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Introduction: Transdermal drug delivery provides a desirable alternative method of penetrating the skin for psoriasis treatment, by
virtue of its ability to dampen the overactivation of immune cells and inflammation, while attenuating the detrimental effects of
systemic administration. Lymph nodes (LNs), as a critical organ of the lymphatic and the acquired immune system, are suitable sites
for drug homing to suppress the immune cells.

Methods: In this context, we developed a microneedle (MN) patch that delivers nanodrugs locally to LNs for improving the
antipsoriatic treatment. In this study, human serum albumin nanoparticles carrying methotrexate (HM) were synthesized and loaded
into hyaluronic acid (HA)-based microneedles (HM/MN).

Results: The patch showed an excellent ability to pierce the skin, which enhanced drug delivery. In a mouse model of psoriasis, the
HM/MN patch significantly prevented the erythema with decreased skin thickness, thus inhibiting the progression of psoriasis. Further
analysis for immune cells in LNs, the percent of dendritic cells (DC) and T cells reduced after the local treatment with HM/MN.
Notably, the feasibility of targeted delivery of methotrexate to LNs using nanoparticles was verified by detecting increased
accumulation of methotrexate in LNs. In addition, the HM/MN patch pronouncedly decreased the levels of tumor necrosis factor a
and interleukin 6 in the skin.

Conclusion: The results suggested the high efficacy of using the HM/MN patch to treat psoriasis, and provided new insight into the
mechanism of the transdermal drug delivery system.

Keywords: microneedles, transdermal drug delivery, psoriasis, lymph node homing, nanodrug

Introduction
Psoriasis is an incurable chronic inflammatory autoimmune disease with a high recurrence rate that affects the skin, joints
and nails, and whose main pathological mechanisms include immune imbalance and damaged skin barrier." The etiology of
psoriasis is complex, and involves T cell activation, inflammatory cell infiltration, keratinocyte hyperproliferation, etc.”
With the advances in the understanding of the immune mechanism underlying the pathogenesis of psoriasis,
therapeutics aimed at regulating the immune response have been gradually introduced for the clinical treatment of
psoriasis. Methotrexate (MTX), an affordable small molecule immunosuppressant drug, can suppress the immune
system, and is considered the first-line systemic drug for treating most moderate-to-severe psoriasis.>* However,
traditional oral administration usually leads to adverse effects, such as oral ulcers, gastrointestinal intolerance, myelo-
suppression and toxicity to the liver and lung. Approximately 30% of patients were discontinued from MTX treatment
due to liver toxicity and lack of effective measurement to precisely predict the therapy outcome and side effects in the
clinic, creating a dilemma for its wide application.>
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A transdermal drug delivery system for local treatment could target the diseased region of the skin, and is considered as
an effective approach for the management of psoriasis, that reduces the adverse effects due to systemic administration.” '
However, the stratum corneum, the outermost lipophilic and dead layer of skin that acts as a first barrier to foreign substances
entering the body, water leaving the body, and drug delivery, limits the transdermal penetration efficiency and reduces the
bioavailability of the drug.!' Remarkably, MN can directly pierce the stratum corneum, greatly promoting the efficiency of
transdermal drug delivery.lz’13 Therefore, MN patches have been widely applied in the treatment of superficial tumors, scars,
psoriasis, herpes, acne and hair loss.'* Soluble MN have the hallmarks of a simple preparation process, low cost, large drug
loading, and no needle tip waste after application, and have thus attracted considerable interest.'® Soluble MN are arrays of
micron-sized needles, which form reversible microchannels on the skin surface by piercing the stratum corneum and
increasing the penetration of drugs, thereby improving the transdermal absorption of therapeutic agents. As a minimally
invasive drug delivery system, the MN are long enough to pierce the stratum corneum, but not so short and thin to touch the
pain nerves in the deep layers of the skin, thus avoiding pain.

