ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 18 (2023) 100776

S.cr72
Federation
rnam'a'u':onnl Sciences

journal homepage: www.elsevier.com/locate/AJPS

o

Asian Journal of
Pharmaceutical
Sciences e

Available online at www.sciencedirect.com

ScienceDirect

Original Research Paper

Dissolvable polymeric microneedles loaded )
with aspirin for antiplatelet aggregation i

Baorui Wang*®, Suohui Zhang®<, Guozhong Yang‘, Zequan Zhou*, Mengzhen Xing°,
Han Liu% Aguo Cheng® Yunhua Gao®»"%*

aKey Laboratory of Photochemical Conversion and Optoelectronic Materials, Technical Institute of Physics and Chemistry of Chinese

Academy of Sciences, Beijing 100190, China

Y School of Future Technology, University of Chinese Academy of Sciences, Beijing 101408, China
€Beijing CAS Microneedle Technology Ltd, Beijing 102609, China

ARTICLE INFO

Article history:

Received 18 May 2022

Revised 20 October 2022
Accepted 11 January 2023
Available online 17 January 2023

Keywords:

Aspirin

Transdermal drug delivery
Polymeric microneedles
Hydrolysis

Antiplatelet aggregation

ABSTRACT

To reduce mucosal damage in the gastrointestinal tract caused by aspirin, we developed a
dissolvable polymeric microneedle (MN) patch loaded with aspirin. Biodegradable polymers
provide mechanical strength to the MNs. The MN tips punctured the cuticle of the skin and
dissolved when in contact with the subcutaneous tissue. The aspirin in the MN patch is
delivered continuously through an array of micropores created by the punctures, providing
a stable plasma concentration of aspirin. The factors affecting the stability of aspirin during
MNs fabrication were comprehensively analyzed, and the hydrolysis rate of aspirin in the
MNs was less than 2%. Compared to oral administration, MN administration not only
had a smoother plasma concentration curve but also resulted in a lower effective dose
of antiplatelet aggregation. Aspirin-loaded MNs were mildly irritating to the skin, causing
only slight erythema on the skin and recovery within 24 h. In summary, aspirin-loaded
MNs provide a new method to reduce gastrointestinal adverse effects in patients requiring
aspirin regularly.
© 2023 Published by Elsevier B.V. on behalf of Shenyang Pharmaceutical University.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

aggregation drug widely recognized for all types of platelet-
dependent thrombotic vessel occlusion [2]. Aspirin is a
non-selective cyclooxygenase (COX-1 and COX-2) inhibitor

Aspirin has significantly reduced morbidity and mortality
related to coronary artery disease and is considered as
the most cost-effective drug for secondary prevention of
coronary artery disease [1]. Aspirin is a first-line antiplatelet
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that inhibits the production of thromboxane A, (TXA;) by
inhibiting the activity of COX-1 [3,4]. The oral bioavailability
of aspirin is approximately 40%—50% [5]. Low bioavailability
has been reported for enteric tablets and sustained-release
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formulations of aspirin [6]. Oral aspirin requires large and
frequent doses. Aspirin undergoes extensive hydrolysis to
salicylic acid in the gastrointestinal tract and liver, with no
antiplatelet aggregation activity. The half-life of aspirin in the
plasma is approximately 15-20 min [7]. Although aspirin is
rapidly cleared from the plasma, the antiplatelet aggregation
effect persists owing to the irreversible inactivation for
platelet COX-1 by aspirin [8,9]. The average lifespan of human
platelets is approximately 10 d [10]. Therefore, continuous
dosing is necessary to achieve long-term antiplatelet
aggregation.

Long-term oral aspirin administration is associated with
an increased risk of mucosal damage in the gastrointestinal
tract [11]. These gastrointestinal adverse effects may be
partly due to the local action of aspirin. One hypothetical
mechanism is the direct stimulation of the gastrointestinal
mucosa by aspirin, which leads to mucosal cell necrosis and
capillary hemorrhage [12,13]. Another possible mechanism
is the inhibition of COX-1 by aspirin. COX-1 catalyzes the
synthesis of gastric prostaglandins. Gastric prostaglandins
inhibit stomach fluid secretion and promote the secretion of
cytoprotective mucus [14]. In addition, aspirin inhibits platelet
aggregation, which leads to an increased risk of bleeding
[15]. Enteric tablets and sustained-release formulations can
reduce the mucosal damage caused by aspirin. However,
mucosal damage cannot be completely avoided [16,17].
Gastrointestinal adverse effects were the leading cause of
termination of aspirin treatment in patients [18].

