex vivo,

where the skin is typically thickened and poses a barrier to

transdermal drug delivery38. As shown in Fig. 4F, PTP MNs

exhibited limited penetration, whereas S-PTP MNs effectively

delivered PTP NPs into the thickened psoriatic skin, achieving a

significantly greater penetration depth (427.71 ± 11.80 μm vs.

231.91 ± 5.87 μm), nearly double that of the PTP MNs (Fig. 4H).

This enhanced delivery performance was further corroborated by

confocal laser scanning microscopy (CLSM), which visualized the

deeper and more uniform nanoparticle distribution achieved by

S-PTP MNs (Fig. 4G).

Figure 3 Synthesis and characterization of the S-PTP MN patch. (A) SEM images of the S-PTP MN patch. (B, C) The mechanical charac-

terization of the S-PTP MNs. (D) Drug loading of the S-PTP MN patch. (E) The dissolution process of S-PTP MNs in porcine skin ex vivo within

5 min. (F) UV absorption curves of TA, TP and PCN-224. (G) Drug delivery efficiency of the TP MN patch and S-TP MN patch, respectively.

n � 3 independent samples, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are presented as mean ± SD.
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3.4. Cellular uptake of PTP NPs and photodynamic

performance of the S-PTP MN patch

We next investigated the cellular uptake of NPs and the photo-

dynamic activity of the S-PTP MN patch in vitro. HaCaT cells

were exposed to hypoxic conditions and subsequently co-

incubated with various MN formulations. After incubation for

8 h, fluorescence staining was performed to assess the uptake of

PTP NPs by HaCaT cells. As shown in Fig. 5A and B, co-

incubation with S-PTP MNs and H2O2 resulted in significantly

increased NP uptake compared to S-PTP MNs alone, exhibiting

levels similar to those observed in the S-TP MN group. This

increased uptake is likely due to the ROS-triggered degradation of

the P-T coating, leading to the release of smaller-sized TP NPs,

which facilitates cellular internalization and explains the compa-

rable uptake seen with the S-TP MNs.

Upon irradiation with a 660 nm near-infrared (NIR) laser, PTP

catalyzes the conversion of molecular oxygen (O2) into singlet

oxygen (1O2), inducing apoptosis in hyperproliferative keratino-

cytes. To assess the photodynamic therapeutic potential of S-PTP

MNs, HaCaT cells were incubated with various MN formulations

for 24 h. Cell viability was evaluated using the MTT assay.

Notably, the S-PTP MN (H/L) group that was treated with both

H2O2 and NIR irradiation, exhibited an inhibition rate exceeding

84%, indicating potent antiproliferative effects (Fig. 5C). These

results were consistent with the findings from live/dead cell

staining (Fig. 5D).

Intracellular reactive oxygen species (ROS) generation was

further assessed using the DCFH-DA fluorescent probe. Both the

S-PTP MN (H/L) and S-TP MN (L) groups showed markedly

elevated ROS levels compared to other groups (Fig. 5E), high-

lighting the role of ROS in facilitating NP uptake and enhancing

photodynamic efficacy. These observations were supported by

flow cytometry analysis, which revealed a significant increase in

apoptosis among HaCaT cells in the S-PTP MN (H/L) group

(Fig. 5F and G).

Figure 4 Evaluation of drug penetration via the S-PTP MNs in vitro and ex vivo. (A) Drug diffusion of PTP MNs or S-PTP MNs in PBS. (B)

Diffusion distance analysis of PTP MNs and S-PTP MNs in PBS. (C) The concentration of oxygen generated by PTP MNs or S-PTP MNs over

time. Skin images and frozen section images of PTP MNs and S-PTP MNs after puncture in porcine skin ex vivo (D) or psoriatic mouse skin

ex vivo (F). Puncture depth analysis of PTP MNs and S-PTP MNs in porcine skin ex vivo (E) or psoriatic mouse skin ex vivo (H). (G) Fluorescent

CLSM images of porcine skin treated by PTP MNs or S-PTP MNs. n � 3 independent samples, **P < 0.01, ****P < 0.0001. Data are presented

as mean ± SD.
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3.5. Biosafety evaluation of the S-PTP MN patch