Hyaluronic acid (HA), a biocompatible polysaccharide that is ubiquitously present in connective, epithelial, and
neural tissues, body fluids and skin, is widely used in skin care cosmetics and injectable soft tissue fillers. Therefore, its
high biocompatibility and clinical safety make HA an excellent candidate material for the preparation of soluble MN. '
In addition, advances in nanotechnology can further improve the efficiency of drug delivery with higher loading and
responsive release.'®'” Among drug carriers, human serum albumin (HSA) nanoparticles (NP), according to the previous
report, are biocompatible and can target LNs, which can effectively improve the delivery of MTX to the LNs to inhibit
the activation of immune cells.?’

Accordingly, in this study, we constructed an innovative transdermal drug delivery system by filling a HA-based MN
patch with MTX-loaded HSA NP to obtain HSA NP carrying MTX (HM) loaded into the HA-based MN patch (hereafter
referred to as HM/MN patch). The HM/MN patch consisted of 15x15 needle assays, distributed on the base of 1-2 cm?.
The size of each needle was about 180 pm x 180 um % 550 pum, with a needle space of 500 um. The HSA NP were
loaded into the soluble MN through two-step casting, which not only ensured high-load efficiency, but also enabled the
achievement of sufficient mechanical strength to deliver drugs through the skin, thereby increasing the efficiency of the
transdermal delivery system. The soluble MN allowed the delivery of micro-scale volumes of drugs into the body, with
decreased drug loss, sustained drug release capability and targeted delivery to LNs tissues. In this study, we aimed to
deliver MTX nanodrug through a MN patch to investigate its regulatory effect on the immune system in a mouse model
of psoriasis. The patch solved the problems of transdermal precise administration and sustained drug release, and greatly
reduced the side effects of the traditional MTX treatment, making it a feasible treatment for psoriasis.

Materials and Methods

Materials

Human serum albumin (HSA), 2-(N-Morpholino) ethanesulfonic acid (MES), fluorescein isothiocyanate (FITC) were
purchased from Sigma-Aldrich (Shanghai) Trading Co., Ltd. MTX (=98%), sodium dodecyl sulfate (SDS, >98%),
dimethylsulfoxide (DMSO, >99%) were obtained from Shanghai Aladdin Biochemical Technology Co., Ltd. Sodium
hyaluronate (5 kDa) was purchased from Bloomage Freda Biopharm Co., Ltd., (Jinan, China). Paraformaldehyde (4%)
was obtained from Beyotime Biotechnology Co., Ltd. Imiquimod cream (5%) was from Mingxin Pharmaceuticals
(Sichuan, China). CD16/32, APC-Cy7-CD45, FITC-CD3, Qdot-605-CD11c were bought from BioLegend Inc. RPMI

1640 medium and fetal bovine serum (FBS) were purchased from Thermo Fisher Scientific Inc.

Characterization

UV-vis spectra were characterized by an UV-vis spectrophotometer (UV, Cary 50, Varian, Hong Kong). Transmission
electron microscope (TEM, Tecnai-12 Bio-Twin, FEI, Netherlands) and scanning electron microscope (SEM, S-3400N,
Hitachi, Japan) were performed to observe the nanoparticle morphology. Confocal laser scanning microscopy (CLSM, TI2-E
+A1 R, Nikon, Japan) and digital microscope (CKX53, Olympus, Japan) were used to observe morphology of microneedles.
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The size distribution and zeta potential were determined by dynamic light scattering (DLS, ZS90, Malvern, UK). Flow
cytometer (FCM, LSRFortessa, BD, USA) was performed to quantitatively analyze the immune cell phenotype.

Synthesis of HSA NP and HSA NP Loading MTX (HM)
HSA was dissolved in distilled water with the concentration of 5 mg/mL, followed by the mixture with 2 mL MES (0.1 pmol-L™",
pH=5.2), 60 uL SDS (6%) and 50 pL (1%) H,O,. The reaction was under 65 °C for around 2 min. Until the solution turned into
opalescent, predicting the formation of nanoparticles, the reaction was terminated. Afterwards, the solution was dialyzed in
distilled water by a bag (10 kDa) for 24 h to remove MES, SDS and H,O,. The collected HSA NP was measured by DLS to
determine the size and zeta potential.

