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KEY WORDS Abstract  Psoriatic arthritis (PsA) is a complicated psoriasis comorbidity with manifestations of psori-
atic skin and arthritic joints, and tailoring specific treatment strategies for simultaneously delivering
different drugs to different action sites in PsA remains challenging. We developed a need-based layered
Tacrolimus; dissolving microneedle (MN) system loading immunosuppressant tacrolimus (TAC) and anti-
Diieitstaee seifome inflammatory diclofenac (DIC) in different layers of MNs, i.e., TD-MN, which aims to specifically
Psoriasis; deliver TAC and DIC to skin and articular cavity, achieving simultaneous alleviation of psoriatic skin
Psoriatic arthritis and arthritic joint lesions in PsA. In vitro and in vivo skin permeation demonstrated that the inter-layer
retained TAC within the skin of ~100 pm, while the tip-layer delivered DIC up to ~300 um into the
articular cavity. TD-MN not only efficiently decreased the psoriasis area and severity index scores and
recovered the thickened epidermis of imiquimod-induced psoriasis but also alleviated carrageenan/
kaolin-induced arthritis even better than DIC injection through reducing joint swelling, muscle atrophy,
and cartilage destruction. Importantly, TD-MN significantly inhibited the serum TNF-« and IL-17A in
psoriatic and arthritic rats. The results support that this approach represents a promising alternative to
multi-administration of different drugs for comorbidity, providing a convenient and effective strategy

Layered microneedles;
Need-based drug delivery;

for meeting the requirements of PsA treatment.

Abbreviations: Blank-MN, blank layered MNs; C6, coumarin 6; CLSM, confocal laser scanning microscope; DIC, diclofenac sodium; DIC-MN, layered
MNs loading DIC in the tip-layer of needles; HA, hyaluronic acid; IL-17A, interleukin 17A; IMQ, imiquimod; IVISR, in vivo imaging system; MIX-MN,
unlayered MNs loading the mixture of DIC and TAC in needles; MN, microneedle; NSAIDs, nonsteroidal anti-inflammatory drugs; NIC, nicotinamide;
OCT, optical coherence tomography; PASI, psoriasis area and severity index; PDMS, polydimethylsiloxane; PsA, psoriatic arthritis; PVP, polyvinyl
pyrrolidone; RhB, rhodamine B; SC, stratum corneum; SEM, scanning electron microscope; TAC, tacrolimus; TAC-MN, layered MNs loading TAC in the
inter-layer of needles; TD-MN, layered MNs co-loading TAC in the inter-layer of needles and DIC in the tip-layer; TEWL, transepidermal water loss;
TNF-a, tumor necrosis factor a.
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1. Introduction

Psoriasis is an immune-mediated chronic inflammatory skin dis-
ease that affects 2%—5% of the population worldwide'. The
clinical manifestation of skin psoriatic lesions is characterized by
erythema, scales, and inflammatory plaques, which are generally
located on the skin and joints, such as the elbows and knees”’.
These plaques are clearly demarcated from normal skin and
attributed to excessive proliferation and abnormal differentiation
of keratinocytes leading to epidermal thickening and para-
keratosis®. This pathological process is accompanied by dermal
angiogenesis resulting in a deep red coloration of plaques and
acceleration of inflammatory cell influx along the vascularity into
the skin, further increasing inflammation®. Approximately 13%—
25% of psoriasis patients present with chronic inflammatory joint
disease, recognized as psoriatic arthritis (PsA)™®. PsA is a
complicated comorbidity with simultaneous psoriasis and arthritis
symptoms. Inflammatory lesions consist of skin psoriatic lesions
and articular cartilage erosion caused by synovitis’, which leads to
high distress and severe pain for patients. Therefore, effective
treatment for PsA requires concomitant drugs considering various
lesions at the same time, especially those that alleviate skin pso-
riasis and arthritic symptoms.

PsA is incurable and easy to relapse. Although state-of-the-art
treatments for PsA include the application of phosphodiesterase-4
enzyme inhibitors, such as apremilast, inhibitors of Janus kinase
(JAK)/STAT pathways, and monoclonal antibodies, there is not
yet a curable medication for PsA, and numerous patients present a
lack of efficacy or contraindications to these drugs®. In addition,
their high cost hinders their availability to patients. Topical
treatment remains important for psoriasis and PsA because the site
of action is direct”'’. Topical therapeutic drugs for skin psoriatic
lesions include emollients, vitamin D analogs, retinoic acid, glu-
cocorticoids, and immunosuppressants'. Of these, the immuno-
suppressant tacrolimus (TAC) has been proven to have notable
therapeutic effects on immune-mediated skin disorders, such as
psoriasis, with lower side effects'' 13 , as well as demonstrable
anti-arthritic effects following the failure of methotrexate treat-
ment'®. However, the challenges of topical TAC application to
treat psoriasis is poor drug permeability through psoriatic skin,
abnormal thickened epidermis from psoriasis and high hydro-
phobicity and molecular weight (822.05 Da) of TAC hinder its
permeation. Apart from the treatment of psoriasis, the European
League Against Rheumatism (EULAR) and Group for Research
and Assessment of Psoriasis and Psoriatic Arthritis (GRAPPA)
recommendations from 2015 for the management of PsA with
pharmacological therapies mainly consist of nonsteroidal anti-
inflammatory drugs (NSAIDs), disease-modifying antirheumatic
drugs (DMARDs), and glucocorticoids'”'®. NSAIDs effectively
inhibit cyclooxygenase activity and prostaglandin synthesis,
thereby providing a potent anti-inflammatory effect. Although
NSAIDs significantly alleviate the pain and swelling induced by

arthritis, they have no obvious therapeutic effect on skin lesions'°.

Moreover, oral administration of NSAIDs is associated with
gastrointestinal toxicity'’. Topical administration of diclofenac
(DIC), a potent NSAID'®, has been widely used to treat arthritis.
However, its topical application needs to be able to penetrate the
skin and permeate to the target site of intra-articular in quantities
sufficient to exert a therapeutic effect; if necessary, the intra-
articular injection of NSAIDs has been applied but shows a
poor patient compliance'”>’.

