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Wound healing is a critical challenge in diabetic patients, mainly due to long-term dysglycemia and its
related pathological complications. Subcutaneous insulin injection represents a typical clinical solution,
while the low controllability of insulin administration commonly leads to a result far from the optimal
therapeutic effect. In this work, we developed a glucose-responsive insulin-releasing hydrogel for
microneedle dressing fabrication and then investigated its effects on diabetic wound healing. The
hydrogel system was composed of biocompatible gelatin methacrylate (GelMa), glucose-responsive
monomer 4-(2-acrylamidoethylcarbamoyl)-3-fluorophenylboronic acid (AFPBA) and gluconic insulin
(G-insulin), and the Gel-AFPBA-ins hydrogel-based microneedle dressing was developed by replicating
PDMS molds. The resultant hydrogel microneedle dressing exhibited adequate mechanical properties,
high biocompatibility, glucose-responsive insulin release behavior upon exposure to different glucose
solutions, and potent adhesion to the skin compared to hydrogels without microstructures. The
microneedle dressing could accelerate the diabetic wound healing process with decreased inflammatory
reaction, enhanced collagen deposition on the regenerated tissue sites, and improved blood glucose
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control in animals. Therefore, the glucose-responsive insulin-releasing hydrogel microneedle dressing is
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1. Introduction

Diabetes is a chronic condition challenging global health, with
537 million adults living with this disease worldwide according
to the latest report of the International Diabetes Federation in
2021." Diabetes is associated with serious complications such
as cardiovascular disease, nerve damage, kidney damage,
lower-limb amputation, and eye disease. Among them, delayed
wound healing and chronic wound infection are important
health concerns faced by diabetic patients and improvement
in their treatment is highly desired.>™

Traditional treatments of diabetic wounds involve rigorous
glucose control and careful wound care.” In addition, novel
modalities that deliver natural or synthesized therapeutics,
such as growth factors, primary cells or cellular products,
are promising for diabetic wound repair.”> To date, wound
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effective in diabetic wound management and has potential for treatment of other chronic skin injuries.

dressings with therapeutics have been widely employed to
accelerate the healing of diabetic wounds,”® since they
can provide a humid environment, protect the wound from
secondary infection, remove the wound exudate and promote
tissue regeneration.*” Dressing materials, including natural
and synthetic polymers, were used in the form of films, foams,
hydrocolloids and hydrogels as medicated systems via the
delivery of encapsulated therapeutics.® Among them, smart
hydrogels®'® with desired functions’'* or with stimulus-
responsive abilities™® have attracted great attention for diabetic
wound healing. For instance, hyaluronic acid- and chitosan-
based hydrogels accelerated diabetic wound healing due to the
codelivery of curcumin and epidermal growth factor (EGF) with
on-demand drug release.™*

Insulin is a peptide hormone that is critical for the regula-
tion of blood glucose (BG) levels in diabetic patients.'®
Recently, insulin has also been proven to be a potent stimulator
of wound healing beyond its BG lowering action.'® Comparably,
insulin has a significantly lower cost than alternative thera-
peutic growth factors. Moreover, compared to the burst release
of insulin, glucose-responsive insulin-releasing systems are
advantageous in the regulation of BG levels in diabetic
patients.'”'® Therefore, a smart hydrogel system integrating
glucose-responsive insulin-releasing behavior is promising for
BG control and wound healing in diabetic patients.
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Scheme 1 Responsive microneedle dressing for diabetic wound healing. (A) Diabetic wounds in mice treated with the hydrogel-based microneedle
dressing. (B) Preparation of glucose-responsive insulin-releasing Gel-AFPBA—ins hydrogels. (C) Mechanism of glucose-responsive insulin release from

the prepared hydrogels.

In addition, micro/nanoscale structures on materials have
attracted great interest in the field of drug delivery due to their
enhancement in skin adhesiveness.'® For example, bioinspired
nanoarrays on silicone exhibited great adhesion to heart tissue;*°
moreover, bioinspired microneedle arrays provided mechanical
interlocking and enhanced tissue adhesion,”*”* therefore enhan-
cing surgical closure and wound healing.>**

Based on the above considerations, in this work, we aim to
develop a glucose-responsive insulin-releasing hydrogel micro-
needle dressing for diabetic wound repair (Scheme 1A). The
hydrogel was prepared through in situ copolymerization of
biocompatible gelatin methacrylate (GelMa), glucose-responsive
monomer 4-(2-acrylamidoethylcarbamoyl)-3-fluorophenylboronic
acid (AFPBA) and gluconic insulin (G-insulin). The microneedle
structure was designed to enhance the adhesion of the hydrogel to
diabetic wounds (Scheme 1A), while the prepared hydrogel with
phenylboronic acid (PBA) groups exhibited glucose-responsive
insulin-releasing behavior (Scheme 1B and C). Together, this
hydrogel-based microneedle dressing was able to accelerate
wound healing through responsive insulin release and glucose
control in diabetic patients.