For loading MTX, | mg of MTX was dissolved in 50 pL DMSO and mixed with a 5 mg/mL HSA solution. The
subsequent steps were the same as described above. Ultimately, the reaction was terminated by dialysis using a 10 kDa
bag. The size and zeta potential of HM was measured by DLS.

Ultraviolet (UV) Detection

HM, MTX and HSA NP were detected by UV spectrophotometry to determine the amount of MTX loaded into the HSA
NP. Also, different concentrations of MTX were prepared and measured by UV spectrophotometry to determine the
loading content of MTX. Additionally, the loading capacity and loading efficiency of MTX in HM were determined by
completely extracting the MTX after treating the HM with 2 mL of DMSO/ethanol (9:1, v/v), followed by sonication for
5 min. The MTX concentration of the different samples was measured by UV spectrophotometry, which had
a characteristic absorption peak at 302 nm in the UV-visible (UV-vis) spectral region.

In vitro Release and Stability Evaluation

HM dispersed in PBS was placed in a dialysis bag and further putted in 50 mL PBS (pH 7.4, 10x) in a shaking bed at 37 °C. At

designated intervals, the samples were collected and analyzed to investigate the kinetic release behaviour of MTX.
Besides, HM was suspended in RPMI 1640 containing 10% FBS and the size was measured at days 1, 2, 3, 4 and 5

by DLS.

Fabrication of MN and HM Microneedles Patch (HM/MN)

The stainless-steel MN mold (15%15 array, 600 um height, 200 um width at base, 500 um interspacing) was obtained
from Micropoint Technologies Pte Ltd. (Singapore). The mixture of degassed polydimethylsiloxane (PDMS) solution
(prepolymer: curing agent=10:1, w/w) was added into the above-mentioned stainless steel MN template and cured in an
oven at 90 °C for 1 h. The PDMS negative mold was obtained by carefully peeling off the master structure. Afterwards, 1
g of HA was dissolved in 1 mL deionized water. The above solution was casted into the PDMS mold and centrifuged at
4500 rpm for 5 min to fill up the cavities of the mold.

To construct the HM/MN patch, a mixture of 40 mg of HM and 0.5 g of HA was dissolved in 1 mL of water. Then, 40 pL of
the mixed solution was added to the mold and centrifuged at 4500 rpm for 5 minutes. The excess solution was removed and
1 g/mL of HA was dispensed onto the mold to form the base layer. After drying in the desiccator, the HM/MN patches were
obtained. Subsequently, the morphology of the MN patch was examined by SEM and digital microscopy.

Mechanical Properties, Skin Penetration Ability and Dissolution Time of the MN
The mechanical properties of MN were measured using a UTM2502 electronic universal testing machine (Shenzhen Suns
Technology Co., Ltd., Shenzhen, China). The compression force and distance were continuously recorded.

The skin penetration ability of MN was determined after isolating the back skin of mice, trimming it to a suitable
thickness, and using it as a skin model. The MN loaded with 0.5% (w/v) methylene blue was pressed on the skin. After
removing the base, the skin at the site where the MN punctured the skin was observed.

The MN patch was inserted into the exposed skin of C57BL/6 mice. At the designated time points (5, 10, 20, 30, 60,
90, 120, 180, and 300 s), the MN patch was removed and examined under a digital microscope to observe the dissolution
of MN.

International Journal of Nanomedicine 2022:17 hetps: 3843
Dove:


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

Wang et al Dove

In vivo LNs Targeting

C57BL/6 mice were used to investigate the targeting of HM/MN to LNs. First, the hair on the back of the mice was
shaved off. Also, HSA NP was prelabeled with FITC, followed by loading into the MN patch. After transdermal
administration with the developed HM/MN patch, the mice were sacrificed at the designated time points (4 and 10 h) and
the LNs were removed to detect the fluorescence signal using a PerkinElmer IVIS® Spectrum In vivo Imaging System
(PerkinElmer Inc., Waltham, MA, USA).

