International Journal of Nanomedicine Dove

ORIGINAL RESEARCH

Topical Delivery of ROS-Responsive Methotrexate
Prodrug Nanoassemblies by a Dissolvable
Microneedle Patch for Psoriasis Therapy

Yong Zhou'*, Lei Yang"*, Yifu Lyu®'"*, Di Wu', Ying Zhu', Jingjing Li', Dabo Jiang', Xiaofei Xin',
Lifang Yin'™*

'Department of Pharmaceutics, China Pharmaceutical University, Nanjing, People’s Republic of China; 2NMPA Key Laboratory for Research and
Evaluation of Pharmaceutical Preparations and Excipients, China, Nanjing, People’s Republic of China; 3Key Laboratory of Drug Quality Control and
Pharmacovigilance, China Pharmaceutical University, Nanjing, People’s Republic of China; “State Key Laboratory of Natural Medicine, China
Pharmaceutical University, Nanjing, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Lifang Yin; Xiaofei Xin, Department of Pharmaceutics, China Pharmaceutical University, Nanjing, People’s Republic of China,
Tel +86 (025)83271018, Email lifangyin@cpu.edu.cn; xxin@cpu.edu.cn

Purpose: Oxidative stress, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and adenosine signaling are factors
associated with psoriatic inflammation. Topical delivery of methotrexate (MTX) has become an option to overcome the side effects
caused by systemic therapy in psoriasis, leading to the suppression of NF-kB activation through boosting adenosine release. However,
thickened psoriatic skin is the primary restriction against local drug delivery.

Methods: In this study, a ROS responsive MTX prodrug (MTX-TK-HA) was synthesized with the feature of CD44 mediated active
targeting to hyperproliferative keratinocytes. MTX prodrug and PLA-mPEG were formulated by nano-precipitation method to develop
the MTX-TK-HA/PLA-mPEG nanoassemblies. To achieve painless transdermal delivery, a dissolving microneedle was applied for
direct loading of these nanoassemblies by micromolding technique. The particle size, zeta potential, ROS-responsiveness, perme-
ability, and mechanical strength of nanoassemblies and microneedle arrays were determined, respectively. Then, MTT assay,
immunoblot analysis, ELISA assay, flow cytometry, and histological staining were utilized to thoroughly evaluate the efficacy of
nanoassemblies-loaded microneedles in an imiquimod-induced psoriatic mouse model.

Results: Nanoassemblies-loaded microneedle arrays were capable of significantly penetrating imiquimod-induced psoriatic epidermis
in mice. The efficient topical delivery of these nanoassemblies was achieved by potent mechanical strength and hyaluronic acid as the
dissolvable matrix for microneedle arrays. CD44-mediated endocytosis enabled the intracellular uptake of nanoassemblies in
keratinocytes, and methotrexate was released from MTX-TK-HA with ROS stimuli, followed by suppressing the proliferation of
epidermal cells via NF-kB pathway blockade.

Conclusion: In a psoriatic mouse model, nanoassemblies loaded microneedle arrays relieve inflammatory skin disorders via
regulation of adenosine and NF-«B signaling. Our study offered a rational design for the transdermal delivery of hydrophobic agents
and defined an effective therapeutic option for psoriasis treatment.
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Introduction

Psoriasis is a chronic auto-inflammatory skin disease followed by prolonged action of oxidative stress, hyperproliferative
keratinocytes, and inflamed skin with scaly patches.'? Excessive oxidative stress in psoriatic skin lesions associates with
proinflammatory cytokine production via the intracellular kappa-light-chain-enhancer of activated B cells (NF-xB) and
mitogen-activated protein kinase signaling (MAPK) signaling pathway.> Due to these features, keratinocytes undergo

aberrant proliferation and transduce exogenous environmental stimuli for the initiation and perpetuation of cutaneous
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inflammation.** Both topical and systemic retinoids, vitamin D and ciclosporin, are utilized in psoriasis treatment.®
However, concomitant severe side effects including increased risk of coronary heart disease, toxicity and cancer are
associated with retinoids and immune drug-based therapies.” Regulation of adenosine release is a promising therapeutic
strategy for psoriasis patients.®’

Methotrexate (MTX) with modulation of adenosine signaling, anti-proliferative and anti-inflammatory functions, is
the first systemic drug of choice for moderate-to-severe psoriatic patients with few side effects but short half-life of
3-10 h.'®!" Keratinocytes from lesional epidermis exhibited overall 2.9-fold increase of CD44 expression in psoriasis,
compared to nonlesional epidermis, which could serve as the active target for nanocarriers.'>'* For localized psoriatic
plaques, keratinocyte-specific targeting of MTX has the potential to elevate the extracellular levels of adenosine by
inhibiting 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) transformylase and disrupt the interplay between
skin cells and lymphocytes linked by NF-kB signaling for psoriasis patients.'*'> Apart from that, hyperproliferative
keratinocytes produce excessive amounts of reactive oxygen species (ROS) in the skin lesions of psoriasis patients,
leading to the generation of ROS-sensitive materials with controlled and smart release profile.'®'” However, transdermal
delivery of MTX is limited by the poor cutaneous absorption and insufficient passive diffusion through the thick skin.'®
Although medical nanotechnology has provided nanodrug-based topical therapies to improve drug bioavailability and
efficacy, nanoparticles around 100200 nm mainly require chemical enhancers, iontophoresis, thermal ablation and
sonophoresis to penetrate the overlying stratum corneum.'® '

