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Abstract

Injection therapy for diabetes has poor patient compliance, and the pain occurring at the site of subcutaneous injections
causes significant inconvenience to diabetic patients. In this work, to demonstrate the benefits of an alternative drug delivery
technique that overcomes these issues, methacrylated gelatin hydrogel-forming microneedles integrated with metformin
were developed to adjust blood glucose levels in diabetic rats. Gelatin methacryloyl microneedles (GeIMA-MNs) with dif-
ferent degrees of substitution were successfully prepared by a micro-molding method. The resultant GelMA-MNs exhibited
excellent mechanical properties and moisture resistance. Metformin, an anti-diabetic drug, was further encapsulated into
the GeIMA-MN:s, and its release rate could be controlled by the three-dimensional cross-linked network of microneedles,
thereby exhibiting sustained drug release behaviors in vitro and implying a better therapeutic effect compared with that of
subcutaneous injection in diabetic rats. The drug release period could be significantly prolonged by improving the cross-
link density of GelMA-MNs. The results of hypoglycemic effect evaluation show that the application of GelMA-MNs for
transdermal delivery in diabetic rats has promising benefits for diabetes treatment.
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Introduction

Diabetes mellitus, characterized by a high level of blood
glucose, is a kind of chronic disease when the pancreas is
unable to make insulin or the cells cannot well respond to
the insulin produced and is identified as a significant health
problem in the world [1]. According to the latest report from
the International Diabetes Federation (IDF), an estimated
463 million people suffered with diabetes in 2019 and this
number was predicted to rise to 700 million by 2045 [2]. At
present, the subcutaneous injection of insulin is a common
method to treat diabetic patients. Nevertheless, the frequent
injection of insulin leads to needle phobia and poor patient
compliance, and also increases the risk of infections [3, 4].
Hypoglycemia, a threatening condition for patient life, may
even occur after the administration with insulin over the
required dose [5]. Therefore, minimally invasive and more
convenient routes have been widely studied to overcome
these disadvantages. However, traditional noninvasive drug
delivery routes, such as oral or transdermal, have shown lim-
ited utility value.

Transdermal drug delivery methods would provide an
attractive alternative for the delivery of injectable drugs owing

to their better patient compliance, ease of self-administration,
avoidance of first-pass metabolism, as well as the circumven-
tion of gastric degradation. The skin is a natural physical bar-
rier protecting the body from diseases by the stratum corneum
(SC), which is the greatest challenge for transdermal drug
administration. The outer layer of SC limits drug diffusion
through the skin, and only a limited drug dose can be deliv-
ered through this route [6]. Numerous approaches to enhance
drug permeability have been proposed to overcome this limita-
tion. Among them, the technology of microneedles (MNs) as
a novel transdermal drug delivery system has emerged with
a promising potential to improve the efficacy of transdermal
drug delivery [7, 8]. The concept of MNss was first reported in
1970, which combines the merits of subcutaneous injection
and traditional transdermal drug delivery [9]. The MNs are
micron-sized needles that are long enough to pierce the SC,
but too short to irritate the pain receptors located in the der-
mis [10, 11]. Many materials have been utilized to manufac-
ture MNs, including metal, glass, silicon, polymer, ceramics,
and others. However, safety issues persist due to their lower
biocompatibility and limited drug loading capacity [12, 13].
Among them, polymers are considered as ideal materials for
manufacturing MNs because of their favorable processability,
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good biocompatibility and tailorable functionality. Various
polymer materials, including hyaluronic acid [14], silk fibroin
[15], chitosan [16], and polyvinyl acetate [17], have been
used to fabricate MNs. To date, less attention has been paid to
sustained drug release by microneedles in diabetes research,
which would be beneficial for avoiding a hypoglycemic effect
caused by burst release.

