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In this study, a dosage form consisting of dissolving (D) microneedles (M) and an adhesive (A) transdermal patch
(P; DMAP) was designed and pre-clinically evaluated for the treatment of rheumatoid arthritis (RA). The tip of
the dissolving microneedles (DMNs) was loaded with the macromolecular drug melittin (Mel@DMNs), this to
treat joint inflammation and bone damage, while the adhesive transdermal patches contained the low molecular
weight drug diclofenac sodium (DS; DS@AP) for pain relief. Mel@DMNs and DS@AP were ingeniously con-
nected through an isolation layer for compounding Mel-DS@DMAP for the simultaneous delivery of the drugs. In

vitro and in vivo experiments showed that DS@AP did not affect the mechanical properties and dissolution
process of Mel@DMNs while the pores formed by the microneedles promoted the skin penetration of DS.
Treatment of rats suffering from RA with Mel-DS@DMAP reduced paw swelling and damage of the synovium,
joint and cartilage, suggesting that the ‘patch-microneedle’ dosage form might be promising for the treatment

and management of RA.

1. Introduction

Rheumatoid arthritis (RA) is a common, systemic, and chronic
autoimmune disease that induces inflammation and resultant pain
within the joints. The pathological features linked with this ailment are
synovial inflammatory hyperplasia, and cartilage, bone, and joint
destruction [1,2]. This typically leads to joint swelling, stiffness, and
pain. As the disease advances, it could cause severe joint damage and
even disability, significantly affecting human health [3]. Therapeuti-
cally treating RA is mainly achieved by administering non-steroidal anti-
inflammatory drugs (NSAIDs), glucocorticoids, and disease-modifying
antirheumatic drugs [4,5]. NSAIDs are primarily targeted at joint
inflammation and pain, and glucocorticoids possess anti-inflammatory
and immunosuppressive capacities to treat general inflammatory
symptoms [6,7]. Disease-modifying antirheumatic drugs are the
preferred treatment for delaying and preventing the progression of RA
and joint damage. However, long-term use of disease-modifying anti-
rheumatic drugs can lead to toxicity and infections in the gastrointes-
tinal system, skin, kidneys, and other organs [8]. Certain biological

macromolecular drugs from natural sources have been shown to
significantly reduce RA disease activity and hinder imaging progression
[9]. As the unstable structure of biological macromolecules can lead to
drug destruction and decomposition by gastrointestinal proteases, in-
jection is the primary method of clinical administration [10]. However,
administering through injections demands professional intervention and
may lead to complications like bleeding, pain, and infection that could
reduce patient compliance, affect efficacy, or even cause treatment
discontinuation [11]. Consequently, it is vital to explore alternatives for
delivering biological macromolecules that offer the benefits of high
bioavailability afforded by injection administration, as well as the
convenience, safety, and compliance of oral administration.

Dissolving microneedles (DMNs) are transdermal preparations
comprised of water-soluble and biodegradable polymers that possess the
aforementioned benefits [12-14]. Furthermore, they are capable of
creating temporary micropores in the skin, thus breaching the skin
barrier, and directly administering medication to the body, enabling
improved topical or systemic administration compared to traditional
transdermal delivery [15-17]. In addition, DMNs retain the benefits of
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injectable administration while being painless and facilitating self-
administration, leading to improved patient compliance [18,19].
DMNs have been demonstrated significant advantages in delivering
biological macromolecules, including insulin [20], vaccines [21], and
nucleic acids [22]. Of note, they have been progressively employed in
treating RA within the last few years [23-25].

Previously, research has indicated that the use of multiple thera-
peutic agents concurrently may provide greater efficacy in treating RA
compared to using a single treatment option [26-29]. In comparison to
general chemical drugs, biological macromolecular drugs exhibit
enhanced anti-inflammatory effects, fewer side effects, and prolonged
treatment efficacy. Nevertheless, the onset of action is slow, and short-
term relief of inflammation and pain in the affected area of the patient
is not achievable. Combining NSAIDs can provide short-term symptom
relief, making up for the lack of a long-term anti-inflammatory treat-
ment that rapidly relieves joint swelling and pain. NSAIDs are typically
taken orally and have anti-inflammatory and analgesic effects [30,31].
However, despite reducing swelling and pain, oral NSAIDs have severe
adverse reactions, poor patient tolerance, and minimal treatment
effectiveness [32,33]. Research indicates that adhesive transdermal
patches (AP) provide local and systemic delivery for NSAIDs. This
method bypasses the first-pass effect of the liver, enhancing drug
bioavailability [34,35]. Thus, avoiding gastrointestinal and other
adverse reactions associated with oral NSAIDs is possible. However, the
stratum corneum of the skin creates a barrier that inhibits the trans-
dermal absorption of drugs, resulting in insufficient drug delivery to
meet therapeutic requirements. As a result, repeated administration may
be necessary [36,37]. Furthermore, the use of multiple formulations for
combined administration complicates the treatment process, causing
confusion in patients' medication, such as missing or repeated use of a
certain drug. This results in the benefits of combined medication not
being fully realized.