Nanodrug-loaded dissolving microneedles enable high encapsulation efficiency and precise drug dose with uniform
three-dimensional channel distribution.”> Apart from that, fabrication of dissolving microneedles with biocompatible
carbohydrates like hyaluronic acid (HA) or cellulose warrants the invasion ability of microneedles and persistence of
therapeutic agents, which address the concerns for direct loading of nanoparticles into dissolving microneedles.”® To
topically arrest keratinocyte hyperproliferation in psoriasis, it is still desired to develop specific-targeting delivery system
for druggable targets, especially avoiding phagocytic clearance in skin with greater reactive oxygen levels and lower pH
value.**

Considering oxidative stress and CD44 overexpression in inflamed psoriatic lesions and epidermal keratinocytes, we
utilized the ROS-responsive linker thioketal and HA for oxidative stress-dependent and active targeting delivery of MTX
(MTX-TK-HA) to keratinocytes (Scheme 1). Then, poly(lactic acid)-methoxy poly(ethylene glycol) (PLA-mPEG) was
synthesized to form nanoassemblies with MTX-TK-HA by nanoprecipitation method. To achieve transcutaneous
administration, we further loaded the nanoassemblies into a dissolvable microneedle patch. The matrix content of
microneedle was made from HA with molecular weight of 8-12kDa and 100-200kDa to improve the stiffness of
microneedle array for reliable insertion in psoriatic skin. Subsequently, the mounting of dissoluble MNs tips was
performed by casting the insoluble polystyrene to form a backing layer. After transdermal administration, nanoassemblies
filled in microneedle were delivered when exposed to interstitial fluid, followed by internalization through CD44-
mediated endocytosis. Afterward, the MTX was released from MTX-TK-HA and exerted its anti-inflammatory actions
through the inhibition of NF-kB pathway. Moreover, the competitive inhibition of dihydrofolate reductase led to the
repressed hyperproliferation of keratinocytes. We demonstrate that this dissolvable patch integrated with MTX-TK-HA
/PLA-mPEG nanoassemblies with ROS-responsive mechanism displayed rapid responsiveness and alleviated the psor-
iasis-like dermatitis via the blocking of NF-kB pathway.

Materials and Methods

Materials

Methotrexate (MTX, purity >99%), hyaluronic acid (HA, 8-12 kDa), hyaluronic acid (HA, 100-200 kDa), 1-hydro-
xypyrrolidine-2,5-dione (NHS, purity >98%) and cysteamine hydrochloride were purchased from Bide Pharmatech Ltd.
(Shanghai, China). 4M hydrogen chloride solution in 1,4-dioxane was purchased from Infinity Scientific Co. Ltd.
(Beijing, China). 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI), 4-dimethylaminopyridine
(DMAP), polylactic acid (PLA, 5000 Da), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and
fluorescein isothiocyanate (FITC) were obtained from Sigma-Aldrich Co. Ltd. (St. Louis, MO, USA). Dialysis tubing
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(500-1000 Da, 3500 Da) was purchased from Merck Chemicals Shanghai Co., Ltd (Shanghai, China). HaCaT cell line
and fetal bovine serum (FBS) were purchased from Nanjing KeyGEN Biotech Co., Ltd. (Nanjing, China). DMEM
medium, trypsin, and penicillin—streptomycin solution were purchased from Fcmacs Biotechnology Co., Ltd. (Nanjing,
China). DAPI and Annexin V-FITC/PI staining kit were obtained from the Beyotime Institute of Biotechnology
(Shanghai, China).

Cell Culture
HaCaT cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS, penicillin (100U/
mL), and streptomycin (100pug/mL). The cells were incubated in a 100% humidified atmosphere at 37°C with 5% CO..

Synthesis of Amphiphilic Prodrug MTX-TK-HA and Amphiphilic Polymer PLA-mPEG
Step 1: Synthesis of ROS-responsive MTX-TK-HA: We synthesized MTX-TK-HA using three following steps: Firstly,
cysteamine hydrochloride was reacted with anhydrous acetone in the presence of hydrogen chloride. Then, the reaction
was kept in an ice bath for 10 min under vigorous stirring and transferred to room temperature for 12h. The crude TK-
NH, was filtered and purified by recrystallization. Secondly, MTX-TK was synthesized via amination of MTX with TK-
NH; using EDCI coupling reaction in the presence of NHS in DMSO. The crude MTX-TK was collected by precipitation
and purified by fast silica gel column chromatography. Lastly, the intermediate MTX-TK was reacted with HA (6kDa) in
the presence of EDCI and NHS in formamide as the solvent for 48 h. The crude MTX-TK-HA was collected and dialyzed
(MWCO=0.5-1kDa) in deionized water for 12 h and lyophilized to obtain MTX-TK-HA. The lyophilization protocol
was carried out in a freezing step at —55°C for 4 h, an annealing step at —10°C for 5 h, and a final freezing step at —55°C
for 3 h, with the vacuum degree controlled within 15Pa-30Pa.

Step 2: Synthesis of non-responsive MTX-HA: MTX was reacted with HA (6kDa) in the presence of EDCI and
DMAP in formamide as the solvent for 48 h. The crude MTX-HA was collected and dialyzed (MWCO=3kDa) in
deionized water for 24 h and lyophilized to obtain MTX-HA.