To evaluate the biocompatibility and biosafety of S-PTP MN

patch, human umbilical vein endothelial cells (HUVECs) and

NIH/3T3 cells were used as in vitro models. Cytotoxicity was first

assessed using live/dead cell staining, where live cells were

labeled with green fluorescence (Calcein-AM) and dead cells with

red fluorescence (propidium iodide, PI). As shown in Supporting

Information Fig. S3, after 24 h of co-culture with the S-PTP MN

patch, both HUVECs and NIH/3T3 cells displayed predominantly

Figure 5 Evaluation of MN therapy in vitro. (A) The uptake fluorescence image of NPs in HaCaT cells co-incubated with different MNs for

8 h. (B) Relative fluorescence intensity of PTP NPs after cellular uptake. (C) Viability of HaCaT cells after receiving different treatments. (D)

Calcein-AM/PI staining of HaCaT cells after receiving different treatments. (E) Fluorescence of intracellular ROS within HaCaT cells after

receiving different treatments. (F) The flow cytometry distribution plot illustrating the percentage of apoptosis in HaCaT cells after receiving

different treatments. (G) Analysis of the apoptosis rate of HaCaT cells. n � 3 independent samples, ****P < 0.0001. ns, not significant. Data are

presented as mean ± SD.

Oxygen-boosted dual-section microneedle patch for improved therapy of psoriasis 465



green fluorescence, comparable to that of untreated controls,

indicating excellent biocompatibility. Furthermore, a hemolysis

assay was conducted to assess blood compatibility. The hemolysis

rate remained below 5% (Supporting Information Fig. S4), further

confirming the favorable biosafety of the S-PTP MN patch.

3.6. Therapeutic efficacy of the S-PTP MN patch for psoriasis

treatment in vivo

To assess whether the prolonged release could be replicated

in vivo, we encapsulated the fluorescent dye Rhodamine 123―a

Figure 6 Therapeutic efficacy of S-PTP MN patch on psoriasis treatment in vivo. (A) Experimental design of psoriasis treatment. (B)

Representative photographs of mouse back skin on Days 1, 3, 5 and 7 in different groups. (C) Representative H&E staining images of mouse skin

in different groups. (D) Images of mouse skin recovery within 30 min after application of a S-PTP MN patch. (E) Total PASI scores of mice in

different groups. (F) Changes in average body weight of mice in different groups. Optical photographs of the spleen (G) and spleen index (spleen

weight/mouse weight) (H) in different groups. (I) Epidermis thickness of mouse skin after receiving different treatments. n � 5 independent

samples, ****P < 0.0001. ns, not significant. Data are presented as mean ± SD.
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hydrophobic molecule used to mimic the physicochemical prop-

erties of TA―within the NPs. As presented in Supporting Infor-

mation Fig. S5, the fluorescently labeled NPs were efficiently

delivered into the psoriatic skin of mice via the MNs. Over time, a

gradual decrease in fluorescence intensity was observed, likely

due to the degradation of the NPs and controlled release of

Rhodamine 123. Importantly, fluorescence signals remained

detectable for about six days post-administration, indicating that

the NPs are capable of sustaining drug release within the skin over

a similar time frame in vivo.

To next evaluate the in vivo therapeutic efficacy of MNs, an

imiquimod (IMQ)-induced psoriasis model was established on the

dorsal skin of mice, with the lesion skin area of 2 cm × 2 cm

(Fig. 6A). The mice were then randomly divided into seven

groups, each receiving a different treatment: (1) Healthy control,

(2) Model (IMQ only), (3) TA cream, (4) PTP MN (L), (5) S-PP

MN (L), (6) S-PTP MN, and (7) S-PTP MN (L). The treated dorsal

skin was monitored over time to assess clinical outcomes. The

drug dose delivered by the MNs was equivalent to that of the

topical TA cream, with both formulations containing 21 μg of TA.

Figure 7 Anti-inflammatory and anti-cell proliferation effects of the S-PTP MN patch in the treatment of psoriasis in vivo. Immunohisto-

chemical staining of IL-23 (A), IL-6 (B),IL-17 (C), and TNF-α (D). (E) Representative fluorescence staining images of Ki67 in the skin of mice in

different groups. Statistical evaluation of positive area of IL-23 (F), IL-6 (G), IL-17 (H), and TNF-α (I). (J) Statistical evaluation of Ki67 positive

area in each group. (K) Representative H&E staining images of the heart, liver, spleen, lung, and kidney of mice in the health group and the S-PTP

MN/L group on day 7. n � 5 independent samples, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant. Data are presented

as mean ± SD.
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The drug delivery efficiency of S-PTP MNs achieved

90.28 ± 2.28% in vivo. As illustrated in Fig. 6B, mice in the

Model group developed prominent skin thickening, erythema, and

scaling, confirming successful establishment of psoriasis-like

dermatitis. In contrast, treatment with the S-PTP MN patch

combined with laser irradiation markedly alleviated these symp-

toms, as evidenced by gross skin morphology (Fig. 6B) and

hematoxylin-eosin (H&E) staining (Fig. 6C). Notably, skin

thickness in the S-PTP MN (L) group was significantly reduced to

22.35 ± 1.95 μm, compared to 75.44 ± 10.78 μm in the Model

group (Fig. 6C and I).