2. Materials and methods
2.1. Materials

Gelatin methacrylate (GelMa) and lithium phenyl-2,4,6-tri-
methylbenzoylphosphinate (LAP) were obtained from Suzhou
Intelligent Manufacturing Research Institute, China. The
glucose-responsive monomer 4-(2-acrylamidoethylcarbamoyl)-
3-fluorophenylboronic acid (AFPBA) was synthesized according
to our previous method (Fig. S1, ESIT).>'** Bovine insulin was
purchased from Shanghai Yuanye Bio-Technology. Glucose was
obtained from Sigma-Aldrich. Phosphate buffered solution
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(PBS, pH ~ 7.2) was obtained from Biosharp, Hefei, China.
Milli-Q water with a resistivity of 18 MQ cm at 25 °C was used
during the study.

2.2. Preparation of glucose-responsive insulin-releasing
hydrogels

First, gluconic acid-modified insulin (G-insulin) was prepared
according to our previous method."””'® Next, 1 volume of
G-insulin (30 mM) was added to 1 volume of AFPBA solution
(100 mM), and the mixture was reacted at room temperature for
24 h to graft G-insulin onto the end of the AFPBA molecule to
obtain the AFPBA-ins complex (Fig. S2, ESIt). The obtained
product was washed twice in water and ultracentrifuged with a
cutoff tube (MWCO 3000, Millipore) to remove the unreacted
molecules.

GelMa powder (1-10 wt%) was dissolved in water with bath
sonication at 37 °C for 30 min. The photoinitiator, LAP (0.005-
0.05 wt%), was then dissolved in GelMa solution, and the
mixture was protected in a dark environment to prevent the
crosslinking of GelMa. The obtained GelMa solution (10 wt%)
and the AFPBA-ins solution were mixed at a 1:1 volume ratio,
poured into a disk-shaped mold (with a diameter of 4 mm and
a depth of 0.5 mm), and then cross-linked under UV light
irradiation (365 nm) for 3 min (Scheme 1B). The obtained
hydrogels with copolymerization of glucose-responsive released
insulin (AFPBA-ins) were labeled Gel-AFPBA-ins (Scheme 1B).
Afterwards, the resulting hydrogels were washed with PBS to
remove the unreacted reagents. The insulin concentrations
before the reaction and in the washing solution were measured
using a Bradford Protein Assay Kit (Beyotime, China), and the
amount of loaded insulin in the obtained hydrogels was
calculated by subtraction. The hydrogels were fully soaked in
PBS solution before use. The GelMa hydrogels without drug

This journal is © The Royal Society of Chemistry 2022
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loading were labeled Gel-blk. In addition, for the preparation of
the control of Gel-ins group, pristine insulin was dissolved and
uniformly mixed in the GelMa solution; during the photocross-
linking process of GelMa, insulin was physically embedded into
the crosslinked GelMa hydrogel networks.

2.3. Preparation of hydrogel-based microneedle dressing

To enhance the adhesion of the hydrogels to wound sites, the
hydrogels were further prepared in microneedle arrays by
replicating PDMS molds (Fig. 4A). In brief, the above pregel
solution (100 pL) was pipetted onto the surface of the PDMS
mold (containing an 11 x 11 array of conical needles, each with
a height of 600 um and a base diameter of 300 um).***> The
solution was uniformly filled into the mold cavity under
vacuum for 3 minutes to form needle tips, and then the
solution was removed from the mold surface. Next, a self-
made fence is fixed on the top surface of the PDMS mold,
and the solution is filled into the fence. Then, the solution was
cross-linked under UV light irradiation (Fig. 4A). The micro-
needle arrays were dried at room temperature overnight and
peeled off from the PDMS molds for subsequent use.

2.4. Physical-chemical characterization

X-ray photoelectron spectroscopy (XPS, Thermo Fisher ESCA-
LAB 250Xi) and Fourier transform infrared spectroscopy (FTIR,
Thermo Fisher FTIR5700) were used to analyze the elemental
composition and chemical structure of the obtained hydrogels,
respectively. A high-resolution camera of a cell phone (Redmi
K30) and scanning electron microscope (SEM; Tescan Mira3)
were used to visualize the appearance and cross-sectional
morphology of the samples, respectively.