Step 3: Synthesis of PLA-mPEG: PLA-COOH was obtained through the reaction of PLA-OH and succinic anhydride
in the presence of DMAP in dichloromethane. After 48 h, the product was collected and purified by recrystallization.
Then, PLA-COOH was reacted with mPEG-NH, by EDCI/NHS coupling system in dimethyl sulfoxide. The mixture was
stirred under nitrogen for 48 h at room temperature and atmospheric pressure and then dialyzed (MWCO=3.5kDa)
against hydrochloric acid aqueous solution (0.01M) for 24 h to remove excessive mPEG, followed by dialysis in
deionized water for purification and lyophilization to obtain PLA-mPEG.

Preparation and Characterization of MTX-TK-HA/PLA-mPEG Nanoassemblies

MTX-TK-HA/PLA-mPEG nanoassemblies (ROS-responsive nanoassemblies) were prepared with the nano precipitation
method as we previously reported.?® Briefly, 50uL of PLA-mPEG (100 mg/mL in dioxane) solution was added to 1mL of
MTX-TK-HA solution (3 mg/mL in PBS) under vigorously stirring. Subsequently, the organic solvent was removed by
rotary evaporation. The evaporation system was maintained at a pressure of 500 mm Hg, and the rotation was at a speed
of 50 rpm in the water bath of 37 °C. MTX-HA/PLA-mPEG nanoassemblies (Non-responsive nanoassemblies) and the
fluorescent labeled nanoassemblies were prepared in the same way by utilizing MTX-HA, MTX-TK-HA-FITC and
MTX-TK-HA-Cy5.5, named as Non-res nanoassemblies, FITC-nanoassemblies and Cy5.5-nanoassemblies, respectively.
Both FITC and Cy5.5 were covalently conjugated on MTX-TK-HA. The particle size and zeta potential of nanoassem-
blies were measured with DLS Particle Analyzer (Malvern Panalytical, UK). Then, the critical micelle concentration
(CMC) of MTX-TK-HA/PLA-mPEG was determined through the change of fluorescence intensity using pyrene as
a fluorescent probe with a microplate reader (Shanpu Limited Company Co., Ltd., Shanghai, China). Briefly, micelles
were prepared with an aqueous solution of pyrene of 6.0x10 'mol/L and then the solution was diluted to various
concentrations from 284pg/mL to 0.277ug/mL with a constant pyrene concentration of 6.0x10™ 'mol/L. After incubation
at room temperature for 15 h in dark, the samples were transferred to a 96-well black plate with opaque bottom, and the
absorbance of pyrene was determined using a microplate reader. The fluorescence intensity ratio (I336/1334) was used to
plot against concentration converted to log values.?®
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Preparation and Characterization of Dissolvable Microneedle Patch

Microneedles in this study were fabricated using a polydimethylsiloxane mold from Weixin Pharmaceutical Technology
Co., Ltd (Zhejiang, China). Microneedle mold had a 340umx340um quadrangular base with rectangular pyramid-shape
tapering to a height of 960um. The microneedle patches were arranged in a 20x20 array with a 310pm tip-to-tip spacing.
The matrix material of microneedles was composed of HA with molecular weight of 10kDa and 100kDa. The different
mass ratios of those two molecular weights at 3:1, 1:1 and 1:3 were tested to optimize the stiffness and dissolution of
microneedle, respectively. 200pL of nanoassemblies and 0.2mL of 10% HA solution were mixed and deposited by
pipette onto mold surface. The mold was then placed under vacuum at 30°C for 60 min, followed by centrifuging at 2000
g for 5 min to enable the mixture into the microneedle cavities. The process was repeated until the mixture was dried.
Subsequently, a supporting substrate consisting of 20% (w/v) polystyrene in dioxane was gently applied to the molds
surface by casting method. After drying in the 37 °C oven for another 12 h, the microneedle patch was carefully detached
from the mold and stored in a desiccator. The mechanical properties of the microneedle patch were measured using
a texture analyzer (CT3 4500, Brookfield, US). Moreover, the penetration and retention of the microneedle patches were
also tested in 1% agarose gel and mouse back skin, respectively. The ex vivo release of MTX from microneedle patch
was conducted in stretched porcine skin and the release profile of MTX was determined by the high-performance liquid
chromatography at different time points. Franz diffusion cell approach (Shanghai Kaikai Trade Co., Ltd., Shanghai,
China) was further applied to verify the MTX release profile from microneedle patch.

In vitro Cytotoxicity and Intracellular Trafficking Process of MTX-TK-HA/PLA-mPEG
The cytotoxicity of the micelles was evaluated using 3-[4,5-dimethylthiazol-2-yl1]-2,5 diphenyl tetrazolium bromide
(MTT) assay as previously described. HaCaT cells of 3000 per well were seeded in 96-well plate in DMEM medium and
incubated for 12h. The cells were treated with MTX, MTX-TK and MTX-TK-HA with the concentration ranging from
I15uM to 250uM. After 48 h treatment, 20uL of MTT solution at 5mg/mL was added to each well for another
4 h incubation. The cell culture media were then carefully removed and replaced with 150uL. DMSO to dissolve the
formazan crystals. The cell viability was measured by a microplate reader (Shanpu Co., Ltd., Shanghai, China) at
a wavelength of 492 nm.

