Rizatriptan benzoate-loaded dissolving microneedle patch for

management of acute migraine therapy

Abstract: In this study, dissolving microneedles (MNs) using polyvinyl alcohol (PVA)
and poly(1-vinylpyrrolidone-co-vinyl acetate) (P(VP-co-VA)) as matrix materials were
developed for transdermal delivery of rizatriptan benzoate (RB) for acute migraine
treatment. /n-vitro permeation studies were conducted to assess the feasibility of the as-
fabricated dissolving MNs to release RB. Drug skin penetration were tested by Franz
diffusion cells, showing an increase of the transdermal flux compared to passive
diffusion due to the as-fabricated dissolving MNs having a sufficient mechanical
strength to penetrate the skin and form microchannels. The pharmacological study in
vivo showed that RB-loaded dissolving MNs significantly alleviated migraine-related
response by up-regulating the level of 5-hydroxytryptamine (5-HT) and down-
regulating the levels of calcitonin gene-related peptide (CGRP) and substance P (SP).
In conclusion, the RB-loaded dissolving MNs have advantages of safety, convenience,
and high efficacy over conventional administrations, laying a foundation for the
transdermal drug delivery system treatment for acute migraine.
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1. Introduction

Migraine is a prevalent neurovascular disorder that affects more than one billion
people worldwide [1]. It manifests as recurrent and often unilateral headache attacks,
accompanied by photophobia, phonophobia, nausea and vomiting [2]. Among the
various mechanisms, activation of the trigeminal vascular system is considered to be
the core of migraine pathophysiology [3, 4]. CGRP is released from trigeminal nerve
C-fibers upon stimulation by sensory neurons in the trigeminal ganglion. CGRP is a
potent vasodilatory neuropeptide that acts on the middle meningeal artery to induce
cranial vasodilation and stimulate Ad-fibers expressing calcitonin receptor-like
receptor/receptor activity-modifying protein (CLR/RAMP;, CGRP receptor) [5].
CGRP receptor activation, which in turn initiates adenylate cyclase (AC) activation,
causes the accumulation of intracellular cyclic adenosine monophosphate (cAMP),
cAMP-dependent sensitization of Ad-fibers and enhanced nociceptive transmission in
the trigeminal caudate nucleus [6, 7].

One of the current targets for migraine treatment is the 5-HT receptor [8, 9]. The
5-HTis receptor (5-HTigr) is a Gi-coupled receptor that is an important target for
treating 5-HT neurotransmission-related diseases such as migraine, depression and
anxiety. When triptan drugs act as 5-HT receptor agonists and bind to 5-HTig/ip
receptors coupled with Gi proteins, they cause a decrease of cAMP levels in cells,
resulting in a reduction of CGRP released from trigeminal nerve cells, ultimately
reducing nociceptive transmission [10-12].

5-HT receptor agonists mainly relieve migraine attacks by activating 5-HT1amp



receptors, causing vasoconstriction and lowering cAMP levels when acting on 5-HTg
receptors, inhibiting CGRP release from C-fibers through voltage-gated calcium
channels [13, 14]. Triptan-based drugs act as 5-HT1s/1p receptor agonists and have been
used as the first choice specific drugs for acute treatment of migraine [15], and it
significantly inhibit CGRP release from trigeminal nerve terminals by binding and
activating presynaptic 5-HTip and 5-HTir receptors [16]. Due to its peripheral
vasodilatory effect, it is contraindicated in patients with cardiovascular diseases,
uncontrolled hypertension, or hemiplegic migraine with complex aura [17]. Substance
P (SP), a neuropeptide discovered in 1931 in the intestines and brains of horses, has the
ability to cause smooth muscle contraction, vasodilation, and blood pressure reduction.
It is widely distributed in central and peripheral nervous tissues and can transmit pain
and lower pain thresholds. Trigeminal nerve innervation releases vasoactive
neuropeptides such as CGRP and SP, which play a core role in neurogenic inflammation
in migraine [18, 19]. C-fos, as a constituent of the proto-oncogene fos family
(comprising c-fos, fosB, fra-1 and fra-2), is an immediate early gene and an indicator
of neuronal activity. When subjected to some noxious stimuli, such as intense light,
mechanical damage, chemical injury, etc., the expression of c-fos in neurons is
significantly increased. It can be utilized to delineate the regions of neuronal activation
in pain research, and has been extensively applied in the investigations of migraine
pathophysiology and efficacy [20, 21].

