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Abstract

Transdermal drug delivery systems for rheumatoid arthritis (RA) have been receiving increasing
attention as they can potentially overcome drawbacks which exist in traditional oral or injection
strategies, including low patient compliance and serious gastrointestinal side effects. However,
transdermal delivery of RA drugs especially biological drugs suffers from low drug delivery efficiency due
to the robust skin barrier. Herein, we fabricated melittin-loaded hyaluronic acid (HA) microneedles and
investigated their capacity for inhibiting RA. We showed that melittin-loaded HA microneedles
possessed high mechanical strength for successful delivery of melittin into the skin and effectively
inhibited RA progression in adjuvant induced both rodent and murine models, as shown by results in
histological, paw swelling and arthritis score. Furthermore, after modifying HA with cross-linkable
groups, the fabricated microneedles with sustained release properties could further improve the
therapeutic potency. Cytokine and T cell analysis in the paws and lymphatic organs indicated that the
application of microneedles suppressed the levels of pro-inflammation cytokines including IL-17 and
TNF-a, and increased the percentage of regulatory CD4 T cells. Our study revealed that polymeric
microneedle-mediated transdermal delivery of melittin could serve as a new therapy with high
compliance and good therapeutic efficacy for RA and other autoimmune diseases.
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Introduction

Rheumatoid arthritis (RA) is an autoimmune disease that is characterized by chronic synovial
inflammation. It affects about 1% of the adult all over the world and can cause serious damage of
cartilage and bone, and finally lead to disability [1]. Currently, RA is normally treated by oral
administration or injection of non-steroidal anti-inflammatory drugs (NSAIDs) or corticosteroids [2].
These strategies can decrease inflammation and retard the progression of RA by interfering with
inflammation related pathways, for example by decreasing the levels of pro-inflammatory cytokines,
inhibiting cell-mediated immune responses, or suppressing synovial collagenase gene expression [3, 4].
However, these traditional strategies suffer from low patient compliance due to the pain or infection
caused by the injection or the serious gastrointestinal side effects observed after frequent oral
administration. Additionally, the harsh gastrointestinal environment and liver first-pass effect could
result in a significantly low drug bioavailability [5].

As an attractive alternative, transdermal delivery systems for RA have been receiving increasing
attention [6]. Transdermal delivery of RA drugs could avoid gastrointestinal digestion in oral route and
pain sensation caused by injection. Furthermore, the easiness for self-administration further increases
their attractiveness. Small-molecule drugs formulated in transdermal patch or gel have been shown to
diffuse into the skin and exhibit anti-RA effect [7, 8]. However, the passive diffusion of drug is
significantly limited by the robust skin barrier, and has strict requirements on the properties of applied
drugs, including log p-value of 1-3, molecular weight below 500 Da and appropriate amount of H-bond
donors and acceptors [6]. Besides, penetration enhancers and nanoparticle technology have been
utilized to improve drug delivery efficiency through the skin [9-11]. Nevertheless, transdermal delivery
of biological drugs in a therapeutically relevant amount is still challenging due to their often large
molecular weight and high hydrophilicity [12].

Polymeric microneedles are micro-structured needles with a length of 200-1000 um. They can overcome
the skin barrier in a non-invasive and pain-free way as they are long enough to penetrate the skin but
short enough not to touch the nerves and blood vessels [13, 14]. Compared to traditional transdermal
gel or patch, microneedles can significantly increase transdermal delivery efficiency of biological drugs
such as protein and peptide drugs [15]. Additionally, polymeric microneedles do not result in any
hazardous waste after administration and the easiness for polymer functionalization allows possibilities
to modulate release properties of the loaded drugs. Hyaluronic acid (HA) is one of the mostly used
polymers for fabrication of polymeric microneedles and can dissolve within minutes after being inserted
into the skin. After modifying HA with functional groups, the obtained microneedles can be endowed
with controlled release properties of the loaded drugs, which have been shown to increase therapeutic
efficacy of the microneedles [16, 17].

As compared to metal or silicone microneedles, polymeric microneedles possess relatively much lower
mechanical strength, which may cause insufficient penetration of the skin and result in low drug delivery
efficiency [18, 19]. In previous studies, researchers have characterized the mechanical strength of
polymeric microneedles by compressing the whole patch with a flat surface and calculating the rupture
force of single microneedles by dividing the rupture force of the patch by the number of microneedles
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[19, 20]. However, this method is not adequate since it can not give possible variations among the
microneedles within the patch, and the calculated mechanical property parameter is limited to rupture
force. In our lab, we have applied a micromanipulation technique to precisely characterize the
mechanical properties of individual microneedles. We have observed that as compared to rupture force,
rupture stress is a better indicator for the mechanical strength of the microneedles [21, 22].

Previous studies including several clinical trials conducted in East Asia have indicated that bee venom
acupuncture exerted anti-inflammation efficacy with minimum side effects in arthritis diseases [23].
Further studies revealed that the water-soluble fractions of bee venom can establish anti-inflammatory
effect and reduce disease progression in RA [24, 25]. It turned out that melittin, a cationic peptide
containing 26 nucleic acids, is the main component in bee venom for immune modulation and anti-RA
effects [26]. However, the use of live bees or injection of purified melittin could cause significant pain
and melittin itself has also a risk for causing serious hemolysis after intravenous injection [27]. These
drawbacks have significantly limited the therapeutic application of melittin for RA. Transdermal delivery
of melittin, for example by using microneedles, could potentially overcome the drawbacks mentioned
above. So far, to our best knowledge, there has been no report on the delivery of melittin by using
microneedles.

