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An antibacterial and proangiogenic double-layer
drug-loaded microneedle patch for accelerating
diabetic wound healing
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Diabetic wounds are difficult to heal because of bacterial infections and insufficient angiogenesis. Herein,
we report a double-layer drug-loaded microneedle patch with antibacterial and angiogenesis-promoting
properties for diabetic wound healing. The double-layer microneedle comprises the hyaluronic acid (HA)-
loaded antibacterial drug tetracycline hydrochloride (TCH) as the tip and a mixture of chitosan and silk
fibroin containing the angiogenic drug deferoxamine (DFO) as the substrate. In the double-layer drug-
loaded microneedle system (DMN@TCH/DFO), rapid dissolution of HA at the tip releases TCH to promote
early antibacterial activity. The substrate exhibits excellent swelling properties, facilitating the absorption
of tissue fluid from the wound to promote wound contraction. Simultaneously, DFO is released to
promote angiogenesis. Therefore, DMN@TCH/DFO exhibited adequate mechanical properties, excellent
swelling and biocompatibility, antibacterial properties, and angiogenesis-promoting capabilities. In a
wound model of diabetic rats, DMN@TCH/DFO reduced inflammatory responses, promoted angio-
genesis, and facilitated collagen deposition, thereby accelerating diabetic wound healing. Overall,

rsc.li/biomaterials-science

1. Introduction

Diabetic foot ulcers are a common and serious complication
of diabetes, with approximately 15-25% of patients with dia-
betes experiencing diabetic foot ulcer complications." If left
untreated, most foot ulcers lead to skin ulceration and tissue
necrosis, and even lower limb amputation, which considerably
increases the risk of death of patients.” Acute wounds trigger a
wound-healing response that comprises four distinct and over-
lapping phases: hemostasis, inflammation, proliferation, and
remodeling. Unfortunately, these processes are impaired in
diabetes-induced chronic wounds.>* The primary reason for
the difficulty in healing chronic diabetic wounds is the pres-
ence of biofilms, which are produced by bacteria colonizing
the wound area, predominantly Staphylococcus aureus.’
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DMN@TCH/DFO can accelerate the healing of diabetic wounds and has clinical application prospects.

Bacteria in biofilms are multidrug-resistant, and biofilms act
as physical barriers, preventing the penetration of antibiotics
or other therapeutic drugs.® Another important factor attribu-
ted to the difficulty in the healing of chronic diabetic wounds
is poor angiogenesis, resulting in insufficient vascular per-
fusion, which prevents the delivery of sufficient nutrients,
oxygen, and other necessities for wound healing.”

The treatment of chronic diabetic wounds has been exten-
sively explored, and the current traditional treatment options
are wound debridement, off-loading, and the use of antibiotics
to control infection.>® These methods have some disadvan-
tages, including the pain caused by frequent surgical debride-
ment,"! complex devices and procedures of off-loading therapy
that may lead to poor patient compliance,’* and the side
effects of resistance to systemic antibiotics."> Therefore, many
wound dressings, including films, hydrocolloids, and hydro-
gels, have been developed, most of which have limitations
owing to their biofilm impermeability.**

Microneedles (MNs) are needles with a height of
10-2000 pm and are widely used in transdermal drug delivery
systems (TDDSs).'> MNs have many advantages over conven-
tional wound dressings in treating diabetic wounds because
they can destroy biofilms and deliver drugs at a deeper
level.'®” For instance, Xu et al. studied the use of MNs for
bacterial biofilm treatment. After applying the MN patch, the
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integrity of the biofilm was destroyed, and the dyes loaded on
the MN patch diffused efficiently into the biofilm matrix."® In
recent years, the use of MNs in wound healing has been widely
studied."®*° Woodhouse et al. proposed a highly water-soluble
MN patch loaded with calcium peroxide (CPO), which
degrades into hydrogen peroxide and oxygen upon exposure to
water, killing bacteria in wounds and oxygenating local tissue
to promote wound healing."® Chi et al. developed a novel
Chinese herbal MN patch based on two Chinese herbs, Premna
microphylla and Centella asiatica, with outstanding antibacter-
ial activity in inflammation inhibition, angiogenesis, collagen
deposition, and tissue reconstruction.’® MNs are also an
effective platform for the delivery of many smart and respon-
sive therapeutics. Sun et al. loaded metal-organic framework-
derived peroxidase-like nanozymes in MN patches, which con-
verted light energy into heat energy to enhance drug per-
meability while decomposing hydrogen peroxide into hydroxyl
radicals for antibacterial use on wounds.?* Thus, wound thera-
peutic methods combined with emerging microneedle drug
delivery systems can produce excellent results.