RB is a second-generation triptan that offers rapid headache relief with fewer

adverse effects than the other triptans [22]. It is also a primary pharmacological agent



for migraine management. After oral administration, RB reaches its peak plasma
concentration within 1 to 1.5 h. However, its oral bioavailability is limited by hepatic
first-pass metabolism and low absorption efficiency, resulting in an average oral
bioavailability of only 45 % [23]. Moreover, subcutaneous (S.C.) injections are poorly
tolerated by patients. RB orally disintegrating tablets can increase the bioavailability of
RB, shorten its onset time, and reduce its degradation and metabolism in the
gastrointestinal tract [24], but the disadvantage of this route is that it may cause oral
discomfort, such as burning sensation, numbness, bitterness, etc. [25]. Nasal and oral
inhalation are the new route of administration, and RB nasal spray has been developed
in clinical practice in recent years [26]. Although triptan nasal sprays have good
efficacy and fast onset, nasal formulations still face some challenges [27]. Due to the
presence of ciliary movement and mucosal absorption barrier, it is an obstacle to obtain
effective drug absorption through the nasal route [28]. To overcome the drawbacks of
oral and injectable routes, transdermal drug delivery has emerged as a promising
modality in the therapeutic industry, offering advantages such as high bioavailability,
enhanced compliance, reduced dosing frequency, and painlessness [29, 30].

MNss are needle-like structure with a height of 10-2,000 um and a width of 10-50
um, which can pierce the epidermal layer and reach the dermal tissue without causing
pain [31]. Therefore, MNs are the ideal choice for enhancing patient adherence as they
avoid stimulating the pain-sensitive nerves [32]. In recent years, MNs have been used
to deliver various therapeutic agents, such as drugs, genes, proteins, RNA, and vaccines,

and have demonstrated remarkable therapeutic effects [33, 34]. One of the most



important applications for which MNs have great potential is vaccine delivery [35].
MNs can overcome the limitations of conventional vaccine delivery methods by
delivering vaccines into the skin, which is rich in antigen-presenting cells and immune
cells. MNs also can enhance the immunogenicity and efficacy of vaccines by targeting
specific skin layers or cells [36, 37]. Another important application of MNs is
combination drug delivery to treat complex diseases that require multiple drugs, such
as cancer, diabetes, arthritis, obesity, neurological diseases and glaucoma. In short,
MNss can provide a convenient and effective platform for combination drug delivery by
incorporating different drugs into different parts or types of MNs [38, 39]. For acute
migraine therapy, a portable treatment that can rapidly alleviate headaches and
eliminate the associated symptoms would be desirable [40, 41].

Dissolving MNs are a painless, minimally invasive, and self-administered
transdermal delivery system with high drug bioavailability [42]. They offer advantages
over syringes in terms of patient compliance and adverse reactions. Moreover,
dissolving MNs have the features of rapid dissolution and short application time, which
can reduce the delivery time and enhance the delivery efficiency [43]. It is usually
required to be taken as soon as possible during a migraine attack to achieve the optimal
effect [44]. Therefore, using dissolving MNs as a RB delivery platform can provide fast,
effective, safe and convenient treatment. PVA is a water-soluble polymer with good
biocompatibility and low toxicity, which has been widely used in biomedical systems
[45,46]. P(VP-co-VA) has excellent adhesion and biocompatibility, low hygroscopicity,

and easy storage as a MNs material [47]. However, it has high brittleness and is difficult



to insert into the skin when used as MNs matrix alone. By combining with PVA, the

toughness and mechanical strength of MNs can be improved synergistically.
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Fig. 1 Schemetic illustration of RB-loaded MNs for acute migraine treatment.