DMNs and AP are both transdermal delivery formulations and have
the basis of combined formulations. If the two are combined into a single
formulation, simultaneous multi-drug delivery can be achieved, thereby
reducing the number of doses administered and improving patient
compliance and therapeutic effect. The needle tips of DMNs are used to
load the macromolecular drug, which then dissolves quickly upon
insertion into the skin, delivering the drug effectively. AP serves as the
underlying layer of DMNs, where the NSAIDs within AP are delivered
through the skin to the local tissues for analgesia, while the pressure-
sensitive adhesive within it allows DMNs to adhere closely to the skin,
enhancing dissolution. Furthermore, the pores formed by DMNs facili-
tate the delivery of drugs in AP. This co-formulation retains the
respective advantages of the two dosage forms, namely DMNs have the
dual advantage of transdermal and subcutaneous administration to
effectively deliver the drug [38], meanwhile, AP is delivered locally to
minimize systemic exposure and thus reduces adverse events [39]. This
results in a synergistic and detoxifying dual drug effect achieved with a
single administration of the combined formula. However, some issues
persist with the preparation method. Firstly, DMNs and AP are combined
directly. This can lead to drug diffusion into various parts of the
formulation, potentially causing interactions between the two drugs. In
addition, the pliable AP is inadequate to provide the required mechan-
ical support for the DMNs array, resulting in the incapacity of DMNs to
penetrate the skin. How to overcome these problems and achieve the
effect of combined administration and synergistic administration of
combined formulation is one of the issues of this study.

Here, we aimed to design a novel composite drug delivery system,
named the dissolving microneedles and adhesive transdermal patch
(DMAP). Using the anti-inflammatory active macromolecular drug
melittin (Mel) as a model drug, the tips of the DMNs, encapsulated in
DMAP, were able to deliver Mel effectively via the pores created on the
skin. This mechanism will improve articular cartilage and reduce sy-
novial damage caused by long-term chronic inflammatory stimulation.
Diclofenac sodium (DS), a commonly used nonsteroidal anti-
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inflammatory drug, is loaded into the AP component of DMAP to ach-
ieve rapid pain relief. At the same time, an isolation layer is cleverly
added between DMNs and AP, which plays the role of drug isolation
during the formulation and storage of DMAP. Furthermore, the isolation
layer provides sufficient mechanical support for the DMNs to help
penetrate and deliver the drug. Along with percutaneous penetration,
DS can also permeate the body through pores created by DMNs, thereby
increasing the permeability of AP. This study provides innovative for-
mulations for multi-drug combination therapy for rheumatoid arthritis.

2. Materials and methods
2.1. Materials

Melittin (Mel) was purchased from Shanghai Apeptide Co., Ltd.
(Shanghai, China). Diclofenac sodium (DS) was purchased from Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). Poly-
vinylpyrrolidone (PVP) K90 was obtained from BASF (Ludwigshafen,
Germany). Hyaluronic acid (HA) was bought from Huaxi Furuida
Biotechnology Co., Ltd. (Jinan, China). All other materials were of re-
agent grade. ELISA Kkits for interleukin (IL) -10, IL-1p, and IL-6 were
purchased from RayBiotech. (Norcross, GA, USA). ELISA kits for IL-2 and
IL-17 were procured from Quanzhou Ruixin Biological Technology Co.,
Ltd. (Quanzhou, China).

2.2. Animal and cell culture

Male Sprague-Dawley (SD) rats (SPF grade) were purchased from
Jinan Pengyue Experimental Animal Breeding Co., Ltd. (Jinan, China)
(License no: SCXK(LU)20,190,003). The experimental procedures were
carried out in strict accordance with the guidelines for animal experi-
mentation of Bengbu Medical College and were approved by the Insti-
tutional Animal Care Committee of the College (Ref. no. 169, 2022).

Rheumatoid arthritis fibroblast-like synoviocytes (RA-FLs) were
cultured in Dulbecco's modified Eagle medium supplemented with 10%
fetal bovine serum and 1% penicillin/ streptomycin in an incubator at
37 °C under 5% CO».