Herein, we report an antibacterial and angiogenesis-pro-
moting double-layer drug-loaded microneedle (DMN@TCH/
DFO) for accelerated diabetic wound healing (Scheme 1).
Sodium hyaluronate (HA), a biocompatible polysaccharide,>*
was used to prepare dissolvable tips of MNs.>* Chitosan (CS)
exhibits excellent biocompatibility, hemostasis, antibacterial,
bioadhesive, and biodegradable properties.>* However, the use
of CS as a wound dressing material is limited owing to its poor
mechanical properties.>® Silk fibroin (SF) exhibits good
mechanical properties and excellent toughness and
ductility.>®*” Therefore, SF and CS composites can enhance
the mechanical properties and toughness of the backing. The
antimicrobial agent tetracycline hydrochloride (TCH) and the
angiogenic drug deferoxamine (DFO) were loaded into the tip
and the substrate of the double-layer MN, respectively. When
the MN patch was applied to a wound, the MN tip destroyed
the biofilm, and HA at the needle tip rapidly dissolved to
release TCH for its antibacterial activity. The substrate
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Scheme 1 Schematic of the fabrication of the double-layer drug-
loaded microneedle and its accelerated healing of diabetic wounds by
resisting bacteria, reducing inflammation, and promoting angiogenesis
and collagen regeneration.
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absorbed tissue fluid at the wound and swelled, which facili-
tated the slow release of DFO and its deep delivery along the
hole left by the needle tip for angiogenesis. In in vivo experi-
ments, DMN@TCH/DFO showed excellent antibacterial and
angiogenic activities, significantly enhancing tissue regener-
ation and wound healing. Overall, our DMN system possesses
remarkable potential for clinical applications in diabetic
wound healing.

2. Materials and methods
2.1. Materials

Chitosan (CS; deacetylation degree >95%) and deferoxamine
mesylate (DFO) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd (Shanghai, China). Natural
silkworm cocoons were purchased from Jiuheng Silk Products
Management Department, Nanxun Lian City. Sodium hyaluro-
nate (HA; MW 200 kDa-400 kDa) was purchased from
Bloomage Freda Biopharm Co., Ltd (Shandong, China).
Polydimethylsiloxane (PDMS) molds were purchased from
Taizhou Microchip Pharmaceutical Technology Co., Ltd
(Taizhou, China). Tetracycline hydrochloride (TCH) was
obtained from Shanghai Macklin Biochemical Co., Ltd
(Shanghai, China). A Cell Counting Kit-8 (CCK-8) was obtained
from Dojindo Laboratories (Kumamoto, Japan). Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
and a 1% penicillin-streptomycin solution were purchased
from HyClone Laboratories (Logan, UT, USA). L929 cells were
purchased from Tianjin Ruiboxing Biotechnology Co., Ltd
(Tianjin, China). Human umbilical vein endothelial cells
(HUVECs) were obtained from the National Collection of
Authenticated Cell Cultures (Shanghai, China). Male Sprague-
Dawley rats were purchased from Chengdu Dossy
Experimental Animals Co., Ltd (Chengdu, China). All reagents
were used as received without further purification. All the solu-
tions were prepared using deionized water.