Intracellular trafficking of nanoassemblies was examined in HaCaT cells. HaCaT cells of 1x10° per dish were seeded
in confocal imaging dishes and cultured in 2 mL of DMEM medium containing 10% FBS for 12 h. Then, FITC-
nanoassemblies were incubated with HaCaT cells at 37°C with 5% CO, in serum-free media for 1 h, 4 h and 6 h,
respectively. Afterward, cells were rinsed three times with PBS and stained with DAPI to visualize the nucleus. The cells
were imaged by a FV3000 confocal laser scanning microscopy (CLSM, Olympus, Tokyo, Japan).

Western Blot Analysis

Total proteins from HaCaT cells and skin tissues were used for Western blot analysis. Target proteins were probed with
the primary antibodies: NF-xB p65 (1:1000, #8242, Cell Signaling Technology, MA, USA), IL-6 (1:1000, 66146-1-Ig,
Proteintech, Hubei, China), and B-actin (1:500, sc-47778, Santa Cruz Biotechnology, TX, USA). Matching horseradish
peroxidase (HRP) conjugated secondary antibodies were used to analyze the protein levels. The bands were imaged with
an automatic chemiluminescence image analysis system (Tanon 5200, Shanghai, China) and normalized to B-actin.

In vivo Biodistribution and Efficacy Study

All the experimental animals were purchased from Nanjing Junke Bioengineering Co., Ltd. (Nanjing, China). All animal
studies were performed in accordance with the protocol (#2022-03-002) approved by the institutional animal care and use
committee (IACUC) of China Pharmaceutical University. The psoriasis-like mouse model was developed by daily topical
application of 62.5mg dose of IMQ cream (Sichuan Med Shine Pharmaceutical Co., Ltd, Sichuan, China). After 1 week,
microneedles integrated with free Cy5.5 and CyS5.5-nanoassemblies were transcutancous treated at a fixed Cy5.5 dose of
1 mg/kg. The in vivo and ex vivo images at 0 h, 4 h, and 24 h were observed by IVIS® Spectrum in vivo imaging system
(PerkinElmer, USA).
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For therapeutic study, healthy female Balb/c mice (4—5 weeks) were used as control. Psoriasis-like Balb/c mice were
randomly divided into five groups for IMQ model (IMQ+PBS), blank microneedle patch (IMQ+Blank MNs), micro-
needle patch with free MTX (Free MTX-MNs), microneedle patch with Non-res nanoassemblies (Non-res Nano-MNs)
and microneedle patch with ROS-responsive nanoassemblies (Nano-MNs), respectively. The microneedle patch was
applied 4h after the administration of IMQ cream every two days (days 2, 4 and 6). The dose of MTX was Img/kg.
Psoriasiform skin inflammation induced by symptoms like erythema and scale was recorded and scored according to the
clinical psoriasis area and severity index (PASI) every day for each mouse. Induration, desquamation, and erythema were
scored independently on a scale between 0 and 4: 0, none; 1, slight; 2, moderate; 3, marked; 4, very marked. The
cumulative score of erythema, scaling, and thickening served as a measure of the severity of inflammation. After 7 days,
Western blot analysis and hematoxylin—cosin (H&E) staining were performed to assess the efficacy of microneedle patch
with nanoassemblies.

Statistical Analysis

All data are shown as means + standard deviations (SD). Statistical analysis was performed using one-way ANOVA.
Significant differences between different groups were indicated by *p < 0.05, **p < 0.01 and ***p < 0.001, respectively.
p < 0.05 was considered statistically significant.

Results

Preparation and Characterization of ROS-Responsive Nanoassemblies

We first synthesized a HA conjugated ROS-responsive MTX prodrug (MTX-TK-HA) by utilizing thioketal (TK) as the linker
by amide condensation reaction (Figure 1A and %).1 H nuclear magnetic resonance (NMR) of TK-NH,, MTX-TK, MTX-
TK-HA, MTX-HA, PLA-COOH and PLA-mPEG was shown in Figures S1-S6. The characteristic signal of protons (a) was at
1.5 parts per million (ppm) for TK and signals assignable to MTX were at 8.58, 8.12, 6.85 and 6.62 ppm (q, p, k and j),
indicating a ratio of 2:1 between TK and MTX in final product of MTX-TK (Figure S2). The degree of substitution, defined as
the number of grafted MTX-TK per HA, was determined by comparing the integrated peak area of protons q, n, k and i of
MTX-TK versus that of the Region A protons of HA at 2.90 to 3.90ppm, which was calculated to be 0.0375 (Figure S3).
Likewise, the degree of substitution was calculated to be 0.1483 for MTX-HA (Figure S4B). MTX-TK-HA and MTX-HA
obtained in the present study were considered to have sufficient repeating units to interact with CD44.2”*® For PLA-COOH,
the characteristic peaks were at 1.54—1.62 (a), 3.80 (b) and 5.19 (c) ppm (Figure S5). For PLA-mPEG, the characteristic peaks
at 1.63 ppm (a) and 3.68, 3.82 and 5.22 ppm (e, f, g) matched well for mPEG and PLA, respectively (Figure S6). Then, MTX-
TK-HA was encapsulated in nanoassemblies by facile co-precipitation with PLA-mPEG to obtain spherical particles with an
average diameter of 118.2nm, a PDI of 0.182 and a {-potential of 0.019mV (Figure 1C, D and 2A). As shown in Figure 2B,
CMC for MTX-TK-HA/PLA-mPEG nanoassemblies was 3.17ug/mL, which marked the lower limit of these nanoassemblies
to ensure the integrity of micelles. In addition, nanoassemblies appeared to be stable in PBS buffers with pH values of 5.0, 6.0
and 7.4 (Figure 2C-E). The size distributions were not altered with the concentrations of nanoassemblies (Figure 2F).