Based on the above considerations, we developed rapidly dissolving MNs derived
from biodegradable materials. This study aimed to develop RB-loaded MNs for acute
migraine therapy. RB-loaded MNs were fabricated by the micro-molding technique.
P(VP-co-VA) and PVA with excellent biocompatibility and biodegradability, were
chosen as the matrix materials for fabrication of dissolving MNs. RB was incorporated
into the MNs matrix, and the morphology, size, and mechanical properties of the as-
fabricated MNs were evaluated as well. Upon insertion into the skin, the matrix at the
tip of the MNs dissolved rapidly, enabling the fast release and diffusion of RB into
deeper skin layers through the microchannels created by the MNs (Fig. 1) [48-50].

2. Materials and methods

2.1 Materials



Poly(vinyl alcohol) (PVA, Mw = ~150,000) and poly(1-vinylpyrrolidone-co-vinyl
acetate) (P(VP-co-VA), Mw = ~13,000) were purchased from Aladdin (Shanghai
China). Rizatriptan benzoate and gelatin were purchased from Macklin (Shanghai
China). Phosphate-buffered solution (PBS) and Rhodamine B (RhB) were obtained
from Rhawn (Shanghai, China). 5-HT, CGRP and SP ELISA Kits were obtained from
Elabscience Biotechnology Co., Ltd. (Wuhan, China). C-fos antibody was purchased
from Bioss Biotechnology Co., Ltd. (Beijing, China). Nitroglycerin injection was
purchased from Guangzhou Pharmaceutical Holdings Limited (Guangzhou, China).
2.2 Fabrication of MNs

The negative mold of the 39x39 MNs (800 um height and 200 um base) array in
polydimethylsiloxane (PDMS) were obtained from Lake Mould Co., LTD (Suzhou,
China). PVA and P(VP-co-VA) were dissolved in deionized water (DI) to prepare 15%
w/v solutions and then mixed at a 1:1, 2:1 and 1:2 volume ratio to obtain a blended
solution, which served as a precursor solution to prepare backing layer of the MNs.
Although RB is a hydrophobic drug with low solubility in water (32.9 & 0.2 mg/mL)
[26]. To fabricate RB-loaded dissolving MNs, 10 mg of RB was mixed with the 20 mL
of PVA/P(VP-co-VA) blended solution. Then, the mixture of RB and polymers was
stirred at room temperature for 2 h to ensure the homogeneity of the drug in the polymer
solution to form 0.05% w/v drug-loaded solution for fabrication of MNs tips. PVA,
P(VP-co-VA) and PVA/P(VP-co-VA) MNs were cast by centrifugal molding and a
double-layer casting process was employed to fabricate the RB-loaded MNs. The RB

and PVA/P(VP-co-VA) blended solution was firstly costed on MNs molds, and removed



the excess solution after filling the cavities of the MNs mold through centrifugation
method with 1,000 rpm for 2 h at 30°C. Then, PVA/P(VP-co-VA) blended solution was
spread on the MNs mold to form the backing patch of MNs. The filled molds were dried
in an oven at 37°C for 24 h, and the RB-loaded MNs could be obtained after carefully
peeling off from the molds. The dose of RB in each MNs was ~ 0.5 mg that determined
by the previous methods [51, 52]. The drug-free MNs were also obtained by the same
procedure.
2.3 Characterization of matrix of MNs

FTIR spectra were performed in Fourier infrared spectrometer (Nicoetl 70SX,
Nicoet Company, USA) using potassium bromide tablet method with wavenumber
range of 500-4,000 cm!. Thermal characterization of RB, PVP/P(VP-co-VA) and
RB/PVA/P(VP-co-VA) was studied by a DSC machine (TA Instruments, Surrey, UK).
The sample masses were in the range of 2-3 mg, and scanning temperature rate was
10 °C/min from 25 to 300 °C. The heat flow signals were recorded as a function of
temperature. All DSC tests were performed under a nitrogen flow rate of 20 mL/min.
2.4 Mechanical property test

The mechanical performance of RB-loaded MNs was assessed by a universal
material testing machine (WDW-02, Tian Chen Testing Machine Co. LTD., Jinan,
China). MNs were placed on a flat rigid surface of a stainless steel substrate. A moving
sensor perpendicular to the MNs axis applied an axial force at a constant speed of 18
mm/min. The initial distance from the tip of the MNs to the holder was set at 1 cm. The

force was recorded as the motion sensor touched the uppermost end of the MNs. The



test machine then recorded the force required to move the holder as a function of MNs
displacement and plotted the displacement-force diagram [53, 54].