Microneedles (MNs) are interesting drug delivery technique
enhancement, having the combined advantages of noninvasive
(percutaneous delivery) and invasive (administration by injection)
drug delivery”'. They have been primarily designed to facilitate
percutaneous drug delivery and have now progressed into diverse
organs and tissues’”. MNs efficiently deliver drugs including in-
sulin, vaccines, and a diverse range of high- and low-molecular
weight compounds for diabetes mellitus®, vaccination®, skin
diseases, such as psoriasis and skin cancerz‘s*w, and arthritis”>>°.
MN:ss aid drug permeation by creating numerous microchannels in
the stratum corneum (SC) with negligible pain and tissue dam-
age’'. The major MN types include solid MNs, coated MNs,
hollow MNs, dissolving MNs, and hydrogel-forming MNs’~.
Dissolving MNs are fabricated by biodegradable and biocompat-
ible natural polymers such as hyaluronic acid (HA), dextran,
chitosan, silk fibroin, or synthetic polymers such as polyvinyl
pyrrolidone (PVP), polyvinyl alcohol (PVA), polylactic acid
(PLA), and poly-b,L-lactide-coglycolide (PLGA)**. Upon inser-
tion into the skin, dissolving MNs become fully dissolved and the
drug encapsulated within the polymeric matrix is released in a
sustained manner, which is beneficial for controlling drug release,
and enhancing drug permeability. In addition, dissolving MNs can
stimulate epidermal cell proliferation and skin collagen produc-
tion thus accelerating wound healing and improving skin
quality®*. Dissolving MNs have been demonstrated to deliver
small molecule and macromolecule drugs within the skin or
deeper into the underlying tissues with improved efficiency.
However, most work on MNs has centered on monotherapy for
one lesion site, leaving MN-based drug delivery to multiple lesion
sites, such as PsA, relatively unexplored. PsA poses unique
challenges for the implementation of MNs for drug delivery; its
lesions both on the skin and in the articular cavity require MNs
tailored for delivering different drugs to different action sites
simultaneously.

Herein, we developed a need-based layered dissolving MN
system loading TAC and DIC in different layers, i.e., TD-MN, to
specifically deliver TAC and DIC to the skin and articular cavity,
achieving simultaneous alleviation of psoriatic skin and arthritic
joint lesions in PsA. Layered MNs consisting of a pedestal, an
inter-layer, and a tip-layer were fabricated. TAC was loaded into
the inter-layer of the MNs with the solubilization of nicotinamide
(NIC), while DIC was loaded into the tip-layer of the MNs. After
MN insertion, the tip-layer first penetrated the stratum corneum,
further pierced through the epidermis and reached a deeper site.
The loaded DIC preferentially permeated into the articular cavity
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to treat arthritis, thereby avoiding adverse gastrointestinal effects
and liver first-pass effects caused by oral administration, replacing
intra-articular injection with better patient compliance. While the
inter-layer penetrated the SC and reached the epidermis, and the
loaded TAC was mainly retained within the epidermis to treat skin
psoriatic lesions on site. The MN layer-loaded and site-specific
delivery of TAC and DIC is anticipated to simultaneously alle-
viate skin psoriasis and joint arthritis and provide a new approach
for PsA treatment.

2. Materials and methods

2.1. Materials

Tacrolimus (TAC) was purchased from Teva Czech Industries,
S.R.O. (Opava-Komarov, Czech Republic). Diclofenac sodium
(DIC), A-carrageenan, and kaolin were purchased from Macklin
Inc. (Shanghai, China). Hyaluronic acid (HA, 30—100 kDa) was
purchased from Shangdong Freda Biotechnology Co., Ltd. (Linyi,
China). Dextran (40 kDa) was obtained from Aladdin (Shanghai,
China). Polyvinylpyrrolidone (PVP) K17 was a gift from BASF
(Ludwigshafen, Germany). Nicotinamide (NIC) was a gift from
Guangzhou Changlong Technology Co., Ltd. (Guangzhou, China).
Rhodamine B (RhB) and coumarin 6 (C6) were obtained from
Sigma—Aldrich (St. Louis, MO, USA).

Sprague—Dawley (SD) rats were obtained from the Experi-
mental Animal Center of Sun Yat-sen University (Guangzhou,
China). Animals were housed under specific pathogen-free con-
ditions at constant levels of humidity and temperature on 12-h
light/dark cycles, and provided with food and water ad libitum. All
work undertaken with animals was in accordance with the Prin-
ciples of Laboratory Animal Care and Use in Research published
by the Chinese Ministry of Health, and the protocols were
approved by the Institutional Animal Care and Use Committee of
Sun Yat-sen University, Guangzhou, China.

2.2.  Formulation of layered MNs

2.2.1.  Preparation of the drug-loaded MN matrix solution

Previously, we optimized MN matrix solution to fabricate HA-
based dissolving MNs®. In this study, formulation of the matrix
solution of different layers was modified considering the loaded
drug and mechanical strength of the MNs (Table 1). Briefly, a
blend of HA, dextran, and PVP K17 at a weight ratio of 1/4/1 was
dissolved in distilled water, and then DIC or RhB was added and
dissolved uniformly to obtain the tip-layer solution containing
DIC or RhB at 1% (w/w). Similarly, the inter-layer solution
loading of 0.1% (w/w) TAC or C6 and the pedestal solution were
obtained based on Table 1. NIC in the inter-layer solution was
used to solubilize TAC and enhance the mechanical strength of

; : - 1363
interlayer based on our previous studies’®”’.,

Table 1  Formulation of matrix solution of different layers in
layered MNs.

Matrix solution HA
wiv) (wiv) (wiv)

Dextran PVP K17 NIC Drug
(whv) (wlw)

Tip-layer 10% 40% 10% = 1% DIC
Inter-layer 10% 35% 15% 20% 0.1% TAC
Pedestal 30% 30% 10% = =

—Not applicable.

2.2.2.  Fabrication of the MNs

A master mold containing 144 (12 x 12) MNs, 600 um high and
200 pm in base width, was made of brass using the micromilling
technique. Polydimethylsiloxane (PDMS) was poured into the
master mold and cured at 80 °C for 2 h to inversely replicate the
metal MN. Then, after removing the master mold, the PDMS mold
was obtained and used to fabricate the layered MNs.

The fabrication of the layered MNs is summarized in Fig. 1A.
First, approximately 35 mg of tip-layer solution was pipetted into
the PDMS mold and subjected to centrifugation (Beckman Coulter,
Allegra-30R, Indianapolis, IN, USA) at 4000 rpm for 20 min until
the solution entered the PDMS mold microcavities. The PDMS
mold loaded with tip-layer solution was dried under vacuum for 2 h
until the tip-layer of needle formed. Second, approximately 35 mg
of inter-layer solution was casted onto the tip-layer surface,
centrifuged (Beckman Coulter) as above, and dried under vacuum
for 2 h to form the inter-layer of MNs. Finally, the pedestal solution
of 130 mg was added to cover the inter-layer surface, smoothed
using a spatula, and then centrifuged (Beckman Coulter) at
3000 rpm for 10 min to form a pedestal. The filled mold was dried
overnight at 4 °C, and the TAC and DIC co-loaded layered MNs
(TD-MN) was obtained by peeling off the PDMS mold. In addition,
layered MNs only loading DIC in the tip-layer of needles (DIC-
MN), layered MNs only loading TAC in the inter-layer of needles
(TAC-MN) were fabricated with the same procedure as TD-MN,
while unlayered MNs loading a mixture of TAC and DIC into the
needles (MIX-MN) were fabricated with the mixture of tip-layer
and inter-layer solution. TD-MN and MIX-MN contained equal
amounts of TAC (~ 31 pg/patch) and DIC (~ 330 ng/patch), while
TAC-MN contained TAC (~31 pg/patch) alone and DIC-MN
contained DIC (~330 pg/patch) alone.