2.2. Preparation of SF solution

The silkworm cocoons were boiled in a 0.02 M Na,CO; solu-
tion at 100 °C for 60 min, removed, and rinsed with deionized
water three times to completely remove sericin (glue protein).
Silk fibroins were dried at 60 °C overnight and then dissolved
in a 9.3 M LiBr solution at 60 °C under stirring at a constant
temperature for 4 h to obtain a brownish yellow solution. The
solubilized silk fibroin solution was dialyzed against deionized
water for 3 d to remove small molecules. The dialysis bag was
then placed into a polyethylene glycol solution for 16 h for
reverse dialysis. After reverse dialysis, the silk fibroin solution
was centrifuged at 10 000 rpm for 20 min to remove undis-
solved silk fibroin fibers. After quantification, the silk fibroin
was diluted to 7.0% and stored at 4 °C.

2.3. Preparation of double-layer microneedle patches

PDMS molds were used to create microneedle patches. A
10 wt% HA solution was prepared by dissolving the HA powder

This journal is © The Royal Society of Chemistry 2023
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in deionized water. The CS powder was dissolved in a 2%
acetic acid solution by heating and stirring to obtain a 4 wt%
CS solution. The CS and SF solutions were mixed in a ratio of
4:1 under constant stirring, and then a 1 wt% genipin solu-
tion was added to obtain the microneedle substrate material.
First, to prepare the microneedle tip, the PDMS mold was
filled with the HA solution, centrifuged at 3000 rpm and 25 °C
for 5 min, and then dried for 30 min. After that, the PDMS
mold was filled with the CS and SF solutions to prepare the
microneedle substrate. The microneedle substrate was dried
overnight and demolded to obtain a blank double-layer micro-
needle patch (blank DMN). For DMN@TCH patches, different
concentrations of TCH (1, 2, and 3 mg mL™") were dissolved in
the HA solution as microneedle tips, according to the prepa-
ration of the blank DMN. The DMN@TCH patches were desig-
nated as DMN@TCH-1, DMN@TCH-2, and DMN@TCH-3,
respectively. Similarly, for DMN@DFO patches, different con-
centrations of DFO (0.1, 0.5, 1, and 2 mg mL™") were dissolved
in the mixture solution of CS and SF as microneedle substrates
and labeled as DMN@DFO-0.1, DMN@DFO-0.5, DMN@DFO-1,
and DMN@DFO-2, respectively. For DMN@TCH/DFO, the con-
centration of TCH was 2 mg mL™" at the tip, and the concen-
tration of DFO was 0.1 mg mL ™" in the substrate.

2.4. Mechanical properties test

The mechanical properties of the blank DMN were measured
using a universal testing machine. The microneedle patch was
fixed on the universal testing machine with the tips facing
upward, with the breaking strength of the needle tip was
measured at a test speed of 5 mm min™".

A skin insertion test was performed on ex vivo porcine skin.
Full-thickness pig carcass skin was cut into small pieces, and
the skin was stretched and fixed on a flat surface. Blank DMN
was pierced into the pig carcass skin and removed from the
skin after 2 min. Pictures of the treated areas were taken and
observed. Furthermore, skin recovery after blank DMN inser-
tion was evaluated in vivo using shaved rat dorsal skin. The
blank DMN was inserted into the dorsal skin of the rats for
2 min and then removed. Blank DMN application areas were
photographed at 0, 3, and 10 min after insertion.

2.5. Dissolution and swelling properties

Agar was pierced with the blank DMN, which was pulled off
after 5 min and the changes in the microneedle tips were
recorded by photography. The blank DMN was weighed and
placed in a phosphate-buffered saline (PBS, pH 7.4) solution.
After 24 h, the blank DMN was removed, the surface water was
removed using filter paper, and the DMN was weighed again.
The swelling ratio of the blank DMN was calculated using the
following formula:

Swelling Ratio (%) = (W, — Wy)/Wq X 100%

where W; and W, represent the swollen and initial weights of
the blank DMN, respectively.