To evaluate the skin penetration and diffusion ability of MNs in vivo, RhB-loaded
MNs prepared by the same fabrication process using Rhodamine B (RhB) as model
drug. And they were inserted into the excised porcine skin using the finger pressing
method for 5 min to ensure all MNs tips. After removing the MNs from the surface of
skin, the skin was rinsed with DI water to ensure no residual red dye on the skin surface.
The penetration situation of the MNs was observed under a digital microscope (Emspira
2, Leica, Wetzlar, Germany). To assess their toughness, MNs were evaluated by the
static pressure tests against 100, 200 and 500 g weights for 20 min on the tips of them,
and the bending shape of MNs tips were recorded by an optical microscope.

2.5 Invitro drug permeation study

The Franz diffusion cells was used to assess the drug release across the skin. The
skin of rats was secured between the supply and receiver pools and thawed on the bench
with the stratum corneum facing upward. The receiving cell was filled with PBS (pH
=7.4) and stirred at 37°C [55]. The RB-loaded MNs were gently inserted into the skin
surface using an uniform pressure to ensure all MNs tips inserted into skin tissue. At
predetermined time intervals, 1 mL of 0.1 mol-L' PBS solution was taken out to
measure the concentration of RB in the solution. Meanwhile, 1 mL fresh PBS was added
into receiving cell to keep the unchanged of in the diffusion conditions. The RB-loaded
MNs were further soaked in 20 mL of PBS solution to determine the dose of RB in the

MNs. The extracted PBS samples were analyzed by UV spectrophotometer (TU-1901,



Purkinje General Instrument Co., Ltd., Beijing, China) using a pre-set standard curve
of rizatriptan benzoate at 280 nm (Fig. S1).
2.6 Skin penetration tests in vitro

The dye was loaded into the MNs by dissolving of RhB in the polymer solution
before coating on the mold, and then pressed onto stretched rat skin tissues with a force
of 30 N for 5 min before removing of them. The skin was embedded and frozen in an
O.C.T. compound, which was cut into 10 pm thickness sections for histological
observation and drug diffusion by a confocal laser scanning microscope (CLSM, C2,
Nikon Corporation, Japan).
2.7 Pharmacological study in vivo

The rats were provided with unrestricted water and food for 12 h under a light-
dark cycle and acclimated for 3 days. The rats were randomly divided into five groups,
namely control group (no migraine induction and no treatment), blank group (treatment
by oral saline), subcutaneous injection group (subcutaneous injection of RB solution
~0.5 mg/pcs through abdominal skin), oral administration group (oral gavage of RB
solution ~0.5 mg/pcs) and the RB-MNs group (treatment by RB-loaded MNs on
abdominal skin). The migraine rat model was established by subcutaneous injection of
I mg/mL of nitroglycerin (NTG) into the neck except for the blank group [56, 57]. The
behavioral alterations of the rats, such as cage climbing and head-scratching, were
recorded at 0-30, 30-60, 60-90, 90-120, 120-180 and 180-240 min after drug
administration. Blood samples (250 uL) were collected from the jugular vein catheter
using gel separator tubes containing lithium heparin at 5, 15, 30, 60, 90, 120, 180, and
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240 min after administration. All blood samples were centrifuged at 3000 r/min at 4°C
for 10 min to obtain plasma, and the extracted samples were analyzed by HPLC using
a pre-set standard curve of rizatriptan benzoate at 280 nm (Fig. S2). The levels of 5-HT,
CGRP, and SP in blood samples at 120 and 240 min were assessed by an enzyme-linked
immunoassay kit. All animal studies were approved by the Experimental Animal Ethics
Committee of the Eyoung Pharmaceutical Research and Development Centre of
Zhejiang Province and Zhejiang Sci-Tech University Laboratory Animal Ethics
Committee (Number: ZJEY-20221128-04). All experiments followed the instructions
of the Laboratory Animal Care and Use Guide.
2.8 Partial immunohistochemistry of brain stem