Transdermal drug delivery is an effective method for
reducing gastrointestinal adverse effects [19]. Transdermal
drug delivery avoids the metabolism of aspirin in the
gastrointestinal tract, which prevents direct contact between
aspirin and COX-1 expressed in the gastric mucosa [20,21].
The transdermal delivery of aspirin may be a safer way
to administer aspirin regularly [22]. The minimum effective
dose of aspirin for antiplatelet aggregation is 75 mg/d [23,24].
Conventional patches or creams have difficulty achieving an
effective dose of aspirin because of the barrier protective
effects of the cuticle [25]. The aspirin loading and transdermal
delivery efficiency must be sufficiently high to achieve an
effective aspirin dose. The MN patch is a new dosage form
that physically promotes transdermal drug delivery [26,27].
The MN tips can puncture the cuticle of the skin and
deliver a drug to the epidermal and dermal layers [28,29].
MNs weaken the barrier protective effects of the cuticle
and significantly increase the bioavailability of the drug
compared to conventional patches [30,31]. MNs can be divided
into several categories: solid, hollow, coated, and polymeric
MNs [32]. Among them, polymeric MNs have been widely
investigated for their brilliant biocompatibility, prominent
biodegradability, and sufficient drug loading capacity [33,34].

We developed a dissolvable polymeric MN patch that
allowed stable loading of aspirin in MNs for transdermal
delivery. Aspirin is an unstable ester that is prone to
spontaneous hydrolysis. Mixed solvents were used to dissolve
the substrate materials and aspirin, which improved the
stability of aspirin in the solution. The drying process was
optimized to enhance the stability of aspirin in the MNs. A
minimal amount of substrate material was added to provide
the mechanical strength to the MNs, which allowed the MNs

to load with high levels of aspirin. The stability, mechanical
strength, and puncture depth of aspirin-loaded MNs were
evaluated in vitro. Pharmacokinetics and pharmacodynamics
were evaluated in Sprague Dawley (SD) rats. The dissolution
time of the MN tips and the skin recovery time were evaluated
in Institute of Cancer Research (ICR) mice. Skin irritation in
white Japanese rabbits was evaluated. This translational study
provided a comprehensive study of aspirin-loaded MNs from
an MN patch design to animal studies.

2. Materials and methods
2.1. Materials and animals

Aspirin was purchased from Solarbio (Beijing, China).
Fluorescent red (FR), acetonitrile, adenosine diphosphate
(ADP), phosphoric acid, and N,N-Dimethylacetamide (DMA)
were purchased from SIGMA-ALDRICH (Missouri, USA).
N-methylpyrrolidone (NMP) was purchased from Heowns
Biochemical Technology Ltd (Tianjin, China). Dimethyl
sulfoxide (DMSO) was purchased from Macklin Biochemical
Co., Ltd (Shanghai, China). Isoflurane was purchased
from Aladdin Biotechnology Co., Ltd (Shanghai, China).
Hydroxypropyl methylcellulose (HPMC) was purchased
from Shanhe Pharmaceutical Excipients Co. Ltd (Anhui,
China). Polyvinyl alcohol (PVA) was purchased from Alpha
Pharmaceutical Co. Ltd (Jiangxi, China). Polyvinylpyrrolidone
(PVP) was purchased from Xinkaiyuan Pharmaceutical Co.,
Ltd (Henan, China). High-substituted hydroxypropylcellulose
(HHPC) was purchased from Mreda (Beijing, China). ICR mice
were obtained from Charles River (Beijing, China). SD rats
and Japanese White rabbits were obtained from the Animal
Experimentation centre of the Technical Institute of Physics
and Chemistry, Chinese Academy of Sciences (Beijing, China).