In the current study, we propose to develop melittin-loaded polymeric microneedles for the treatment
of RA, aiming for increasing patient compliance and therapeutic potency. The scheme is shown in Figure
1. Melittin was loaded into HA based microneedles and the mechanical strength of individual
microneedles was characterized by micromanipulation. The therapeutic potency of the fabricated
microneedles to treat RA was investigated in both rodent and murine AIA models. We showed that
although the loading of melittin decreased the mechanical strength of the microneedles, the drug
loaded in the microneedles was successfully delivered into the skin and significantly inhibited the
progression of RA by reducing excretion of pro-inflammatory cytokines and by altering cellular immunity.
We also observed that after modifying HA with methacrylate groups, the obtained microneedles with
sustained release properties could further increase therapeutic efficacy. Our study suggested that
polymeric microneedles for transdermal delivery of biological drugs could be a promising RA treatment
strategy for improving patient compliance and therapeutic potency.
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Figure 1. Scheme of microneedle-mediated delivery of melittin for RA treatment. A: Fabrication of
microneedles and characterization of mechanical strength and release behavior. B: The fabricated
microneedles successfully delivered melittin into the skin and inhibited RA progression, as shown by
results in histological, paw swelling, and levels of pro-inflammatory cytokines and Treg cells. HA:
hyaluronic acid, MN: microneedles, MeHA: methacrylate modified hyaluronic acid, Treg: CD4 regulatory
T cells.

2 Materials and methods
2.1 Materials

HA with a molecular weight of 10,000 Da was obtained from Bloomage Biotechnology (Jinan, China).
Melittin (296%) with an amino acid sequence of GIGAVLKVLTTGLPALISWIKRKRQQ-NH2 was obtained
from GL Biochem Ltd. (Shanghai, China). SYLGARD™ 184 silicone elastomer containing both base and
curing agent was purchased from DOWSIL (M, US). Fluorescein isothiocyanate (FITC) and Cy5 dye were
purchased from Meilunbio (Dalian, China). Methacrylic anhydride (MA), N'-methylenebisacrylamide
(MBA), Irgacure 2959 and NaOH were purchased from Sigma Aldrich (Shanghai, China). 4%
paraformaldehyde was obtained from Leagene Biotechnology (Beijing, China). Anhydrous silica gel was
purchased from Chron Chemicals (Chengdu, China). Antibodies for CD3, CD4, CD25, Foxp3, and Elisa kits
for TNF-a and IL-17 were obtained from Invivogen (Toulouse, France). Optimal cutting temperature
compound (OCT) medium was purchased from Sakura (Shanghai, China). Milli Q water (18 MQ/cm,
Millipore Co.) was used for the preparations of all solutions. All other reagents used were of analytical
grade and used as received.

2.2 Synthesis of methacrylate modified hyaluronic acid (MeHA)



123
124
125
126
127
128
129

130
131
132

133

134
135
136
137
138
139
140

141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158

159

MeHA was synthesized by modifying HA with methacrylate groups as previously described [28]. Briefly,
5 g of HA was added into 100 mL water and incubated overnight for complete dissolution. 8 mL MA was
subsequently added into HA solution and pH of the solution was adjusted to 8. The mixture was then
stirred at 4 °C and incubated for overnight. Afterwards, the obtained MeHA was precipitated by acetone,
washed by ethanol for 3 times and dialyzed against water for 48 h to remove excess MA. Finally, the
purified MeHA was dried in an ice condenser (Labconco FreeZone 2.5, Hampton, VA) in freeze vacuum (-
50 °C, 90 mbar) overnight, and stored in dry environment for further use and analysis.

To verify if the chemical modification was successful, the 'H nuclear magnetic resonance (‘H NMR)
spectrum of the obtained MeHA was characterized by using a Bruker 400 MHz NMR spectrometer
(Bruker, Switzerland) in CDCls.

2.3 Fabrication of melittin loaded microneedles

HA-based microneedles were fabricated by using a micro-molding method. Briefly, a stainless steel
microneedle patch, which contains 10x10 needles with a needle length of 700 um and base to base
length of 300 um on a plate of 0.9x0.9 cm?, was first used to make polydimethylsiloxane (PDMS) mold.
The metal microneedle patch was immersed in SYLGARD™ 184 silicone elastomer containing base and
curing agent with a volume ratio of 10:1, and the mixed agent was cured by heating at 90 °C for 2 h.
Next, the metal microneedle patch was peeled off and the obtained PDMS mold was used for fabrication
of the microneedles.

To prepare melittin loaded HA microneedles (Mel-HA-MN), appropriate amount of melittin was first
dissolved into 1 mL of 500 mg/ml HA solution. Next, 30 pL of the matrix solution was filled into the
PDMS mold using pressurized air at 0.2 MPa for 3 min. After removing the excess matrix solution, the
matrix in the mold was dried in a glass dessicator containing anhydrous silica gel for 1 h. In the next step,
40 uL of HA solution (500 mg/mL) was added into the mold to prepare back-plate of the patch. The mold
was dried in the anhydrous silica gel environment for another 4 h. Finally, the microneedle patch was
peeled off from the PDMS mold and stored for further use and analysis. To fabricate melittin loaded
MeHA microneedles (Mel-MeHA-MN), 30 pL of polymer solution consisting appropriate amount of
melittin, 40 mg/mL MeHA, 20 mg/mL MBA and 0.5 mg/mL photo-initiator Irgacure 2959 was first filled
into the PDMS mold by pressurized air as mentioned above. The matrix in PDMS mold was dried in
anhydrous silica gel environment for 1 h, and 60 pL of blank HA solution (500 mg/mL) was further added
to fabricate the back-plate. The rest of the procedures were the same as that for fabrication of Mel-HA-
MN. Finally, the dried microneedle patch was cross-linked by ultraviolet radiation at 365 nm for 15 s.
The fabricated microneedle patches contain either 15 g or 100 g melittin per patch, which were used
for mice and rat study, respectively. To fabricate melittin-loaded microneedles for visualization by
confocal laser scanning microscopy (CLSM), FITC or Cy5 labelled melittin was used for the fabrication of
microneedles. To obtain FITC- or Cy5-labelled melittin, melittin was incubated with FITC or Cy5 dye for 1
h, and the excess free dye was removed using a dialysis bag with a cut-off of 2,000 Da.