The rat’s head hair was cut off with medical scissors 4 h after drug administration,
the skin was removed and disinfected with 75% medical alcohol. The scalp was incised
to expose the occipital bone, which was partially removed with small medical biting
forceps through the large hole. After full exposure of the brain tissue and discarding the
dura mater, the brain stem was separated from the cerebral hemisphere and fixed in 4%
paraformaldehyde solution. Immunohistochemistry was performed to determine the c-
fos protein expression in the brain tissue.
2.9. Statistical analysis

SPSS 25 statistical software was used to analyze the data, and the data of each
group were first judged to determine whether they conformed to a normal distribution
and the chi-square test. If they conformed to normal distribution and chi-square, then

the data were expressed as mean = standard deviation, all using the method of one-way
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ANOVA with LDS test. If they did not conform to normal distribution and chi-square,
the comparison between the groups was fabricated by non-parametric test. Differences
were considered statistically significant at *P < 0.05 and **P<0.001.

3. Results and discussion

3.1 Fabrication and characterization of RB-loaded MNs

The RB-loaded MNs were fabricated by a micro-molding technique using P(VP-
co-VA) and PVA as the matrix materials. RB was incorporated into the MNs matrix,
After drying in an oven at 37°C for 24 h, the MNs with 39 x 39 array on a patch could
be obtained (Fig. S3). Fig. 2a and 2b display the digital microscopic images of the MNs,
indicating a regular microneedle arrays. The prepared MNs had a pyramid-shape with
height about 800 um and width ~ 200 pm, respectively. The width of the adjacent
substrate of the MNs were about 300 um (Fig. 2¢ and 2d).

FT-IR was used to assess the possible physio-chemical interactions between RB
and matrix (P(VP-co-VA) and PVA) in the MNs. As shown in Fig. 2e, the characteristic
peaks of RB are observed at 1,606 and 1,506 cm™, ascribing to the C=C stretching
vibration of the aromatic ring. The peak at 1,566 cm™! can be contributed to the C-N
stretching vibration. And the peaks at 887 and 724 cm™! are originated from the C-H
out-of-plane bending vibration of the aromatic ring [58]. For the native PVA and P(VP-
co-VA), the characteristic peak of P(VP-co-VA) block polymer is 1,724 cm™!,
indicating the presence of the C=0 groups. The typical broad peak around 3,300 cm™!
is ascribed to hydroxyl group (O-H) stretching [59]. In RB-loaded MNs, all typical

peaks of RB and MNs matrix can be observed, showing that RB is physically
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encapsulated in the MNs. The DSC curves of RB, blank, and RB-loaded MNs are
shown in Fig. 2f. The melting point of native RB is 181.2 °C, suggesting its crystalline
nature [26]. As an amorphous biopolymer, P(VP-co-VA) and PVA have no melting
point below 200 °C. The PVA is a semicrystalline polymer with melting temperature
around 220 °C. In the case of RB-loaded MNss, the typical melting point of RB and PVA
with slight and negligible differences can be observed, further indicating that the RB is
physically dispersed in the matrix [60, 61].

One of the main criteria for polymer MNs is to have sufficient mechanical strength
to penetrate the skin. The mechanical properties of the fabricated MNs with different
compositions are tested using a universal material testing machine. The force-
displacement curves of RB-loaded and drug-free MNs based on PVA/P(VP-co-VA)
show no abrupt changes within 0-300 um. After displacement more than 300 pum, the
forces show a rapid increased, but no fracture occurred, indicating the excellent
toughness of MNs. At a displacement of 600 pm, the maximum forces for RB-loaded
and drug-free MNs (1:1) are 1.93 and 1.75 N/needle, compared with blank MNs with
PVA/P(VP-co-VA) = 2:1 and 1:2 which are 1.63 and 1.60 N/needle, respectively. The
mechanical properties of MNs formed by PVA and P(VP-co-VA) alone are 1.32 and
0.16 N/needle, which are inferior to those formed by mixed matrix. However, a fracture
at 300 um 1s observed in case of MNs fabricated by P(VP-co-VA), indicating the poor
toughness and mechanical strength (Fig. 2g). Therefore, the blend of PVA and P(VP-
co-VA) (1:1) are chosen as the matrix of MNs for the following research due to their
excellent biodegradability, biocompatibility, and rapid metabolism and excretion [45,
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46, 50]. In addition, the MNs are further evaluated by a static pressure test. As shown
in Fig. 2h, no broken MNs can be founded even pressed by 500 g weights for 20 min,