2.5. Adhesion force measurement

The adhesive properties of the hydrogels and microneedle
dressings were evaluated using a universal testing machine
(Shenzhen Suns Technology, UTM2503) in tensile mode.
Briefly, a piece of 2 wt% agarose gel was prepared to mimic
the skin-like tissue surface and fixed on the bottom platform of
the tensile testing machine using double faced adhesive tape
(Fig. 4C). Meanwhile, the samples, including the hydrogels and
the microneedle dressings (1 cm x 1 cm), were fixed on the top
platform of the machine (Fig. 4C). The samples were allowed to
attach to the surface of the agarose gel under a gentle finger
press for 1 minute. Then, the top platform with the samples
was slowly lifted until the separation of the samples from skin-
like surfaces (Fig. 4C). The maximum force at the moment of
separation was recorded, and the adhesive stress of the samples
was calculated accordingly.

2.6. In vitro drug release assay

The drug release from the hydrogels was performed in different
glucose solutions, including 100 mg dL™*' and 400 mg dL*
glucose solutions, which represent the physiological levels of
BG from healthy to diabetic subjects, respectively. The samples
were incubated in 1000 pL glucose solutions at 37 °C.
At different time points, 5 pL of the supernatant was collected,
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and 5 pL of glucose solution was replenished into the well.
The concentration of released insulin in the supernatant was
measured through the Bradford Protein Assay Kit. Then, the
accumulated insulin release from the hydrogels was plotted as
a function of incubation time.

2.7. Cell culture study

Mouse fibroblast L929 cells were cultured in RIPM 1640 med-
ium (Gibco) with 10% fetal bovine serum (FBS, HyClone) and
1% penicillin-streptomycin (PS, HyClone). The compatibility of
the hydrogels with the cells was evaluated by the CCK-8 test. In
brief, the hydrogels were incubated with 0.2 ¢ mL™" culture
medium and shaken at 37 °C for 24 h. The extract was collected
after filtration. Cell culture medium without any treatment was
used as the control medium. L929 cells were seeded in 96-well
plates at a density of 2000 cells per well (n = 5 for each group).
After cell adhesion to the plate for 24 h, the cell culture medium
was replaced with 200 pL of extract medium or control medium
and incubated for 24 h, 48 h and 72 h, respectively. At different
time points, the cell viability was evaluated using a CCK-8 assay
kit (Dojindo, Japan) according to the manufacturer’s instructions.

2.8. Animal study

2.8.1. Animal model. All animal experiments were
approved by the Institutional Animal Care and Use Committee
(IACUC No. WP20210398) of Wuhan University. C57BL/6 mice
(8 weeks, male) were obtained from Beijing SPF Biotechnology
(China) and raised in a specific pathogen free environment.
According to our previous methods,"”***® insulin-dependent
diabetes, known as type 1 diabetes, was induced through
five intraperitoneal injections of streptozotocin (STZ, Sigma-
Aldrich) into the mice. When the BG levels were higher than
16 mM, the diabetic mouse model was ready for the next
experimental use.

2.8.2. Skin adhesive test. The adhesive ability of the
samples on the skin of mice was evaluated by a peeling test.
Briefly, a hydrogel slice (1 cm x 1 cm) or a microneedle
dressing (1 cm x 1 cm) was attached onto the surface of the
mouse skin, and compressed gently with a finger using the
same force for 30 seconds. Afterwards, the samples were peeled
from the skin surface, and the peeling process was recorded
using a cell phone (Redmi K30).

2.8.3. Diabetic wound healing test. Diabetic mice were
anesthetized by intraperitoneal injection of 1% sodium pento-
barbital (Sigma-Aldrich). The dorsal regions of the mice were
shaved and cleaned. A round wound was generated on the
shaved skin using biopsy punches (5 mm diameter). Then the
wounds were applied with different microneedle dressings,
including Gel-blk, Gel-ins, Gel-AFPBA-ins, and the untreated
wound as the control group (n = 7 per group). In brief, the
dorsum skin of mice was folded, the microneedle patch was
attached on one side of the folded skin with the wound, and the
substrate of the patch was thumb-pressed for 30 seconds.
Afterward, the breathable medical adhesive membrane
(Hons Medical, China) was applied to fix the samples in place.
One piece of microneedle dressing was applied onto the mouse
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wound once per day, and changed over 8 days. For the analge-
sia, the mice with a dorsal wound received meloxicam with
subcutaneous injection at a dose of 2 mg kg~ every 24 hours.
The mice with wound were individually raised in each cage. The
BG levels of the mice were recorded daily, and the wounds were
photographed daily using a cell phone. The wound areas were
analyzed using Image] software (NIH, USA).