2.2. MNs fabrication process

15% PVA was added to 22.5% water and dissolved by heating
at 90 °C for 4 h. 20% aspirin and 10% PVP were dissolved by
32.5% DMA. The aqueous solution and the DMA solution were
mixed and stirred thoroughly. The bubbles in the solution
were removed through centrifugation at 5000 rpm for 10 min.
Then, 35 pl the solution was added to a PDMS mold. A pressure
of —100 kPa was applied to the mold and held for 10 min.
The solution entered the pinhole of the mold under negative
pressure. The entire process of molding the MN solution took
place at 4 °C. The mold containing the solution was placed in
a dry box (DHG-9123A, Jing Hong, Shanghai, China) at 60 °C for
7.5 h to dry the MNs completely. Each MN patch loaded with
6 mg aspirin.

2.3.  Simultaneous quantification of aspirin and salicylic
acid

High-performance liquid chromatography (HPLC, DGU-20A3R,
Shimadzu, Osaka, Japan) was used to quantify aspirin and
salicylic acid. A YMC-Triart C18 column (YMC, Kyoto, Japan)
was used for the separation at 30 °C. The mobile phase was a
mixture of acetonitrile/0.3% phosphoric acid aqueous solution
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(35/65, v/v). Isocratic elution was performed at a flow rate of
1.0 ml/min. Aspirin and salicylic acid were detected at 195 nm
and 204 nm, respectively. The injection volume was 20 pl and
the time required for the analysis of each sample was 20 min.

2.4. Mechanical strength

A force-displacement test machine (AL-5 K, SA Precision
Instruments, Shanghai, China) was used to test the
mechanical strength of the MNs. MNs were fixed to the
test platform by cyanoacrylate glue. The sensor probe (2 x 2
mm?) extruded 16 MNs along the axial direction at a speed of
1.1 mm/s. The force versus displacement curves of the MNs
were recorded continuously in the range of 0-15 mN/needle.

2.5. Depth of puncture

A confocal laser scanning microscope (A1RMP, Nikon, Tokyo,
Japan) was used to obtain images of the MNs puncturing the
skin. The excitation and emission wavelengths of the FR were
510 nm and 600 nm, respectively. A laser with a wavelength of
530 nm was used to excite FR. The skin of an isolated porcine
ear was used as a model skin [35]. The skin was scanned at
a frequency of 20 pm per time. The 3D reconstructed images
were obtained using XYZ stacking.

2.6.  In vivo pharmacokinetics

Male SD rats (256 + 23 g) were randomly allocated to each
group. A suspension containing 1 g/l aspirin was used for the
gavage. The volume of the gavage was 2.5 ml/rat. Abdominal
hair was removed using depilatory cream. At a predetermined
time, blood was obtained from the tail vein and placed in a
1.5 ml heparin tube. The blood samples were centrifuged at
5,000 rpm for 10 min. The plasma supernatant was stored
at —80 °C until analysis. 100 pl plasma was injected into
a 1.5 ml plastic centrifuge tube and extracted with 500 ul
acetonitrile by vortex mixing at 1,000 rpm for 40 min. The
mixture was centrifuged at 12,000 rpm for 10 min at 4 °C, and
the supernatant was collected for HPLC analysis.

2.7.  In vivo pharmacodynamics

Male SD rats (247 + 26 g) were randomly allocated to each
group. After 7 d of continuous administration, blood samples
were obtained from the tail vein. Plasma was separated from
blood samples by centrifugation at 5000 rpm for 10 min.
The plasma was stored frozen at —80 °C. Simultaneous
quantification of thromboxane B, (TXB,) in plasma was
quantified using a TXB, ELISA kit (Cayman, USA). Platelet
aggregation within 5 min was recorded using a 2-channel
platelet aggregometer (700-2, Chrono-Log, USA). Aggregation
was induced by ADP.

2.8.  In vivo dissolution performance

MN patches were applied to male ICR mice. Abdominal
hair was removed using depilatory cream. MN patches were
applied to the abdominal skin of the mice with a force of
5 N/cm? and maintained for 30 s. The MN patches were

removed from the skin at preset time. The shape of the MNs
was observed using an optical microscope (BX51, Olympus,
Tokyo, Japan).

2.9. In vivo skin irritation

Skin irritation tests were performed on the dorsal skin of
Japanese White rabbits [36]. Dorsal hair was removed using
depilatory cream. MNs without aspirin and those loaded with
aspirin were applied to the skin. The application time of MNs
patch to the skin was 8 h. The skin surface was observed under
an optical microscope.