Hydrogels have a three-dimensional network that can
absorb liquid by swelling and maintain their structural integ-
rity. They are widely applied in biomedical fields, includ-
ing tissue engineering and drug delivery, because of their
porous structure and excellent biocompatibility [18, 19].
However, the weaker mechanical properties of hydrogels
prepared from natural materials hinders their wider applica-
tion [20]. Compared with natural polymers, synthetic poly-
mer materials have excellent mechanical performance but
lower biocompatibility and biodegradation rate. Therefore,
it is preferable to combine the merits of natural and syn-
thetic polymer materials. Gelatin with good biocompatibility
and biodegradability is derived from collagen and can be
inexpensively obtained in a range of forms while maintain-
ing cell binding sequences, such as matrix metal loprotein-
ase (MMP)-sensitive biodegradation sites [21]. However,
the mechanical properties of pure gelatin microneedles are
insufficient for puncturing the stratum corneum. Tunable
mechanical properties of gelatin hydrogels can be obtained
by adjusting the structure and type of substituents. For exam-
ple, gelatin-methacrylamide is a gelatin derivative that can
be obtained by modifying the amine groups of gelatin with
methacrylate groups [22, 23]. GeIMA prepared by the graft-
ing of methacrylic anhydride onto gelatin exhibits excel-
lent photocurability and can be cross-linked by exposure to
ultraviolet (UV) in the existences of photoinitiators. This
enables GeIMA microneedles to have sufficient mechanical
toughness to pierce the skin, making it an attractive material
for microneedle technology [24, 25].

Herein, we characterized GelMA as an inexpensive,
cell-responsive hydrogel platform for creating microneedle
devices. The morphology, mechanical behaviors, and swell-
ing abilities of GeIMA microneedles (GelMA-MNs) were
assessed, and the skin insertion and drug release profiles of
MNss were evaluated in vitro. The obtained MNs were used
to demonstrate the transdermal delivery of metformin. The
hypoglycemic effect of metformin-loaded microneedles was
investigated in a diabetic rat model.

Materials and methods
Chemicals

Gelatin (medicinal grade, type B), methacrylic anhydride
(MA), rhodamine 6G (R6G), phosphate buffer solution
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(PBS) and 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpro-
piophenone (Irgacure 2959) were obtained from Shanghai
Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China).
Normal saline (NS), metformin hydrochloride (Met), strep-
tozotocin (STZ) and agar were purchased from Sigma-
Aldrich. Male Sprague—Dawley (SD) rats were provided by
Zhejiang Academy of Medical Science, Hangzhou, China.
All the chemical reagents were used without further purifica-
tion except ultrapure water, which was produced in a water
purification system. The GelMA was prepared according to
previous reports [26-28].

Fabrication of GelMA-MNs

Microneedle patches were fabricated by the previously
described method [29, 30]. Briefly, 0.6 g GelMA prepoly-
mer was added into 2 mL of deionized water at 45 °C. Next,
10 mg of photoinitiator (Irgacure 2959) and 300 mg of met-
formin hydrochloride were dissolved in the above solution.
A volume of 200 pL of the blended solution was casted onto
the surface of polydimethylsiloxane (PDMS) molds accord-
ing to the previous reports [31, 32]. The molds were subse-
quently exposed to 10 mW/cm? UV light (365 nm) for 5 min,
followed by drying for 12 h. Finally, the GelMA-MNs were
gently peeled off from PDMS molds and stored before use.

Mechanical and skin penetration tests in vitro

The mechanical performance of GeIMA-MNs was assessed
by a universal material testing machine (WDW-02, Tianchen
Testing Machine Co. LTD., Jinan, China). The microneedle
patch was horizontally fixed to an aluminum base plate. The
movement speed of the top stainless plate was 0.3 mm/s.
The force—displacement curve was recorded by the testing
system when the top stainless plate came into contact with
the microneedles. For the skin penetration test, GeIMA-MNs
loaded with R6G were perforated into stretched rat skin tis-
sues compressed by an index finger continuously for 5 min,
then the backing patches were gently separated. The skin
was embedded and frozen in an O.C.T. compound, and then
cut into 7 um sections used for histological observation by
a confocal laser scanning microscope (CLSM, C2, Nikon
Corporation, Japan).

Swelling ability of GelMA-MNs

For the evaluation of swelling ability, GeIMA-MNs with
different degrees of crosslinking were immersed in DPBS
or inserted into a 2.0 wt% agarose hydrogel for 1, 3, 7, 15,
and 20 min at 37 °C [33]. The initial weight (W,) of each
GelMA-MNs sample was measured by a precision elec-
tronic balance (JF2004, Yuyao Jinnuo Balance Instrument
Co., Ltd., China) before insertion into agarose hydrogel. At
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each predetermined time point, the mass (Wy) of GeIMA-
MNs was recorded after the removal of surface residual
water by tissue paper. The swelling ratio was defined via
the equation of [((W;— W))/W,]1 x 100%.