2.4 Visualization of microneedles
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Surface morphology of the fabricated microneedles was characterized by both scanning electronic
microscopy (SEM) and CLSM. For SEM visualization, the microneedles were coated with a thin layer of
carbon and visualized with a voltage of 15.0 KV by using a FEI Nova NanoSEM (Eindhoven, The
Netherlands). For visualization by CLSM, the microneedles were scanned with a step speed of 5 um/step
by using a 10x Plan Apo objective.

2.5 Characterization of mechanical properties of individual microneedles

The mechanical properties including rupture behavior of individual microneedles were characterized by
using micromanipulation as previously reported [21]. Briefly, individual microneedles were put between
the sample stage of the micromanipulation instrument and an optical glass rod made of Borosilicate
with a diameter of 100 |dm as a sensor of a force transducer (Model GSO-10, Transducer Techniques, LLC,
USA). Single microneedles were compressed between the stage and the glass probe with a compression
speed of 2 pm/s. The curve of compression force versus microneedle deformation was recorded. With
this information as well as mathematic modeling, rupture displacement and rupture stress of individual
microneedles were obtained, which has been described with details in a previous study [21]. The
compression process is shown in Supplementary video. For each type of patch, 30 microneedles were
analyzed.

2.6 In vitro release behaviors of HA-based microneedles

To study in vitro release behavior of the microneedles, each patch was suspended in 1 mL PBS and
shaken in a Bluepard shaker (Shanghai, China) with a speed of 100 rpm at 37 °C. At different time points
(0, 10, 30, 60, 120, 240 and 480 min), 100 L of the solution was withdrawn for analysis and the same
volume of fresh PBS was added back. The concentration of melittin in the release solution was analyzed
by a high-performance liquid chromatography (HPLC) (Agilent1260 Infinity, CA, USA) equipped with a
Diamonsil C18 column (Dikma, Beijing, China). The mobile phase includes 0.1% trifluoroacetic acid (TFA)
in water (solvent A) and 0.1% TFA in acetonitrile (solvent B). The composition of mobile phase changes
from 95% solvent A/5% solvent B to 5% solvent A/95% solvent B within 25 min. The absorbance was
detected at 220 nm. The concentration of melittin was calculated by using a calibration curve
(y=2.5819x+2.6778, R*=0.9998).

2.7 Animals used in this studyMale BALB/c mice of 6-8 weeks old (body weight 18-20 g) and male
Sprague Dawley (SD) rats of 6-8 weeks old (body weight 180-200 g) were purchased from Dashuo
Biotechnology Company (Chengdu, China). All animal experiments were performed following guidelines
approved by the ethics committee of Sichuan University. The animals were housed under standardized
conditions in the animal facility.

2.8 Penetration capacity of the fabricated microneedles in animal skin

The penetration capacity of fabricated microneedles was evaluated by Trypan blue staining method.
Briefly, the microneedles loaded with melittin were applied manually onto the skin. After 1 min, the
microneedle patch was removed and the penetrated skin was stained with 200 L 4% Trypan blue for 2
min. After removing the excess dye and washing with water for 3 times, the stained skin was visualized
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by bright field microscopy. To evaluate the penetration depth, microneedles loaded with FITC labeled
melittin were applied onto the skin. After 3 min, the back-plate of microneedles was removed and the
penetrated skin was excised, embedded in optimal cutting temperature compound (OCT) medium and
sectioned by using a Leica CM 1950 freezing microtome (Buffalo Grove, IL). Next, the inserted
microneedle tips in the skin specimens were visualized by a 10x Plan Apo objective.

2.9 In vivo release and biodistribution of melittin from Mel-MeHA-MN

The in vivo release behavior of melittin from Mel-MeHA-MN was evaluated in BALB/c mice skin. MeHA
microneedles loaded with Cy5 labelled melittin or free Cy5 were penetrated into mice abdomen skin as
described above. Afterwards, the fluorescence in the animal skin was visualized by using a PerkinElmer
in vivo imager (Shanghai, China) at different time points. The animals were monitored atday 1, 2, 3,4, 6
and 7.

To investigate the biodistribution of melittin, Cy5-labelled melittin was given to BALB/c mice by either
S.C. injection or Mel-MeHA-MN. At 8 h after administration, the mice were sacrificed and tissues
including heart, liver, spleen, lung, kidney, joint and blood were isolated for visualization by the in vivo
imager. Blood containing 10 |g/ml melittin was used as a control.