2.3. Fabrication and formulation optimization of DS@AP

2.3.1. Fabrication of the DS@QAP

One mL of DS solution (160 mg/mL) was added with transdermal
penetration enhancer. Then, add the polyacrylic acid pressure-sensitive
adhesive [40] to make the total mass 10 g under stirring. Subsequently,
the mixture was vacuumed for 20 min and left to stand overnight. Next,
0.5 mL of the mixture was added to the polydimethylsiloxane (PDMS)
mold for drying and molding at a constant temperature. To obtain
DS@AP, 33.3% PVP K90 aqueous solution (w/v) was added as the base
layer and then dried. The morphologies of the prepared DS@AP were
observed under a microscope (Leica Camera AG, Wetzlar, Germany).

2.3.2. Formulation optimization of the DS@AP

The TPY-2 Franz diffusion cell device (Shanghai Huanghai Phar-
maceutical Inspection Instrument Co., Ltd., Shanghai, China) was uti-
lized to evaluate the permeation characteristics of varied DS@AP
formulations, with the aim of optimize the type (azone, isopropyl myr-
istate, propylene glycoland, and oleic acid) and ratio (2%, 5% and 8%)
of permeation enhancers. After attaching the different formulations of
DS@AP to the skin stratum corneum, they were mounted in combination
with a Franz diffusion cell. Samples (0.7 mL) were taken at the pre-set
time points of 0.5, 1, 2, 4, 8, 12, and 24 h under the stirring condition
of 300 rpm at 32 + 0.5 °C, and an equal amount of blank phosphate-
buffered saline (PBS) was added immediately. The samples were
analyzed using high-performance liquid chromatography (SPD-16, Shi-
madzu, Japan).
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2.3.3. Invitro drug release study of the DS@AP

The study of dissolution in vitro employed the automatic sampling
dissolution apparatus (Liyang Enterprises Co., Ltd., Hong Kong, China)
with a speed set to 100 rpm and a dissolution medium of 300 mL PBS.
Samples of 0.7 mL were taken at time points of 0.17, 0.5, 1, 2, 4, 8, 12,
24, 36, 48, 60, and 72 h, with an immediate supplement of 0.7 mL of
blank PBS. The samples underwent filtration before analyzing and
calculating the release degree at each time point using high-performance
liquid chromatography. This allowed for the drawing of the release
curve. A commonly used mathematical model [41] was used for the
curve fitting analysis.

2.4. Fabrication and characterization of Mel@DMNs and Mel-
DS@DMAP

A brass mold was manufactured via computer-aided design and
precision engineering techniques, following which, the negative mold of
PDMS was prepared [42]. The mold is divided into three components:
the central DMNs region, the isolation layer, and the AP part. 300 mg of
HA and 100 mg of Mel solution were added to 1 mL of water and mixed
to prepare the needle tip solution of DMNs. An isolation layer solution
contained 20% aqueous PVP K90 solution (w/v), and a backing layer
solution contained 33.3% aqueous PVP K90 solution (w/v).

The DMNs and DMAPs were prepared using a two-step centrifugal
needle-making method previously established in the laboratory [43].
The preparation process is shown in Fig. 1: Firstly, approximately 0.12
mL of the needle tip solution was added to the PDMS mold, followed by
centrifugation (Thermo Electron LED GmbH, Osterode, Germany),
removal of excess solution, and drying for 12 h. Then, 0.1 mL of isolation
layer solution was placed above the needle and dried for 12 h. Next, 0.5
mL of AP solution was added and dried for 24 h. Finally, 0.45 mL of the
backing layer solution was added, centrifuged, and dried for 1-2 days,
and then peeled from the PDMS mold to obtain Mel-DS@DMAP. Sub-
sequently, 0.45 mL of the backing layer solution was added directly onto
the surface of the tip layer, and then centrifuged, dried, and de-molded,
to obtain Mel@DMNs. DMAP contains only DS (DS@DMAP) was pre-
pared using the same method. (See Scheme 1.)

The morphologies of the prepared Mel@DMNs and Mel-DS@DMAP
were observed using a microscope and scanning electron microscope
(SEM), and the needle length and drug loading of DMNs were
investigated.

2.5. Mechanical properties of the Mel-DS@DMAP needles

The mechanical properties of Mel@DMNs and Mel-DS@DMAP were
assessed using a texture analyzer [44] (CT3, Brookfield, USA). The
sample tip was positioned upward on the stage of the mass analyzer,
with a trigger force of 0.05 N, a loading force of 50 N, and a compression
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rate of 0.5 mm/s. The needle height was measured under a microscope.
DMAP was prepared by using a 0.4% trypan blue solution instead of
water as the needle tip solvent. The cuticle of the skin was placed after
epilation upwards, and then DMAP was pressed against the skin for
approximately 30 s, then removed after 3 min, and the DMAP-induced
penetrations in the skin, to form the pores, were observed.