Enhanced CD44-Mediated Endocytosis and Inhibited NF-xB Signaling Pathway by

Nanoassemblies in Keratinocytes

To better understand the keratinocyte association and uptake properties of MTX-TK-HA/PLA-mPEG nanoassemblies,
the experiment was performed in HaCaT cells, which was observed by confocal microscopy at 1h, 4h and 6h. Confocal
imaging showed presence of FITC-nanoassemblies was in a positive punctate pattern in the cytoplasm at 4 h when
compared to free FITC solution, indicating CD44-mediated internalization was involved in the cellular uptake of
nanoassemblies (Figure 3A).%7*® Then, the hemolysis assay was used to evaluate the hemolytic behaviors of nanoas-
semblies on mouse red blood cells. Compared to positive control of polyethyleneimine (PEI), ROS-responsive nanoas-
semblies did not display a visible hemolytic effect at different concentrations. No significant difference was observed
when the concentration of MTX-TK-HA ranged from 0.5 to 3.0mg/mL (Figure 3B and C). With abundant accumulation
in keratinocytes and superior biocompatibility, we applied an in vitro imiquimod (IMQ) induced HaCaT cell model with
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Figure 2 (A) TEM image of MTX-TK-HA/PLA-mPEG nanoassemblies. Scale bar 200 nm. (B) Critical micelle concentration of MTX-TK-HA/PLA-mPEG nanoassemblies.
(C-E) Stability of nanoassemblies in PBS buffers with pH of 7.4, 6.0, 5.0, respectively. (F) Size distributions of MTX-TK-HA/PLA-mPEG nanoassemblies in different
concentrations.

inflammatory response to evaluate whether the modification of HA affected the MTX efficacy. The Western blotting
bands showed significant enhancement of NF-kB and IL-6 expression levels in HaCaT cells when subjected to 25pug/mL
of IMQ for 24h, whereas NF-kB and IL-6 levels were reduced by MTX-TK-HA/PLA-mPEG nanoassemblies in IMQ
stimulated HaCaT cells, which was better than Non-responsive nanoassemblies (Figure 3D-F). The downregulation of
NF-kB and IL-6 levels has the potential to hinder the cell viability and cell division of HaCaT cells. By performing MTT
assay, MTX, MTX-TK and MTX-TK-HA at 500pM caused 37.9%, 19.2% and 22.6% cytotoxicity to HaCaT cells,
respectively (Figure 4A and B). Accordingly, redistribution of HaCaT cells across the cell cycle phases resulted in
significant cell cycle arrest at S phase and further enhanced the MTX efficacy in psoriasis (Figure 4C and D). These data
also indicate the sustained-release profile of MTX-TK and MTX-TK-HA, compared to the free MTX solution.

Dissolvable Microneedles Loaded with Nanoassemblies Achieved Topical Delivery

Next, nanodrug-based dissolvable microneedles were fabricated utilizing a micromolding technique for painless trans-
dermal administration (Figure 5A). Photographs of nanoassemblies integrated microneedles with trypan blue and
nanoassemblies confirmed the formation of microneedle arrays, respectively (Figure 5B). HA was selected as the main
matrix for microneedles because it is highly biocompatible with a suitable mechanical property, as we ascertained in the
measurement of mechanical strength. Microneedles required a force of 0.109, 0.089 and 0.041N/needle with the ratio of
HA-10kDa and HA-100kDa at 1/3, 1/1 and 3/1 for failure to occur, respectively (Figure 5C). The trypan blue staining test
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Figure 3 (A) CLSM images of HaCaT cells incubated with FITC-nanoassemblies for Ih, 4 h and 6h, respectively. Nucleus was stained with DAPI (blue). Scale bars are 30um.
(B and C) Hemolysis assay of MTX-TK-HA/PLA-mPEG nanoassemblies. PEl was used as the positive control. (D-F) Western blot analysis of NF-kB and IL-6 expression in
IMQ induced HaCaT cells. Results are presented as the mean + SD (n=3). *P<0.05, **P<0.0| and **P<0.001, One-Way ANOVA test.

on the 1% agarose gel and mouse skin further validated this finding (Figure 5D). These data demonstrate sufficient
strength for skin insertion. The fluorescence image of FITC/Cy5.5-nanoassemblies loaded microneedles suggested that
nanoassemblies were distributed mostly inside the needle tips with pyramid shape (Figure 5E). To optimize the ratio of
HA-10kDa and HA-100kDa for rapid dissolving profile of microneedles, microneedle arrays were inserted in porcine
skin for different periods of time. The microneedle started to dissolve within 1 min and entirely dissolved after 15 min for
the ratio of HA-10kDa and HA-100kDa at 3/1 and 1/1 (Figure 5F). Therefore, it is rational to choose the ratio of HA-
10kDa and HA-100kDa at 1/1 to achieve potent mechanical strength and efficient delivery of MTX-TK-HA/PLA-mPEG
nanoassemblies for overcoming the skin epidermal barrier in psoriasis. Then, the permeation profile of FITC-
nanoassemblies through the mouse skin was carried out by vertical Franz diffusion cell. After applying microneedle
arrays to the mouse skin, 30.6% of FITC-MTX-TK-HA were detected at 15 min and the cumulative release percentage
reached 91.1% within 120 min (Figure 5G), demonstrating nanoassemblies integrated microneedles was able to penetrate

the cuticle layer of skin. We further evaluated the ROS-responsive release capability of nanoassemblies after dissolving