indicating the excellent toughness and mechanical strength of as-fabricated MNs.
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Fig. 2 The morphology and mechanical performance of the as-fabricated MNs. Bright-field
microscopy image of MNs (a and b). SEM images of MNs (c, top view) and corresponding high
magnification area of a single needle (d). (¢) FT-IR spectra of RB, RB/PVA/P(VP-co-VA) and
PVA/P(VP-co-VA) (f) DSC results of RB, RB/PVA/P(VP-co-VA) and P(VP-co-VA). (g) Mechanics-
displacement curves of PVA, P(VP-co-VA), RB-loaded MNs and blank MNs. (h) Morphology

changes of MNss before and after static pressure tests.

3.2 Drug release and insertion tests of MNs

The Franz diffusion cells is used to assess the drug release across the skin. Fig. 3a
shows the release profile of RB-loaded MNs in vitro, a rapid release can be observed in
the first 60 min, which may be the diffusion of RB through the microchannels that form
by MNs, resulting in a faster initial release close to 75%. Further increasing the drug
release time to 2 h, more than 95% RB can be diffused into receiving cells. Then, the
as-fabricated RB-loaded MNs are further soaked in PBS solution to determine the

content of RB in the MNs. The dose of RB in RB- MNs is ~ 0.502 + 0.006 mg/patch
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that calculate by the standard curve of RB in the solution (Table S1). To investigate the
insertion of MNs, RhB-loaded MNs are prepared using the same method. Fig. 3b shows
the digital image of RhB-loaded MNs that dyed by red color. The prepared RhB-loaded
MNss are used for skin insertion test. The RhB-loaded MNs are inserted into porcine
cadaver skin after applying a constant force. And the MNs are removed after 2 min, a
series of red dots corresponding to the insertion sites of the MNs can be displayed on
the skin surface (Fig. 3¢ and 3d). The as-fabricated MNs are dyed by rhodamine B (RhB,
red), and pressed them into stretched rat skin tissues. The skin is embedded and frozen
in an O.C.T. compound, and cut into 10 pum thickness sections for histological
observation and drug diffusion analysis. Fig. 3e shows the hematoxylin-eosin (H&E)
stained histological section with skin penetrating depth of ~400 um. In addition, the
loaded RhB in MNs can be successfully diffused into tissue confirmed by CLSM after
piercing the skin. After 30 min of insertion, RhB can be diffused into the deeper skin

tissue (Fig. 3f and 3g).
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Fig. 3 (a) In vitro permeation profile of RB from RB-loaded MNs in PBS (pH 7.4) at 37°C. (b)
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Bright-field microscopic images of rhodamine B-laden MNs (¢), Rhodamine B-laden MNs before
(d) and after piercing the pig skin. (¢) H&E-stained histological section image of rat skin after the
removal of MN vitro. (f and g) Fluorescent images of RhB-MNs insertion into skin tissue for 0 and
30 min.
3.3 Pharmacodynamic study of RB-loaded MNs

The rat acute migraine models, characterized by ear redness, head-scratching,
increased cage climbing, and restlessness, are successfully established by injection of
NTG. NTG acts intracellularly through the formation of nitric oxide, which is released
from endothelial cells causing vasodilation leading to migraine. Five groups of rats are
treated by different treatments after the injection of 2 h. Behavioral changed of head
scratching and cage climbing are recorded using 30 min as a statistical period.