2.6. In vivo dissolution study of the Mel-DS @DMAP needles

After removing the back hair of the rats, Mel@DMNs and Mel-
DS@DMAP were pressed on the skin respectively for a specific dura-
tion of time [45](0, 2, 4, 6, 8, 10, 15, 20 min, respectively). At each time
point, the sample was taken out and the remaining length of the needle
was measured with a microscope. Based on the obtained data, a disso-
lution trend line was plotted with time as the x-axis and the percentage
of remaining needle length as the y-axis.

2.7. Invitro skin permeation of the DS@DMAP

According to the in vitro transdermal test method of DS@AP, DS@AP
and DS@DMAP were combined with the Franz diffusion cell after
attaching them to the stratum corneum, and samples were taken at 0.5,
1, 2, 4, 8, 12, and 24 h after the start of the test and analyzed by high-
performance liquid chromatography.

2.8. In vivo analgesic effect of the DS@DMAP

The analgesic effects of DS@AP and DS@DMAP were compared
using the hot plate method (YLS-6 A Intelligent Hot Plate Instrument,
Shandong Province Academy of Medical Sciences Equipment Station).
The experiments were set up in the control group, DS@AP group and
DS@DMAP group. Three rats were set up in each group, and each rat
was given one tablet of the formulation transdermally in the leg, and the
rats were placed individually on the hot plate (52 + 0.5 °C) after 8 h of
administration. When the rats showed the first licking of the hindfoot,
the heating was stopped immediately and the timepoint was recorded.

2.9. Cytotoxicity

RA-FLs were seeded into a 96-well plate with a density of 5 x 10°
cells per well. The concentration of the drug in the Mel group, the DS
group, as well as in the combined Mel and DS group was fixed at 5-100
pg/mL. 20 pL of 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyl tetrazolium
bromide (MTT) (5 mg/mL) was added after 24 h, the supernatant was
discarded after 4 h of incubation, and the pellet was dissolved in 150 pL
of dimethyl sulfoxide. The absorbance of the resulting solution was
measured.
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Fig. 1. Fabrication principle of Mel@DMNs and Mel-DS@DMAP.
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Scheme 1. A new complex dosage form consisting of dissolving microneedles and adhesive transdermal patch (DMAP) has been designed and prepared by a simple
and effective method for the treatment of rheumatoid arthritis. Mel-DS@DMAP: DMAP containing melittin and diclofenac sodium, DS@AP: adhesive transdermal
patch containing diclofenac sodium, Mel@DMNs: dissolving microneedles containing melittin.

2.10. Pharmacodynamics studies

2.10.1. Establishment and treatment of AA rat model

The purpose of this experiment was to investigate the pharmacody-
namics of Mel-DS@DMAP in AA rats. An injection was subcutaneously
administered to the rat's disinfected right hind foot. The Normal group
was given an injection of 0.1 mL of normal saline, while the other
modeling groups were given an injection of 0.1 mL of complete Freund's
adjuvant (CFA) to create an AA rat model [46]. To determine the success
of the model, we analyzed the level of redness and swelling in the rat
joints, as well as swelling and deformation.

Four groups of AA rats, (n = 5), were randomly allocated to the
Model group, DS@AP group, Mel@DMNs group, and Mel-DS@DMAP
group. Treatment was initiated on day 18. The drug was administered
once every 3 days for a total of 21 days.

2.10.2. Swelling of rat paw

The volume of secondary claws of rats in each group was measured
using a paw volumeter (Anhui Zhenghua Biotechnology Co., Ltd., Anhui,
China) every three days before (VO) and after (Vt) modeling. The
following formulas were used to evaluate the paw swelling rate before
treatment and the paw swelling degree after treatment:

Paw swelling rate (%) = Vt/V, x 100
Degree of paw swelling (%) = (Vt— Vi5)/Vis x 100

2.10.3. Radiological examination

To assess the degree of joint damage in each group following treat-
ment, all groups of rats underwent X-ray imaging (Bruker in vivo Mul-
tispectral FX PRO, USA) of their left ankle and hindlimb after the final
dose on day 39.