2.3.  Characterization of the layered MNs

2.3.1.  Morphology and structure of the MNs

The surface morphology of the layered MNs was observed by
using a digital optical microscopy (Paulone, XWJ001, Shenzhen,
China) and scanning electron microscopy (SEM, Zessi EVO
MAI10, Jena, Germany). To visualize the layered structure of the
MNs, fluorescent probe-loaded layered MNs were prepared and
imaged by confocal laser scanning microscopy (CLSM, Zessi,
LSM 710, Jena, Germany). Coumarin 6 (C6) and rhodamine B
(RhB) were used as fluorescent probes to mimic lipophilic TAC
and hydrophilic DIC, respectively.

2.3.2.  Drug loading and mechanical strength of the MNs

The MN patch was dissolved in 30% (v/v) methanol aqueous
solution. The content of TAC and DIC in the MNs was determined
with high performance liquid chromatography (HPLC).

The mechanical strength of the MNs was determined using a
TAXT-Plus texture analyzer (Stable Micro Systems, Surrey, UK).
The MN patch was fixed onto the test station and an axial
compression load was applied to the MN patch by the test probe at
a rate of 1 mm/s. The force was recorded by the texture analyzer,
as a result of mechanical strength, until a preset displacement of
600 um was reached or the needles broke.

2.4. Insertion depth of the MNs

2.4.1.  Invitro parafilm and skin insertion

To assess the insertion properties of the layered MNs, a Parafilm

M® sheet was folded into a ten-layer film as a skin simulant®**.
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The MN patch was attached to the movable test probe, and the
probe pressed onto the folded parafilm at the required force of
30 N and held for 5 min. After insertion, the MN patch was
removed from the parafilm sheet, and the number of micro-
channels created by the MN in each layer was counted under a
digital optical microscope (Paulone). To further confirm the depth
of MN insertion into the skin in vitro, full-thickness rat skin was
securely fixed on a flat surface, and the MN patch was inserted
into the skin with a force of 30 N for 5 min. Optical coherence
tomography (OCT) images of MN insertion site were recorded in
real time using an OCT microscope (TEK SQRAY HSO-2000,
Shenzhen, China).

2.4.2.  Invivo skin insertion

The fluorescent probes C6 and RhB were chosen as alternative
drugs toTAC and DIC, respectively, and loaded into layered MNs.
A SD rat was anaesthetized and layered MN patch was inserted
into the rat skin with a force of 30 N for 5 min and followed by
covering with an adhesive tape (Scotch® Transparent Tape, 3M
Corporate, St. Paul, MN, USA) for 30 min. Thereafter, the treated
rat was euthanized, and the treated skin was excised and spread on
the microslide. To visualize the distribution of C6 and RhB at
different depths, the microslide was observed by CLSM (Zessi). Z
stacks of the skin samples were taken from the SC to the dermis
for layer-by-layer scanning. The skin surface (z = 0 um) was
defined as the imaging plane of the SC surface. To generate an xz-
section, a horizontal line was “drawn” across a region of interest in
the z = 0 pm xy-plane and was then “optically sliced” through the
digitized image data of the successive xy-sections. Imaris (Imaris
6.2, Bitplane, South Windsor, CT, USA) was used for 3D recon-
struction of serial sections.

2.5.  Skin permeation of the MNs

2.5.1. Invitro skin permeation

SD rats were anesthetized, and the hair on the skin of the knee
joint was carefully shaved off with razor and further removed
with depilatory cream (Silk & Fresh, Veet, France). After 24 h of
recovery, the treated rats were euthanized, and the skin of the

Il Dic/RhB - O Centrifugation B

[ TAcice

A I PDMS
Il Pedestal

Figure 1

knee joint was excised, the subcutaneous tissues were removed
surgically, and the skin of the knee joint was rinsed with normal
saline. In vitro skin permeation studies were conducted in Franz
cells (TK-12A, Kaikai Technology Ltd., Shanghai, China) with a
diffusion area of 1.766 cm® The MN patch inserted the skin with
a force of 30 N for 5 min and was covered with an adhesive tape.
The skin with MN patch inserted was sandwiched between the
donor and receiving cells. The receiving cell was filled with
8 mL of receiving medium, and the medium was maintained at
37 £ 0.5 °C in a circulating water bath and stirred at 250 rpm. At
predetermined time intervals (0.5, 1, 2, 4, 6, 9, 12, 16, 20 and
24 h), samples were collected, and an equal volume of fresh
receiving medium was subsequently supplemented. At the end of
the experiments, the skin was demounted from the Franz cell
and cleaned, and the TAC and DIC retained in the skin
were extracted with methanol. TAC-MN, DIC-MN, and MIX-
MN were also used for in vitro skin permeation studies. The
contents of TAC and DIC in all samples were determined by
HPLC.

2.5.2.  Invivo skin permeation

For in vivo skin permeation studies, SD rats were anesthetized
with urethane (20%, w/v), and the hair on the skin of the knee
joint was carefully shaved off with a razor and further removed
with depilatory cream (Silk & Fresh). After 24 h of recovery, the
rats were randomly divided into four groups, TD-MN, TAC-MN,
DIC-MN, and MIX-MN, with six animals in each group. For
each animal, an MN patch was inserted into the hairless knee
joint skin with a force of 30 N for 5 min and then covered with
adhesive tape. After 24 h of in vivo permeation, the residual MN
patch was peeled off the skin, tape stripping was performed twice
to clean the permeated skin, and then the treated skin was
excised. The un-permeated TAC and DIC were extracted from
the mixture of the residual MN patch and stripped tape, and the
amounts of TAC and DIC retained in the excised skin were also
extracted with methanol. The drug contents of all samples were
determined by HPLC. The permeated TAC and DIC were
calculated as the total amount in the MN patch minus the un-
permeated and retained.

Fabrication and characterization of layered MNs. Schematic fabrication process of layered MNs (A). MN arrays and single needle

photographed with digital microscopy (B, scale bar = 1 mm) and scanning electron microscopy (C, scale bar = 100 um). Layered structure of
MN:s loading RhB in the tip-layer and C6 in the inter-layer photographed with confocal laser scanning microscopy (D, scale bar = 200 pm).
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2.6.  In vivo visualization of drug distribution in the articular
cavity

An in vivo imaging system (IVISR, BERTHOLD, NightOWL II
LB983, Stuttgart, Germany) was utilized to visualize the drug
distribution in the articular cavity of SD rats. Briefly, layered MNs
with RhB alone loaded in the tip-layer of the needle was fabri-
cated. The RhB-loaded MN patch was inserted into the hairless
skin of the knee joint of the anesthetic rat with a force of 30 N for
5 min and was then covered with adhesive tape. After the MN
patch was adhered for 0.5, 1, 2, 4, 6, 9, 12 and 24 h, respectively, a
rat was euthanized, the knee joint skin was removed to eliminate
the interference of skin retention, and the fluorescence in the
articular cavity was directly observed by IVISR. Animals which
were intra-articularly injected with the same amount of normal
saline as that of RhB in the MNs were set as the control.