After 8 days of treatment, the mice were euthanized, and the
skin tissues surrounding the wounds were excised and fixed in
4% paraformaldehyde for histological analysis. Tissues were
sectioned and stained with an H&E staining kit and Masson’s
trichrome staining kit. The stained samples were scanned
using a Pannoramic Scan system (3DHISTECH) and analyzed
using CaseViewer software (3DHISTECH).

2.9. Statistical analysis

Data are presented as the mean value + standard deviation
(s.d.). In vitro experimental results were acquired by at least five
samples for three repetitions. In vivo results were obtained by
averaged analysis of seven mice per group. The histological
analysis was summarized based on at least three random
images in each section and three sections per animal. The
statistical significance was determined using Student’s ¢ test
(OriginPro®™ 2021, OriginLab), and a p value less than 0.05 was
considered significantly different.

3. Results

3.1. Preparation of Gel-AFPBA-ins hydrogels

We prepared Gel-AFPBA-ins hydrogels using GelMa and AFPBA-
ins (Scheme 1B). GelMa was employed as a scaffold hydrogel due
to its good biocompatibility, controllable mechanical properties,
and most importantly, photocrosslinking ability due to the acryl-
amide group,®” and broad biomedical applications.***° Mean-
while, the AFPBA-ins complex can be functionalized onto the
GelMa scaffold because of its photocrosslinking property
(Scheme 1B), in which the AFPBA molecule is responsible for
the reaction with glucose and release of insulin (Scheme 1C).
The AFPBA molecule had a pK, of 7.2,"° which was slightly
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lower than physiological pH (7.4), allowing interaction with
diols and glucose sensitivity under physiological conditions.***

First, we investigated the crosslinking ability of different
concentrations of GelMa. When the concentration of GelMa
was less than 5 wt%, it was difficult for the solution to form a
gel (Fig. S3, ESIT). As the concentration of GelMa increased, the
GelMa solution rapidly cross-linked into gels (Fig. S3, ESIT),
and the obtained hydrogels exhibited good mechanical proper-
ties for convenient handling. However, higher concentrations
of GelMa increased the crosslinking density, therefore hamper-
ing the future expansion of hydrogels. To balance the good
mechanical properties and maximum hydrogel expansion with
glucose responsiveness, 5 wt% GelMa was selected to prepare
Gel-AFPBA-ins hydrogels. With this concentration, each piece
of Gel-AFPBA-ins hydrogel contained approximately 35 nmol
insulin after the washing process.

3.2. Characterization of hydrogels

We employed FTIR to investigate the chemical structures and
composition of hydrogels with different modifications (Fig. 1A
and Fig. S4, ESIY). For pristine GelMa in which gelatin protein
was functionalized with methacrylate,’” two wide shoulders
appeared, including 1628 cm™' related to C=O stretching
(amide I band) and 1538 cm ' for N-H bending (amide II
band) (Fig. 1A), which corresponded to typical characteristics of
the protein backbone.”’ Moreover, 1232 cm ™" related to C-N
stretching plus N-H bending (Fig. 1A),"> 3284 cm ' to N-H
stretching (amide A), 3072 cm ' to sp> C-H stretching, and
2391 cm ™' to sp® C-H stretching (Fig. S4, ESIt) appeared, and
these peaks confirmed the chemical structures of GelMa.

For the AFPBA molecule, typical IR peaks of the molecule
existed, including peaks at 3478 cm™' for O-H stretching
(Fig. S4, ESIf), 1413 cm™ ' for benzene ring bonding, 1348
and 1045 cm™ " for B-O bonding, 1250 and 1100 cm™ " for C-B
bonding,** 1145 cm™' for C-F bonding, and 804, 771 and
704 cm ' for para, ortho and meta aromatic sp®* C-H
bending,** respectively (Fig. 1A).

For AFPBA-ins in which AFPBA was grafted with G-insulin
(Fig. S2, ESIt), the type IR peaks of protein existed, whereas the
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Fig. 1 FTIR and XPS analysis of glucose-responsive insulin-releasing hydrogels. (A) FTIR spectra from 1800 to 600 cm ™, and (B) XPS wide spectra during

the preparation of hydrogels.
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typical peaks from the AFPBA molecule slightly decreased
(Fig. 1A), indicating the combination of AFPBA with G-insulin.

