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Cardiovascular disease is the leading cause of global mortality, with anticoagulant therapy
being the main prevention and treatment strategy. Recombinant hirudin (r-hirudin) is
a direct thrombin inhibitor that can potentially prevent thrombosis via subcutaneous
(SC) and intravenous (IV) administration, but there is a risk of haemorrhage via SC and
IV. Thus, microneedle (MN) provides painless and sanitary alternatives to syringes and
oral administration. However, the current technological process for the micro mould is
complicated and expensive. The micro mould obtained via three-dimensional (3D) printing
is expected to save time and cost, as well as provide a diverse range of MNs. Therefore,
we explored a method for MNs array model production based on 3D printing and translate
it to micro mould that can be used for fabrication of dissolving MNs patch. The results
show that r-hirudin-loaded and hyaluronic acid (HA)-based MNs can achieve transdermal
drug delivery and exhibit significant potential in the prevention of thromboembolic disease
without bleeding in animal models. These results indicate that based on 3D printing
technology, MNs combined with r-hirudin are expected to achieve diverse customizable MNs
and thus realize personalized transdermal anticoagulant delivery for minimally invasive
and long-term treatment of thrombotic disease.
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1. Introduction

Anticoagulant therapy is one of the most common forms of
medical intervention used for the treatment and prevention
of arterial and venous thromboembolism [1]. Routes for
traditional anticoagulant administration mainly include
parenteral (IV and SC) and oral administration. However, oral
administration of anticoagulants may cause gastrointestinal
bleeding, especially for those who had basic gastrointestinal
diseases, and decrease utilization rates after gastrointestinal
degradation and liver metabolism [2,3]. In addition, pain,
ecchymosis and hematoma are common side effects of
injection [4]. Most importantly, this method produces
a considerable amount of medical waste that is both
environmentally unfriendly and carries a risk of secondary
infection [5], greatly limiting the clinical applicability of
anticoagulants.

Thrombin, a serine protease, plays a central role in
both physiological haemostatic and pathological thrombotic
processes, thus providing a core target for anticoagulant
therapy. R-hirudin is a direct thrombin inhibitor produced
by our laboratory. A previous study revealed that r-hirudin
has a high affinity and specificity for thrombin [6]. However,
in clinical trials, r-hirudin was administered via IV or SC
injection [7], which is usually accompanied by postoperative
bleeding, poor patient compliance, and inconvenience of daily
medication, thus severely restricting its clinical application.
Microneedles (MNs) are promising alternatives based on their
potential advantages [4].

MNs patch (MNP) refers to an MNs array with needle
lengths less than 1000pum that can penetrate the cuticle
and release the drug without damaging the blood vessels
and nerves in the dermis [8]. Potential advantages include
continuous controlled drug release, reduced side effects, lower
drug dose required, and less invasive dosing [9]. Previous
reports state that biodegradable polymer-based dissolvable
MNs (DMN) can load drugs without loss of activity and
provide controlled-release delivery in the skin for hours to
months [10,11]. MN-mediated transdermal drug delivery is
extensively used in various chemicals and biologicals [12-17].
Although most are vaccines, such as those for rabies [18],
measles [19], and canine influenza [20], and small molecule
compounds, such as vitamin K [21], there are still some
protein drugs that have achieved transdermal drug delivery,
including insulin [22], human growth hormone [23], small
molecule heparin [24] and antibodies like IgG [25]. These
results indicate that r-hirudin, a protein drug, can be loaded in
biodegradable polymer and achieve transdermal delivery via
MNs. This administration route would significantly improve
patient compliance and largely prevent the side effects caused
by IV and SC injections. Although many benefits are provided
by MNs, challenges must be overcome to achieve a clinically
acceptable drug delivery device. The dosage of dissolving
microneedles (DMN) is affected by the physical stability and
mechanical strength of the microneedles themselves, which
may lead to inaccurate administration or poor repeatability,
and some drugs with strict requirements on the accuracy of
administration may be excluded [26,27]. Furthermore, MNs
often suffer from insufficient skin insertion, the insertion

of MNs into the skin was affected by many factors such
as geometry, materials of MNs, and skin conditions of
study objects, which would also lead to poor repeatability
[28]. Further study showed that the reasonable combination
of different materials can realize the layering of the
microneedles so that the loaded drugs are concentrated in the
tip, which greatly saves drugs and prevents waste [29,30].

Notably, the existing models used for MN mould fabrication
are mainly based on the photo etching of silicon materials,
although novel methods for model fabrication have also
emerged [31]. Most of these production processes for
fabricating MNs array master templates are relatively complex
and complicated, which to some extent limits the advances
of MNs for medical applications. High-precision three-
dimensional (3D) printing is a novel method of solid
micromodel construction via stereo stacking on a two-
dimensional plane. However, this method is still in its nascent
stages in the pharmaceutical industry. In 2016, the first
3D printed pharmaceutical product was approved by the
United States Food and Drug Administration [32]. Currently,
with the improvement of printing accuracy, high-precision
micro 3D printing introduces a new era [33-38]. This enables
the target micro mold to be easily obtained within hours
through computer simulation and output for printing, largely
simplifying the process of micro mold fabrication and saving
time and cost.