2.10 Therapeutic potency of Mel-HA-MN in adjuvant-induced arthritis (AlA) rodent model

To build rat AIA model, SD rats were injected into each of hint foot pad with 80 uL complete Freund's
adjuvant which contains 10 mg/mL Mycobacterium tuberculosis on day 0. From day 4 when early
arthritis was established, the animals were treated by Mel-HA-MN loaded with 100 pg melittin or by
subcutaneous (S.C.) injection of the same dose on abdomen skin every other day for 8 times (n=6). The
doses were selected by referring to previous studies [29, 30]. AIA rats without any treatment were used
as a control. On day 22, the animals were sacrificed and paws and blood were collected for further
analysis.

During the treatment, the weight of animals was recorded to calculate the percentage of the weight loss
compared to the base. The thickness of two hind paws was measured using a vernier caliper every other
day to calculate the average change of ankle thickness. The clinical symptoms were scored at a scale of
0-4 (0, no erythema or swelling; 1, mild erythema and swelling confined to ankle joint; 2, mild erythema
and swelling extending from the ankle to the tarsals; 3, moderate erythema and swelling extending to
metatarsal joints; 4, pronounced erythema and swelling of entire paw).

The blood on day 22 was withdrawn to study the hematologic parameters including counts of white
blood cells (WBC), red blood cells (RBC) and platelets. Analysis was performed on a Mindray BC-2800 Vet
(Shenzhen, China).

For histological examination, the collected paws were first fixed in 4% paraformaldehyde for 24 h. The
fixed paws were immersed in saturated EDTA-2Na solution and shaken in a Bluepard shaker (Shanghai,
China) with a speed of 180 rpm for 2 month for decalcification of the paws. The saturated EDTA-2Na
solution was refreshed every week until the decalcification was complete. Next, the paws were
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embedded in paraffin, sectioned at 5 pm and stained with haematoxylin and eosin (H&E) or Safranin O-
fast green. The inflammatory cell influx and cartilage integrity were assessed.

2.11 Therapeutic potency of Mel-MeHA-MN in murine AIA model

Mouse AIA model was induced by injection of 20 pL complete Freund's adjuvant which contains 10
mg/mL Mycobacterium tuberculosis into each of the hind foot on day 0. Starting from day 4, when the
early arthritis was established, male BALB/c mice of 6-8 weeks old were treated with the following
groups: 15 pug melittin loaded Mel-MeHA-MN, 15 ug melittin loaded Mel-HA-MN and S.C. injection of 15
ug melittin. AIA mice receiving no treatment were used as a control. The various formulations were
administered every other day for 6 times. On day 16, mice were sacrificed and blood, hind paws, spleen
and popliteal lymph nodes were collected for further analysis. The animal weight loss, hind paw
thickness change and arthritic scores were monitored using the same method as described for the
therapeutic potency study in AlA rodent model.

Pro-inflammation cytokines including TNF-a and IL-17 in the serum and paws were measured using
ELISA kits according to the manufacturer’s instructions. Serum was obtained by centrifuging the
collected blood at 2000 g for 10 min with a Sigma 3K15 (Shanghai, China). The collected paws were cut
into small pieces, suspended in PBS to reach a mass concentration of 1 g/mL and processed with glass
homogenizers. The obtained suspension was centrifuged at 2500 g for 10 min to obtain the supernatant.
To measure the cytokine concentrations, 100 plL of capture antibody in coating buffer was added into
each well of 96 well-plates and incubated at 4 °C for overnight. After washing the wells with 300 pL
buffer for 3 times, 200 uL of block buffer was added into each well and incubated for 1 h at room
temperature. The plates were washed and 100 pL of standards or samples was added into each well and
incubated for another 2 h at 4 °C. Next, 100 uL of detecting antibody was added into each well and
incubated at room temperature for 1 h. The plates were washed again for 4 times and 100 uL of diluted
Horseradish peroxidase conjugate (HRP) was added into each well and incubated for 30 min at room
temperature. Subsequently, 100 pL of tetramethylbenzidine (TMB) solution was added into each well
and incubated for 15 min. Finally, the reaction was stopped by adding 150 pL of 2 M sulfuric acid and
the absorbance was measured at 450 nm with a Tecan Spark 10M plate reader (Mannedorf,
Switzerland).

The blood on day 16 was withdrawn to study the hematologic parameters as described in the last
section, including WBC, RBC, platelets and percentage of lymphocytes, monocytes and granulocytes in
WBC. H&E stain analysis was performed according to the same procedure as described in the
therapeutic potency study of AIA mouse model.

Percentage of CD4 T regulatory cells (Treg) in spleen and popliteal lymph nodes were measured by flow
cytometry (Cytomics FC 500, Beckman, Indianapolis, IN, USA). Briefly, single cell suspensions were
obtained by forcing the spleen and popliteal lymph node through 70 um strainers. The cells were
centrifuged at 500 g for 5 min and washed with PBS for two times. Subsequently, the cells were
resuspended in PBS and 200 pL of the cells was transferred to each well of 96-well plates. 100 pL of
diluted surface staining antibodies including APC conjugated anti-CD3, APC-Cy7 conjugated CD4 and FITC
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conjugated CD25 were added into each well and incubated for 30 min in the dark at 4 °C. After washing
with FACs buffer, the cells were resuspended in freshly prepared fixation/permeabilization solution and
incubated for 30 min at 4 °C. The cells were then washed with the permeabilization buffer and
resuspended in diluted PE-conjugated anti-Foxp3 antibody solution for 30 min. Finally, the cells were
washed with permeabilization buffer and the percentage of Treg cells (CD3CD4CD25Foxp3’) was
analyzed by the flow cytometry. The data were analyzed by using a FlowJo software.