With further conjugation of GelMa with the AFPBA-Ins
complex to form Gel-AFPBA-ins (Scheme 1B), the type IR peaks
of the protein still existed, whereas the typical peaks from the
AFPBA molecule further decreased (Fig. 1A). However, the IR
peaks from AFPBA-ins, including C¢He at 1413 cm™ ', B-O at
1384 cm ', C-B at 1100 cm ™', and meta aromatic C-H bending
at 704 em ', still existed in Gel-AFPBA-ins (Fig. 1A), revealing
the successful formation of Gel-AFPBA-ins by the combination
of GelMa and AFPBA-ins.

In addition, we performed XPS analysis to evaluate the
changes in elemental positions during different modifications.
Compared to GelMa which showed typical peaks of C, N and O
elements, AFPBA showed significant contents of B and F
(Fig. 1B and Fig. S5, ESIT). Meanwhile, AFPBA-ins exhibited a
decreased amount of B and F (Fig. 1B and Fig. S5, ESIt) due to
the presence of AFPBA molecule on G-insulin. Gel-AFPBA-Ins
hydrogels showed a further decrease in the content in B and F
(Fig. 1B and Fig. S5, ESIt), which was derived from the AFPBA-
ins molecule.

3.3. Invitro swelling

We chose to integrate the glucose-sensitive molecule AFPBA
into the hydrogel scaffold due to the suitable equilibrium
associate constant of the molecule with glucose (Scheme 1B).*">
Meanwhile, G-insulin was used instead of pristine insulin
(Scheme 1B and Fig. S2, ESI) to achieve glucose-responsive insulin
releasing behavior of the hydrogels (Scheme 1C), taking advantage
that the end of AFPBA combines reversibly with cis-diol units on
glucose.*>*¢

After photocrosslinking, the obtained hydrogels were trans-
parent in appearance (Fig. S3, ESIT), with a diameter of 4 mm
and a surface area of 12.57 mm?®. After reaction with different
glucose solutions, the morphological changes and expansion in

A 0 mg/dL glucose
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hydrogels were not visible compared to the as-prepared hydro-
gels (Fig. 24, insert), with surface areas of 12.13 mm?
12.87 mm?, and 13.17 mm?, respectively (Fig. 2B). In detail,
the swelling of Gel-AFPBA-ins hydrogels slightly increased
from a lower glucose concentration (0 or 100 mg dL™ ") to a
concentrated glucose solution (400 mg dL~') (Fig. 2B). The
swelling degree was further confirmed by SEM observation of
the freeze-dried cross-sections of the hydrogels. After immer-
sion in PBS solution, the Gel-AFPBA-ins hydrogel showed a
porous structure with an average pore size of 1.77 + 0.31 pm
(Fig. 2A and C). After immersion into glucose solutions, the
pore size of the hydrogels increased, and the higher the glucose
concentrations were, the larger the pore sizes of the hydrogels
(Fig. 2A and C). The variation in the pore size of the hydrogels
was consistent with their changes in morphological expansion
(Fig. 2B and C). After immersion in glucose solutions, glucose
molecules diffused into the hydrogels. The anionic boronate
species of the hydrogels had a substantial affinity and preferred
binding to the diols of glucose molecules to form cyclic
boranate esters (Scheme 1C). The formation of boronate anions
increased the Donnan osmotic pressure of the hydrogels,*”™*°
resulting in an expansion of the hydrogels.

3.4. Invitro drug release

We also evaluated the insulin release kinetics from the hydro-
gels in response to different glucose concentrations. The insu-
lin release was rapid and almost completed within 150 min
(Fig. 2D), which is within the time frame of normal insulin
secretion in the body.'®> The drug release profile was found to
be dependent on glucose concentrations. In the hyperglycemic
environment (400 mg dL~"), faster and more insulin release
was achieved from the hydrogels (Fig. 2D). In contrast, rela-
tively slower and less insulin was released from the hydrogels
when immersed in normal glucose levels (100 mg dL~") and
glucose free PBS solution (Fig. 2D). The drug release profile was

400 mg/dL glucose

4

& = 80
€ I 1 —~ 4 R
512 1 g_ s 9 60
S s 8 I D 40
© » 2 l [
) o c 20
o 4 2 £
S
@0 0 £ 0
0 100 400 0 100 400 0 120 240 360 480 600
Glucose (mg/dL) Glucose (mg/dL) Time (min)

Fig. 2 Glucose responsiveness and insulin release of the Gel-AFPBA—ins hydrogels. (A) SEM images of the cross-sectional morphology of the hydrogels
after reaction with different glucose solutions. The insets show the appearance of the corresponding hydrogels. (B) Surface area and (C) average pore size
of the hydrogels after reaction with different glucose solutions. (D) Insulin release kinetics from the hydrogels in different glucose solutions. Mean + s.d.