Here, we introduced a method for MNs array model
production via 3D printing technique and translated the 3D
printed MNs array model into a female PDMS mould, which
can be directly used for microneedle fabrication via micro-
molding. Combined r-hirudin, a direct thrombin inhibitor
produced by our laboratory and usually administrated via
IV injection, with 3D printing originated MNs is expected
to facilitate minimally invasive and painless administration
of anticoagulants, ultimately resulting in improved patient
compliance and reduced side effects. Further, with high
economic and social advantages, it is expected to realize the
industrialization of the anticoagulant microneedle.

2. Materials and methods
2.1. Materials

Thrombin,  polyvinylpyrrolidone  K-90  (PVP  K-90;
MW =360kDa) and carboxymethyl cellulose (CMC) were
obtained from Sigma-Aldrich (St. Louis, MO). R-hirudin was
produced in our laboratory. Low molecular weight hyaluronic
Acid (LMHA, ~ 44kDa) was purchased from Bloomage Freda
Biopharm (Jinan, China), and Gantrez™S-97 (GAS) was
purchased from Ashland (Tadworth, Surrey, UK). Methylene
blue (MB) was purchased from Sigma-Aldrich (Steinheim,
Germany). Polydimethylsiloxane (PDMS, Sylgard 184) was
purchased from Dow Corning, (Midland, MI) [39]. Collagen
type I (3.77 mg/ml) was purchased from Discovery Labware
(MA 01730, USA). Rhodamine 6 G was purchased from Aladdin.
All other chemicals were of analytical grade, and all solvents
used were of high-performance liquid chromatography (HPLC)
grade.
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2.2. Animals

All Sprague-Dawley (SD) rats and C57/BL6 mice were
purchased from the Animal Center of Fudan University.
All animal studies were conducted following the rules and
regulations of the IACUC at the Department of Laboratory
Animal Science, Fudan University (Shanghai, P.R. China).
Fresh porcine ears were purchased from slaughterhouse
(Shanghai, P.R. China).

2.3.  Model design and print

The MNs array model was designed with an overall dimension
of 10x10 MNs per array. Considering the limitation of 3D
printing accuracy that would result in the tip loss of MNs,
the MNs were designed to be 1000 pm high, with 200 pum
that could be discounted due to tip loss and arrayed in
the vertical direction of a 10 mm x 10 mm patch. To improve
the piercing ability, MNs were designed into a pyramid
shape, and the side lengths of the two different MNs labeled
MN1# and MN2# were 150pm and 100 pm, respectively. A
computer drawing of the MNs array model was created using
Rhino 6.0, in stereolithography file format. A high-precision
printing system, the NanoArch P140 system, was selected for
3D printing with an accuracy of approximately 10um. The
finished STL file was transferred to a NanoArch P140 printer
and the MNs array was printed in the photosensitive resin
because it can be cured and modeled under ultraviolet light
at a UV-LED wavelength of 405 nm. The printed MNs lengths
were then measured using a stereomicroscope (Olympus
Mvx10, Japan).

2.4.  Reproduction of 3D printing model

The 3D printing model was replicated using PDMS by selecting
gelatine as an intermediate transition material. Gelatine was
melted at 55-60 °C at a concentration of 12% (w/v). The printed
MNs array model was fixed at the bottom of a small culture
dish and cast with 12% (w/v) gelatine to completely cover it,
and the bubbles produced during the casting process were
defoamed in a thermostatic water bath using a vacuum drying
chamber (DZF-6012, Shanghai, China) before the gelatine
solidified. After solidification at 25 °C, the printing model
was demoulded from the gelatine, and a pinhole array in
the solidified gelatine model was obtained. Then, PDMS was
cast into the pinhole array of the gelatine model and fully
defoamed in a vacuum drying chamber. After curing at 25 °C
for 2-3 d, the MNs array on PDMS was obtained. After
silanization treatment for 15-30min, PDMS was cast onto
the PDMS model again and solidified at 60 °C for > 2h to
obtain a female PDMS mould that can be used for direct MNP
fabrication.

2.5. Preparation of reagents

HA was selected as the r-hirudin loading material because it
can be easily obtained and widely distributed in organisms;
thus, it exhibits good biocompatibility and biodegradability
[40]. Different concentrations of HA, r-hirudin, and GAS were
tested, GAS was used as a crosslinking agent to build a

network between HA molecules. The optimized HA and
GAS concertations were determined to be 10% (w/v) and
1% (w/v), respectively, and the optimum concentration range
of r-hirudin was 1-20 mg/ml. HA-GAS-r-hirudin solution was
thoroughly mixed with an ultrasonic cleaner (SK7210HP,
Shanghai, China), and the remaining bubbles were further
removed via a vacuum drying chamber.