9206 https: International Journal of Nanomedicine 2023:18
Dove


https://www.dovepress.com
https://www.dovepress.com

Dove Zhou et al

A B C
§ 1201 = 62m= s = G1
< 1207 mm MTX - MTX-TKV = 120 B MTCTICHA 5
s < S
Z 90- Z 90 & 90
© s
> 60 > 60 3 0
3 3 2
30- 30 s> 30 T T T
SO OO O
SO S S SS SP S S QQ'O é‘d. R\
N N ) <
Concentration (nM) Concentration (nM) &
D )
PBS MTX MTX-TK-HA
20
E :] G ] G
31 3 3
SHE G2 Oy O4]
: S ] 1 S
1 1 S G2 : G2
0- LSRRI DL LA 1 0- T T T T T 0. T T T T T
100K 300K 500K 100K 300K 500K 100K 300K 500K
PI PI PI

Figure 4 (A and B) Cell viability of HaCaT cells with the treatment of MTX, MTX-TK and MTX-TK-HA at different doses. (C and D) Cell cycle study of MTX-TK-HA/PLA-
mPEG nanoassemblies compared with free MTX solution. Results are presented as the mean + SD (n=3). **P<0.01, One-Way ANOVA test.

from microneedle arrays. More than 44.8% of FITC was released within 8h when compared to non-ROS responsive
condition (Figure 5H), indicating the ROS-dependent release profile of those nanoassemblies.

Microneedle Arrays Loaded with Nanoassemblies Alleviate Psoriasis-Like Dermatitis
Psoriatic mice were treated with Cy5.5-nanoassemblies integrated microneedle arrays. The distribution of
Cy5.5-nanoassemblies in both tissue and organ aspects was visualized by the IVIS® Spectrum in vivo imaging system
(PerkinElmer, USA) at different time points after treatment. The free Cy5.5 solution loaded microneedle arrays were used
as the control. Compared to free Cy5.5 solution, the fluorescence intensity of Cy5.5-nanoassemblies was strong in the
psoriatic skin lesions but absent in the heart, liver, spleen, lung and kidney within 5 h (Figure 6). There was almost no
Cy5.5 fluorescent signal observed in the skin lesion at the time point of 24 h, confirming the rapid dissolution of
nanoassemblies loaded microneedle in vivo.

We then evaluated the in vivo performance of nanodrug-loaded microneedle-array patches in a psoriasis-like mouse
model induced by IMQ cream. The mice were divided into five groups treated with PBS, blank microneedle array
patches (blank MNs), free MTX loaded microneedle patch (Free MTX-MNs), Non-res nanoassemblies loaded micro-
needle patch (Non-res Nano-MNs) and ROS-responsive nanoassemblies loaded microneedle array patches (Nano-MNs)
according to the illustration in Figure 7A. The healthy mice were used as the control. During the treatment from day 1 to
3, an obvious body weight loss was observed after the topical application of IMQ cream. The body weight of Nano-MNs
group was gradually restored from day 4 (Figure 7B). Splenomegaly was evaluated by the spleen weight and the ratio of
spleen weight to body weight in IMQ-induced mice after treatment. Compared to healthy control, topical application of
IMQ led to an increased spleen weight and spleen-weight to body-weight ratio (Figure 7C-E). Western blotting results
further ascertained IMQ-induced inflammation as shown by the upregulation of NF-kB and IL-6 levels in psoriatic skin
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Figure 5 Fabrication and characterization of dissolvable microneedles. (A) lllustration of the fabrication process of Nano-MNs using a micromolding technique. (B)
Representative photographs of Nano-MNs containing trypan blue or nanoassemblies. (C) Mechanical strength test for Nano-MNs. (D) Photographs of 1% agarose gel and
mouse skin after the insertion of trypan blue loaded MNs. (E) Fluorescence microscopy imaging of a microneedle patch with FITC/Cy5.5-nanoassemblies. (F) In vitro
cumulative MTX release from MTX-MNs prepared with HA-10kDa and HA-100kDa at ratios of 1/3, /1 and 3/1 in porcine skin, respectively. (G) In vitro cumulative release
of MTX from Nano-MNs using a Franz diffusion cell approach. (H) In vitro ROS responsive release of MTX from the FITC-nanoassemblies. Results are presented as the
mean + SD (n=3).

lesions. NF-kB and IL-6 levels were suppressed 2.33-/2.29-, 2.88-/2.78-, 1.93-/1.98-, 1.33-/1.54-fold after Nano-MNs
treatment as compared to PBS, blank MNs, Free MTX-MNs and Non-res Nano-MNs treated mice, respectively
(Figure 7F-H). Consistent with the restoration of body weight and spleen weight, the Nano-MNs treatment relieved
the overall pro-inflammatory state via boosting the cAMP level by 10.6% and 6.1% (Figure 7I), compared to Free MTX-
MNs and Non-res Nano-MNs, which might lead to the elevation of intracellular release of adenosine.