2.12 Statistical analysis

All the data of immunization studies were analyzed by one way ANOVA with Turkey post-test by using
GraphPad Prism (version 5.02). The significant levels were set at *p<0.05, **p<0.01 and ***p<0.001.

3. Results
Fabrication of Mel-HA-MN and Mel-MeHA-HA

MeHA was obtained by modifying HA with methacrylate groups as shown in Figure 2a. The successful
modification was indicated by "H NMR spectrum peaks at 5.6 ppm (a, 1H, CH'H=C(CH;)CO), 6.1 ppm (a,
1H, CHH'=C(CH,)CO), 1.85 ppm (b, 3H, CH,=C(CH5)CO) and 1.92 ppm (c, 3H, NHCOCH;) (Figure 2B). Our
results showed that the yield was around 80% and the modification degree was around 32% by
comparing the area of peaks under 5.6 and 6.1 ppm to the peak area under 1.92 ppm. Mel-HA-MN and
Mel-MeHA-MN were fabricated by using micro-molding with a process as shown in Figure 2C. The
microneedle patches were fabricated by a two-step filling method to avoid waste of drug. Bright field
and SEM Images of microneedles (Figure 2D-2G) showed that the fabricated microneedles had a regular
rectangular pyramid shape with sharp tips. As compared to the blank HA microneedles (Figure 2D-2E),
the loading of melittin did not significantly change the tip sharpness or surface morphology of the
corresponding microneedles (Figure 2F-2G). CLSM images of HA microneedles loaded with FITC labeled
melittin (Figure 2H) and MeHA microneedles loaded with Cy5 labelled melittin (Figure 2l) indicated that
melittin was uniformly distributed in the microneedles. The surface morphology of microneedles shown
by CLSM was consistent with that of SEM, further confirming that we have successfully fabricated
melittin loaded HA and MeHA microneedles.
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Figure 2. Fabrication and characterization of Mel-HA-MN and Mel-MeHA-MN. A: Synthesis of MeHA by
modifying methacrylate groups on HA molecules. B: *H NMR spectrum of MeHA indicated the successful

18

modification of methacrylate groups on HA. C: Scheme of micro-molding method for fabrication of
microneedles. D: Bright field image of blank microneedles. E-G: Scanning electronic microscopy (SEM)
images of blank microneedles (E), Mel-HA-MN (F) and Mel-MeHA-MN (G). H: Confocal laser scanning
microscopy (CLSM) image of HA microneedles loaded with FITC labelled melittin. I: CLSM image of MeHA
microneedles loaded with Cy5 labelled melittin. Scale bar: 200 um.

Characterization of release behavior and biodistribution of melittin

Next, we investigated and compared in vitro release behaviors of Mel-HA-MN and Mel-MeHA-HA in PBS.
As shown in Figure 3A, all melittin was released from HA microneedles within 10 min. By contrast, Mel-
MeHA-MN showed a burst release percentage of 56 % within 10 min and the rest of protein was
sustainedly released until 480 min. The in vivo sustained release behavior of Mel-MeHA-MN was also
evaluated in mice skin by using in vivo imager. Mel-MeHA-MN loaded with Cy5 labelled melittin was
applied onto abdomen skin of BALB/c mice and the fluorescence of melittin was monitored on day 0, 2,
3, 4,6 and 7. It was shown that the inserted microneedles remained in the skin and sustainedly released
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melittin for 7 days, as shown by the slow elimination of fluorescence of melittin (Figure 3B). By contrast,
the free Cy5 was eliminated within 3 days (Supplementary Figure 1).

The biodistribution of melittin was investigated by in vivo imager. As shown in Supplementary Figure 2,
melittin was observed in liver, lung, kidney, joints and blood after both S.C. and microneedle application.
Additionally, melittin level in the blood of the two treatment groups was much lower than the hemolytic
concentration, as indicated by the much lower fluorescence intensity.
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Figure 3. Release behavior and mechanical properties of the fabricated microneedles. A. In vitro release
behaviors of Mel-HA-MN and Mel-MeHA-MN. B. In vivo release of Mel-MeHA-MN in BALB/c mice. C.
Different status of single microneedles during compression by micromanipulation. D: Typical curves of
rupture force and rupture stress versus microneedle displacement during compression. E: Rupture
displacement and rupture stress of different microneedle patches.

Characterization of mechanical strength of the fabricated microneedles

Next, we evaluated the mechanical strength of individual microneedles by using micromanipulation. In
Figure 3C, different status of microneedles during compression were shown, which are also reflected in
Figure 3D. The microneedles were compressed at point a, and ruptured at point b where both rupture
force and rupture stress increased to a peak. The rupture force decreased to point c and increased again
until the end of the compression (point d). Instead, the rupture stress deceased to point c and showed a
slower decrease until point d. With this information as well as mathematic modeling [21], the rupture
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displacement and rupture stress were obtained. As shown in Figure 3E, all microneedles ruptured at a
displacement of around 10-20 pm. The loading of melittin significantly decreased the mechanical
strength of the microneedles: melittin loading decreased the rupture stress of HA microneedles from 58
MPa to 38 MPa, while the loading into MeHA microneedles slightly decreased the rupture stress from 30
MPa to 27 MPa.