(n = 5 for 3 repetitions).
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Fig. 3 Cell viability of the hydrogels in different formulations. Cell culture
medium without any treatments served as the control. Mean £ s.d. (n = 5
for 3 repetitions).

consistent with the above swelling response of the hydrogels
(Fig. 2A-C). The copolymerization of AFPBA in the hydrogels not
only provided a volumetric response to glucose but also endowed
the hydrogels with responsive release kinetics of insulin. As
described above, the boronate species of AFPBA preferred binding
to the diols group of glucose,” and this reaction triggered the
Gel-AFPBA-ins hydrogels to release G-insulin in the presence of
glucose (Scheme 1C). The higher the glucose concentrations were,
the more glucose molecules competed with the boronate species
(Scheme 1C); therefore more insulin was released from the
hydrogels (Fig. 2D). These results indicate that the hydrogel
dressing can respond to physiological levels of glucose concentra-
tions and release insulin upon glucose levels.

3.5. In vitro cytotoxicity

We evaluated the cell biocompatibility of the hydrogels using
mouse L929 fibroblast cells. Different hydrogels were incubated

A

Centrifuge
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with cell culture medium at 37 °C for 24 h and were later
collected for cell culture after filtration. A CCK-8 assay was
performed to evaluate the metabolic activity of L929 cells
treated with different hydrogels. For all groups, including
Gel-blk, Gel-ins and Gel-AFPBA-ins hydrogels, the cell viability
was higher than 90% after 72 h of incubation, and there was no
significant difference between the Gel-AFPBA-ins group and
the control group (Fig. 3). This result indicated negligible
cytotoxicity of the hydrogels toward L929 cells.

3.6. Hydrogel-based microneedle dressing

Strong tissue adhesion is highly required for many biomedical
applications including wound closure and fixing implantable
devices.’>*! To enhance the adhesion of the hydrogels with the
skin tissues, the above hydrogels in the architecture of the
microneedle dressing were developed (Fig. 4A). The fabricated
microneedle dressing was well arranged in an array of 11 x 11
needles, which exhibited a conical shape with slight deforma-
tion in the tips (Fig. 4B). The adhesion strength of the micro-
needle dressing to the skin-like surface was measured by tensile
testing (Fig. 4C).>> Compared to the hydrogels without any
microarchitecture, the hydrogel-based microneedle dressing
showed an improvement of 47% in the adhesion strength to
the skin-like surface (Fig. 4D, p < 0.01). Moreover, the adhe-
sion and peeling test on the mouse skin showed that the
hydrogels without microstructure could be easily removed from
the skin of mice (Fig. 4E). However, after adhesion to the skin,
peeling of the microneedle dressing from the skin was relatively
difficult (Fig. 4F). These results demonstrated that the
microneedle dressing enhanced the adhesion of hydrogels to
the skin, mainly due to the specific microstructure of the
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Fig. 4 Preparation and characterization of the adhesion force of the hydrogel-based microneedle dressing. (A) Preparation process of the microneedle
dressing. (B) SEM image of the prepared microneedle dressing. (C) Schematic illustration of the adhesion force test. (D) Adhesion strength of the samples.
Mean + s.d. (n = 5). (E) Images of adhesion and peeling of the hydrogel dressing from the mouse skin. (F) Adhesion and peeling of the microneedle

dressing from the mouse skin. ** p < 0.01.
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microneedles, which increased the relative areas and rough-
ness of the surfaces (Fig. 4B).”>"*