3. Results and discussion
3.1.  Hydrolysis of aspirin in solvents

Aspirin and salicylic acid were assayed simultaneously using
HPLC. The retention time of aspirin and salicylic acid were
7.3 min and 10.8 min, respectively (Fig. 1A). The peak areas
of both aspirin and salicylic acid were linearly correlated with
solution concentration over the concentration range of 0.02-
10 pg/ml (Fig. 1B). Aspirin is slightly soluble in water (3.3 g/l,
20 °C). Water alone as a solvent did not allow the preparation
of MNs with a high aspirin loading. The hydrolysis rate of
aspirin was higher in water and lower in organic solvents.
The ideal solvent for MNs should have a high solubility,
low hydrolysis rate, and low boiling point. During the drying
process of MNs, solvents with high boiling point required long
heating time. A prolonged heating time results in a higher
hydrolysis ratio of the aspirin-loaded in the MNs. Therefore,
solvents with high boiling point are unsuitable for fabricating
aspirin-loaded MNs. The stability of aspirin in the solution
was enhanced by a mixture of water and organic solvents.
The hydrolysis rate of aspirin in the solvent mixture was lower
than the weighted mean of the hydrolysis rates in the single
solvents (Fig. 1C-1E). The mixture of solvents also allows a
wider range of polymeric materials to be dissolved, which
provides a greater scope for screening substrate materials.

3.2.  Hydrolysis of aspirin in solutions

Polymers were used as substrate materials to provide
mechanical strength to the MNs [37]. The substrate materials
accelerated the hydrolysis of aspirin in the solution. The
type and concentration of the substrate material affected
the hydrolysis rate of aspirin in the solution. The effects
of the substrate materials on the hydrolysis of aspirin were
discussed. The aspirin hydrolysis was irreversible. The ratio
of aspirin hydrolysis in the solution gradually increased with
time. The hydrolysis rate of aspirin in solution was accelerated
with increasing concentrations of substrate materials in the
range of 0-20%. PVP showed excellent compatibility with
aspirin (Fig. 2A). HHPC and HPMC had stronger promoting
effects on aspirin hydrolysis (Fig. 2B-2C).

MNs containing only PVP and aspirin could not puncture
the skin. PVA has great biocompatibility and little effect on
aspirin hydrolysis [38]. PVA can be used as a water-soluble
substrate material for aspirin-loaded MNs. The mixture of
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Fig. 3 - (A-C) Hydrolysis ratios of aspirin in MNs. The solution for the fabrication of MNs contained 20% aspirin, 15% PVA,
22.5% water, PVP, and organic solvent. The organic solvents were DMA, NMP, and DMSO, respectively. The PVP and organic
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contained 15% PVA, 10%PVP, 22.5% water, aspirin, and DMA. The aspirin and DMA accounted for a total of 52.5%. (F) The
loading of aspirin in MNs as a function of the concentration of aspirin in the solution.

water and organic solvents can dissolve a wider variety of
substrate materials. However, the hydrolysis rate of aspirin
is higher in mixed solvents than in organic solvents. The
ratio of water in the mixed solvent should be minimized as
long as the substrate material is completely dissolved. An
increase of PVP or PVA in the mixed solvent resulted in an
increased hydrolysis rate of aspirin. The hydrolysis rate of
aspirin was similar in the mixed solvents with DMA and NMP
as organic solvents (Fig. 2D-2E). The hydrolysis rate of aspirin
was relatively high in solvents mixed with DMSO as organic
solvents (Fig. 2F). To reduce the hydrolysis rate of aspirin in
MNs, the time for molding MNs should be under 2 h.

3.3.  Hydprolysis of aspirin in MNs

The hydrolysis rate of aspirin in MNs is related to its
prescription and drying conditions. The MNs were considered
to be completely dry when the weight was constant. The
hydrolysis rate of aspirin in the MNs increased with increasing
drying temperature in the range of 50-70 °C (Fig. 3A-3C). The
drying time of the MNs decreased with an increase of the
drying temperature (Fig. 3D). The solution should contain not
less than 15% PVA and 10% PVP. When the PVA content was
less than 15%, the MNs did not have sufficient mechanical
strength to puncture the skin. When the PVP content was
less than 10%, the MNs curled during the drying process. The
type and content of the substrate material in MNs should be
minimized, which will reduce the hydrolysis rate of aspirin in
the MNs.