2.6. Fabrication of the microneedle

The PDMS mould was cleared with absolute ethanol and dried
in the bellows. The mixed solution previously prepared above
was cast into the model, and the MN holes in the PDMS
model were filled via vacuum extraction and this process was
repeated until all of the holes were filled. The casting solution
was then dried at 25 °C for one or two days, and r-hirudin-
loaded MNPs were finally obtained by demoulding from the
PDMS mould.

2.7.  Characterisation of microneedle

To characterize the properties of the 3D printing-based MNs,
strength tests were performed using a dynamometer (TA.XT
Plus, UK). The downward distance was set to 600 pm with
a uniform downward velocity of 1mm/s. A total of 15 MNs
were tested under one probe each time, and the triggering
force was set at 0.049N. Distance-strength curves were
drawn to determine the intensity of a single MN. Inverted
fluorescence microscopy (Olympus Mvx10, Japan) were used
for the morphological detection of MNs. Rhodamine 6G or
methylene blue was added separately to the fabrication
process for better observation.

2.8.  Drug loading capacity of microneedle

The MNs with various amounts of r-hirudin loaded were
separated from the MNP using a knife blade and dissolved
in 1ml phosphate-buffered saline (PBS, pH 7.4), diluted to
an appropriate concentration, and then the drug-loading
capacity can be calculated according to the anticoagulant
activity of the dissolved solution and BCA protein quantitative
analysis was also conducted to further quantifying the loading
capacity of 3DMN, each group was repeated three times.

2.9.  Release profiles of the r-hirudin loaded microneedle
patch

R-hirudin with different concentration (1 mg/ml, 2.5mg/ml,
5mg/ml) was fully mixed with 10% (w/v) HA and 1% GAS, and
various amount of HA (10%, 15% and 20%, w/v) with or without
1% GAS was fully mixed with 2.5mg/ml r-hirudin soultion.
The mixture of r-hirudin, HA, and GAS were then used for
MN fabrication after defoaming via ultrasound and vacuum.
MNs was demoulded after drying at 25°C that assisted by
a dehumidifier. Each MN patch was, respectively placed into
a 5ml tube that containing 3ml PBS and gently waggled
on a shaking bed (10rpm, 25°C). A total of 50 pl sample
was collected at different time points (0, 15, 30, 60, 120,
180, 300, 420min) and supplemented with 50 pl PBS after
sampling immediately each time. BCA protein quantification
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was conducted to quantitative analysis of r-hirudin released
in the PBS. MNs and patch were also separated to further
compare the release profile of patch and MNs. Each group was
repeated three times.

2.10. Preparation of skin

Hair on the rat skin was carefully shaved by an electric clipper,
the remaining hairs were further cleared using depilatory
cream, then the subcutaneous fat and muscle tissue were
gently removed using ophthalmic scissors. The hair on the
porcine cadaver skin and the fat and muscle tissue under
the skin was gently removed by ophthalmic scissors. Finally,
the intact skin after trimming was prepared for further
transdermal delivery of r-hirudin loaded MNs in vitro.

2.11. Penetration efficiency of microneedle

The MN penetration efficiency was investigated using an in
vitro model previously reported [41]. Parafilm M was folded
into eight layers (thickness: ~1 mm) without stretching, then
placed on a hard flat plate. The MN patch was placed on the
folded parafilm and pressed with a homemade drug dispenser
for 30s. Then, the parafilm was unfolded and the number of
penetrated holes in each layer was counted. Further studies
were also performed on porcine cadaver skin or SD rat skin,
and the micro holes created by MNs loaded with rhodamine
6G were then counted by the naked eye. In addition, the
penetration depth was also detected via Confocal Laser
Scanning Microscopy (CLSM, Carl Zeiss LSM710, Germany),
the image was recorded at the scanning surface every
10pm, and the scan was beginning or stopped when no
fluorescence signal was detected. A freezing microtome
section was conducted to observe the penetration depth more
intuitively.

2.12. Transdermal drug delivery in vitro

The SC tissue and fat of porcine cadaver skin or rat skin were
carefully removed to prepare for subsequent experiments.
A TK-20A diffusion instrument was used to simulate the
microenvironment of an organism, and a small receiving
pool below was used to simulate the SC local environment
dominated by blood vessels. Every single r-hirudin-loaded
MN patch (75pg) or the same amount of r-hirudin solution
was, respectively administrated to each piece of pig or rat
skin (n=4). The patches were then removed after 5min
administration, remaining microneedle body on the patch
was collected to quantify the remaining r-hirudin that were
not administrated, therefore, the dosing rate (the amount
of r-hirudin administrated into skin via microneedles/total
amount) can be calculated according to the remaining drug
on the residual microneedle body. The small chamber under
the skin was filled with PBS (2 ml), and a stir bar was placed to
generate the fluid force, the stirring speed was set to 167 rpm,
the water bath temperature was set to 37°C. The amount
of r-hirudin released in the lower chamber was, respectively
measured at 0, 0.5, 1, 1.5, 2, 3, 5,7 and 9h via thrombin
titration, and the chamber was supplemented with 50 pl
PBS immediately at the end of sampling (50 pl). Finally, a

time-release curve was drawn to observe the drug release
dynamics.