3.7. In vivo wound healing

We examined the efficacy of the above hydrogel-based micro-
needle dressing for wound healing in STZ-induced diabetic
mice. The diabetic wounds were evenly divided into four
groups, including wounds without any dressing treatment
(Control), wounds treated with blank GelMa hydrogels without
insulin loading (Gel-blk), GelMa hydrogels loaded with insulin
with physical absorption (Gel-ins), and Gel-AFPBA-ins hydro-
gels in the form of a microneedle dressing. As time went on,
diabetic wound areas gradually decreased in all groups (Fig. 5A
and B), indicating wound closure. After 8 days, the wound areas
decreased by 71.6% and 62.8% in the Control and Gel-blk
groups, respectively (Fig. 5B). Comparably, wound healing in
the Gel-ins and Gel-AFPBA-ins groups was more significant
(Fig. 5A). More specifically, the wound healing was faster in the
Gel-AFPBA-ins group (Fig. 5A), with 89.3% of the wound area
healed after 8 days of treatment (Fig. 5B). And the wound areas
treated with Gel-AFPBA-ins were significantly smaller than
other groups (Fig. 5B, p < 0.05 or p < 0.001). These results
proved that the wounds treated with the Gel-AFPBA-ins dres-
sing exhibited a smaller wound area, with a higher recovery rate
than the other groups. Moreover, we found that the wound
healing process was correlated with BG levels in mice (Table S1,
ESIt). The BG levels in mice treated with Gel-AFPBA-ins were
lower than those in the other groups (Table S1, ESIt), and the
improved glucose control contributed to the better wound
healing process in the Gel-AFPBA-ins group.

We analyzed the wound tissues by immunohistochemical
staining. During the wound healing process, the growth of
granulation tissue is a reflection of the early stage of wound
recovery.” From H&E staining, numerous granulation tissues
were found in the wounds treated by the control group (Fig. 6A).
The wounds in the Gel-blk and Gel-ins groups showed visible
scar formation (Fig. 6A). In contrast, the wounds treated with
Gel-AFPBA-ins presented a significantly lower level of inflam-
matory infiltration than the other groups (Fig. 6A), as demon-
strated by the thinner granulation tissue at the wound site
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(Fig. 6C), which also indicated that the skin tissues were healed
after the early stage of wound recovery. Comparably, the thick-
ness of granulation tissues with Gel-AFPBA-ins treatment
was significantly thinner than those in other groups (Fig. 6C,
p < 0.01). In the healed wound tissues of the Gel-AFPBA-ins
groups, the surface cells in the epidermis covered the wound
more evenly, and the cells in the dermis were more quickly
recruited (Fig. 6A), which is favorable for rebuilding blood
vessels and the extracellular microenvironment in the skin
during healing.

Moreover, collagen proteins are the main components of
skin tissues, and collagen deposition is a key issue in the later
stage of wound healing.>* Masson’s trichrome staining was
performed to evaluate collagen deposition in the regenerated
skin tissues. As indicated by the blue color in the wound sites,
collagen fibers were abundantly deposited in the regenerated
skin tissues of the wounds treated with the Gel-AFPBA-ins
group (Fig. 6B). In the other groups, collagen deposition remained
limited (Fig. 6B). Comparably, the amount of collagen deposition
after Gel-AFPBA-ins treatment was significantly higher than that
in the other groups (Fig. 6D, p < 0.01 or p < 0.001).

The above histological staining results demonstrated that
the Gel-AFPBA-ins dressing facilitated the healing process of
diabetic wounds by reducing inflammatory infiltration and
enhancing collagen deposition.

4. Discussion

Diabetic wound healing is a complex process,® which involves
repair of damaged tissues and restoration of skin integrity.>®
Insulin is a hormone which plays a key role in the regulation of
BG levels in the body."® Meanwhile, insufficient insulin levels
exist in diabetic skin during wound healing,***” which ulti-
mately reduces the recovery rate of diabetic wounds. Topical
application of insulin has been reported as being potent to
improve wound healing in diabetic animals.>**” In addition,
glucose-responsive insulin release was advantageous in the
regulation of BG levels in diabetic patients,"”'® therefore
glucose-responsive insulin-releasing dressings may be promis-
ing for BG regulation and wound healing in diabetic patients.
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Fig. 5 Wound healing of the hydrogel-based microneedle dressing. (A) Representative images of diabetic wounds with different treatments. (B)
Quantification of relative surface area of the wounds with different treatments. Wounds left undressed served as the control. Mean =+ s.d. (n = 7 mice for

each group). * p < 0.05 and *** p < 0.001.
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Fig. 6 Immunohistochemical analysis of the regenerated skin tissues with different treatments. (A) Images of H&E staining of the wounds. The red
arrows indicate the granulation tissues. (B) Images of Masson's trichrome staining of the wounds. (C) Quantification of the thickness of granulation tissues
at the wound sites. (D) Quantification of the relative amount of collagen deposition in the regenerated skin tissues. Wounds left undressed served as the
control. Mean + s.d. (n = 7 mice for each group). * p < 0.05, ** p < 0.01, and * p < 0.001.