2.7.  Pharmacodynamics studies

There is not yet a typical PsA animal model with remarkable
symptoms of both skin and joint disease. Interestingly, new
methods for constructing PsA animal model have been reported™’.
In the pharmacodynamics studies, SD rats were used to establish
an imiquimod (IMQ)-induced psoriasis animal model*"** and a A-
carrageenan/kaolin-induced arthritis animal model** *°. The
treatment results of the two animal models were combined to
evaluate the therapeutic effects of the layered MNs on PsA. The
pharmacodynamics studies included animal model establishment,
treatment after successful modeling, general observations of
treatment, histological studies, and serum tumor necrosis factor «
(TNF-«) and interleukin 17A (IL-17A) determinations.

2.7.1.  Psoriasis model establishment and treatment

The hair in the dorsal skin of SD rats (male, 180—220 g) was
shaved off. Commercial IMQ cream (5%, w/w, Hubei Keyi
Pharmaceutical Co., Ltd., Wuhan, China) of 0.1 g was topically
administered onto the shaved skin for 5 consecutive days. The
psoriasis-like skin lesion model was induced, and the psoriatic rats
were randomly divided into six groups (n = 6 per group) as
follows: IMQ: IMQ-induced rats were treated with normal saline,

Diameter of right knee joint — Diameter of left knee joint

erythema, scaling, and skin thickening were scored as follows:
0 (none), 1 (mild), 2 (moderate), 3 (marked), and 4 (very marked).
The sum of the three individual scores was defined as the skin
inflammation severity score. Moreover, transepidermal water loss
(TEWL) was determined with an S/N SWL5141 device (Delfin
Technologies, Netherlands) to assess the destruction and recovery
of skin barrier function.

2.7.2.  Arthritis model establishment and treatment

The arthritis model was induced with A-carrageenan and kaolin in
SD rats (male, ~350 g). Briefly, the rats were anesthetized and the
hair on the skin of the knee joint was shaved off. A suspension of
0.1 mL containing 2% (w/v) A-carrageenan and 4% (w/v) kaolin in
sterile normal saline was injected into the synovial cavity of the
right knee joint through the patellar ligament, followed by
repeated limb extensions and flexions for 15 min to ensure
adequate dispersion of the suspension within the joint and to
induce articular cartilage abrasion. After 2 days, the right knee
joint presented marked swelling compared with the left knee joint.
Successful carrageenan/kaolin-induced arthritic rats were
randomly divided into 7 groups (n = 6 per group) as follows: The
mode group was arthritic rats without treatment, positive control;
Blank-MN, DIC-MN, TAC-MN, MIX-MN, and TD-MN groups
were arthritic rats treated with Blank-MN, DIC-MN, TAC-MN,
MIX-MN, and TD-MN on the skin of the right knee joint re-
gion, respectively; and DIC-injection: arthritic rats were treated
with intra-articular injection into the right articular cavity of
0.1 mL of normal saline solution containing DIC with the same
amount of DIC loaded in MNs. All formulations were adminis-
tered after successful modeling. For the blank-MN, DIC-MN,
TAC-MN, MIX-MN, and TD-MN groups, the MN patch was
inserted into the right knee joint with a force of 30 N for 5 min,
covered with adhesive tape for 24 h, and then removed. Healthy
rats served as the negative control (Control).

The diameters of the left and right knee joints for each animal
in each group were measured with a digital micrometer (CD—6
CSX, Mitutoyo Corporation, Kawasaki, Japan) on Days 1, 3, 5,
and 7 post-injections of A-carrageenan and kaolin. The degree of
right knee joint swelling was calculated using the following Eq.

(1):

Swelling degree (%) =

positive control; IMQ-+Blank-MN: IMQ-induced rats were treated
with drug-free layered MNs (Blank-MN); and IMQ+DIC-MN,
IMQ+TAC-MN, IMQ+MIX-MN, and IMQ+TD-MN: IMQ-
induced rats were treated with DIC-MN, TAC-MN, MIX-MN, or
TD-MN, respectively. Healthy rats with shaved dorsal skins were
used as the negative control. Except for the controls, each animal
in the MN-treated groups was treated with different MN formu-
lations on Day 6. The MN patch was inserted into psoriatic skin
with a force of 30 N for 5 min, covered with adhesive tape for
24 h, and then removed.

Throughout psoriasis model establishment and treatment,
psoriasis-like skin inflammation severity was visualized and
scored on Days 1, 3, 5, 7, 9, and 11 based on the clinical psoriasis
area and severity index (PASI)*"***°_ Three parameters including

Diameter of left knee joint

% 100 (1)

At the end of the experiments, the rats were euthanized, and
the gastrocnemius/soleus and tibialis anterior muscles from both
legs were isolated. The muscle weight ratio (%) was calculated by
comparing the muscle weight of the right hind leg with that of the
left hind leg, and this indicated the amyotrophy degree attributed
to arthritis. Blood was also collected from each animal and
centrifuged (Beckman Coulter) at 2500 rpm for 10 min after
standing at room temperature for 4 h. Then, the supernatant serum
was collected and stored at —20 °C until use.

2.7.3.  Histopathological analysis

At the end of the study, the psoriatic rats were sacrificed to obtain
the dorsal skin, and the arthritic rats were sacrificed to obtain the
right knee joint. The dorsal skin and the right knee joint were fixed
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in 10% (w/v) paraformaldehyde and embedded in paraffin. The
sections sliced from the dorsal skin were stained with hematoxylin
and eosin (H&E) for pathological evaluation and measurement of
the epidermal thickness. The sections of the right knee joint were
stained with H&E and safranin O-fast green to evaluate the his-
tological changes of the joint and articular cartilage abrasion.

2.7.4.  Detection of serum inflammatory cytokines

The serum TNF-« and IL-17A levels were determined using a rat
enzyme-linked immunosorbent assay (ELISA) kit (Abcam,
Cambridge, UK) according to the manufacturer’s instructions.

2.8.  HPLC analysis of TAC and DIC

The contents of TAC and DIC in all samples were determined
using HPLC. The HPLC system (Agilent, 1260 series, Santa
Clara, CA, USA) consisted of a quaternary pump (G1310A),
degasser (G1322A), autosampler (G1329), column thermostat
(CO-1000), UV detector (G1314A), and data processing software
(Agilent Chem Station for LC systems, Santa Clara, CA, USA).
TAC was analyzed with a C8 column (Thermo®,
250 mm x 4.6 mm, 5 pm) with water/isopropyl alcohol/tetrahy-
drofuran (6/2/2, v/v/v) as the mobile phase at a flow rate of
0.8 mL/min at 55 °C, and a detection wavelength of 220 nm. DIC
was analyzed wusing an XB-C18 column (Ultimate®,
250 mm x 4.6 mm, 5 um) with methanol/4%acetic acid (v/v)
aqueous solution (7/3) as the mobile phase at a flow rate of
1.0 mL/min at 30 °C and a detection wavelength of 276 nm.