This journal is © The Royal Society of Chemistry 2023
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2.6. In vitro antibacterial activity

The antibacterial activity of DMN@TCH against Staphylococcus
aureus (S. aureus) and Escherichia coli (E. coli) was investigated.
The blank DMN and DMN®@TCH patches (DMN@TCH-1,
DMN@TCH-2, and DMN@TCH-3) were cut into pieces (5 x 5
needle tips). S. aureus and E. coli incubated overnight were
diluted to 10° CFU mL™' in a Langmuir-Blodgett (LB)
medium. The bacterial suspension (100 pL) was plated onto an
agar plate. The blank DMN and DMN@TCH pieces were then
placed onto the bacteria-coated agar plate with the tips inside
the agar. After incubation at 37 °C for 24 h, the diameters of
the inhibition zones were measured and photographed. Three
parallel samples were used for each treatment group. The
blank DMN and DMN@TCH pieces were also co-cultured with
the bacterial suspension for 12 h. The bacterial solution was
then diluted 1000 times and coated on an agar plate, and the
colonies on the plate were photographed after culturing in the
incubator. The group without DMN was used as the control

group.

2.7. Cell experiments

2.7.1. Cytocompatibility evaluation. 1929 cells were used to
study the cytotoxicity of the blank DMN. L929 cells were
seeded in a 96-well plate at a density of 5000 cells per well
and were incubated with hydrogels at 37 °C under an atmo-
sphere of 5% CO, for 24 h. The blank DMN was cut into
small pieces and incubated with 1929 cells (the concen-
tration of the blank DMN was 10 mg mL™"). Cell viability
was determined using CCK-8 after 1 and 3 d of incubation.
CCK-8 solution (10 pL) and cell culture medium (100 pL)
were added to each well. After incubating the plate in a cell
incubator for 2 h, the solution was transferred to a 96-well
plate. The absorbance of the solution was measured using a
microplate reader (UV3600; Shimadzu, Japan) at a wavelength
of 450 nm.

2.7.2. Cell proliferation. HUVECs were used to study the
effect of the DMN@DFO patches (DMN@DFO-0.1,
DMN®DFO-0.5, DMN@DFO-1, and DMN@DFO-2) on cell pro-
liferation. HUVECs were seeded in a 96-well plate at a density
of 3000 cells per well. The DMN@DFO patches were sterilized
with UV light and then incubated with HUVECs. Cell viability
was determined using the CCK-8 assay after 1, 2, and 3 d of
incubation.

2.7.3. HUVEC tube-formation assay. The in vitro vasculari-
zation capacity of DMN@DFO was assessed using tube for-
mation assays. Matrigel (10 mg mL™") was placed onto 48-well
plates for HUVEC culture, and DMN@DFO-0.1 and
DMN@DFO-0.5 extracts (10 mg mL ") were added. After incu-
bation for 12 h, tube formation was observed under a micro-
scope and photographed. The average length of a tube was
determined using Image] software.

2.8. Drug release in vitro

DMN®TCH was immersed in 5 mL of PBS (pH 7.4) solution
and, at different time intervals, 500 pL of buffer was removed
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and another 500 pL of fresh buffer was added. The extracted
solution was analyzed by measuring its absorbance at a wave-
length of 360 nm using a microplate reader. Similarly,
DMN@DFO was placed in deionized water, and at pre-
determined times, 500 pL of buffer was removed and another
500 pL of deionized water was added. The extracted solution
was centrifuged and mixed with an FeCl; solution (6 mM) in
equal proportions. DFO released from the backing was ana-
lyzed by measuring the absorbance of the solution at a wave-
length of 485 nm using a microplate reader. Three samples
were tested in the experiment to ensure reproducibility, and
the average data were then calculated.