In vivo Therapeutic Effect on Psoriatic Skin Lesions

A mouse model of psoriasis was developed by smearing imiquimod (IMQ) on the back of the mice. C57BL/6 mice were
randomly divided into 4 groups and the hair on their back was shaved off in advance. On days 0, 2, and 4, IMQ was
smeared on the back of the mice. On days 1, 3, and 5, the mice were correspondingly treated with Medical Vaseline,
MTX, HM, and HM/MN patch (equivalent MTX, 15 pg/mouse). Normal mice treated with PBS were used as a control.
On day 6, the mice were sacrificed to collect the back skin from 5 groups for hematoxylin and eosin (H&E) staining and
cytokines (TNF-a and IL-6) detection. At the same time, the Psoriasis Area and Severity Index (PASI) score was used to
assess the severity of psoriasis disease, evaluating the erythema, infiltration, and scaling. Each mouse was evaluated by
three independent researchers every day. All the animal procedures were performed in accordance with the Guidelines for
Care and Use of Laboratory Animals of Tongji University (Shanghai, China) and approved by the Animal Ethics
Committee of Tongji University, School of Medicine (Shanghai, China).

Immune Mechanism Investigation

Lymph nodes were also harvested to further make single-cell suspension. Then, the cell suspension was first blocked by
CD16/32 for 30 min at 4 °C. After washing 3 times, cells were stained with Living/Dead dye and put at 4°C for 20 min.
The cell suspension was washed as the same method and divided into two parts: one was stained with ACP-Cy7-CD45
and FITC-CD3 and another was stained with Qdot-605-CD11c¢ for 30 min. Finally, cells were centrifuged and washed
with PBS to analyze by a FCM.

Results and Discussion

The schematic illustration of the synthesis of HM is outlined in Figure 1A. The HM/MN patch was constructed by the
method of two-step casting described in previous reports (Figure 1B). On the IMQ induced mouse models of psoriasis,
HM/MN is expected to efficiently deliver HM to the subcutaneous layer, which will subsequently accumulate in LNs and
release MTX to suppress immune cells and inflammation (Figure 1C).

Synthesis and Characterization of HM

The synthesized HSA NP with a hydrodynamic diameter of 68 nm are displayed in Figure 2A, and showed a spheroidal
shape when observed by TEM as shown in Figure 2B. Further characterization of surface charge revealed that the zeta
potential of HM decreased to around —20 mV compared with HSA NP, whose zeta potential was close to —15 mV
(Figure 2C). The increased absolute value of the zeta potential indicated that HM had adequate stability, beneficial for
storage and application. To further analyze the successful loading of MTX into HSA NP, UV spectrophotometry
detection was performed. The results in Figure 2D reveal that MTX had two characteristic absorption peaks, one at
300 nm and the other at 400 nm. Meanwhile, HM showed a similar peak as MTX at 400 nm and another as HSA at 280
nm, an indication that MTX was loaded into HSA NP, which is consistent with a previous report.>> The loading capacity
and loading efficiency of MTX in HM were determined to reach 9.48 £+ 1.04% and 92.1 + 4.81%, respectively. The
results in Figure 2E show that the size of HM remained unchanged for 5 days, which suggested that HM had good
stability. The in vitro drug release profile of HM and HM/MN was evaluated in phosphate buffered saline (PBS) at
neutral (pH 7.4). As shown in Figure 2F, MTX released from HM and HM/MN was similar and at a rate close to 60%
within 48 h. The relatively slow-release speed could help the continuing anti-inflammation, suggesting the desired release
profile.
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Figure | Schematic image of (A) the main steps of synthesizing HM based on hydrophobic interactions between HSA and MTX molecules. (B) The fabrication of HM/MN
via two-step casting and (C) delivery of HM/MN in psoriasis for efficient inhibition of dermatitis. After local administration, HM was delivered to subcutaneous tissue, which
could further accumulate to LNs by the active targeting of HSA NP. MTX was released to inhibit the immune cells and trigger the inhibition of the secretion of pro-
inflammatory cytokines, thus alleviating the progression of psoriasis.