Mel-HA-MN supressed RA progression in AlA rodent model

We first studied the therapeutic potency of Mel-HA-MN in the rat AIA model. To investigate the
penetration capacity of the microneedles, we applied the patch on the abdomen skin of rat, and the
penetration efficiency was investigated with Trypan blue staining method. It was shown that the
microneedles efficiently penetrated the skin (Figure 4A). To study the penetration depth of the
microneedles, the holes made by the microneedles in the sectioned specimens of the penetrated skin
were visualized by fluorescence microscopy. It was shown that Mel-HA-MN successfully pierced the skin
with a penetration depth of around 200 um. Additionally, melittin was successfully released inside the
micro-holes made by microneedles after penetrating the skin for 3 min (Figure 4B).

Four days after induction of AIA, the microneedle patch was applied onto the animals every other day
for 8 times and the therapeutic potency was evaluated by monitoring the body weight loss, change of
paw thickness and clinical score of the symptoms (Figure 4C). As shown in Supplementary Figure 3,
animals in all groups showed a similar weight loss percentage as compared to the base (Naive rats).
Specifically, the weight loss percentage reached around 15% and stayed relatively stable until the end of
the experiment. The paw thickness of model control rats increased by above 4 mm at the end of
treatment (Figure 4D). By contrast, the paw thickness change of animals after receiving either S.C.
injected melittin or Mel-HA-MN increased to around 2.5 mm on day 6, but started to decrease gradually
to below 2 mm at the end of treatment, which was less than 50% of the thickness of model group.
Similarly, melittin treatment by both S.C. and Mel-HA-MN groups decreased the clinical score by two-
fold as compared to that in model control group (Figure 4D). The representative paw images further
confirmed that the administration of melittin significantly stabilized the swelling of the paw and
suppressed RA progression (Figure 4E).

Next, we checked the histology of the paws by H&E and Safranin O/fast green staining. The examination
by H&E stain showed that the treatment of Mel-HA-MN or S.C. injection of melittin significantly
preserved cartilage integrity and reduced the infiltration of leukocytes as compared to control group (a:
cartilage destruction, b: leukocyte infiltration, indicated by arrows, Figure 4F). Safranin O/fast green
staining showed similar trends as H&E staining that Mel-HA-MN and S.C. administered melittin
effectively preserved the integrity of the cartilage, as indicated by the red stain of the chondrocytes.
Hematologic parameters on day 22 were checked to examine the in vivo safety of our formulations.
Results showed that control group significantly increased the WBC level as compared to naive rats
(Figure 4G), probably due to the infection of Mycobacterium tuberculosis used for building the disease
model [31]. Interestingly, S.C. injected and Mel-HA-MN mediated delivery of melittin reversed this trend.
On the other hand, the treatment did not cause significant changes of RBC and PLT as compared to
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naive animals. To sum, Mel-HA-MN effectively delivered melittin into rat skin and inhibited RA
progression in AlIA rodent model.
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Figure 4. Therapeutic potency of Mel-HA-MN in rat AIA model. A: Penetrated skin stained by Trypan
blue. Scale bar: 0.5 cm. B: Micro-channels made by Mel-HA-MN visualized by fluorescence microscopy.
Scale bar: 100 um. C: Experimental strategy for therapeutic potency study of the microneedle patch. D:
Change of paw thickness and clinical score during treatment. E: Representative paw images of different
treatment groups. F: H&E and Safranin O/fast green stain images of paws. a: cartilage destruction, b: cell
infiltration. Scale bar: 1000 um (upper) and 250 um (lower). G. Hematologic parameters on day 22
including WBC, RBC and Platelets. Bars represent mean + SEM, n = 6. *p<0.05, **p<0.01 and ***p<0.001.

Mel-MeHA-MN significantly increased therapeutic efficacy in mouse AIA model

Next, we investigated and compared therapeutic potency of Mel-MeHA-MN to Mel-HA-MN in AIA
mouse model. Mice were administered with either Mel-HA-MN or Mel-MeHA-MN. The mice were
treated every other day for 6 times with a melittin dose of 15 ug (Figure 5A).
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Figure 5. Therapeutic potency of Mel-MeHA-MN in mouse AIA model. A: Schematic diagram for studying
therapeutic efficacy of Mel-MeHA-MN. B: Paw thickness change and clinical score during treatment. C:
Representative images of paws from different groups. D: H&E staining of mice paws. Scale bar: 400 pm.
Bars represent mean = SEM, n = 6. *p<0.05, **p<0.01 and ***p<0.001.

The therapeutic potency of our fabricated microneedle systems in mice AIA was evaluated by
monitoring weight loss, paw thickness change and clinical score. As shown in Supplementary Figure 4,
the administration of melittin seemed to decrease weight loss percentage although the difference
between the treated groups and control group was not significant. By the end of the study, the animals
showed a weight loss percentage of 10-15% as compared to the base. As for paw thickness change,
subcutaneous injection of melittin and Mel-HA-MN decreased the paw thickness by 20% and 30%,
respectively, as compared to model control (Figure 5B). Importantly, Mel-MeHA-MN group reduced the
paw thickness by a significantly larger level to 50%. The results of clinical score showed a similar trend:
Mel-MeHA-MN group significantly decreased the clinical score as compared to model and S.C. groups
(***p<0.001, Figure 5B).