2.9.  Statistical analysis

All experimental data are expressed as the mean £ standard de-
viation and were analyzed using one-way analysis of variance
(ANOVA) followed by the least significant difference test (LSD)
as a post hoc analysis (SPSS version 19.0; SPSS Inc., Chicago, IL,
USA). A P value<0.05 was determined to be indicative of sta-
tistically significant differences.

3. Results and discussion
3.1.  Characterization of the layered MNs

3.1.1.  Morphological and structural characterization

The fabricated layered MNs were visualized with digital optical
microscopy, SEM, and CLSM. The MN patch consisted of 144
(12 x 12) intact and consecutive needle arrays (Fig. 1B), and each
needle showed a triangular pyramidal shape with a height of
600 um, a base width of 200 um, and an interval of 400 pum
(Fig. 1C). The needles observed with CLSM from tip to pedestal
presented the proposed layers including the tip-layer loading hy-
drophilic RhB and inter-layer loading hydrophobic C6 (Fig. 1D).
The layered design of the MNs has the potential to simultaneously
deliver different drugs to different sites for the requirements of
PsA treatment.

3.1.2.  Drug loading and mechanical strength of the MNs

In our layered MN design, the inter-layer was supposed to retain an
anti-psoriatic agent within the superficial skin and inhibit psoriasis,
the tip-layer was supposed to deliver an anti-inflammatory drug
through the skin to the articular cavity and inhibit arthritis, and the
MN patch was supposed to provide synergistic anti-psoriatic and

anti-inflammatory effects for PsA. The drugs penetrated the skin
along the microchannels generated by the MNs. Based on three
batches of MN patches determined by HPLC, the drug content in
the layered MNs was 31.52 + 1.78 pg/patch for TAC and
330.79 £ 9.66 pg/patch for DIC. The drug loading of DIC was
~10-fold that of TAC in each patch, and the ratio of DIC to TAC
was consistent with commercial DIC gel and TAC ointment. To
overcome the SC barrier and achieve drug delivery through the
skin, the MNs must have efficient mechanical strength and rigidity
for insertion into skin and penetration through the SC. The me-
chanical strength of the layered MN patch determined by the
texture analyzer was 94.37 £ 3.08 N/patch, more than 90 N/patch
(0.6 N/needle), which was strong enough to pierce living skin

without being broken based on previous reports™>*’.

3.2.  Insertion depth in vitro

We used Parafilm M® as an artificial membrane to mimic the
skin to measure the insertion depth of the MNs***°. Layered
MNs loaded with TAC and DIC penetrated the artificial mem-
brane and reached the third layer of parafilm. The thickness of
each parafilm layer was ~ 100 pum, indicating that the insertion
depth of layered MN into skin was up to ~300 pm. The
puncture pore ratio created by the needles was 100%, 96.5%,
and 48.6% for the first, second, and third layers, respectively
(Fig. 2A). In general, the thickness of the SC, viable epidermis,
and dermis are 10—20 pm, 50—100 um, and 1—3 mm, respec-
tively. Thus, the puncture hole ratio suggests that the layered
MNs can penetrate through the epidermis and form micro-
channels from the SC down to dermis. This facilitated the MN
percutaneous delivery of the loaded drug to the deep site. To
further confirm the depth of MN insertion into skin, the MN
patch was inserted into rat skin in vitro, and the MN patch
together with the treated skin was imaged with OCT. Fig. 2B
shows that the MN needle tips reach a depth of ~300 pum into
the skin and do not break during the insertion process, which
was in line with the insertion studies of MN into parafilm and the
results reported by Migdadi et al.>®. The insertion depth was
shorter than 600 pm height of the layered MNs mainly due to
skin elasticity®’.

3.3.  Invivo insertion depth

To further assess the insertion depth of the MNs into the knee joint
skin in vivo and the distribution of drugs released from the
different layers of the MNs, hairless rat knee joint skin with was
punctured by the layered MN patch loaded with C6 in the inter-
layer and RhB in the tip-layer. After 30 min of treatment, the
skin was scanned layer by layer by CLSM. The insertion depths of
C6 and RhB were 3D reconstructed (Fig. 3). The C6 fluorescence
was weaker than that of RhB and mainly distributed within the
epidermis (0—100 um), indicating that the drug loaded in the
inter-layer of the needles was mainly delivered into the superficial
layer of the skin, where the psoriatic lesion was located. Inter-
estingly, the RhB fluorescence was mainly distributed at a depth of
50—250 pm and reached to ~300 um. It can be concluded that the
drug loaded in the tip-layer of the needles could be delivered
through the epidermis and into the dermis of skin, which provides
strong support for the hypothesis that the drug loaded in the tip-
layer can reach the deeper skin along the microchannel gener-
ated by the MNs and subsequently permeate into the articular
cavity and exert anti-arthritic effects. These results validated our
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Figure 2  Insertion depth of MNs through Parafilm M® and rat skin

in vitro. Percentage of holes created and insertion depth of layered
MNs in Parafilm M® layers (A). Data are mean+standard derivation
of six determinations. Optical coherence tomography image of
insertion depth of rat skin treated with layered MNs in vitro (B). Scale
bar = 300 um.

hypothesis of delivering different drugs by layered MNs into
different skin layers for clinical requirements.

3.4. Invitro and in vivo skin permeation

TD-MN, TAC-MN, DIC-MN, and MIX-MN were examined
in vitro and in vivo permeation studies to assess the percutaneous
need-based delivery behaviors of TAC and DIC by the layered
MN:s.

Figs. 4 and 5 show the drug permeation of different MN for-
mulations through the rat knee skin in vitro and in vivo, respec-
tively. After 24 h of permeation, TD-MN and TAC-MN presented
similar permeation characteristics to TAC in vitro and in vivo.
There was no significant difference between TD MN and TAC-
MN in either the TAC cumulative permeated amount or the
TAC skin retention. However, the TAC skin retention of TD-MN
or TAC-MN was significantly higher than that of MIX-MN
(P < 0.05). Moreover, the TAC skin retention of TD-MN or
TAC-MN was similar to the cumulative permeated amount. TAC
loaded into the inter-layer of TD-MN or TAC-MN facilitated its
retention in the skin, thereby enhancing the therapeutic effects of
TAC on skin psoriatic lesions. Interestingly, the cumulative
permeated amount of DIC from TD-MN, DIC-MN, and MIX-MN
was 88.03, 75.74, and 53.20 ug/cm2 in vitro, respectively; and
107.69, 100.13, and 49.01 pg/cm? in vivo, respectively. The DIC
skin retention from TD-MN, DIC-MN, and MIX-MN was 4.13,
3.56, and 2.57 pg/cm? in vitro and 1.79, 1.71, and 1.08 pg/cm?
in vivo, respectively. TD-MN and DIC-MN presented similar
permeation characteristics to those of DIC and significantly
enhanced DIC permeation compared with MIX-MN (P < 0.05).
The cumulative permeated amount of DIC from TD-MN was ~21
and ~60-fold that of DIC skin retention in vitro and in vivo,
respectively. The majority of DIC loaded in TD-MN could be
delivered into the subcutaneous layer of the skin, making it
possible to reach the articular cavity and achieve its therapeutic
effects on arthritis. The results indicated that DIC loaded in the
tip-layer of TD-MN or DIC- MN facilitated its penetration into the
skin to deeper tissue. Taken together, the skin permeability of TAC
and DIC from the layered MNs was similar to that from TAC-MN
or DIC-MN individually and significantly stronger than that from
MIX-MN. The Layered MNs loaded with TAC and DIC in
different layers is anticipated to kill two birds with one stone by
alleviating skin and joint lesions in PsA treatment.