Construction and Evaluation of the HM/MN Patch

As shown in Figure 3A, the appearance of HA-based MN was observed by optical microscopy imaging (Figure 3D). The
morphology was more directly examined by SEM imaging of HA-based MN (Figure 3C) and each needle appeared as
a pyramid with an integrated needle tip, ensuring that MN could be successfully inserted into skin.** To mimic loading
MN with HM, HSA NP labeled with FITC were loaded into MN, and observed by CLSM. The image displayed in
Figure 3E shows that NP were mainly distributed in the needle tip and wall, which is favorable for the distribution of NP
in the skin. The collected back skin tissues of mice were used to evaluate the ability of MN to pierce the skin tissue.
Methylene blue was used to mimic drugs loaded into MN to investigate the intensity of MN-delivered drugs. As shown
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Figure 2 (A) TEM and (B) the size distribution of HM. (C) Zeta potential of HSA NP and HM. (D) The UV absorbance of HSA NP, MTX and HM. (E) The stability of HM in
RPMI 1640 medium containing 10% FBS within 5 days by determining the size. (F) MTX release from HM and HM/MN, dissolved in PBS (pH 7.4) within 48 h.

in Figure 3B, MN could readily pierce skin. The needle tip could quickly dissolve upon touching the intradermal
interstitial fluid, thus releasing the drugs. It was also observed that a MN array was formed, indicating that all MN had
successfully pierced the skin.>> We also examined the mechanical strength of the MN patch. As shown in Figure 3F, the
compressive force increased with the increase of compression displacement. There is no significant discontinuous point
in the compressive force-compression displacement curve, indicating that the MN had undergone elastic deformation
without obvious fracture.?® The dissolution test revealed that the MN dissolved within 5 min, which is beneficial for HM
release after administration.

In vivo Therapeutic Effect on Psoriasis

The targeting effect of HSA NP on LNs was demonstrated by assessing the fluorescence intensity in LNs. As shown in
Figure S1, LNs showed strong fluorescence intensity, indicating that the HSA NP had accumulated in the LNs. IMQ-
induced psoriasis mouse model was used to evaluate the therapeutic outcome of psoriatic mice treated with the HM/MN
patch. As shown in Figure 4A, the mouse model was successfully established by repeated administration of IMQ. Mice
were randomly divided into 4 groups (n = 5), locally treated with Medical Vaseline, MTX, HM, and HM/MN patch,
respectively. Representative images of mouse skin on day 6 are displayed in Figure 4B. The skin of the back of the mice
in the model group exhibited typical erythema lesions, thickening, and peeling, suggesting the production of dermatitis
after the application of IMQ.?” In contrast, the damage was slightly improved by the administration of HM and MTX. It
is notable that the HM/MN patch achieves the most successful therapeutic outcome. Further analysis of skin lesions by
H&E staining, the thickness of the skin treated with IMQ increased significantly to around 80 um. However, MTX, HM,
and the HM/MN patch exhibited inhibitory effect on a skin lesion, with a thickness of 39.58+3.61, 33.7542.16, 18.75
+1.25 pm, respectively (Figure 4C and D). The minimum thickness of the skin in the group treated with the HM/MN
patch indicated the excellent penetration achieved by using MN.?® In addition, it is worth noting that a higher
therapeutic effect was produced by HM than with free MTX, suggesting the targeting led to accumulation of HM in
LNs. The evaluation of the progression and severity of psoriasis using the PASI scores of the mice on day 5 were
revealed that the control group maintained the PASI score at 0.500 + 0.866. In contrast, the IMQ-induced mouse model
group exhibited the highest score at 9.833 + 0.287, indicating the occurrence of the most severe skin lesions. After
various treatments with MTX, HM and HM/MN patch, the PASI scores decreased to scores of 6.167 + 0.289, 5.167 +

3846 e International Journal of Nanomedicine 2022:17
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=371183.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Wang et al

1.00mm)|

7.5

5.0

Force (N)

2.5+

0.0 r r
0.00 0.05 0.10 0.15 0.20

Displacement (mm)

Figure 3 (A) The external image of methylene blue-loaded MN. (B) Bright-field micrograph of neonatal mouse skin after the insertion by methylene blue-loaded MN
in vitro. (C) The morphology of MN observed by SEM and (D) optical microscope. (E) HSA NP labeled by FITC loaded into MN imaged by CLSM. (F) The force
displacement curves.