Drug encapsulation and drug release in vitro

GelMA-MNs with different degrees of crosslinking were
loaded with metformin to determine their drug encapsula-
tion ability and drug release kinetics. The standard curve
of metformin was analyzed firstly by an UV—vis absorption
spectrophotometer (TU-1901, Beijing Purkinje General
Instrument Co., Ltd., China) at a wavelength of 233 nm
[34, 35]. The as-fabricated microneedles were randomly
selected and immersed in deionized water until completely
dissolved, and the absorbance of the uniform solution was
measured by UV-vis. The drug release kinetics in vitro
were tested by embedding metformin-loaded micronee-
dles into agarose hydrogel, and then removing the patches.
At each time point, the absorbance of metformin released
from microneedles was obtained by measuring the met-
formin concentration in the residual patches. The met-
formin loading capacity and release behavior were quan-
tified by dividing the residual metformin in the backing
of patches and calculated according to the standard curve
for metformin.

Hypoglycemia effect on diabetic rats in vivo

The diabetic rat model was firstly established by injecting
STZ (10 mg/mL in normal saline) into SD rats (200420 g).
All animals were fed with food and water ad libitum to accli-
mate for 2 weeks before the experiment. Blood samples
were collected from the vein of rats to measure their blood
glucose levels via a glucometer (Sinocare Inc., Changsha,
China). After the plasma glucose levels reached the sta-
ble hyperglycemia status, the diabetic rats were randomly
divided into five groups (n=3 for each group): (1) control
groups without any treatment; (2) subcutaneous injection
groups (10 mg/kg); (3) microneedle groups treated by
GelMA1-MNs, GeIMA2-MNs and GeIMA3-MNs. In order
to evaluate the hypoglycemic effect using the as-prepared
GelMA-MNs as a transdermal delivery platform, rat blood
glucose levels were monitored over time after feeding (2 g).
In addition, to further assess the pharmacokinetics and
long-term hypoglycemia effect of microneedle patches, six
diabetic rats were randomly selected and divided into two
groups following three daily meals (breakfast, lunch, and
dinner). At each desired time point, the blood glucose level
of each rat was measured until the return to the initial level
of hyperglycemia.

Acute toxicity assay

In order to evaluate acute toxicity in vivo, SDs treated with
MNs were selected randomly as the experimental group,
and SDs without treatment were used as the control group
[36, 37]. The major organs, including the heart, liver, spleen,
lung and kidney of the rats, were collected for acute toxic-
ity assay. Histological examinations were characterized by
a fluorescence inversion microscope.

Results and discussions
Preparation of GelMA microneedles

In this work, the GelMAs with different graft degrees were
firstly synthesized by controlling the molar ratio of MA
and gelatin separately at 6:1, 11:1 and 17:1 [38], and the
obtained GelMAs were denoted as GelMA1, GelMA2,
and GelMA3, respectively. The successful preparation of
GelMAs with different degrees of methacrylation was con-
firmed by Fourier-transform infrared spectrometer (FTIR)
and 'H NMR analysis, as shown in Fig. S1. The absorp-
tion band at 1649 cm™! is attributed to C=0 stretching
vibration (amide I). The absorption peaks at 1547 cm~! and
1241 cm™! are ascribed to N-H bending coupled to C-N
stretching (amide II), and N-H bending and C-N stretching
(amide III), respectively. A typical absorption peak appears
around 3360 cm™! owing to the N—H stretching vibration
[39]. In comparison to pure Gel, new peaks at 5.6, 5.3 and
1.8 ppm can be observed, which are associated with pro-
ton signals from the acrylic and methyl group, respectively
(Fig. S2) [40]. The graft degree is defined as the integral
area ratio of methacrylate groups to the unmodified amino
group of gelatin [41]. The graft degrees were 62.8%, 71.3%,
and 92.3% obtained for GelMA1, GeIMA2, and GeIMA3,
respectively (Table S1).

The hydrogel microneedles were prepared by casting pre-
polymer with or without metformin into polydimethylsilox-
ane (PDMS) microneedle mold, and then cross-linked by
UV irradiation. As shown in Fig. 1a, the hydrogel micronee-
dles consisted of 10x 10 needles distributed on a 1 cm? sup-
porting layer by using a micro-molding process (Fig. 1b).
The as-prepared MNs present pyramidal needle morphol-
ogy (Fig. 1¢). The total height of MNs and the tip-to-tip
distance of adjacent MNs is about 600 pm and 500 pum,
respectively. The supporting substrate of MNs has a base
width ofabout200 pm (Fig. 1d-1f).