The enhanced TAC retention and DIC penetration of TD-MN
may primarily be attributed to the structure of TAC and DIC
loaded in the different layers of the layered MNs. In addition, the
layered design ensured efficient mechanical strength for the MNs
to effectively insert into the skin. The mechanical strength of the
layered MNs of 94.37 £+ 3.08 N/patch was significantly higher
than that of MIX-MN (56.54 £ 2.45 N/patch, P < 0.05). The skin
is highly elastic, the poor mechanical strength of MIX-MN made
them not fully insert into the skin resulting the lower permeation
amount and retention amount of drugs.

3.5.  Invivo visualization of drug distribution in the articular
cavity

To further confirm whether the drug loaded in the tip-layer of the
MNs can penetrate the skin and diffuse into the articular cavity,
IVISR was utilized to visualize the drug distribution in the articular
cavity of the SD rat knee joint. Fig. 6 presents the fluorescence
images of the rat knee joints punctured by the layered MNs loaded
with RhB alone in the tip-layer of the needles (Fig. 6A), intra-
articular injection with RhB solution (Fig. 6B), and the fluores-
cence intensity with time (Fig. 6C). After treatment with the MNs
onto the knee joint for 0.5, 1, 2, 4, 6,9, 12 and 24 h, the RhB fluo-
rescence in the articular cavity could be quickly observed even if the
treated skin was removed after 0.5h, and the fluorescence intensity
of RhB increased gradually with time, reached the peak 6 at h, and

RhB

Figure 3  Confocal laser scanning micrographs via 3D reconstruc-
tion of rat skin treated with fluorescent probes loaded layered MNs
in vivo. Scale bar = 100 um.
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Figure 4  In vitro permeation behavior of different MN formula-
tions. Permeation profiles of TAC (A) and DIC (B) through rat skin
from different MN formulations. Skin retention of TAC (C) and DIC
(D) after 24 h permeation from different MN formulations. Each
symbol and bar represented the mean + standard deviation of six
determinations. Significant differences were calculated using ANOVA
test (*P < 0.05).
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remained high until 24 h (Fig. 6A and C). However, the fluorescence
intensity was strongest upon the intra-articular injection of RhB
solution, decreased gradually with time, became weaker at 4 h post-
injection, and remained negligible from 6 to 12 h post-injection
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Figure 5 In vivo permeation behavior of different MN formula-
tions. Cumulative permeated amount of TAC (A) and DIC (B) through
rat skin, and skin retention of TAC (C) and DIC (D) after 24 h
permeation from different MN formulations. Each symbol and bar
represented the mean + standard deviation of six determinations.
Significant differences were calculated using ANOVA test

(*P < 0.05).

(Fig. 6B and C). After the skin of the injected position was
removed at the time point of 12 h, there was no fluorescence signal in
the articular cavity, while the weak fluorescence was present in the
skin (Fig. 6B). The negligible fluorescence from 6 h post-injection
might be residual RhB in the skin due to needle injection. The re-
sults indicate that RhB loaded into the tip-layer of the MNs could
penetrate the skin faster and reach the articular cavity, and the
layered MNss sustainably delivered the drug into the articular cavity
as a drug reservoir and prolonged the residence time of the drug in
the articular cavity. Intra-articular injection could immediately
deliver the drug into the articular cavity; however, the drug was
quickly distributed systemically and then metabolized. Mwangi
et al.*® reported that the fluorescence of labeled 10 kDa dextran in
the joint rapidly decayed after intra-articular injection with a joint
half-life of 3.26 h, and this short joint residence time was associated
with its small molecular weight and joint clearance. Frequent intra-
articular injection of DIC with a molecular weight of 318 is
necessary for the sustained control of PsA development. Delivering
drugs with layered MNs into the articular cavity may be an alter-
native to intra-articular injection and has the advantage of facili-
tating long-term sustained release of drugs in the articular cavity,
which leads to enhanced patient compliance because long-term
treatment is required for PsA.

3.6.  Effects of layered MN on psoriatic arthritis treatment

3.6.1.  General observations

A schematic diagram of psoriasis model establishment and the
treatment protocol is shown in Fig. 7A. Fig. 7B—D respectively
presents the representative clinical manifestations, PASI, and
TEWL of healthy and psoriatic animals throughout the model
establishment and treatment. After consecutive applications of
IMQ cream to the rats for 5 days, rat skin displayed typical
characteristics of psoriasis-like lesions, including severe
erythema with punctate hemorrhage and caducous scales, and
obvious skin thickening with wrinkles and raised plaques
(Fig. 7B). PASI scores and TEWL values rose to ~8 and
~33 g/m?h (0 and 3.58 + 0.26 g/m>-h for healthy skin, Fig. 7C
and D), respectively. The skin barrier was significantly disrupted
due to psoriatic lesions. After treatment with different MN for-
mulations on Day 6 for 24 h, the skin lesions formed scabs, the
PASI scores and TEWL values decreased. Throughout treatment,
TD-MN and TAC-MN had better anti-psoriatic effects than
Blank-MN, DIC-MN, and MIX-MN, while Blank-MN, DIC-MN,
and MIX-MN presented comparable results. Reduction of PASI
scores and TEWL values represented the healing and recovery
extent of skin lesions. By the end of the experiment (Day 11), the
PASI scores and TEWL values of the TD-MN- and TAC-MN-
treated groups were significantly less than those of the other
MN groups (P < 0.05), and those of the Blank-MN, DIC-MN,
and MIX-MN groups were significantly less than those of the
IMQ group (P < 0.05). The visible inflammatory signs of pso-
riatic lesions were significantly ameliorated after TD-MN or
TAC-MN treatment, and the skin barrier recovered and was
comparable to the negative control (healthy animal). The results
were attributed to the facts as follows. First, TAC, a potent
immunosuppressant, played a major role in the treatment of
psoriasis, while DIC, an NSAIDs, could not have marked anti-
psoriatic effects. Second, percutaneous delivery of TAC in the
inter-layer of the layered MNs (TD-MN or TAC-MN) obtained
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In vivo imaging of rat knees after treated with layered MNs and intra-articular injection. In vivo images of RhB delivery from layered

MNs into the articular cavity of rats throughout 24 h (A); RhB in the articular cavity of rats via intra-articular injection throughout 12 h (B); and
the fluorescence intensity with time (C). In the layered MNs treated group, the treated skin covering the articular cavity was removed prior to
imaging at each time point; while the treated skin in the intra-articular injection group was removed at 12 h post-injection.

higher TAC skin retention than that of un-layered MNs (MIX-
MN), resulting in better anti-psoriatic effects. Finally, the MNs
could lower the TEWL value and restore skin barrier function to
some extent. Recovery of skin lesions involves hemostasis,
inflammation, proliferation, and remodeling, but the stagnation
of inflammation often occurs. MN insertion into the skin could
produce slight inflammation and stimulate the migration of
epithelial cells to skin lesions, causing the acceleration of skin
from the inflammatory phase to the proliferative phase and then
promote the recovery of skin barrier function®®, thereby effec-
tively alleviating erythema and hemorrhage and accelerating
scabs and scale shedding in the treatment of psoriasis-like le-
sions. Moreover, HA, as the main component of the MN for-
mulations, is an endogenous substance of the epidermis and
dermis, that can maintain cell moisture, promote cell migration,
and improve the healing ability of skin lesions**>°.