2.9. Invivo wound healing

Animal experiments were performed using 8-week-old male
Sprague-Dawley rats (210-250 g). The animal experiments
were conducted in accordance with the protocols adopted by
the Medical Ethics Committee of Southwest Jiaotong
University (SWJTU-2013-023) and the guidelines of the labora-
tory animal administration rules of China. To induce type I
diabetes, the rats were fasted for 12 h and then injected intra-
peritoneally with streptozotocin (STZ, 60 mg kg ™). Five days
after STZ injection, the blood glucose level of the rats was
measured in the tail vein, and the rats with plasma glucose
>16.7 mM were considered to have type I diabetes.

Diabetic rats were randomly divided into three groups, with
five rats in each group. Rats were anesthetized with 10%
chloral hydrate (3.5 mL kg™") prior to surgery. After shaving
and sterilization, three full-thickness wounds with a diameter
of 10 mm were made on the back of each rat. The wounds were
treated with normal saline, blank DMN, and DMN®@TCH/DFO.
The patch was secured with a medical applicator and bandage
to prevent it from falling off. The wound areas were photo-
graphed on days 0, 3, 7, and 14. The area of each wound was
measured using Image]J.

On days 3, 7, and 14, four rats were sacrificed, and wound
samples were taken, fixed with 4% paraformaldehyde, and
paraffin-embedded. Hematoxylin and eosin (H&E) and
Masson’s trichrome staining were used to analyze histological
changes and collagen deposition at different stages of healing.
On days 3 and 7, immunohistochemical staining for CD31 and
TNF-o was performed to assess wound vascularization and
inflammatory responses. Immunohistochemical staining was
also performed on collagen type I and type III at different
times to assess wound collagen deposition. The images of
stained sections were captured using a light microscope.

2.10. Statistical analysis

The data were expressed as mean + standard deviation (SD)
and analyzed using one-way analysis of variance (ANOVA) to
compare treatment and control groups. *P < 0.05 and **P <
0.01 were considered significant.
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3. Results and discussion
3.1. Characterization of microneedles

Here, we fabricated double-layer microneedle patches. Fig. 1a
shows that the topography of the blank DMN obtained by
demolding was a neatly arranged array of 10 x 10 microneedles.
Fig. 1b shows the SEM image of the blank DMN. The needle
tips of the blank DMN are pyramidal, complete, uniform, and
sharp with a height of approximately 1000 pm.

Fig. 1c shows the force-displacement curve, where the
maximum failure force of the entire microneedle array (10 x
10) was 162 N. Therefore, the maximum failure force of the
blank DMN was calculated to be 1.62 N per needle, which was
significantly greater than the minimum force required to
pierce skin (0.1 N).>®*?° Furthermore, the isolated pig skin and
the back skin of an SD rat were used to test the effect of the
blank DMN puncture. The blank DMN was applied to the pig
skin for 2 min and then removed. In Fig. 1d, well-arranged
microporous channels in the skin can be observed, indicating
that the blank DMN was strong and sharp enough to penetrate
the skin. Fig. 1e shows the insertion of the blank DMN into
the back skin of a living SD rat; no other side effects were
observed except for the microholes formed by the needle tips
and pan-infrared coloring at the insertion site. The microchan-
nels generated by the blank DMN were almost resealed in
10 min. Rapid closure of the microchannels reduces the risk of
pathogenic microbial invasion, indicating the good recovery

(@)

Standard force

00 400 600 80
Deformation (1um)

10min

Fig. 1 Characterization of the double-layer microneedle patch. (a)
Camera image of the blank DMN; (b) SEM image of the blank DMN
(scale bar: 300 um); (c) mechanical properties characterization of the
blank DMN; (d) photograph of the pores left after DMN was applied to
the isolated pig skin (scale bar: 500 mm); (e) images of the rat back skin
treated with the blank DMN (scale bar: 500 mm); (f) blank DMN photo-
graphed using a light microscope (scale bar: 1000 pm); (g) photograph
of the blank DMN inserted into agar for 5 minutes and then removed
(scale bar: 1000 um); (h) photograph of the blank DMN before (left) and
after (right) swelling.
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ability of the skin after microneedle insertion, which may
improve patient compliance.*