For further justification of psoriasiform inflammation, PASI was determined for different treatment groups in IMQ-
induced mouse model. Psoriatic-like animals receiving PBS and blank MNs displayed remarkable skin thickening,
scaling and redness from day 3. It was noticeable that Nano-MNs showed an efficient and rapid improvement in psoriatic
skin when observed on day 5 (Figure 8A-D and S7). On day 6, Nano-MNs treatment exhibited a significantly different
total PASI score from PBS and blank MNs in psoriatic-mouse model, upon applying one-way ANOVA statistical analysis
(Figure 8E and F). Blank MNs showed non-significant variation from PBS group during treatment, suggesting good
biocompatibility of microneedle array in vivo as verified in the histological analysis for liver and spleen tissues
(Figure 8F, 9A and B). Meanwhile, the epidermal thickness was decreased 2.84-, 3.04-, 1.66-, 1.45-fold after Nano-
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Figure 6 (A) In vivo imaging of Cy5.5-nanoassemblies in IMQ-induced psoriasis-like mice after the application of Cy5.5-nanoassemblies loaded microneedles at Oh, 4h and
24h, respectively. (B) Ex vivo images of the skin and main organs at |h, 5h and 24h, respectively.

MNs treatment as compared to PBS, blank MNs, Free MTX-MNs and Non-res Nano-MNs treated mice, respectively
(Figure 8G). Correspondingly, H&E staining revealed that psoriasis pathogenesis was altered in the epidermis with the
decrease in hyperkeratosis, acanthosis and elongation of rete ridges into the dermis (Figure 9C). These data demonstrate
the therapeutic potency of Nano-MNs in the regulation of adenosine and NF-kB signaling to resolve inflammation in
psoriasis, with good tolerance, and superior permeability and delivery efficiency with properties of CD44 targeting and
ROS responsiveness.

Discussion

In this study, we have developed a ROS-responsive and CD44-active targeting prodrug of MTX, which formed self-
assembled nanodrugs with PLA-mPEG (Figures 1 and 2). The size distribution of nanoassemblies was 126.0 to 149.8nm
with PDI around 0.1-0.2, with the concentrations ranging from 0.1 to 4 mg/mL (Figure 2E). In our previous reports, we
have thoroughly demonstrated that HA with molecular weight of 6kDa, has sufficient CD44-targeting ability by cellular
uptake, endocytic pathway inhibitors and receptor saturation test.””*® Therefore, the internalization of designed nanoas-
semblies with MTX-TK-HA in this study was expected to be dominated by CD44-mediated pathway in CD44 highly
expressed keratinocytes, as we observed in Figure 3A.

Advantages of the thioketal moiety include its stability to enzymes and acidic or basic environments, resulting in the
stability of nanoassemblies in endosomes/lysosomes. It readily cleaved into its non-toxic thiol and acetone products when
exposed to pathological levels of ROS in vitro or in vivo.?’ The susceptibility of TK to various ROS includes superoxide
(0,+7), hydrogen peroxide (H>O,), hypochlorite (OC1"), peroxynitrite (ONOO ) and hydroxyl radical (+«OH).***! The
CD44-targeting and ROS-responsiveness of these nanoassemblies enabled precise delivery of MTX to CD44 over-
expressed keratinocytes with adequate stability in local acidic environment of psoriatic lesions (Figures 2C-E and 5H).
Compared to non-responsive nanoassemblies, the treatment of MTX-TK-HA/PLA-mPEG nanoassemblies showed 23.1%
and 35.6% decrease of NF-«kB and IL-6 levels in IMQ-induced HaCaT cells (Figure 3D-F). These results provide
sufficient evidence for ROS-responsive release of MTX from MTX-TK-HA/PLA-mPEG nanoassemblies in vitro.
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Figure 7 Microneedle arrays loaded with nanoassemblies alleviate the psoriasis-like dermatitis. (A) Schematic illustration of Nano-MN's for the psoriasis treatment. (B) The
alternation of the body weight during treatments. (C and D) Spleen weight and spleen/body weight ratio of mice at day 7. (E) Representative photographs of the isolated
spleen at day 7. (F-H) Immunoblot analysis of NF-kB and IL-6 expression levels in the inflamed skin homogenates. (I) ELISA analysis of cAMP level in the psoriatic skin.
*P<0.05, *P<0.01 and ***P<0.001, One-Way ANOVA test.

Due to the biodegradable and mechanical nature of HA, the encapsulation of these nanoassemblies in HA matrix-
based microneedle arrays can prevent the leakage of therapeutic nano-agent (Figure 6). The molecular weight of HA has
a direct impact on the viscoelasticity and stiffness of microneedle arrays.>*? To bear enough mechanical strength for
overcoming the physical skin barrier in psoriatic lesions, we fabricated nanoassemblies loaded microneedles with
different ratios of HA molecular weight to facilitate the microneedle arrays for penetrating the skin, getting dissolved
and releasing of the nano-cargoes (Figure 5F and G). Meanwhile, microneedle length determines the drug loading,
strength, depth of penetration, cell targeting and release rates of dissolvable microneedle arrays.>® Microneedle arrays
with needles longer than 600pum were considered to be more effective in penetrating the skin and enhancing drug release.
In our study, the needle density of microneedle arrays was calculated to be 123 needles/cm?, which was less than 2000
needles/cm? and might lead to elevated drug flux with long enough needle length.** Xu et al embedded UCNPs@mSiO,
in a 10x10 stainless MN array with a tip length of 1000 um was used as the template, and found robust penetration and
cargo release of UCNPs@mSiO, in mouse dorsal skin for skin disease therapy.’® Therefore, we selected a microneedle
length of 960pum to achieve nanoassemblies loading, robust needle insertion and potent therapeutic response.*
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Figure 9 Representative H&E staining of liver (A), spleen (B) and skin sections (C) at day 7. The inset indicates the enlarged views.