2.13. Skin resealing assay

The abdominal hair of Sprague-Dawley rats was removed
before dosing, and each rat was administrated one MN patch
by pressing it onto the skin for 15s, then peeling off the patch
after 5min administration. Photographs were taken to record
skin conditions such as erythema, wounds, and spots before
and after administration. Skin recovery was observed four
days later by observing the presence of hair regrowth or an
invasive wound [42].

2.14. Subcutaneous hemorrhage test post administration
C57BL/6 mice (20+0.5 g, male) were selected for subcutaneous
hemorrhage analysis. Mice were anesthetized with 10%
chloral hydrate, hair on the back neck was cleared up
using depilatory cream. Depilatory cream was then gently
scrubbed after 2min treatment using cotton balls soaked
in 37°C normal saline. Mice were divided into 4 groups
(control, blank-MN, r-hirudin-SC, r-hirudin-MN) of which
the control group was not treated, the other three groups
were, respectively treated with blank-MN, r-hirudin-SC and
r-hirudin-MN. Each mouse were treated three times with an
administrating interval of 0.5h. Finally, mice were killed by
neck amputation, skin with treatment was isolated and fixed
in 4% formaldehyde. Subcutaneous hemorrhage was analyzed
by observation and recorded by a photograph.

2.15. Transdermal drug delivery in vivo

Sprague-Dawley rats (200+20 g, male) were selected for further
study, r-hirudin SC injection and MN administration were
compared to saline treatment in SD rats. In groups 1,
2, and 3, rats were treated with saline (n=6), r-hirudin
via SC injection (0.5mg/kg, n=8), and r-hirudin via MN
administration (30 pg/patch, 4 patch/rat, n=7), respectively.
The patches were then removed after 5min administration,
remaining microneedle body on the patch was collected to
quantify the remaining r-hirudin that were not administrated,
therefore, the dosing rate can be calculated according to the
remaining drug on the patch. Blood samples were collected
before treatment and 0.5, 1, 1.5, 2, 3, 4, 5, 6, and 7h after
treatment from the carotid artery and pre-treated with 3.8%
sodium citrate at a ratio of 1:9 (v/v). Plasma was obtained
by centrifuging at 4500rpm for 10-15min and transferred
to a fresh tube; aPTT, PT, and TT were measured using
a full-automatic blood coagulation apparatus (Sysmex CA-
1500, Japan). Liquid chromatography-mass spectrometry (LC-
MS, Agilent G1946D Quadrupole Plain Detector) was also
conducted to directly detect the change in concentration of
r-hirudin in rats serum for bioavailability analysis based on
previously established methods [43].

2.16. Establishment of acute pulmonary embolism model
C57BL/6 mice (18+0.5g, male) were administered saline
(n=10), r-hirudin SC injection (n=13), and r-hirudin loaded



288 ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 17 (2022) 284-297

MN administration (n=13). Thirty minutes later, the mice
were injected with a 175 pl mixture of recombinant collagen
(3.6 mg/ml) and epinephrine (0.03mg/ml) via the tail vein
and were scanned via CT (Inveon PET/PT) before and
after injection. The death rate was recorded within 5min.
Histological studies were performed on the lungs fixed in
4% formaldehyde, and paraffin sections were stained with
hematoxylin/eosin.

2.17. Establishment of mesenteric artery thrombosis model
Intravital microscopy was performed according to a previously
reported method [44] with minor modifications. Blood
(0.9ml) was harvested from the abdominal aorta of chloral
hydrate-anaesthetized C57BL/6 mice (8 weeks old, male) into
syringes containing 0.1 ml of 3.8% sodium citrate. Blood was
collected in a 15ml fresh tube and diluted with half-blood-
volume 0.9% NaCl. Platelet-rich supernatant was obtained by
centrifugation at 300g for 3min and transferred to a 15ml
fresh tube, an additional half-blood-volume 0.9% NaCl was
added to the blood. The remaining platelet-rich supernatant
was harvested after centrifugation at 300 g for 3 min. Platelets
were obtained by centrifugation of platelet-rich supernatant
at 510 g for 3min. Pellets were resuspended in HEPES-Tyrode
buffer and incubated with 8pug/ml calcein-AM at 37°C for
30min to label the platelets. After centrifugation at 510 g for
3min, the marked platelets were collected and resuspended
in HEPES-Tyrode buffer at 37 °C. Mice (C57BL/6 mice, 8 weeks
old) were treated with saline and r-hirudin via SC injection
or MN administration. Calcein-labeled platelets (4-5 x 10°
/kg) were delivered into the treated mice via the tail vein.
After 30 min, recipient mice were anesthetized with chloral
hydrate, and the mesentery was exteriorized gently through a
midline abdominal incision. The injury was induced by topical
application of a 1 x 4 mm filter paper saturated with 10% ferric
chloride for 1min and recorded using intravital microscopy.
We recorded the ratio of emboli formation and the length of
fluorescence that formed by the platelets labeled at 10 min.