The concentration of aspirin in the solution also affected
its hydrolysis in the MNs. The rate of hydrolysis of aspirin in
MNs decreased with increasing concentrations of aspirin in
the range of 5%—25% (Fig. 3E). Increasing the concentration
of aspirin in the solution decreased the drying time, leading
to a decrease in the hydrolysis ratio of aspirin in MNs. In the
range of 5%—25%, there was a linear correlation between the
aspirin loading in the MNs and the concentration of aspirin in
the solution (Fig. 3F). The aspirin loading in the MNs increased
as the concentration of aspirin in the solution increased. The
dose of MN administration was adjusted by changing the
concentration of aspirin in the solution.

3.4. Mechanical strength of MNs

MNs must have sufficient mechanical strength to puncture
the skin. MNs puncture the stratum corneum of the skin and
create an array of micropores. Aspirin-loaded MNs should
contain substrate material as few as possible under the
premise that the skin can be punctured. The rate of hydrolysis
of aspirin in MNs increased with the type and concentration
of the substrate material. The MNs containing different levels
of aspirin were tested for mechanical strength. The force-
displacement curve had no inflection point, indicating that
the MNs did not break under a force of 15 mN (Fig. 4A). In
the range of 1-6 mg/patch, the mechanical strength of the
MNs increased with increasing aspirin levels. The mechanical
strength of MNs containing higher levels of aspirin decreased
(Fig. 4D). The crystalline state of aspirin was observed in MNs
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Polarizing microscope image of MNs loaded with 7 mg aspirin (scale bar: 100 pym). (F) Polarizing microscope image of MNs
loaded with 6 mg aspirin (scale bar: 100 pm). (G) Optical microscope image of MN patch (scale bar: 1 mm). (H) Optical
microscope image of an isolated porcine ear skin punctured by an MN patch loaded with 6 mg aspirin (scale bar: 1 mm).
Inset: Optical microscope image of a paraffin section of the skin stained with H&E dye (scale bar: 100 pm).

loaded with 7 mg aspirin (Fig. 4E). No crystals were observed
in the MNs loaded with 1-6 mg aspirin (Fig. 4F). The crystalline
state of aspirin weakens the mechanical strength of MNs.

All MNs were fabricated in the same PDMS mold. The mold
was developed by Beijing CAS Microneedle Technology Ltd.
The circular MN patch with a diameter of 1 cm included
145 MNs (Fig. 4G). The MN tip was a cone with a height of
500 pm and a bottom diameter of 260 pum. The spacing of

the MN tips was 500 pm. After staining with trypan blue
dye, the skin with MNs showed a clear array of micropores
(Fig. 4H). Longitudinal sections of isolated porcine ear skin
to which MNs were applied were stained with hematoxylin
and eosin (H&E) dyes. Hematoxylin stained the nuclei blue,
and eosin stained the cytoplasm pink [39]. The stratum
corneum of the skin was punctured by the MNs, creating
micropores that facilitated transdermal drug delivery. There
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image of the abdominal skin of an ICR mouse implanted with FR-loaded MNs (scale bar: 1 mm). (G) Curves of sum
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were no significant differences in microscope images of skin
punctured by MN patches loaded with 1-6 mg aspirin.

3.5. Depth of MNs puncture of the skin
The depth at which the MNs puncture the skin determines

the safety of the MNs [40]. To measure the puncture depth of
the MNs, 2 mg/ml FR dye was added to the solution used to

fabricate the MNs loaded with FR (Fig. 5A). MNs loaded with
FR were used to puncture isolated porcine ear skin (Fig. 5B). A
confocal laser scanning microscope was used to observe the
depth of the skin punctured by the MNs. Aspirin was delivered
mainly through micropores in the skin. It was difficult to
deliver aspirin through the stratum corneum in areas without
micropores (Fig. 5C). The skin was punctured by the MNs to a
depth of 300 pm (Fig. 5D).
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3.6.  FRrelease from the MNs in vivo