Because the tip and the substrate of the double-layer micro-
needle patches are made of different materials, the binding of
the interface and the solubility of the DMN were investigated.
The image of the blank DMN in Fig. 1f indicates delamination
between the tip and backing while remaining well connected
to each other. Most of the tips were dissolved after the blank
DMN was inserted into the agar (Fig. 1g), indicating that the
HA on the tips could be rapidly dissolved. Compared with in-
soluble tips, the dissolved tips do not remain in the body,
making them more suitable for wound applications. Fig. 1h
shows that the volume of the blank DMN substrate increases
significantly because of its swelling, with a swelling ratio of
324 + 15%. The ability of the blank DMN substrate to absorb
moisture helps accelerate the wound healing process by
absorbing wound exudate and reducing the probability of
infection.

3.2. Invitro antibacterial activity

Microneedle-tip drug loading can deliver drugs to the depth of
the wound and achieve a better therapeutic effect. Agar plate
diffusion tests were performed on the blank DMN and
DMN®@TCH patches to evaluate their bactericidal activity.
Regardless of the presence of S. aureus or E. coli, the zones of
inhibition were observed around all the DMN@TCH samples
but not around the blank DMN sample (Fig. 2a). The diameter
of the inhibition zone of each sample was calculated using
Image]. For DMN@TCH-1, E. coli and S. aureus agar plates pro-
duced inhibition zones with a diameter of 13.1 + 90.11 and
21.89 + 1.44 mm, respectively (Fig. 2b). For DMN@TCH-2,
E. coli and S. aureus agar plates produced inhibition zones
with a diameter of 20.81 + 1.20 and 27.48 + 1.03 mm, respect-
ively. Significant differences were observed in the sizes of the

Zone of inhibition diameter (mm)™~~

E.coli S.aurens
Blank DMN

D)l\al(lll D\l\al(ll’ DMN@TCH-3

1
4

(©) Control

\
\

‘;\‘
)h;,Aa‘\‘
S.aureus /
Fig. 2 In vitro antibacterial activity of DMN@TCH patches. (a) Inhibition
zone study of microneedle patches against E. coli and S. aureus (the red
circle represents the inhibition zone, scale bar: 20 mm); (b) the size of
inhibition zone (mean + SD, n = 3), **p < 0.01; (c) bacterial colonization

images of S. aureus and E. coli on agar plates after treating with the
DMN@TCH patches, scale bar: 30 mm.
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inhibition zones of DMN@TCH-2 and DMN@TCH-1; however,
DMN®@TCH-3 and DMN@TCH-2 displayed no significant
difference. Therefore, DMN@TCH-2 exhibited a good antibac-
terial effect and required a lower dosage of the antibacterial
agent.

The antibacterial activity of DMN@TCH was also evaluated
by co-culturing it with bacteria. Compared with the control
group, the blank DMN inhibited the growth of bacteria to some
extent (Fig. 2c). In the inhibition zone experiment, the bacteri-
cidal effect of the microneedle patch was due only to drug
release from the tips. However, in the co-cultivation experi-
ment, the swelling of the DMN substrate reduced the bacterial
concentration. In addition, compared to the blank DMN, the
antibacterial ability of the DMN@TCH samples was signifi-
cantly improved. Only a few bacterial colonies were found on
the agar plate in the DMN@TCH-1 sample after co-culturing
with E. coli, whereas no bacterial colonies were observed in the
DMN®@TCH-2 and DMN@TCH-3 samples. Moreover, no bac-
terial colonies were observed in any of the DMN@TCH samples
after co-culturing with S. aureus. These results indicate that the
antibacterial effect of DMN@TCH against S. aureus is better
than that against E. coli, probably because the outer membrane
of Gram-negative bacteria renders them more resistant to bac-
tericides and bacteriostatic agents.*® Therefore, the most
effective concentration of TCH was 2 mg mL™" because
DMN@TCH-2 exhibited an excellent bactericidal effect and the
lowest concentration of antibacterial agent.