In this study, we integrated a glucose-responsive insulin-
releasing hydrogel (Gel-AFPBA-ins) into microneedle dressing
to accelerate diabetic wound healing by utilizing the intelligent
drug release on microneedle dressings (Scheme 1). The Gel-
AFPBA-ins hydrogel was successfully prepared by in situ copo-
lymerization of GelMa and AFPBA-ins (Scheme 1B), which was
proved by XPS and FTIR analysis (Fig. 1 and Fig. S4, S5, ESIY).
The prepared Gel-AFPBA-ins hydrogel had good biocompat-
ibility toward skin cells (Fig. 3), and showed glucose-responsive
insulin-releasing behavior upon exposure to different glucose
solutions (Fig. 2).

Furthermore, the glucose-responsive insulin-releasing
hydrogel was fabricated into a microneedle dressing in PDMS
molds (Fig. 4), with the aim to enhance skin adhesion and
accelerate diabetic wound healing (Scheme 1). Due to the
specific microstructures, microneedle dressings possessed a
fixation part which enhanced skin adhesion, played an essen-
tial role in transdermal drug delivery and promoted the process
of wound healing.>**° Indeed, the resultant microneedle dres-
sing exhibited adequate mechanical properties, and potent
adhesion to the skin compared to hydrogels without micro-
structures (Fig. 4). The microneedle dressing enhanced the skin
adhesion, through the increased roughness and relative area of
the surfaces (Fig. 4B).>*>*

When applied on diabetic wounds, the Gel-AFPBA-ins
hydrogel microneedle dressing accelerated the wound healing

3508 | J Mater. Chem. B, 2022, 10, 3501-3511

process (Fig. 5), with decreased inflammatory infiltration and
enhanced collagen deposition on the regenerated tissue sites
(Fig. 6), and improved control of BG levels in the animals
(Table S1, ESIt). Benefiting from the good biocompatibility
(Fig. 3), the glucose-responsive insulin-releasing behavior
(Fig. 2) and improved control of BG levels in diabetic patients
(Table S1, ESIT), the hydrogel microneedle dressing promoted
the cellular response to tissue injury (Fig. 6), and accelerated
the wound healing process in diabetic patients (Fig. 5). The
effects of topical insulin on promoting diabetic wound healing
were associated with the switching of cellular signaling proteins,*®
including reduced inflammatory reactions,>®>” the production
and activation of proteases, including collagenase, and increased
angiogenesis in the diabetic wound environment.’

Overall, we successfully developed a microneedle dressing
using glucose-responsive insulin-releasing hydrogels. The
microneedle dressings were multifunctional to meet the needs
of skin tissue adhesion and diabetic wound repair, via the
impaired inflammatory response and restoration of skin integ-
rity. This hydrogel microneedle dressing is effective in diabetic
wound management and has great potential for the treatment
of other chronic skin injuries. Further investigations are
needed to understand the molecular mechanism of the effect
of glucose-responsive insulin release on the healing of type 1
diabetic wounds. In addition, the therapeutic effect of micro-
needle dressing on other types of diabetes can be further
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investigated in future study, by utilizing specific types of
diabetic models and by introducing specific medications (such
as metformin). Moreover, since structural adhesion,>® which is
determined by special microstructures, is important for strong
adhesion to various tissue surfaces, in the future studies,
different microstructures need to be investigated to enhance
tissue adhesion and wound repair.

5. Conclusions

In this work, we developed a microneedle dressing based on
glucose-responsive insulin-releasing Gel-AFPBA-ins hydrogels
for successful diabetic wound healing. The hydrogels were
fabricated by photocrosslinking of GelMa and a glucose-
responsive insulin-releasing element. The hydrogels exhibited
glucose-responsive properties, as well as responsive insulin
release kinetics. The Gel-AFPBA-ins hydrogels showed no
apparent cytotoxicity to L929 fibroblast cells. Furthermore,
the hydrogel-based microneedle dressing was fabricated by
replicating PDMS molds and proved to have much stronger
adhesion to skin tissues than hydrogels without microarchitec-
tures. Furthermore, the Gel-AFPBA-ins hydrogel-based micro-
needle dressing accelerated the healing process of diabetic
wounds by reducing inflammatory infiltration and increasing
collagen deposition, as well as relatively better glucose control
in diabetic patients. The microneedle dressings were biocom-
patible, showed glucose-responsive insulin-releasing ability,
exhibited great potential for the development of substitutes
for diabetic wound management, and showed potential in the
treatment of chronic skin injuries.
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