FR was used as the model drug to evaluate the release rate
of MNs loaded with insoluble drugs in mice. Whole-body
imaging was carried out using an in vivo FX Pro imaging
system (Eastman Kodak, NY, USA). The MNs loaded with FR
dye were applied to the abdominal skin of ICR mice. The
release of FR from MNs was visualized using in vivo imaging
(Fig. SE). The epidermis of mice applied with MNs appeared
orange, indicating that the tips of the MNs had been implanted
(Fig. 5F). Fluorescence intensity gradually decreased over time.
Within 24 h, the fluorescence intensity decreased by 96.27%
(Fig. 5G). The decrease in fluorescence intensity indicates the
gradual diffusion of FR at the implantation site. The reduction
in the fluorescence area lagged behind the fluorescence
intensity, which indicated that the release of FR from the MNs
was faster than the diffusion of FR in the skin (Fig. 5H).

3.7.  Pharmacokinetic analysis of aspirin-loaded MNs

SD rats were used as model animals to evaluate the
pharmacokinetic profile of the aspirin-loaded MNs. Aspirin

was hydrolyzed to salicylic acid in the plasma [41]. Salicylic
acid in the plasma was detected using HPLC (Fig. 6A). The
peak area was linearly correlated with the concentration
of salicylic acid in plasma over the range of 0.1-10 pg/ml
(Fig. 6B), R?=0.9992). Phosphate buffer (pH 7.4) was used as
the receiving solution to evaluate the rate of aspirin release
from MNs. Aspirin in the MNs was released by 93.69% within
8 h (Fig. 6D). A positive correlation was observed between
the quantity of aspirin entering the skin and the duration
of attachment. The practical attachment time were 8 and
24 h, with 52.00% and 90.29% of aspirin entering the skin,
respectively (Fig. 6E).

The time of peak plasma concentration (Tmgx) of oral
aspirin in rats was 2 h. Tmax for MN administration was
8 h (Fig. 6C). MN administration resulted in a smoother
plasma concentration curve compared to oral administration.
After MNs application, aspirin is released from the substrate
materials and absorbed into the bloodstream by capillaries
in the dermis [42]. There was no significant difference in
plasma concentrations between rats with MNs attachment
time of 8 and 24 h at the same dosage within 24 h. The
rats were dosed on 7 successive d. Salicylic acid was not
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Fig. 7 - (A) Plasma concentration of TXB, in SD rats after 7 d of continuous administration (n = 6). (B) Plasma concentration
of TXB, in SD rats versus time (n = 6). Rats were applied with 5 mg/kg of aspirin-loaded MNs for 24 h daily. (C-E) ADP
induced platelet aggregation curves in rats (n = 6). (F-H) Characteristic parameters of platelet aggregation curves. a: 10 mg/kg
aspirin by gavage. b: 10 mg/kg aspirin-loaded MNs for 8 h. c: 5 mg/kg aspirin-loaded MNs for 24 h. (F) Maximum amplitude
of the platelet aggregation curve after ADP induction. (G) Mean slope of the platelet aggregation curve after ADP induction.
(H) Area between platelet aggregation curve and X-axis after ADP induction. Compared with control group, *P < 0.05, ** P <

0.01, *** P < 0.001.

detected in the plasma of rats with MNs attachment time
of 8 h after each administration for 24 h. Salicylic acid in
the plasma of rats did not accumulate during continuous
dosing. Low concentrations of salicylic acid were detected in
the plasma of rats with MNs attachment time of 24 h after
each administration for 24 h. A small accumulation of salicylic
acid concentrations in rat plasma during continuous dosing.
After 3 d of continuous dosing, the accumulation of plasma
concentrations stabilized. Aspirin in the backing layer of the
MNs could be continuously delivered through the skin after
the tips of the MN had dissolved.