0.289 and 2.417 £ 0.144, respectively (Figure 4E). Importantly, treatment with the HM/MN patch clearly improved the
psoriasis and exhibited a four-fold decrease in the PASI score compared with the model group. To assess the systemic
impacts and safety of the different treatments, the weight of the mice was recorded and the pathology of major organs
was examined. The analysis revealed that between the periods of day 0 to 6, the weight of mice with various treatments

was maintained almost unchanged, although mice in the psoriasis model group showed a slight decrease in body weight
(Figure 4F).

Immune Mechanism Investigation
To the antipsoriatic mechanism, LNs were removed and used to prepare suspensions to analyze the subtypes of immune
cells. The percent of CD3"CD45" cells and CD11c" cells increased with the IMQ treatment, suggesting that the number
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Figure 4 Therapeutic treatments of free MTX, HM and HM/NM. (A) Experimental outline: psoriasis was induced by IMQ on days 1, 2, 3, 4 and 5, respectively. Mice received
local treatment of MTX, HM and HM/MN on day 1, 3, 5. Five mice were used for each group. Representative photographs of (B) back skin of mice on day 6. (C) H&E staining
images of skins (scale bar = 100 pm). (D) Evaluation of epidermal thickness and (E) statistical PASI score with different treatments. (F) Mice weight changes curve within 6
days.

of DC and T cells was significantly promoted, due to the skin lesion formation (Figure SA—D). On the other hand, the
percentage of DC and T cells in the group treated with MTX and HM decreased. Among these groups, the HM/MN
treated mice had the lowest percent of DC and T cells, which showed the best therapeutic effect on psoriasis. The reduced
number of DC and T cells in LNs of mice treated with HM compared with those treated with free MTX indicated that the
accumulation of HM in LNs can suppress immune cells to achieve an enhanced antipsoriatic therapeutic effect. In
addition, the relative levels of cytokines in skin tissues were measured in the appropriate suspensions prepared with the
corresponding ground tissues. The local effect of the HM/MN patch on the levels of IL-6 and TNF-a was also evaluated
due to their critical role in the pathogenesis of psoriasis. IL-6 and TNF-a were found to be strongly enhanced in IMQ-
treated mouse skin. Remarkably, the various treatments were shown to downregulate the IL-6 and TNF-a levels, thereby
inhibiting the epidermal proliferation, and attenuating psoriasis-like dermatitis (Figure SE and F). Moreover, when
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Figure 5 Representative flow images of (A) CD3" cells gating on CD45" cells and (B) CDIIc" cells in LN. (C) Statistical evaluation of CD3" in CD45" cells and (D)
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treated with the HM/MN patch, the expression levels of TNF-o and IL-6 were decreased to levels close to those in the
normal group. These significantly reduced cytokine levels implied that the HM/MN was protective against IMQ-induced
inflammatory injury in mice.

H&E Staining Analysis

The histopathological studies performed on the collected major organs (Figure 6) showed no obvious inflammation or
injury in any of the mice in the treatment groups, further indicating that the treatment with the HM/MN patch did not
produce any appreciably adverse effects. Together, these results demonstrate that MN showed both excellent efficacy and
a robust safety profile in the treatment of psoriasis.

Conclusions

In this study, we describe the development of a HA-based dissolvable MN patch to deliver HSA NP loaded with
MTX for the treatment of psoriasis. We successfully synthesized HM, which were shown to have a spheroidal
shape with the desired MTX release profile. The developed HM/MN patch could pierce the skin, thus ensuring the
successful subcutaneous delivery of the drug. This study also revealed that the HM/MN patch could attenuate
epidermal hyperplasia, reduce the production of IL-6 and TNF-a, and ultimately improve psoriasis in the IMQ-
induced mouse model of psoriasis. Moreover, compared to free MTX, HM showed an enhanced therapeutic effect
with decreased number of DC cells and T cells in LNs, and also exhibited augmented targeting to LNs with the
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assistance of NP. Taken together, our study provides an alternative antipsoriasis therapy based on a MN patch,
which holds attractive potential for clinical translation.
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