Utilizing the in vivo murine psoriasis-like mouse model, we characterized the therapeutic efficacy of MTX-TK-
HA/PLA-mPEG nanoassemblies integrated microneedle array. In the IMQ-induced psoriatic mouse model, decrease
in body weight was accompanied by a prominent splenomegaly, which was consistent with previous report.*®*’
Importantly, Nano-MNs were well tolerated at the MTX dose of 1mg/kg following topical administration, and no
treatment modality has been shown in IMQ-induced psoriatic mouse model, indicating the high in vivo biocompat-
ibility of these microneedle patches. Our in vitro data provided a mechanistic explanation to the efficacy of MTX-
TK-HA through cytotoxicity, cell cycle and Western blotting assay (Figures 3D and 4). Consistently, the 7-day
topical treatment with MTX prodrug-based nanoassemblies suppressed the proliferation of keratinocytes and acted
directly on adenosine and NF-kB signaling to restore local immune homeostasis (Figure 7F-1). Most importantly, we
also explored the efficacy of Free MTX-MNs and Non-res Nano-MNs for the in-vivo study, which further
ascertained the superior efficacy of Nano-MNs with CD44 targeting and ROS responsiveness (Figures 7-9).
Consequently, this established formulation efficiently mitigated the psoriasis development afterward, as we validated

with PASI score and H&E staining (Figures 8 and 9C).

Conclusion

In summary, MTX-TK-HA/PLA-mPEG nanoassemblies were designed to achieve CD44-targeting and ROS-responsive release
of MTX in hyperproliferative keratinocytes for psoriasis. With robust nanodrug loading and needle insertion of microneedle,
these ROS-responsive nanoassemblies loaded dissolving microneedle arrays can further potentially alleviate inflammatory skin
disorder in psoriasis via regulation of NF-kB and adenosine signaling. Compared to free MTX-MNs and Non-res Nano-MNss,
ROS-responsive nanoassemblies in microneedle exhibited prominent improvement in NF-xB signaling regulation, cAMP
restoration, and skin morphology. Furthermore, the concept of this ROS-responsive and ligand-mediated active targeting
microneedle arrays can be extended to applications related to ROS-responsive prodrug delivery for treating other diseases.
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Scheme | lllustration of topical delivery of MTX by Nano-MNs array for anti-inflammatory effect in psoriasis treatment. MTX-TK-HA/PLA-mPEG nanoassemblies were
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Nano-MN:is to the psoriasis lesion, the nanoassemblies was rapidly released and accumulated in keratinocytes via CD44-mediated endocytosis, followed by ROS-responsive
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Abbreviations

HA, hyaluronic acid; ROS, reactive oxygen species; TK, thioketal; MTX, methotrexate; MTX-TK, thioketal modified
methotrexate; MTX-TK-HA, hyaluronic acid conjugated reactive oxygen species-responsive methotrexate prodrug;
Cy5.5, cyanine 5.5; FITC, fluorescein isothiocyanate; FBS, fetal bovine serum; MTX-TK-HA-FITC, fluorescein iso-
thiocyanate modified methotrexate prodrug; MTX-TK-HA-Cy5.5, cyanine 5.5 modified methotrexate prodrug; PLA,
polylactic acid; PLA-mPEG, poly(lactic acid)-methoxy poly(ethylene glycol) ; MNs, microneedles; IMQ, imiquimod,;
MAPK, mitogen-activated protein kinase signaling; NF-kB, the nuclear factor kappa-light-chain-
enhancer of activated B cells; AICAR, 5-aminoimidazole-4- carboxamide ribonucleotide; pH, potential of hydrogen;
NHS, 1-hydroxypyrrolidine-2,5-dione; DMAP, 4-dimethylaminopyridine; EDCI, 1-(3-dimethylaminopropyl)-3-ethylcar-
bodiimide  hydrochloride;  MTT,  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide; = DMEM,
Dulbecco’s modified Eagle medium; DAPI, 4°,6-diamidino-2-phenylindole; PI, propidium iodide; MWCO, molecular
weight cut off; PBS, phosphate buffered saline; DLS, dynamic light scattering; CMC, critical micelle concentration; kDa,
kilodalton; w/v, weight by volume; DMSO, dimethyl sulfoxide; IL-6, interleukin-6; HRP, horseradish peroxidase;
IACUC, institutional animal care and use committee; PASI, psoriasis area and severity index; H&E, hematoxylin-
eosin; SD, standard deviations; ANOVA, analysis of variance; NMR, 'H nuclear magnetic resonance; PEL polyethyle-
neimine; Blank MNs, blank microneedle array patches; Nano-MNs, nanoassemblies loaded microneedle array patches;
cAMP, cyclic adenosine 3':5'-monophosphate; CLSM, laser scanning confocal microscopy; SD, standard deviation.
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