2.18.  Fabrication of double-layer microneedle patch

To save drugs to the maximum and avoid drug waste in the
patch, we further developed a double-layer microneedle patch
and choose PVP as the material for patch fabrication. PVP was
dissolved in absolute alcohol and heated in a 70 °C-water bath
to accelerate dissolution for preparation of the back material
with a final concentration of 20% (w/v). HA-GAS-r-hirudin
solution was prepared and castin a model followed by vacuum
extraction to fill the MN holes. This process was repeated
until all of the holes were filled as mentioned above. The
residual solution was then recycled and HA-GAS- r-hirudin
solution was cast again after drying at 25°C for 2h. Vacuum
extraction was performed to further fill the MN holes, the
residual solution was recycled again, and 20% PVP was then
cast to serve as the back of the MN patch. The casting model
was dried at 25 °C for 1-2 d to obtain the final double-layer
drug-loaded MNPs.

2.19. Statistical analysis

All data were expressed as the mean + SD. Differences
between the groups were analyzed by two-way and one-way
analysis of variance, followed by a Tukey’s test for multiple
comparisons. Fisher’s exact test was used to compare survival
rates. Statistical analysis was performed using Prism software
(version 7.0; GraphPad Inc., San Diego, CA, USA). Statistical
significance was set at p < 0.05.

3. Results and discussion
3.1.  Design and print of microneedles array

The designed MN1# and MN2# array model and its
stereolithography format file were shown in Fig. 1A and
1B. They were designed to be 1000 um long and arrayed in
10mm x 10mm patch. MNs were designed into a pyramid
shape, and the side lengths of MN1# and MN2# were 150 pm
and 100pm, respectively that were shown in Fig. 1C and
D. A high-precision printing system, the NanoArch P140
system, was selected for 3D printing with an accuracy of
approximately 10 pum (Fig. 1D). The printed lengths of MN1#
and MN2# were 854 pm and 795 pm, respectively, as measured
by optical microscopy (Fig. 1A-1C). These data revealed that
MN arrays could be obtained via a high-precision printing
system.

3.2.  Model reproduction and microneedle fabrication

PDMS has been extensively used in model engraving because
of its stable properties and good elasticity [39]. Our previous
study demonstrated that PDMS cannot be cured at the contact
surface of the photosensitive resin. Thus, agarose, HA, CMC,
PVP, and gelatine were compared to screen an appropriate
intermediate transition material that could replace the direct
use of PDMS, and gelatine was selected as the candidate.
The fabricating process was shown in Fig. 2A. R-hirudin-
loaded and hyaluronic acid-based MNPs were also fabricated
(Fig. 2B). These results indicated that the 3D printed MNs array
model can be duplicated via a three-step casting process that
is mediated by gelatine.

3.3.  Characterization of casting model and HA-based
microneedle

To investigate the shape loss from the PDMS model to
the final MNs, electron microscope scanning (EMS, FEINova
NanoSEM 450, USA) was conducted, and the scanning plane
was tilted by 25° for better measurement. The length x width
of HA-MN1# and HA-MN2# were 967.8 um x 145.2pm and
887.3 pm x 104 pm, respectively (Fig. S1A). A slight shape loss
was observed compared to the lithography-model-based MNs
(Fig. 1D & S1B). In fact, there was no obvious tip losses. These
results indicated that the 3D printed MNs array model could
be effectively duplicated by a three-step casting process.
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model. (D) Representative image of 3D print MNs and HA-based MNs that fabricated using PDMS mould via micro-molding
(left), specification of the 3D-printing system used for MNs array printing (above) and preset parameter of the MNs array
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3.4. Microneedle properties

The penetrating ability of MN1# and MN2# on rat skin was
compared, and MN1# was selected for further study because it
had a much higher skin penetrating ability than MN2# (Fig. 3A,
3D, S2A). MN1# can also penetrate porcine cadaver skin with
high efficiency, which further demonstrated its practicability
(Fig. 3E). The strength test showed that the average intensity of

3DMNs was obviously higher than 0.058 N per MN [45], which
is reportedly sufficient to penetrate the stratum corneum
(Fig. 3B). An in vitro study of the penetrating depth on parafilm
M revealed a minimum penetration depth of ~300pm
(Fig. 3C), and the penetration rate on a rat or porcine cadaver
skin was higher than 90% (Fig. 3F). The freezing microtome
section and CLSM further confirmed that the penetration
depth was around 300pum (Fig. 4C, S2B). Drug release was
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recorded using an in vitro model based on 1% agarose gel [46].
The results showed that the dye loaded in the MNs could
start releasing within 5 min (Fig. 3G). Similar results were also
observed in a skin resealing assay [42], in which rhodamine
6 G loaded MNs could start to diffuse within 5min post-MN
administration, and micro-holes created by MNs on the rat
skin could quickly reseal within 5h (Fig. 3H). All of the data
indicated that the MNs array originating from 3D printing

could effectively penetrate the body skin and rapidly achieve
r-hirudin release without leaving obvious wounds.