3.3. Invitro cell activity

L929 cells and HUVECs were used to study the cell activity of
the double-layer microneedle patches. Fig. 3a shows that the
blank DMN exhibited no cytotoxicity and could be used as a
biomaterial in vivo. The CCK-8 assay was used to evaluate the
effect of DMN substrate loading with different DFO concen-
trations on HUVEC proliferation. As shown in Fig. 3b,
DMN@DFO-0.1 promoted HUVEC proliferation. However, an
increase in the DFO concentration in DMN resulted in its high
toxicity, which further inhibited HUVEC growth. The fluo-
rescence images of HUVECs also indicate that DMN@DFO-0.1
displayed the best growth state, with the highest cell density
compared with the other samples (Fig. 3c). These results were
consistent with the determination of cell viability using CCK-8.

Angiogenesis in the wound area is essential for its healing.
DFO stimulates angiogenesis by upregulating VEGF and
SDF-1a through the accumulation of HIF-1a.>" DFO has been
shown to enhance neovascularization through the accumu-
lation of HIF-la and the regulation of endothelial cell
function.?**® Several studies have reported that DFO-loaded
dressings have induced angiogenesis locally in wounds.**® In
this study, different concentrations of DFO were loaded onto
the DMN substrate, and the tube formation assay was used to
assess vascularization capacity. Compared with the control
group, HUVECs treated with the blank DMN showed a certain
effect in promoting angiogenesis (Fig. 3d), which may be
attributed to the remarkable biocompatibility of the DMN
components. In addition, DMN@DFO-0.1 showed the most
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Fig. 3 In vitro cell biology studies and drug release studies. (a)
Assessment of cytotoxicity of the blank DMN with L929 cells (mean +
SD, n = 3), ***p < 0.001; (b) cell proliferation measurements of HUVECs
cultured with the DMN@DFO on days 1, 2, and 3 (mean + SD, n = 3) *p <
0.05; (c) live and dead staining assay of HUVECs cultured with
DMN@DFO on days 1, 2, and 3 (scale bar: 200 pm); (d) tube formation
images photographed using a light microscope after HUVECs were incu-
bated with the extract of DMN@DFO for 12 h (scale bar: 200 um); (e)
length quantification of the tubule network using Imaged software
(mean + SD, n = 3), *p < 0.05; (f) in vitro release profiles of TCH and
DFO.

comprehensive vascular tubule formation and the longest tube
length among all samples (Fig. 3e), which was attributed to
low-dose DFO release. This suggests that the DMN substrate
with a low concentration of DFO exhibits an angiogenesis
inducing effect, whereas its high concentration produces an
inhibitory effect. A well-established vascular network can effec-
tively promote the delivery of nutrients, thereby enhancing
wound repair. Combined with the results of HUVEC prolifer-
ation and in vitro tube formation experiments, DMN@DFO-0.1
showed the best angiogenic activity and was used for sub-
sequent in vivo experiments.

3.4. Invitro drug release

In the antibacterial and cell activity experiments, it was found
that the best drug loading method for a double-layer drug-
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loaded microneedle was that loaded with 2 mg mL™" of TCH
in the tip and 0.1 mg mL ™" of DFO in the substrate, which was
defined as DMN@TCH/DFO for subsequent experimental
studies. Fig. 3f shows the release behavior of TCH and DFO;
TCH was completely released in 25 min because HA at the
DMN tip rapidly dissolved and released TCH. Compared with
TCH release, the release behavior of DFO was relatively slower
because it was released by adsorption and swelling of the
DMN substrate. However, when DMN@TCH/DFO was applied
to a wound in vivo, the swelling and drug release rates were
slower owing to less fluid in the wound. Overall, DMN@TCH/
DFO could release drugs in a programmed manner, quickly
releasing TCH to achieve antimicrobial effects and gradually
releasing DFO to promote angiogenesis.