PsA has a variety of phenotypes, among which rheumatoid
arthritis (RA) is common. Due to similar immune disorders be-
tween PsA and RA, RA animal models are usually used to
investigate therapeutic effects on PsA in numerous studies’'.
Carrageenan-induced arthritic rats possess many symptoms anal-
ogous to human RA, such as synovitis, the formation of synovial
vessels, and degradation of matrix proteoglycan in articular
cartilage™. A schematic diagram of arthritis model establishment
and the treatment protocol is shown in Fig. 8A and B, respectively.
Knee joint inflammation was evaluated by measuring the knee
diameter and calculating the swelling degree as a direct index of
arthritis®”, and muscle atrophy was a subsequent index of arthritis.
Effective treatment can reduce swelling and prevent muscle at-
rophy of the affected knee. As expected, one day after injection of
A-carrageenan and kaolin into the right synovial cavity, the
affected knee presented marked swelling. Compared to the normal
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Figure 7  Psoriasis model establishment and treatment. Schematic diagram of protocols of IMQ-induced psoriasis rat model establishment and

the treatment (A). The representative skin clinical manifestations throughout model establishment and treatment (B). PASI scores of psoriatic skin
lesions treated with different MN formulations (C). TEWL of psoriatic skin lesions treated with different MN formulations (D). Each symbol and
bar represented the mean=standard derivation of six determinations. Significant differences were calculated using ANOVA test. *P < 0.05 in
comparison with the IMQ group; *P < 0.05 in comparison with the IMQ+MIX-MN group.

left knee joint, the swelling degree was ~25%, indicating the
successful establishment of the arthritis model. After treatment
with different formulations, the changes in the swelling degree
during the experiment are presented as shown in Fig. 8C. In
contrast to the anti-psoriatic experiment, blank-MN presented no
significant effect on reducing the swelling of arthritis throughout
treatment compared with the model group, while, the other for-
mulations containing drugs alleviated the arthritis to different
levels. DIC-injection, DIC-MN, and TD-MN took effect
quicker than the other formulations; they significantly reduced the
swelling starting on Day 3, and the swelling sustainably decreased

with time. However, MIX-MN and TAC-MN significantly reduced
swelling beginning on Day 5. Importantly, recurrent swelling
occurred in the DIC-injection group on Day 7, indicating that a
higher frequency of DIC-injection is necessary to treat arthritis,
which is consistent with the results from the in vivo visualization
of drug distribution in the articular cavity. Intra-articular injection
of DIC could immediately reach the articular cavity but quickly
distribute systemically and then be metabolized, and the DIC
concentration in the inflamed joints consequently decreased. TD-
MN and DIC-MN showed a sustained reduction in the swelling
throughout the experiment and the results were better than
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determinations. Significant differences were calculated using ANOVA test. *P < 0.05 in comparison with the IMQ group; *P < 0.05 in com-

parison with TD-MN group.

those of MIX-MN and TAC-MN. Interestingly, TD-MN presented
the strongest anti-swelling effects among the MN formulations,
and the swelling degree decreased to ~4.33%. Prevention of
muscle atrophy after treatment with different formulations is
shown in Fig. 8D. Compared with the model group, both blank-
MN and DIC-injection could not prevent muscle atrophy of the
affected knee. MN formulations containing drugs significantly
prevented muscle atrophy, and TD-MN performed better than DIC
MN, TAC-MN, and MIX-MN (P < 0.05). The results are as fol-
lows. First, TD-MN and DIC-MN had significantly better thera-
peutic effects compared with the other groups. DIC loaded in
TD-MN and DIC-MN played a major role in the treatment of
arthritic rats. As a potent NSAID, DIC dramatically inhibited joint
swelling and lowered the risk of muscle atrophy. However, when
DIC was injected intra-articularly, its anti-inflammatory
effect was not sustained, and frequent injection was necessary
for arthritis clinical requirements. While TD-MN or DIC-MN
pierced the skin, DIC loaded in the tip-layer of the needle was
partially directly delivered into the articular cavity, and the
remaining DIC displayed sustained release from the needle tip
reservoir supplied into the articular cavity. The pharmacodynamic
effects of anti-swelling and atrophy confirmed the results from
the in vitro and in vivo permeation and drug distribution experi-
ments. Second, TD-MN was superior to DIC-MN with respect to
anti-swelling and atrophy, and TAC-MN also had a marked ther-
apeutic effect against arthritis. TAC has been demonstrated to
have anti-arthritic effects by effectively inhibiting inflammation
and the expression of TNF-a and IL-18 in rodents™"*, thereby
alleviating bone and cartilage lesions. DIC and TAC in TD-MN
might have a synergistic effect for the treatment of arthritis;
thus, the anti-arthritic effects of TD-MN were better than those of
DIC-MN.

Comprehensively, considering the therapeutic effects of the
layered MNs in psoriasis and arthritis animal models, it was found

that the layered MNs had stronger effects on inhibiting disease
development than the other MN groups, which achieved the proof
of concept of a TAC and DIC need-based delivery system of for
the simultaneous alleviation of skin and joint lesions in PsA.

3.6.2.  Histopathological analysis

H&E staining of psoriasis-like skin induced by IMQ revealed his-
tological changes in epidermal thickening™. As shown in Fig. 9, the
epidermis of psoriatic skin induced by IMQ present marked hy-
perkeratosis, which is significantly thicker than that of the normal
epidermis (87.97 + 18.44 vs. 2545 + 3.15 pm, P < 0.05), and
serious infiltration of lymphocytes is observed in the dermis. After
treatment with different MN formulations, the thickened epidermis
recovered compared with the IMQ group (P < 0.05); even Blank-
MN presented decreased epidermal thickness. HA-based MNs
probably increase skin hydration, resulting in amelioration of the
dryness and scaling produced by IMQ application. Additionally,
TD-MN and TAC-MN further ameliorated the thickened epidermis
compared with the other drug-loaded MN groups. Overall, TD-MN,
similar to TAC-MN, exhibited minimal epidermal thickening
compared to the negative control.