2.10.4. Histological analysis of synovium and ankle joint

Rats were sacrificed after the treatment, and the synovium and ankle
joint of the left leg were removed. The synovial tissue was paraffin-
embedded and sectioned, and the ankle joint was decalcified and
paraffin-embedded before sectioning. The sections were stained with
Hematoxylin-Eosin (H&E) and Saffron O/Fast Green, and the staining
results were observed under a microscope.

2.10.5. Serum cytokine detection
After the treatment, venous blood was collected from the rats' orbits,

left to stand for 4 h, and then centrifuged at a speed of 5000 rpm for 15
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min to obtain serum. The serum levels of cytokines, including IL-2, IL-6,
IL-16, IL-17, and IL-10, were determined using rat ELISA kits [46].

2.11. Statistical analysis

The experimental data are expressed as the mean + standard devi-
ation, and the data analysis and processing are completed by SPSS
21.0.0.0, GraphPad Prism 8.01, and other software. t-test and one-way
ANOVA were used to evaluate the difference in the data. The statisti-
cal significance was set as P < 0.05.

3. Results
3.1. Fabrication and characterization of DS@AP

3.1.1. Formulation optimization of DS@AP

Incorporation of a transdermal penetration enhancer into the AP
formulation can substantially enhance the effectiveness of the AP by
facilitating drug penetration through the skin. DS@AP was prepared
with varying penetration enhancers, and the impact of different for-
mulations on skin permeability was investigated using a Franz diffusion
cell (Fig. 2A-B). The types and contents of transdermal penetration en-
hancers were screened and optimized by taking the drug transdermal
penetration rate as the index. First, a fixed content of 5% was initially
used, and one out of the four enhancers was chosen as the optimal choice
(refer to Fig. 2C). Where Js represents the slope of the 0-24 h curve,
indicating the average rate of drug permeation, while Qn signifies the
cumulative permeation within 24 h, per unit area. In comparison to the
control group, both the azone group and the isopropyl myristate group
showed similar and smaller Js values. Furthermore, neither the azone
nor the isopropyl myristate group demonstrated a noticeable increase in
drug permeability. The Js and Qn values of the propylene glycol and
oleic acid groups were significantly higher than those of the control
group, wh ich demonstrated a superior penetration effect for the pro-
pylene glycol group. As a result, propylene glycol was selected as the
optimal transdermal penetration enhancer.

The optimal content for the preferred penetration enhancer was
determined by testing three mass fractions of 2%, 5%, and 8% (refer to
Fig. 2D). Compared to the control group, the propylene glycol group
with varying concentrations exhibited higher Js and Qn values. Among
them, the 5% propylene glycol group exhibited superior penetration-
promoting effects. Consequently, 5% propylene glycol was identified
as the final penetration-promoting agent.
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Fig. 2. Characterization and analysis of the in vitro permeation behavior of different AP formulations. (A) DS@AP graphics with different penetration enhancers
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3.1.2. Drug release study of the DS@AP

In Vitro drug release from DS@AP is shown in Fig. 2E. Drug release in
AP increased over time, particularly in the first 2 h, leading to the release
of 18.12% of the drug. The release rate increased to 75% over 72 h. To
investigate the release mechanism of the drug from the patch, the drug
release curve was fitted to the Ritger-Peppas mathematical model, and a
judgment on the release mechanism was made based on the fitted re-
sults. The fitting equation: y = 13.29:%*!, R = 0.99645, in which the
dissolution characteristic the index n = 0.41 (< 0.45), characterizing
dissolution points to conformity with Fick's first diffusion law.

3.2. Fabrication and characterization of Mel@DMNs and Mel-
DS@DMAP

Mel@DMNs, DS@AP, and Mel-DS@DMAP were prepared respec-
tively (Fig. 3A-C). The images indicate that DMNs and AP combine to
form a novel complex dosage, which resembles a regular torus that
measures 2 cm in outer diameter and 1 cm in inner diameter. The outer
ring section comprises DS@AP, which is transparent and colorless, with
an area of approximately 2.355 cm?. The amount of DS content is 8.20
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=+ 0.078 mg (Fig. S1). The central core comprises of Mel@DMNs, with 89
well-arranged and smooth conical needles measuring 792.92 + 12.89
pm in height (Fig. 3D). Furthermore, the Mel content of 110.00 + 10.00
ug, and the drug content was stable after 8 weeks of storage under dry
conditions (Fig. S2A).