The release profiles of 3DMN with different formulations
showed that the combination of GAS, and HA at a relatively
high ratio in the formula could slow the release of r-
hirudin from MNs to PBS (Fig. S3A & S3B). It may be
due to GAS, a crosslink agent, mediated the cross-linking
of HA molecules, which would provide enhanced stability
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to HA-based materials [47]. The drug loading capacity of
MNs is shown in Fig. S2C, it is indicated that 3DMN can
load a wide range amount of r-hirudin via increasing the
content of r-hirudin in the formulations, and the change
of r-hirudin content in formulations had no obvious impact
on the release profiles of 3DMN (Fig. S3C). Microneedles
and patch were separated and the release profiles were
also analyzed, respectively, it is showed that there was no
obvious difference in release tendency (Fig. S3D). A further
ex-vivo transdermal test showed that r-hirudin-loaded 3DMN
can achieve transdermal r-hirudin delivery on rat skin or
porcine cadaver skin. The cumulative transdermal amount
of rat abdominal skin and porcine cadaver ear skin at 9h
was 31.37 +6.66 pg/cm? (n=4) and 14.85 +0.24ug/cm? (n=4),
respectively, suggested that the transdermal efficacy of 3DMN
on rat skin was significantly higher than that on porcine
cadaver skin (Fig. 4D & 4E). Diffusion coefficient (D.) of
both rat and porcine cadaver skin was further analyzed
based on the Second Law of Fick, it showed that the D.
of rat skin was 2.03x107% (cm?/h), significantly lower than
the Dc of porcine cadaver skin: 2.87 x 10~> (cm?/h), but the
flux of rat skin (1.26 pg/cm?h) was significantly higher than
porcine cadaver skin (0.17 pg/cm?h). To exclude the activity
loss of r-hirudin during the transdermal process at 37 °C, the
anticoagulant activity of r-hirudin at many sampling time
points was measured and the results showed that there
was almost no activity loss detected during the process
(Fig. S2E). In addition, the skin dissolution rate of 3DMN in
vivo showed that 77.07% £ 2.39% needle body can be quickly
dissolved within 5 min, and the dissolution rate would slightly

increase along with the extension of administration time
such as 77.67%+2.25% at 0.5h and 84.39%+0.34% at 1h
(Fig. 4A). Dosing rate was also detected to quantify the actual
administration amount of r-hirudin via 3DMN, it is shown that
the dosing rate of 3DMN on rat skin and porcine cadaver skin
was, respectively 74.18% +5.51% and 71.25% + 8.29% (Fig. 4B).

3.5.  Transdermal r-hirudin delivery via 3DMN in vivo

To investigate the feasibility of MN administration, we
further explored the transdermal r-hirudin delivery efficacy
of 3DMN in vivo. Our results indicated that activated partial
thromboplastin time (aPTT) (Fig. 5A), prothrombin time (PT)
(Fig. 5B), and thrombin time (TT) (Fig. 5C) were significantly
prolonged after r-hirudin treatment via SC and MN compared
with the control group. aPTT, PT, and TT at 1h post-
administration in each group were further analyzed. The
results showed that there was a significant time delay in r-
hirudin SC-treated (0.5 mg/kg) and r-hirudin MN-treated rats.
These data indicated that the 3DMN achieved transdermal r-
hirudin delivery and subsequently exhibited an anticoagulant
effect in vivo.

3.6.  Bioavailability of 3DMN patch

To examine the in vivo efficacy of r-hirudin-loaded MNPs
compared with IV and SC injection, changes in the serum
r-hirudin concentrations were measured via LC-MS, and
the pharmacokinetic parameters were summarized. Tmax
in the IV group was 1min (Fig. 5D), whereas 30min and
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60 min were observed post-application for the MN and SC
groups, respectively (Fig. SE&5F). Thus, r-hirudin could achieve
relatively slow drug release via MN administration. In parallel
with delayed transdermal delivery of r-hirudin, the mean
Cmax was lower in the SC and MN groups compared to
the IV group (IV: 4736 + 414ng/ml; SC: 262.4 +53.47 ng/ml;
MN: 218.20+46.37 ng/ml). By comparing the AUCs to the IV
group, the absolute bioavailability of the SC and MN groups
was 78.26% and 39.61%, respectively (Fig. 5G). In summary,
these data showed that r-hirudin combined with 3DMN
could achieve a relatively friendly transdermal anticoagulant
delivery.

3.7.  Skin toxicity and hemorrhage of r-hirudin delivery
via 3DMN and SC

For transdermal drug delivery, dermal toxicity could not be
ignored, particularly for patients who received long-term
administration. Skin toxicity of the drug and material can
be reflected by observing the presence of redness, blotches,
ulcers, and the severity on the skin after administration
[48,49]. As shown in Fig. S4, no obvious redness, blotches,
and ulcers were observed on the skin post administration
and hair regrowth was observed four days later, and there
were no obvious wounds remaining on the skin after hair
removal. These preliminary results demonstrated that MN

administration was minimally invasive and exhibited no skin
toxicity.