Mechanical and skin insertion tests of GelMA-MNs

The mechanical properties of MNs are a critical factor
to achieve their successful insertion into the skin [42,
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Fig. 1 Preparation and characterization of GelMA-MNs. a Schematic
illustration of GelMA-MNs fabrication process. b SEM image of
microneedle (side view). ¢, d Bright-field microscopy image of MNs.

43]. The mechanical performance of hydrogel MNs was
investigated by a compression test. As shown in Fig. 2a,
neither discontinuity can be found in the force—displace-
ment curves, nor fracture and broken MNs can be observed
at 600 pm displacement (Fig. 2b), implying the excellent
toughness of GeIMA-MNs. The maximum force measured
at 600 um displacement was 0.9, 1.2, 1.9 N needle™' for
GelMA1-MNs, GeIMA2-MNs, and GeIMA3-MNSs, respec-
tively, which all satisfy the demand value of approximately
0.1 N needle™! reported for skin piercing via MNs [44,
45]. To investigate whether the prepared MNs enable com-
plete skin penetration, GeIMA-MNs were inserted into rat
cadaver skin using an in-house made applicator. Firstly,
rhodamine 6G (R6G), a red fluorescent dye for visualiza-
tion, was loaded into MNs. As shown in Fig. 2c, the MNs
patch can be successfully embedded in the skin and sepa-
rated from the supporting substrate after penetration for
5 min with an application force of approximately 10 N per
needle. The skin surface was left with a complete array of
red puncture dots, implying that all needles had penetrated
into the skin. Histological sections clearly demonstrated
that the MNs could completely penetrate into the skin at
approximately 500 um depth (Fig. 2d). Drug-embedded
MNs can be diffused in skin tissue with the assistance
of the skin interstitial fluid, as shown in the bright-field
images (Fig. 2e).
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Swelling property and ex vivo drug release profile
of GeIMA-MNs

The swelling property of hydrogel MNs is an important
parameter for sustained drug release in vivo [46—48]. In
order to evaluate their swelling ability, GeIMA-MNs pre-
pared from different degrees of methacrylated gelatin were
embedded into PBS solution. The hydrogel MNs absorbed
moisture quickly, which resulted in the volume expansion
of microneedle arrays. Although the swelling ratio of the
three GeIMA-MNs arrived at an equilibrium within 5 min
where the hydrogel network reached a saturation state, the
swelling speeds were remarkably different between the three
MNs made by different methacrylated gelatin prepolymer
(Fig. S3). In order to simulate the penetration of MNs into
the skin, GeIMA-MNs were further embedded into agarose
hydrogel, and their weight gain was monitored over time
[49]. As shown in Fig. 3a, the swelling ratio was improved
with increased insertion time. A lower grafting degree
resulted in a higher swelling ratio due to the absorption of
moisture from the agarose hydrogel. The MNs still kept their
original morphology after removal from the agarose hydro-
gel, indicating that they cannot be dissolved immediately in
skin tissue. After the loading of R6G, the observed swell-
ing properties were more obvious. The half-height width
was about 100 um for the swelled MNs, which consisted
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Fig.2 Mechanical behavior of GelMA-MNs. a Force—displacement
curve of GeIMA-MNs with different crosslinking densities. b Optical
images of MNs after compression at 400 pm. ¢ Rat skin treated with

an increase compared with about 80 pm for the unswelled
ones (Fig. 3b).

Metformin is one of the most widely prescribed drugs for
the treatment of type 2 diabetes mellitus patients [50-52].
Herein, metformin release profile in vitro was investigated
to assess the sustained drug release properties of MNs (Fig.
S4). Figure 3c reveals the release behaviors of metformin
released from the MNs embedded in agarose hydrogel. The
drug loaded in the three kinds of GeIMA-MNs was released
continuously and reached 80.6%, 72.7% and 65.2% of the
total loading volume in 11 min, respectively. Metformin
release occurred in a continuous pattern, and no burst
release could be observed in the first few minutes. In addi-
tion, lower metformin release could be obtained from the
MNs with higher grafting degree due to correspondingly
higher crosslinking density after polymerization. These
results indicate that the quantity of released drug molecules
was proportional to the swelling rate of the MNs polymer
network. CLSM was used to reconstruct the morphology of
MNs in rat skin tissue. As demonstrated in Fig. 3d, the MNs
exhibit a pyramidal morphology prior to insertion into skin.
After skin penetration, the MNss still can keep their original
morphology, however, MNs gradually dissolve with the pro-
longation of penetration time. These findings demonstrate
that the swelling property of GelMA-MNs provides allow
the realization of sustained drug delivery in vivo.