Fig. 4a and Table S2 show the changes of head scratching times in different statistic
cycles (0-30, 30-60, 60-90, 90-120, 120-180 and 180-240 min). No significant change
of head scratching (~30 times/30 min) for the control group can be observed in the
whole test procedure. In contrast, the number of head scratching is rapidly increased
(~145 times/30 min) in the 1% statistic cycle. Without any treatment, the number of head
scratching still can be maintained a higher level (~92 times/30 min) after 4 h. Oral drug
is a commonly used treatment method in clinical practice. In the first statistic cycle after
oral administration, the number of head scratching can be decreased to ~129 times/30
min compared with ~145 times/30 min for the group without any treatment. And it is
gradually decreases to ~66 times/30 min with further extending treatment time to 4 h,
exhibiting a certain degree of therapeutic effect. However, in the cases of S.C. and MNs

groups, there is a significant decrease of the number of head scratching. In the first 30

min after administration, the numbers of head scratching are ~119 and 121 times/30
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min for the S.C. and MNs groups, respectively, showing a slightly lower number than
the oral group. Interestingly, the number of head scratching is significantly decreased
with extending treatment time due to reducing drug loss and shortening the circulation
cycle of drug into the body. And it will be reached ~39 and 38 times/30 min in the 6™
statistic cycle, about one-third of the control group and half of oral group. The MNs
group exhibits a fast and efficient treatment effect similar to the S.C. group.

Changed of cage climbing times is another behavioral indicator for acute migraine.
Fig. 4b and Table S3 show the changes of cage climbing times in different statistic
cycles. The cage climbing times are always maintained at a high level state (~27
times/30 min) compared with ~3.5 times/30 min for the control group. After oral
administration, the number of cage climbing will be decreased ~19 times/30 min in the
first statistic cycle. And it will be further fell back to ~11 times/30 min after 4 h,
showing a certain degree of therapeutic effect that is consistent with the changes of
head scratching. However, in the cases of S.C. and MNs groups, it will be reached ~15
and 16.5 times/30 min, and further decreasing to ~3.5 and 4.5 times/30 min after 4 h
administration.

To investigate the pharmacokinetics of RB delivered by MNs, blood samples are
extracted at different time intervals. And the RB concentration in plasma is determined
by HPLC. Fig. 4c shows in vivo plasma pharmacokinetic profiles of rats with different
drug delivery methods using the same dosage of medication (0.5 mg/pcs). The
pharmacokinetic profile of RB delivered by MNs is similar to that of S.C. injection. It

will reach the peak plasma concentration (Cmax) of RB at about 60 and 90 min (tmax).
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The Cmax for the MNs group is 65.38 ng/mL which is close to 69.24 ng/mL for S.C.
injection, and significantly higher than that of oral administration due to the lower
bioavailability of RB through the gastrointestinal tract. In addition, the AUCo.4n for
MNs is also close to S.C. group, and far higher than that of oral group (Table S4). These
results indicate that MNs delivery can effectively reduce the loss and improve
bioavailability of RB. Moreover, the tmax for MNs group is higher than that of S.C. group.
It may be contributed to swelling and biodegradation of matrix of MNs, leading to delay

the intake of drug.
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Fig. 4 Behavioral changes in rats with nitroglycerine migraine after administration and changes in
blood concentration after administration. (a) Changes of head scratching times in different time
periods of rats with different administration methods and the control group, and (b) Changes of cage
climbing times in different time periods of rats with different administration methods and the control
group. (¥*p<0.001, compared with the blank group. *p<0.05, compared with the blank group.) (c)
In vivo plasma pharmacokinetic profiles of rats with different drug delivery methods.

3.4. Immunohistochemical and histopathological tests

Enzyme-linked immunosorbent assay is used to measure the plasma levels of 5-
HT, CGRP, and SP, which are key neuropeptides involved in migraine pathophysiology.
Fig. 5a shows the levels of 5-HT for the different groups after 2 and 4 h treatment. Table
S5 shows the 5-HT levels in plasma at different time intervals for test groups.