Representative paw images further confirmed that the treatment by melittin effectively reduced the
symptoms of the RA, including paw swelling and erythema (Figure 5C). Mel-MeHA-MN with a sustained
release property of melittin showed a better protection efficacy as compared to S.C. group and Mel-HA-
MN. H&E staining indicated that microneedle delivered melittin significantly reduced the infiltration of
inflammatory cells and preserved the integrity of cartilages (Figure 5D). To sum, these results shown
above indicated that the administration of sustained release microneedles could further improve RA
therapeutic efficacy of melittin as compared to HA microneedles and S.C. injected melittin.
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Melittin loaded microneedles reduced levels of pro-inflammation cytokines and increased Treg cell

percentages

Next, we checked cytokine levels in the paws and blood serum to see if the application of melittin
loaded microneedles inhibited RA progression by inhibiting expression of the pro-inflammation
cytokines. We showed that TNF-a and IL-17 in both paws and serum were significantly decreased after
the administration of melittin-loaded microneedles as compared to model control (Figure 6A-C).
Specifically, Mel-MeHA-MN significantly decreased TNF-a levels in paws as compared to model control
(***p<0.001, Figure 6A). Importantly, Mel-MeHA-MN also induced significantly lower level of TNF-a
than both S.C. group and Mel-HA-MN group (*p<0.05). This trend was even more obvious for TNF-a in
blood serum: microneedle-mediated delivery of melittin decreased TNF- a level by more than two times
(Figure 6B). Mel-MeHA-MN showed a significantly stronger inhibition effect for TNF-a excretion than S.C.
group. On the other hand, all groups after receiving melittin treatment significantly inhibited the level of
IL-17 in paws by almost 3 times as compared to model control group. In this case, the difference
between sustained release microneedle group and fast release microneedle and S.C. groups was not
significant (Figure 6C).
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Figure 6. Cytokines and Treg cell percentages on day 16. A: Concentration of TNF-a in paws of mice. B:
Concentration of TNF-a in blood serum. C: Concentration of IL-17 in paws. D: Percentage of Treg cells in
spleen. E: Percentage of Treg cells in popliteal lymph node. Bars represent mean + SEM, n = 6. *p<0.05,
**p<0.01 and ***p<0.001.

We next checked Treg cell percentages in spleen and popliteal lymph nodes on day 16 by analyzing the
percentage of CD3CD4CD25Foxp3” cells using flow cytometry. We observed that melittin delivered by
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using microneedles significantly increased Treg cell percentage in spleen (Figure 6D). Additionally, the
sustained release microneedle induced the highest level of Treg cells. As for Treg cells in popliteal lymph
nodes, S.C. and HA-MN delivered melittin significantly increased the percentage of Treg cells as
compared to model group (Figure 6E). Interestingly, the sustained release microneedle did not show any
promotion of Treg cells in lymph nodes. These results above indicated that the microneedles may inhibit
RA progression by inhibiting pro-inflammatory excretion and by increasing Treg cell percentages in
lymphatic organs.
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Figure 7. Hematologic parameters of microneedle-treated mice on day 16. A: White blood cell counts
(WBC). B: Red blood cell counts (RBC). C: Platelets counts (PLT). D: Percentage of lymphcytes in WBC. E:
Percentage of monocytes in WBC. F: Percentage of granulocytes in WBC. Bars represent mean + SEM, n
= 6. ¥p<0.05, **p<0.01 and ***p<0.001.

Finally, the hematologic parameters were checked to see if the treatment of melittin induced any blood
cytotoxicity. Similar to the observation in rat AIA model, WBC counts were significantly increased in
model control group, probably because of bacterial infection when building the RA disease model
(Figure 7A). The use of melittin seemed to tune back this trend, although the difference between
melittin treated groups and control group was not significant. The treatment by microneedles did not
induce any significant change of RBC or PLT counts compared to naive mice (Figure 7B-C). Interestingly,
control group showed significantly decreased percentage of lymphocytes, and increased percentages of
monocytes and granulocytes as compared to naive cells, while the treatment by melittin loaded in
microneedles effectively reversed this trend (Figure 7D-F).

Discussion and conclusions



450
451
452
453
454
455
456
457
458
459
460
461
462
463

464
465
466
467
468
469
470
471
472
473
474
475
476
477
478

479
480
481
482
483
484
485
486
487
488
489

Transdermal drug delivery systems for RA therapy are attractive as they could overcome several
drawbacks which exist in traditional strategies of oral uptake or injection of RA drugs, including low
compliance, infection risk and low drug bioavailability. However, transdermal delivery efficiency of RA
drugs especially for biological drugs is significantly limited due to the barrier function of stratum
corneum in the skin. In this study, we fabricated HA-based polymeric microneedles for transdermal
delivery of a peptide drug melittin, which is the main component for immune modulation and anti-RA
effect in bee venom, aiming for increasing administration convenience and skin delivery efficiency. Our
results showed that HA based microneedles could successfully overcome the skin barrier and deliver
melittin into the skin. The delivered melittin was able to effectively inhibit the progression of RA and
protect cartilage from being damaged, which was as effective as that induced by S.C. injection of
melittin. More importantly, by simply modifying HA with cross-linkable groups, the fabricated
microneedles could further increase the therapeutic efficacy. Our results revealed that microneedle
based delivery system could provide an attractive trandermal RA therapy with improved patient
compliance and therapeutic efficacy.

In this study, we first characterized the mechanical properties of individual polymeric microneedles by
micromanipulation technique. The micromanipulation instrument was initially used to characterize the
mechanical properties of individual cell and microparticles. In our previous study, we have extended its
use for characterization of individual polymer microneedles and shown that the micromanipulation
instrument is a very powerful tool for characterizing the mechanical properties of individual
microneedles. We have also shown that rupture stress is a better indicator for mechanical properties of
microneedles as compared to rupture force, as rupture stress can be regarded as an intrinsic material
property parameter of microneedles [21]. In the current study, we found that the loading of drug could
significantly decrease the rupture stress of the corresponding microneedles, which is similar to what we
observed in the last study. The mean ultimate rupture strength of human skin was reported to be 27.2 +
9.3 MPa [32]. All the mean values of the obtained rupture stress of the microneedle patches in this work
are not less than this value, indicating that these microneedles may be strong enough to pierce the
human skin and our microneedles could have potential for future clinical use. Nevertheless, we showed
that our fabricated microneedles were strong enough to pierce and to deliver the loaded melittin into
the skin.