H&E and safranin O-fast green staining of A-carrageenan/
kaolin-induced arthritis of the knee joint in rats was performed to
observe histological changes, including cartilage erosion, syno-
vitis, and infiltration of inflammatory cells (Fig. 11). The knee
joint of the model group displays the typical histological mani-
festations of arthritis with rough articular cartilage surface,
disordered arrangement of chondrocytes, and infiltration of
numerous inflammatory cells in synovial tissue (Fig. 10A).
Safranin O is an alkaline dye that marks cartilage red, and fast
green is an acidic dye that combines with subchondral bone to
show a green color. The loss of red represents cartilage degrada-
tion. A large loss of safranin-stained area appears in the articular
cartilage of the model group (Fig. 10B), which indicated the
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increased degradation of proteoglycan and severe cartilage
destruction. Except for Blank-MN and DIC-injection, the patho-
logical manifestations of arthritis had different degrees of miti-
gation after treatment with different drug-loaded MN
formulations, similar to the results above. However, treatment
with TD-MN presented the best alleviation effects on cartilage
destruction and bone erosion compared with other drug-loaded
MN formulations. DIC-injection could not alleviate the patho-
logical manifestations of arthritis because the recurrent swelling
occurred in the DIC-injection group on Day 7, as described in
Section 3.6.1.

3.6.3. TD-MN inhibits serum pro-inflammatory cytokines

TNF-« is the central cytokine in the development of many auto-
immune diseases, and has become an important target for the
treatment of psoriasis and arthritis’®. Anti-TNF-a biologics, novel
medications for psoriasis, arthritis, and PsA, have been widely
used in the clinic. During the pathogenesis of psoriasis, TNF-«
secreted by activated T cells and antigen-presenting cells cannot
trigger keratinocyte reaction alone but has strong synergistic ef-
fects when combined with IL-17A, IL-17C or other cytokines,
which sets off a cytokine storm and aggravates the inflammatory
process of psoriasis’’. Furthermore, the increased expression of
IL-17A has been determined in psoriasis and other autoimmune
diseases, including rheumatoid arthritis and systemic lupus

A Control MQ

IMQ+Blank-MN

erythematosus”®°. Therefore, in this study, serum TNF-a and IL-
17A levels in psoriatic and arthritic rats were determined to further
investigate the therapeutic effects of different MN formulations on
reducing pro-inflammatory cytokines. As shown in Fig. 11, serum
TNF-« and IL-17A levels of our IMQ-induced psoriatic and A-
carrageenan and kaolin-induced arthritic rats are markedly higher
than the normal levels of the negative control (P < 0.05). After
treatment with different MN formulations, serum TNF-« levels
significantly decreased. It is noteworthy that serum TNF-« levels
were downregulated to a level comparable to the normal level
after the psoriatic rats were treated with TAC-MN or TD-MN and
the arthritic rats were treated with DIC-MN or TD-MN, and
significantly lower than those of the MIX-MN-treated rats
(P < 0.05). The results are consistent with those of general ob-
servations and the histopathological analysis. However, for IL-
17A, only TAC-MN and TD-MN significantly inhibited its
elevation in psoriatic rats (P < 0.05), and there was no significant
difference between the negative control and TD-MN-treated
group. Additionally, only DIC-MN and TD-MN significantly
inhibited IL-17A elevation in arthritic rats (P < 0.05). Neverthe-
less, the other formulations did not significantly decrease IL-17A
levels. In the pathogenesis of both psoriasis and arthritis, the
powerful synergism between TNF-« and IL-17A is attributed to
the stabilization of TNF-« on /L-17A mRNA, and TNF-« could
potentiate IL-17A°°. After the psoriatic rats were treated with

IMQ+DIC-MN

B 120+
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Figure 9

Histopathological analysis of the psoriatic rats treated with different MN formulations. Histological analysis of skin after 5 days of

anti-psoriatic treatment with different MN formulations (A). The epidermal thickness of skin measured under the microscope (B). The sliced
sections were stained with hematoxylin and eosin (magnification 100x). Scale bar = 200 um. Mean of epidermal thickness was calculated based
on 20 random site measurements. Significant differences were calculated using ANOVA test. *P < 0.05 in comparison with the IMQ group;

#P < 0.05 in comparison with the IMQ+MIX-MN group.
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Figure 10  Histopathological analysis of the arthritic rats treated with different MN formulations. Histological analysis of knee joint after 5 days
of anti-arthritic treatment with different MN formulations. The sliced sections were stained with hematoxylin and eosin (A) and safranin O-fast
green (B) (magnification 100x). Scale bar = 200 pum.
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Figure 11  Effects of different MN formulations on serum TNF-« (i) and IL-17A (ii) levels in psoriatic (A) and arthritic (B) rats. Each symbol
and bar represented mean=standard derivation of six determinations. Significant differences were calculated using ANOVA test. *P < 0.05 in
comparison with the positive group (IMQ-induced psoriatic and carrageenan/kaolin-induced arthritic model group); *P < 0.05 in comparison with
MIX-MN group; ns, no significant difference with the negative group.
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TAC-MN or TD-MN or the arthritic rats were treated with DIC-
MN or TD-MN, the serum TNF-« in psoriatic or arthritic ani-
mals recovered to normal levels, therefore, the normal level of
TNF-«a was unable to potentiate IL-17A and the synergism be-
tween TNF-a and IL-17A was blocked. Consequently, TD-MN
was comparable to TAC-MN for psoriatic rats and to DIC-MN
for arthritic rats and significantly inhibited TNF-« and IL-17A.
This inhibition is its underlying mechanism of therapeutic action
against PsA. In short, as expected, taken together, general obser-
vations, histopathological analysis, and pro-inflammatory cytokine
determination, MNs layered-loaded with TAC and DIC can kill
two birds with one stone by simultaneously alleviating joint and
skin lesions in PsA treatment.

4. Conclusions

PsA is a complicated psoriasis comorbidity with both skin and joint
lesions, and its effective treatment should alleviate skin and joint
symptoms simultaneously. In this study, we developed a layered
MN as a percutaneous layer-loaded system with TAC and DIC for
PsA treatment, which consisted of inter-layer loading of TAC and
tip-layer loading of DIC. In vitro and in vivo skin permeation
studies demonstrated that the inter-layer retained TAC within the
superficial skin while the tip-layer delivered DIC into the articular
cavity, and both deliveries were significantly higher than those of
MIX-MN. The therapeutic efficacy of TAC and DIC layer-loaded
by MNs was comparable to TAC-MN against psoriasis and com-
parable to DIC-MN against arthritis, and was even better than DIC-
injection. Therefore, layered MNs were advantageous in enhancing
the permeability and efficacy of the drugs, avoiding the possible
risk of systemic side effects caused by oral administration and
frequent intra-articular injection, thereby leading to better patient
compliance. Overall, layer-loaded TAC and DIC in our layered
MN:ss can deliver need-based TAC and DIC to the psoriatic skin and
arthritic articular cavity, respectively, simultaneously treating skin
and joint lesions in PsA. Therefore, this approach represents a
promising alternative to the multi-administration of different drugs
for comorbidity, providing a convenient and effective strategy that
meets the requirements of PSA treatment.
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