There's almost nothing changed for the control group at different time intervals. In the

case of blank group, the 5-HT levels are 163.52+5.10 and 173.85+3.57 ng/mL which
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are lower than the control group due to the secretion inhibition of 5-HT after injection
of NTG. The 5-HT levels will be increased slightly after oral drug. They are
172.00+5.95 and 180.334+3.90 ng/mL after 2 and 4 h treatment. However, there will be
more upturned in the levels of 5-HT in the cases of S.C. and MNs groups, reaching
182.22+2.99 and 191.22+2.64 ng/mL for S.C. group and 182.26+2.05 and 187.26+
4.63 ng/mL for MNs group after treatment. Fig. 5b and 5c¢ show the levels of CGRP
and SP for the different groups after treatment. In the case of control group, the levels
of CGRP and SP can be maintained at a relatively lower level. While, the levels of
CGRP and SP can be significantly improved in the blank group. And the secretion levels
of CGRP and SP will be inhibited in the oral group, showing a certain degree of
therapeutic effect. However, the levels of CGRP and SP can be effectively inhibited in
the S.C. and MNs groups (Table S6 and S7). These results indicated that MNs therapy
had a similar therapeutic effect as S.C. therapy and was significantly superior to oral

treatment.
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Fig. 5 Changes in relevant neurotrophic factors after treatment with different routes of
administration. (a) The 5-HT ELISA kit was used to detect the plasma 5-HT level in different
administration modes and control groups, (b) The CGRP ELISA kit was used to detect the plasma
CGRP level in different administration modes and control groups, (¢) The SP ELISA kit was used
to detect the plasma SP level in different administration modes and control groups. (##p<0.001,
compared with control administration. **p<0.001, compared with the blank group. *p<0.05,
compared with the blank group.)
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3.5. Analysis of paraffin sections of rat brainstem portions

Fig. 6a-e show the immunohistochemical images of brainstem sections from
different groups of rats. NTG-activated c-Fos immunoreactive neurons and negative
cells are shown in brownish yellow and bluish violet, respectively. More number of
brown-yellow clumps in blank group can be observed compared with that in the control
group. However, the brown-yellow positive expression in the oral group is lower than
that in the blank group. In contrast, the MNs group and the S.C. group significantly are
down-regulated the expression of c-Fos positive cells. Fig. 6f and Table S8 show the
results of c-fos expression in the immunohistochemistry and the quantification of these
c-fos-positive cells. The control group show a small number of c-fos-positive cells
(4.87£1.36) and the blank group present the highest number of c-fos-positive cells
(24.24+4.32). After oral treatment, the number of c-fos-positive cells can be decreased
to 16.77+2.84, showing a certain degree of decrease compared to the blank group.
However, in the cases of S.C. and MNs groups, the number of c-fos-positive cells are
9.43+4.29 and 12.11£3.66, respectively. Based on the above results, MNs drug delivery
is a potential candidate for migraine treatment via up-regulating the level of 5-HT and
down-regulating the levels of CGRP and SP, and inhibiting c-fos-positive cells

expression.
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‘The number of c-fos positive cells

Control Blank Oral S.C. MNs

Fig. 6 Tissue slice images of the brain stem in each group of rats. (a) control, (b) blank, (c) oral, (d)
S.C. and (e) MNs groups, and (f) Statistical plot of the number of c-fos positive cells (*p<0.05,
compared with the blank group).

4. Conclusion

This study demonstrated that MNs had the advantages of being painless, effective,
safe, and were the efficient transdermal route of administration. RB was loaded into
MNs to form RB-loaded MNs, which showed a remarkable effect similar to
subcutaneous injection for the treatment of acute migraine compared with oral
administration. The P(VP-co-VA)/PVA polymer matrix affected the mechanical and
insertion properties of MNs, and improved the skin penetration of nanoparticles. The
prepared MNs had sufficient mechanical strength to penetrate the skin and form
microchannels for transdermal drug delivery. Pharmacodynamic tests showed that the
fabricated RB-loaded MNs had the efficacy of reducing head scratching and cage
climbing after injection of nitroglycerin. Immunohistochemical analysis and
histopathological images supported the safety of RB-loaded MNs. Therefore, the

development of non-invasive and fast-dissolving MNs could be a potential option for
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effective transdermal treatment of acute migraine, with reduced long-term risks and
better patient compliance.
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