MNss loaded with R6G (bright-field image). d H&E-stained histologi-
cal section image characterized by optical microscope. e Fluorescent
images of histological section characterized by CLSM

Hypoglycemic effect in vivo

In order to investigate their pharmacological effect, metformin-
loaded MNs were administered to type 2 diabetic rats induced
by STZ [53, 54]. The healthy group and the blank group
(without any treatment) were used as negative control, and
the diabetic rats treated with a hypodermic injection of met-
formin (2 mg) were chosen as positive control. To evaluate the
hypoglycemic effect of MNs, the blood glucose levels (BGLs)
of treated rats in each group were monitored over time. As
shown in Fig. 4a, the BGL of diabetic SD rats increased to
about 600 +40 mg/dL within 1 h after feeding with fodder.
Following the subcutaneous injection, the BGL reached the
lowest level (139 +20 mg/dL) at 2 h, and then returned quickly
to its original state, thus showing an obvious short-term hypo-
glycemic effect. In the MNs groups, a steady decline of BGL
was observed. The lowest BGL could be observed after admin-
istration at 2.5, 3.5 and 4 h. The higher cross-link density of
MNss causes a longer hypoglycemic effect. Figure 4b depicts
the changes of BGLs for unfed rats. The BGLs for the group
with higher cross-link density of MNs can be maintained for
a longer period. To further investigate the effect of feeding on
the BGL, diabetics rats were treated thrice daily with standard-
ized meals. The BGLs exhibited a curve that fluctuates with
feeding, as shown in Fig. 4c. In the MNs group, however, the
BGLs reached the highest value 2 h after the first feeding and
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Fig.3 Swelling property of MNs. a Swelling ratio of GelMAl,
GelMA2 and GeMA3 in agarose hydrogel (n=35 for each group). b
Optical microscope images of GelMA3 swelling taken 3 min after

decreased to the lowest value of about 200 mg/dL 4 h after the
first feeding. In the second and third feeding cycles, similar
BGL curves could also be observed, showing an initial and
sustained drug delivery behavior response to BGLs, as well as
better hypoglycemic effect, when compared with hypodermic
administration.

In addition, to evaluate whether the administration of MNs
result in tissue damage in the body, H&E staining images of
the main organs, including the heart, liver, spleen, lung and
kidney, were carried out [55]. As shown in Fig. 4d, no sig-
nificant changes occurred in tissue morphology in the MNs
group compared with the control group, which indicates the
hypotoxic characteristic of as-fabricated MNs and, as the tissue
lesion caused was negligible, their promising value for clinical
applications.
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removal from agarose hydrogel. ¢ Drug release profile in agarose
hydrogel (n=>5 for each group). d Swelling behavior of GelMA1 MN
in rat skin tissue

Conclusions

In this paper, hydrogel MNs fabricated from methacrylated
gelatin were developed. The as-prepared microneedles
exhibited pyramidal morphology and showed sufficient
mechanical properties to puncture the rat skin. The swell-
ing behavior and mechanical strength of the obtained MNs
could be controlled by adjusting the crosslinking density.
The higher grafting degree of methacrylated gelatin exhib-
ited higher mechanical strength, lower swelling ratios, and
slower metformin release behaviors. The structural integ-
rity of proposed GeIMA-MNs can be maintained in the
simulated skin tissue and allows the release of encapsu-
lated metformin in a satisfactory initial and sustained dose.
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Fig.4 Hypoglycemic effect. a, b Blood glucose level of rats treated
with metformin-loaded MNs with different degree of crosslinking,
fed once and unfed, respectively (n=3 for each group). ¢ Blood glu-
cose level of rats in 12 h post-treatment, fed three times (n=3 for

The hypoglycemic effect was investigated on the diabetic
rats induced by STZ in vivo and compared with hypo-
dermic injections. The obtained metformin-loaded MNs
exhibited a promising hypoglycemic effect, hypotoxicity,
and weak inflammation stimulation reaction, thereby indi-
cating their potential clinical application value.
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