3.3. Isolation layer

DMN s and AP are connected by the isolation layer and combined into
a whole (Fig. 3G), rhodamine B (Rh—B) was substituted for DS to pre-
pare DMAP without the isolation layer (Fig. 3E) and DMAP with the
isolation layer (Fig. 3F). The DMAP needle with the presence of the
isolation layer becomes transparent, preventing the permeation of red
Rh—B, in contrast to DMAP without an isolation layer. It shows that the
isolation layer plays the role of connecting different formulations and
isolating drugs, therefore avoiding drug interactions that may affect
efficacy.
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Fig. 3. Characterization of DMAP and its parts. (A) Microscope image of the Mel@DMNs, (B) DS@AP and Mel-DS@DMAP (C). (D) SEM image of the Mel@DMNSs,
scale bar: 400 pm. Mel-Rh-B@DMAP without (E)/with (F) isolation layer. (G) Exploded view of the components of DMAP.

3.4. The effect of AP on DMAP

3.4.1. Mechanical properties of Mel-DS@DMAP

The changes in needle length post-compression of Mel@DMNs and
Mel-DS@DMAP were drecorded through microscope examination
(Fig. 4A). The height of Mel@DMNs and Mel-DS@DMAP both decreased
by 17.45% and 17.65%, correspondingly. The difference was not sta-
tistically substantial, indicating that the two formulations have similar
mechanical properties. Mel-DS@DMAP remains mechanically stable
post an 8-week storage duration (Fig. S2B).

The results of the in vitro skin insertion test for Mel@DMNs and Mel-
DS@DMAP are shown in Fig. 4B-C. Both formulations could penetrate
the stratum corneum completely with a 100% piercing rate. These
findings indicated that the integration of AP and DMNs into DMAP does
not affect the ability of DMAP to penetrate the stratum corneum.

3.4.2. Study on the dissolution of Mel-DS@DMAP in vivo

The images of needle length change for Mel@DMNs and Mel-
DS@DMAP formulations revealed comparable needle dissolution
(Fig. 4D-E). Complete dissolution of both types of needles occurred
within 20 min. Microscope images were consistent with needle length
measurements (Fig. 4F), and there was no significant difference between
the two formulations. This suggested that AP did not impact the disso-
lution of DMNs within skin tissue after binding DMNs to AP. It was found
that the Mel-DS@DMAP needles dissolved more within 20 min. This was
likely attributed to the viscosity of AP, which facilitated a close fit of the
DMNs with the skin, thereby enhancing the dissolution of the DMNs. We
could conclude that the initial rapid and subsequent slow dissolution
profile of DMNs could be attributed to the gradual increase in volume
and cross-sectional area of the needle body from tip to toe in the di-
rection of the needle. This resulted in an increase in resistance during the
insertion process of DMNs. At the same time, the dissolution process is
influenced by the elasticity of the skin tissue, the material and geometry
of the DMNs, and the limited local skin tissue fluid.

3.4.3. Inhibitory effects of combined drugs on inflammatory cells in vitro
The effects of different drugs on the survival of RA-FLs were studied
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using the MTT assay (Fig. 4G). DS displayed a negligible effect on cell
viability at the concentration of 5-100 pg/mL. Nevertheless, cell
viability obviously decreased with the increased concentration of Mel.
Furthermore, simultaneous administration of Mel and DS demonstrated
higher cytotoxicity than Mel alone. These results indicated that Mel
played a major role in inhibiting the proliferation of RA-FLs, and the
combined administration of Mel and DS has a better effect on inhibiting
the proliferation of RA-FLs.

3.5. The effect of DMNs on drug release in AP

Whether DMNs affect drug release in AP was investigated by
comparing the transdermal penetration effect of the two formulations. It
was found that the DS@DMAP group had a faster penetration rate than
the DS@AP group (Fig. 5A). Besides, the cumulative penetration level of
the DS@DMAP group was significantly higher than that of the DS@AP
group. The above results indicated that the transdermal effect of
DS@DMAP was significantly higher than that of the DS@AP group, and
indicated that DMNs in the combined formulation had a promoting ef-
fect on drug release in AP.

The two DS formulations were applied to the skin of rats (Fig. 5C-D),
to explore the analgesic effect in vivo. The pain thresholds of the rats in
the DS@AP group and the DS@DMAP group were found to be higher
compared to the control group, suggesting that both DS formulations
produced analgesic effects on the rats (Fig. 5B). Although there was no
significant variance in pain threshold between the DS@AP group and
the control group, there was a notable difference between the
DS@DMAP group and the control group. Moreover, the dosage of DMAP
and AP delivered DS was 1.62 0.1 mg/kg and 1.51 0.1 mg/kg, respec-
tively (Fig. S3). This indicates that the DS@DMAP group works better,
which is supported by the transdermal penetration results in Fig. 5A.