A previous study revealed that SC injection of
anticoagulants is always accompanied by postoperative
bleeding [50,51]. Thus, we further observed hemorrhage in
SD rats and C57BL/6 abdomen skin post-administrated via
MNP and SC injection. There were obvious subcutaneous
bruises that appeared in the SC group, while no bruises
were observed in the MN administration group (Fig. 6A&6B).
In addition, severe intracutaneous ecchymosis was also
observed in the SC group after continuous administration
of r-hirudin every half hour for three times, while almost
no ecchymosis appeared in the MNP group (Fig. 6C). This
indicated that administration of r-hirudin via MNP was
superior to SC injection.

3.8.  Efficacy of 3DMN on acute pulmonary embolism
model of mice

We examined the protective effect of 3DMN in a model of
lethal pulmonary thromboembolism induced by infusion with
a 175 pl mixture of collagen (3.6mg/ml) and epinephrine
(0.03 mg/ml). Among control mice pretreated with saline, all
mice died of widespread pulmonary thrombi and cardiac
arrest within 5min. In contrast, more than 53% of mice
pretreated with r-hirudin via SC injection survived, and more
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than 46% of mice pretreated with r-hirudin via MN survived
(Fig. 7A&7B). Histological examination was performed to show
different situations in which the vessels were obstructed by
a thrombus. The results demonstrated that the vast majority
of large and small vessels were obstructed by platelet- and
thrombin-rich thrombi in the lungs of control mice, while
there were few thrombi detectable in the lungs of r-hirudin-
pretreated mice (Fig. 7C). Computed tomography revealed
brighter areas in the saline group, however, these areas were
not present in the r-hirudin injection and MN-treated groups
(Fig. 7D). These results showed that r-hirudin-loaded MNs can
prevent the subsequent formation of a pulmonary embolism.

3.9.  Efficacy of 3DMN on mesenteric artery thrombosis
model of mice

To examine the in vivo antithrombotic activity of r-hirudin-
loaded MNs, we induced thrombosis in the mesenteric
arterioles of mice by topical application of 10% FeCls,
which triggers the formation of free radicals, thus injuring
the vascular endothelium using intravital microscopy. As
shown in Fig. 8A, thrombi formed more rapidly and stably
in the mesenteric arterioles of saline-treated mice than
in r-hirudin-loaded MN-treated mice. In untreated mice,
multiple thrombi of > 20 pym were observed in the mesenteric
arteriole 2 min after FeCls injury. At 10 min, the vessel lumen
was completely blocked by a stable, bulky thrombus. In

contrast, mice pretreated with r-hirudin (0.5mg/kg) via SC
injection and MN administration before FeCl; injury exhibited
decreased thrombus formation in the mesenteric arterioles
compared to the mice receiving the same volume of saline.
The emboli formation ratio (> 20pm) in 10min was also
markedly inhibited by r-hirudin (Fig. 8B). We observed the
fluorescence length formed by calcein labeled platelets in
the FeCls-injured thrombus at 10min under a fluorescent
inverted microscope. In the saline group, a longer length of
fluorescence (1.50+0.32mm, n=11) was formed; after the
administration of r-hirudin (0.5 mg/kg, SC), the fluorescence
length (0.22 +0.31 mm, n = 24) reduced significantly. Similar to
the r-hirudin SC injection group, the fluorescence length in
the MN group (0.14+0.27 mm, n=24) was also significantly
reduced. Altogether, these data further confirmed the in vivo
antithrombotic properties of r-hirudin when delivered via SC
injection and MN administration.

3.10. Fabrication and characterization of double-layer
r-hirudin loaded MNs

To minimize the dosage of r-hirudin during the MN fabrication
process, double-layer MNs were explored to lock r-hirudin in
the needles of the MNs array. Carmine, a water-soluble and
alcohol-insoluble dye, was added to the fabrication process
to serve as an indicator of r-hirudin (Fig. S5). Imaging records
showed that distinct layering was observed at the interface
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of PVP and HA (Fig. S6). Strength tests of MNs loaded with
different concentrations of r-hirudin were then conducted,
and the fracture force of a single MN was significantly higher
than 0.058N (Fig. S7), which indicated that the drug-loaded
double-layer MNs had the potential to penetrate the skin of
the organism. The anticoagulant activity of double-layer drug-
loaded MNs at a concentration of 10mg/ml r-hirudin was
close to the anticoagulant activity of single layer drug-loaded
MNs at a concentration of 2.5 mg/ml r-hirudin (Fig. S8). These
data showed that double-layer drug-loaded MNs could replace
single-layer drug-loaded MNs to minimize drug usage.