Traditional polymer based dissolving microneedles normally have a fast drug-dissolving rate after being
inserted into the skin [33, 34]. Recent research put a lot of efforts on developing microneedles with
controlled release properties of the loaded drugs, aiming for improving drug efficacy and reducing side
effects [14, 35]. We here fabricated melittin-loaded HA microneedles with slow-release properties by
simply modifying the polymer with cross-linkable groups. Our results showed that as compared to Mel-
HA-MN with fast release properties, the prepared Mel-MeHA-MN possessed improved therapeutic
capacity on inhibiting RA symptoms. Cytokine and cell immunity study revealed that the sustained
release microneedles could further decrease the levels of pro-inflammatory cytokines and increase the
Treg cell percentages. The observed advantages of sustained release microneedles were consistent with
previous findings that sustained release of drug or vaccine from microneedles could increase drug
efficacy or vaccine immunogenicity [17, 36-38]. For example, Gu et al. showed that MeHA based
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microneedles could sustainedly release the loaded insulin, and as a result could better control blood
glucose level and improve the safety of insulin delivery [28, 39]. In another study, chitosan microneedles
loaded with a model antigen OVA elicited superior immune responses which lasted for more than 6
weeks after only one dose [40]. The improved therapeutic efficacy against RA by sustained release of
drug found in the current study is also consistent with our findings in previous research. For instance, we
have previously shown that after intravenous injection of polymeric micelles with sustained release
property of dexamethasone, the drug accumulation in the inflammatory joint was significantly increased
and their inhibition potency of RA was robustly enhanced [41-43]. In summary, our current study
indicates that microneedle based delivery system could be an alternative strategy for sustained delivery
of RA drug to improve RA drug efficacy.

Herein, we chose a peptide drug melittin to investigate the delivery capacity of our fabricate
microneedles. Previous studies have shown that melittin could inhibit RA progression by inhibiting the
excretion of pro-inflammatory cytokines after interacting with NF-KB pathway [44]. In our current study,
we indeed showed that microneedle-mediated delivery of melittin could inhibit expression of TNF-a and
IL-17 in both paws and blood serum. Additionally, we observed that the application of melittin could
increase Treg cell amount in lymphatic organs including spleen and popliteal lymph nodes. RA is an
autoimmune disease caused by the loss of self-tolerance while regulatory CD4" T cells play a key role in
maintaining self-tolerance [45]. Although the mechanism of melittin to increase Treg cell amount
remains to be explored, our results indicated that microneedle-mediated delivery of melittin could have
potential for tuning of T cell imbalances in autoimmune diseases [46, 47].

Bee venom acupuncture has been used for the treatment of RA for a long time [48, 49]. However, the
significant pain sensation and requirement on live bees have significantly limited the application of this
strategy. Our results showed that microneedle-mediated melittin delivery could have potential to
improve this method. Specifically, microneedle strategies have advantages including easiness for
administration and potential for improving the stability of the loaded drug. Polymeric microneedles also
allow controlled drug release to improve drug therapeutic efficacy by polymer modification. Additionally,
although melittin has a risk to cause hemolysis due to their strong cell membrane penetrating function
[27, 50, 51], our results showed that the administration of melittin did not cause significant blood
cytotoxicity. Biodistribution results indicated that this could be caused by the fact that the blood
concentration of melittin was much lower than its hemolytic concentration (Supplementary Figure 2).

Finally, the relative low drug loading capacity of microneedles is one important factor limiting their
possible clinical translation. The amplification of loaded drug amount from the level for experiment
animal models to human is still a challenge lying in front before microneedles can be applied to patients.
In our current study, we investigated the therapeutic efficacy of sustained release microneedles in mice
model, partly due to the fact that our fabricated microneedles could easily fulfill sustainedly releasing
therapeutic relevant dose for mice. Nevertheless, recent studies have tried to solve this obstacle by
further enlarging the size of the microneedle patch or by utilizing new fabrication strategies to increase
maximum loading capacity in a single patch [36, 52]. For instance, Yu et al. increased loading amount of
insulin in a patch by increasing the patch size to 5 cm®. They showed that the enlarged patch could
deliver insulin for controlling glucose level in a minipig model with a weight of 25 kg. It was shown that
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one microneedle patch could effectively release enough insulin for glucose level regulation within a time
period of more than 20 h [17]. In another study, Tran et al. fabricated core-shell microneedles in which
the microneedle core was filled with drug suspension or powder to increase drug loading amount. The
fabricated microneedles showed a programmed release property of multi-drugs and can release the
drugs from a few days to more than a month after a single administration [52]. These new strategies for
increasing loading capacity of microneedles could help to promote the translation of microneedle
technology.

In conclusion, our study showed that polymeric microneedles is a promising transdermal delivery
strategy for melittin to improve treatment of RA, by enhancing administration convenience and by
modulating release properties of the loaded drug. The sustained release of melittin showed potential to
further increase therapeutic efficacy and reduce administration frequency. This study has laid
foundation for designing non-invasive and highly potent treatment strategy for RA and other
autoimmune diseases.
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