The combination of DMNs and AP did not reduce percutaneous drug
penetration in AP, but instead increased the drug release rate and
improved the analgesic effect. The reason may be that the presence of
DMNs and the resulting pores facilitated rapid drug delivery. Moreover,
the drug in AP not only directly penetrated the skin, but also spread to
the DMNs area via the softened isolation layer before entering the skin
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through the micropores.

3.6. Pharmacodynamics studies

3.6.1. Swelling of rat paw

The establishment of the AA rat model and the schematic diagram of
the treatment plan are shown in Fig. 6A. AA rats have demonstrated
significant weight fluctuations, which may be attributed to the disease
(Fig. S4). To establish and treat arthritis models, the degree of secondary
paw swelling in rats was measured as a direct marker. The results
demonstrated that the secondary paw of rats showed signs of swelling on
the 12th day following CFA induction and that this swelling significantly
increased on the 18th day. There were significant differences between
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each group and the Model group (P < 0.001, Fig. 6B); indicative of the
successful induction of the AA rat model. Paw swelling of rats in each
group varied throughout treatment, with the highest level of swelling
occurring on the 21st day (Fig. 6C). The paw swelling decreased on the
21st day because of the autoimmune and therapeutic effects. After the
treatment, the paw swelling increased by 1.52% and 0.97% in the Model
group and the DS@AP group respectively. Mel@DMNs and Mel-
DS@DMAP showed decreased paw swelling by 18.92% and 11.71%
respectively. It could be found that the paw swelling in the Mel-
DS@DMAP group was significantly reduced compared with that in the
Model group (P < 0.01), indicating the superior efficacy of Mel-
DS@DMAP in relieving paw swelling.

The condition of the secondary paws was observed post-treatment
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(Fig. 6D). Evidently, the paws of Model group rats were significantly
swollen compared to the Normal group. The treated groups exhibited
varying degrees of alleviation in swelling. In contrast, the outcomes of
the Mel-DS@DMAP group resembled those of the Normal group. These
results demonstrate the efficacy of Mel-DS@DMAP in reducing paw
swelling in AA rats.

3.6.2. Radiological examination

Radiographic examinations were conducted on every group
(Fig. 6E). The Model group exhibited significant soft tissue swelling,
reduced local bone density, and a presence of bone defect compared to
the Normal group. Furthermore, the secondary paw swelling in the other
treatment groups was significantly improved when compared to the
Model group. Among them, the rats in the Mel@DMNs and Mel-
DS@DMAP groups had results closer to those of the Normal group.
This was indicated by lower paw swelling, higher bone density, and
fewer bone defects. It can be inferred that both of these groups are
effective in reducing secondary paw swelling, surpassing the outcomes
observed in the other groups. This suggests that that Mel has a signifi-
cant impact on reducing both paw swelling and bone damage.

3.6.3. Histological analysis of synovium and ankle joint

To verify the therapeutic effect of Mel-DS@DMAP, the synovial tis-
sue was analyzed by H&E staining (Fig. 7A). The synovial tissue of the
Model group exhibited abnormal proliferation, coupled with infiltration
of inflammatory cells and formation of pannus. However, the histo-
pathological changes of each treatment group were slightly mitigated to
an extent. The pathological condition of the Mel@DMNs and Mel-
DS@DMAP groups resembled that of the Normal group, displaying su-
perior therapeutic outcomes compared to other treatment groups.

An H&E staining of the ankle joint revealed that the articular surface
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of the Normal group's articular cartilage was smooth with no presence of
inflammatory cell infiltration. In contrast, the untreated Model group
showed significant shedding and inflammatory cell infiltration on their
articular surface. Notably, the treatment group's overall condition
improved. Specifically, the joint surfaces of the Mel-DS@DMAP groups
closely resembled those of the Normal group, presenting flat articular
surfaces (Fig. 7B). Similarly, the staining of ankle joints using Saffron O/
fast green revealed a darker stain in the Normal group, while the Model
group had joint degeneration and a lighter stain. In comparison, the
staining in the DS@AP group, Mel@DMNs group, and Mel-DS@DMAP
group gradually became darker than the Model group (Fig. 7C).

Based on the findings from the synovial and ankle staining analysis
above, it has been established that the Mel-DS@DMAP group had an
optimal effect in reducing synovial inflammation and joint damage in
AA rats.

3.6.4. Serum cytokine detection

Cytokines have a crucial function in the regulation of the body's
immune and inflammatory responses and are significant factors in sy-
novial inflammation development, articular cartilage, and bone
destruction. Therefore, this study explored different formulations' role in
regulating cytokine balance by measuring serum levels of pro-
inflammatory cytokines (IL-2, IL-6, IL-1p, IL-17) and anti-
inflammatory cytokine IL-10 in AA rats.