3.11. Discussion

Since their proposal decades ago, MNs have attracted
increasing interest because of their promising applications,
particularly for clinical use [52,53]. The development of MNs
necessitates the emergence of micro mould technology and
MN fabrication materials. Thus, numerous biocompatible
materials have emerged over the past few years. Nevertheless,
in the micro-modeling field, photo etching has been the
dominant even the complex manufacturing process and
high technical requirements, owing to the absence of better
alternatives, although many improved versions have emerged
[54]. With the advent and maturity of 3D-printing technology,
3D-printed MNs array-mediated drug delivery has begun to
be focused, and it can be easily fabricated via a single
3D printer within a few hours, indicating that it is more
efficient than photoetching. Some 3D-printed products have
also been successfully applied in clinical, like microsensors
for detecting the microcirculation of organisms, drug-coated
MNs for transdermal drug delivery, and micro-receivers for
specimen collection [55,56].

As for the application of 3D printing in the MN field,
biodegradable 3D printing MN arrays have been reported via
direct loading of the target drug into the printing material
[45]. This would be a significant breakthrough in drug-loaded
MNs fabrication. However, the pretreatment process before
printing would be selective to the delivered drugs, and this
type of printing material would not be economical and
diversiform. Therefore, we assumed that if we could duplicate
the 3D printing MNs array with PDMS to obtain a model that
could be directly used for MNs fabrication, then MNs can be
fabricated based on current existing biodegradable materials
and methods. Our previous study showed that PDMS cannot
be solidified at the interface of the photosensitive resin. Thus,
we attempted to find a mediated material to replace PDMS in
the first step, and gelatine was selected based on its features
such as softness and solidification at room temperature so
that the 3D-printing micro mold was not damaged during the
duplicate process. Finally, we obtained the PDMS mould that
could be directly used for MNs fabrication via a three-step
casting process (Fig. 3A&3B). To our knowledge, this is the first
study to create a method for the translation of a 3D-printing
MNs array into a PDMS mould and successfully apply it to MNs
fabrication.

We also noticed the resolution differences between the
photo etching and 3D-printing techniques. There is a slight
pinpoint loss of the 3D printing MNs array model, and
the three-step casting process would further reduce the

resolution of the MN tip, however, it doesn’t have an
obvious influence on the height of microneedles. On the
contrary, the height of HA-based 3DMN was sometimes
a little higher than the printed MNs array model when
demould completely, it is thought to be caused by the feature
of gelatine which would experience slight retraction after
the loss of water during PDMS solidification. In addition,
there was also a minor difference in the height and shape
of HA-based 3DMN observed, it might be resulted from
demolding or ambient humidity fluctuation when imaging. In
addition, the penetration depth was also detected and found
significantly shorter than MNs height, we think it would be a
consequence of MNs dissolving or breaking during insertion
or the penetration depth was decided by the thickness of
skin. Although a few minor flaws existed, it does not affect
the transdermal delivery ability of r-hirudin, in contrast, the
design and acquisition of MNs would be more diverse and
rapid via 3D printing.

R-hirudin is a direct thrombin inhibitor produced by our
lab. Based on our previous study, r-hirudin exhibited high
affinity and specificity for thrombin. However, in clinical trials,
r-hirudin was administered via IV or SC injection, which is
usually accompanied by postoperative bleeding, poor patient
compliance and inconvenience of daily medication, thus
limiting its clinical application. Therefore, we hypothesized
that if r-hirudin could achieve transdermal delivery via 3DMN,
and then the feasibility and practicability of 3DMN can also
be further verified. Our results showed that r-hirudin-loaded
3DMN can withstand a certain force, penetrate porcine or rat
skin, and then release r-hirudin, which is more in keeping with
clinical medication needs. Further study showed that the in
vivo absolute and relative bioavailability of r-hirudin loaded
3DMN was around ~ 40% and ~ 50%, significantly lower than
the already reported drug-loading MNs. We then explored the
causes leading to low bioavailability and found that the main
reason would be the dosing rate which cannot reach 100%
after administration, it was around ~70% in vitro according to
our study and would be lower in vivo. Further investigation
showed that r-hirudin can be transported to blood rapidly
within hours via the 3DMN and effectively alleviate embolism
formation in vivo. Furthermore, no bleeding was observed
post-administration, which greatly facilitated the daily use
of medicine and improved medication safety. These results
indicate that our 3DMN is feasible for transdermal r-
hirudin delivery. In addition, our 3DMN may also provide
strategies for transdermal delivery of other anticoagulants,
and personalized customization of MNs would be realized via
3D printing.

4, Conclusion

In conclusion, we explored a route for MN mould fabrication
originating from a 3D printed MNs array model via a
three-step casting process, which would supplement the
inadequacy of existing micro-mold manufacturing processes,
such as high cost and complexity. Application of the 3DMN
for the transdermal delivery of r-hirudin cannot only prevents
thrombosis in vascular embolic disease, but also prevents
many side effects that are common in clinical use via SC or IV
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injection, which greatly facilitates the daily use of medicine.
In addition to diversifying the type of MNs and achieving
personalized customization, a systematic strategy for MNs
acquisition based on the 3D printing technique ranging from
MNs model design to drug-loaded MNs application would
provide ideas for the transdermal administration of many
other drugs, especially anticoagulants.
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