Psoriasis Area and Severity Index (PASI) scores were also

assessed (Fig. 6E), which revealed that the S-PTP MN (L) group

demonstrated the most significant improvement, with a PASI score

of 2.20 ± 1.04 after 7 days, markedly lower than that of the Model

group (8.50 ± 0.71). Given that IMQ-induced psoriasis often

causes splenomegaly due to systemic inflammation, spleen

weights were evaluated across groups. Mice in the S-PTP MN

(L) group showed a substantial reduction in spleen size, with a

spleen index of 5.58 ± 0.24 mg/g, approaching normal values, as

compared to 14.94 ± 2.92 mg/g in the Model group (Fig. 6G and

H), which suggested effective systemic anti-inflammatory effects

of the treatment. Moreover, the closure of micropores in mouse

skin was tested following MNs puncture, which showed that mi-

cropores disappeared within 30 min without adverse reactions

(Fig. 6D). Additionally, there was no significant differences of

body weights among the mice in the seven groups (Fig. 6F),

indicating good biosafety of the S-PTP MN patch. To further

assess pathological changes, immunohistochemistry and immu-

nofluorescence analyses were conducted to evaluate the expres-

sion of psoriasis-related inflammatory markers. Psoriatic skin is

typically characterized by elevated levels of inflammatory cyto-

kines. However, the S-PTP MN (L) group exhibited the lowest

expression of key cytokines, including IL-23 (Fig. 7A and F), IL-6

(Fig. 7B and G), IL-17 (Fig. 7C and H), and TNF-α (Fig. 7D and

I), confirming the superior anti-inflammatory efficacy of the

treatment.

Moreover, the expression of Ki67, a nuclear proliferation

marker indicative of keratinocyte hyperproliferation, was signifi-

cantly reduced in the S-PTP MN (L) group (Fig. 7E and J), further

supporting the therapeutic potential of the S-PTP MN patch in

suppressing epidermal hyperplasia associated with psoriasis.

Finally, we assessed the biosafety of the S-PTP MN patch in vivo

by investigating the pharmacokinetic profile of TA drug after the

application of the patch in mice. The results showed that systemic

TA levels remained extremely low, consistently near the detection

limit of the ELISA assay (0.1 ng/mL) (Supporting Information

Fig. S6), indicating highly localized drug delivery and minimal

systemic absorption of the TA drug. Additionally, major organs

were harvested for histopathological evaluation, and no significant

inflammation or organ damage was observed in the S-PTP MN

(L) group compared to untreated controls (Fig. 7K), further

underscoring the favorable safety profile of this treatment

approach.

4. Conclusions

Psoriasis is a chronic inflammatory skin disorder characterized by

keratinocyte hyperproliferation and immune dysregulation, posing

challenges for effective transdermal drug delivery due to the

thickened stratum corneum. In this study, we developed a ROS-

responsive, oxygen-propelling MN (S-PTP MN) patch for

enhanced transdermal delivery of therapeutic drugs for targeted

psoriasis treatment. TA was encapsulated within a photosensitizer-

based MOF (PCN-224) and coated with a ROS-sensitive P-T shell

to form PTP NPs, enabling both photodynamic therapy and

responsive drug release. The S-PTP MN patch was designed as a

double-layered structure: a tip layer containing PTP NPs for

localized drug delivery and a base layer incorporating SPC par-

ticles for in situ oxygen generation. The generated oxygen bubbles

not only significantly enhanced the diffusion and penetration of

the therapeutic agents, achieving deeper delivery in both normal

and psoriatic skin models, but also served as a fuel source, thereby

amplifying the photodynamic therapeutic effect. In an IMQ-

induced psoriasis mouse model, S-PTP MNs effectively allevi-

ated clinical symptoms, reduced epidermal thickness and inflam-

matory cytokine levels, and showed no systemic toxicity,

highlighting their potential as a promising therapeutic strategy for

psoriasis.
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