As shown in Fig. 8, there was a significant increase (P < 0.05) in the
levels of pro-inflammatory cytokines IL-2, IL-6, IL-1p, and IL-17 in the
serum of AA rats induced by CFA when compared to the Normal group.
Additionally, there was a significant decrease (P < 0.001) in the
expression of the anti-inflammatory cytokine IL-10. These results sug-
gested that the development of RA disease is associated with an increase
in inflammatory cytokines and a reduction of anti-inflammatory
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cytokines. Following treatment, inflammatory cytokines were down-
regulated to differing extents. Notably, only the levels of IL-6 and IL-
17 decreased significantly in the DS@AP group, whereas four inflam-
matory cytokines exhibited significant reductions in Mel@DMNs and
the Mel-DS@DMAP groups (Fig. 8A-D). The expression level of the anti-
inflammatory cytokine IL-10 increased to varying degrees in each
treatment group (Fig. 8E). Notably, the Mel@DMNs group showed a
slight increase in IL-10 levels, whereas the DS@AP group had an obvi-
ously elevated serum IL-10 level (P < 0.01). Moreover, the Mel-
DS@DMAP group also significantly increased the serum IL-10 level (P
< 0.05). Thus, it can be inferred that DS plays a crucial role in up-
regulating IL-10.

The results of this experiment presented convincing support that
Mel-DS@DMAP could effectively exploit the benefits of administering
both Mel and DS simultaneously. As a result, there was a marked
regulation of the balance between pro-inflammatory and anti-
inflammatory cytokines in AA rats, leading to a decrease in the sys-
temic inflammatory response. Therefore, this intervention significantly
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contributes towards mitigating damage to the articular cartilage and
bone. After the treatment, its safety could be revealed through further
examination of H&E pathological sections of the skin's surface and skin,
as well as the H&E pathological observation test of the main organs. As
shown in Fig. S5, the two PVP preparations containing DMNs have no
obvious allergic reactions on the skin, and there was no noticeable
polymer accumulation in skin tissue. The main organs of AA rats in all
groups exhibited damage (Fig. S6). Among them, Mel-DS@DMAP had
less damage and good biocompatibility.

4. Conclusion

Microneedles, as a new type of drug delivery vehicle, have received
widespread attention due to their delivery efficiency and ease of prep-
aration. Nevertheless, there remain several issues that must be resolved
before DMAP can be adopted as a practical drug delivery method.
Firstly, the preparation process needs to be further improved to enhance
safety. The risk of infection is taken into account in the development of
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DMNs products. Currently, DMNs products are considered to be safe and
effective for patients if they are sterile or have a low bioburden in spe-
cific cases [47]. Secondly, the design of DMNs should consider the ef-
ficiency of drug delivery and patient acceptability The longer the tip
length, the more efficient the drug delivery, but the stronger the risk of
pain and infection. In addition, by increasing the density tip of the DMNs
to load enough drug, the number of administrations can be reduced,
thereby improving patient compliance. Thirdly, different parts of the
body have different stratum corneum thicknesses, densities of skin ap-
pendages, and different skin permeability [48]. In our design, consid-
ering that the site of administration of RA is usually chosen to be close to
the joint lesion, the adhesion of AP to the skin can be improved by
making AP thinner and increasing its elasticity, which can be better
adapted to the joint area.

In this study, a combined transdermal formulation termed Mel-
DS@DMAP, was developed to deliver multiple drugs simultaneously
for the treatment of RA. Mel is loaded into the tip of the DMNs to alle-
viate inflammation and mitigate bone damage, and DS is loaded into AP
to alleviate pain. A cleverly inserted isolation layer acts as a means of
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both support and insulation. Both the in vitro penetration experiments
and the in vivo dissolution experiments have confirmed that the com-
bination of DMNs and AP has a synergistic effect. More precisely, DMNs'
pores encourage drug penetration within AP, while AP's adhesion to the
skin promotes the dissolution and discharge of drugs from DMNs. In vivo
pharmacodynamic studies discovered that the joint swelling of rats
significantly improved after Mel-DS@DMAP treatment, and the balance
of pro-inflammatory and anti-inflammatory cytokines was regulated,
thus hindering the progression of RA significantly. Therefore, the new
dosage forms DMAP hold great promise as an effective RA treatment
strategy, it laid a foundation for the implementation of multi-drug
synergistic treatments and provided insights for the treatment of other
diseases.
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