3.8.  Pharmacodynamic analysis of aspirin-loaded MNs
Antiplatelet aggregation by aspirin inhibits TXA, production.
TXA, is a bioactive substance that is synthesized and released
by platelet microsomes to promote vasoconstriction and
platelet aggregation [43]. TXA, is rapidly metabolized to the

inactive TXB, in vivo [44]. The efficacy of aspirin could be
evaluated by TXB, level in plasma. Oral administration of
10 mg/kg aspirin for seven consecutive d effectively inhibited
TXB, levels in the plasma. MN patches of 5 mg/kg aspirin
for 24 h or 10 mg/kg aspirin for 8 h achieved the same TXB,
inhibitory effect as the oral administration of 10 mg/kg aspirin
(Fig. 7A). The onset time of aspirin-loaded MNs inhibition of
TXB, was evaluated. The plasma levels of TXB, in rats with
continuous application of aspirin-loaded MNs for 3 d were
significantly different from those in normal rats (Fig. 7B).
Platelet aggregation is the gold standard for measuring
the efficacy of anticoagulants [45]. The efficacy of oral
administration and MN administration for antiplatelet
aggregation was evaluated. Continuous oral administration
of 10 mg/kg aspirin for seven d significantly inhibited platelet
aggregation in SD rats. MN patches of 5 mg/kg aspirin for 24 h
or 10 mg/kg aspirin for 8 h achieved the same antiplatelet
aggregation effect as oral administration of 10 mg/kg aspirin
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Fig. 8 - (A) Dissolution of MN tips in the abdominal skin of male ICR mice (n = 6, scale bar: 200 pm). (B) Variation of MN tips
height with the time of MN patch application on the abdominal skin of male ICR mice. (C) Optical microscope image of the
abdominal skin of ICR mice (n = 3, scale bar: 2 mm). (D) Optical microscope image of the dorsal skin of male Japanese White
rabbits after MN patch application. The black dashed circles indicated the areas where MN patch without aspirin were
applied. The red dashed circles indicated the areas where MN patch loaded with 6 mg aspirin per patch were applied (n = 3,

scale bar: 10 mm).

(Fig. 7C-7E). The amplitude, slope, and area under the curve
are characteristic parameters of the platelet aggregation
curve. All three characteristic parameters were significantly
different before and after drug administration (Fig. 7F-7H).
The pharmacodynamic analysis demonstrated that MNs
transdermal delivery of aspirin was an effective mode of
administration.

3.9.  Skin irritation of MNs

The dissolution rate of the MN tips in the skin is related
to the substrate material [46]. Dissolution of the MN tips
in the skin of ICR mice was observed under a microscope
(Fig. 8A). The MN tips implanted into the skin gradually
dissolved over time. The height of the MN tips was reduced
by 80.89% within 60 min (Fig. 8B). The abdominal skin
of the ICR mice was smooth and intact before MN patch
application. An array of micropores appeared on the skin
after the MN patch was applied and maintained for 10 min.
The micropores on the skin gradually recovered over time
after the removal of the MN patch. Under the microscope,
the skin recovered completely within 60 min (Fig. 8C). Skin
irritation was observed after the application of the MN patch
in Japanese White rabbits. There was slight erythema on the
skin at the site of the MN patch application. No edema or
scabbing was observed. Erythema was a localized microinjury
caused by MN tips puncturing the skin. The erythema on
the skin completely recovered under the microscope within

24 h. There was no significant difference in the skin between
the aspirin-loaded MN patch and MN patch without aspirin
(Fig. 8D). This demonstrated that aspirin did not evoke primary
irritation in MN patch. And it improved the rate of transdermal
delivery of aspirin while ensuring safety.

4, Conclusions

In this study, we developed a dissolvable polymeric MN patch
loaded with aspirin. Factors affecting the stability of aspirin
in MNs were comprehensively researched. To improve the
stability of aspirin in MNs, as few as possible substrate
material was added to ensure that the MNs had sufficient
mechanical strength to puncture the skin. The hydrolysis rate
of aspirin in the MNs was less than 2%. MN administration
of aspirin resulted in a smoother plasma concentrations
curve compared to oral administration. Inhibition of TXA,
production and antiplatelet aggregation by aspirin-loaded
MNs were demonstrated in SD rats. MN administration of
aspirin had a lower effective dose than oral administration.
A skin irritation study was performed on the skin of the
Japanese White rabbits. Only slight erythema was observed on
the skin, which recovered within 24 h. Aspirin has been used
for antiplatelet aggregation for over 120 years. Improving the
efficacy and reducing gastrointestinal adverse effects remain
the primary goals for developing novel dosage forms of aspirin
[47]. MN administration of aspirin offers a novel option for
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patients taking aspirin regularly and it is a new method to
reduce the gastrointestinal adverse effects of non-selective
cyclooxygenase inhibitors.
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