3.5. Invivo wound healing in diabetic skin

The wound-healing ability of DMN@TCH/DFO in vivo was
studied in a diabetic rat skin wound model (Fig. 4a).
Representative images of wound contraction with each treat-
ment sample were recorded to evaluate the wound healing
process and quantitatively analyze the wound area using
Image] software. As shown in Fig. 4b-d, the wounds in the
control sample did not change significantly on the 3rd day,

(2)

Qo
> o ¢ b @ TR g
</
~ ~ ~ °
Establishment of rat Full-thickness
diabetes model  skin wound Treatments Tissue harvest
Day -5 Day 0 Day 2,4,6,9,12 Day 3,7, 14

(b)

Control

DMN@TCI/DFO  Blank DMN

(e

H&E

o

Masson

Fig. 4 In vivo evaluation of the double-layer drug-loaded microneedle
accelerating diabetic wound healing. (a) Experimental timeline for the
wound repair study; (b) wound images collected on days 0, 7, and 14
after treatment (scale bar: 5 mm); (c) wound healing ratio on days 3, 7,
and 14 after treatment (mean + SD, n = 3), **p < 0.01; (d) comparison of
wound areas treated with various samples at various times; (e) H&E
staining of wounds at day 14 (scale bar: 100 pm); (f) Masson staining of
wounds at day 14 (scale bar: 100 pm).
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while the wound area treated with the blank DMN and
DMN@®@TCH/DFO was significantly reduced. This is because
the swelling of the microneedle substrate can absorb tissue
fluid at the wound site, causing the wound surface to dry and
shrink. On day 7, about 68.13 + 15.25% of wounds treated with
DMN@TCH/DFO were closed, which was significantly higher
than those treated with the blank DMN (55.44 + 11.26%) and
the control sample (30.04 + 12.86%). The wounds treated with
the control sample existed even after 14 days, whereas the
wounds treated with DMN@TCH/DFO mostly healed, with a
wound healing ratio of 90.53 + 2.22%. These results suggest
that DMN@TCH/DFO exhibited the best wound healing
efficacy compared with the other groups, which could be
explained by its antibacterial and pro-angiogenic properties.

The histological analysis of wounds is important to assess
the extent of wound healing. A histological examination was
conducted to evaluate the wound-healing effect using H&E
staining on day 14. In DMN@TCH/DFO, mature granulation
tissue was formed, developing the basic structures of the epi-
thelium and dermis, and the epidermis further produced
basal, spinous, and granular layers (Fig. 4e). However, the
control sample was only in the early stages of granulation
tissue formation, and the blank DMN was less compact,
accompanied by incomplete regeneration of the epidermal
and dermal tissue.

Collagen deposition occurs throughout the wound healing
process and plays a crucial role in diabetic wound healing and
skin remodeling.*” When granulation tissue is formed, fibro-
blasts continuously synthesize collagen, and collagen fibers
and tissue provide a scaffold for cell migration. Therefore, the
amount of collagen deposition is an important indicator of
wound repair.*® Here, Masson staining was used to detect
nascent collagen deposition on day 14 after treatment. As
shown in Fig. 4f, although new collagen deposition and regen-
erated tissue were formed in each sample, collagen deposition
in DMN@TCH/DFO was more regularly arranged, more evenly
distributed, and more mature. These results suggest that
DMN@®@TCH/DFO promotes diabetic wound repair by accelerat-
ing fibroblast migration and proliferation, granulation tissue
formation, and collagen deposition.

Long-term exposure to high levels of TNF-a adversely affects
wound healing.>® To further confirm the inflammation regu-
lation process of DMN@TCH/DFO, the immunohistochemical
staining of TNF-a in the regenerated tissues was performed. As
shown in Fig. 5a, the expression of TNF-o in DMN@TCH/DFO
was significantly lower than that in the control and blank DMN
samples at different points of time. Simultaneously, the inflam-
matory response to treatment with the control and blank DMN
samples tended to increase from day 3 to 7, whereas the
inflammatory response with DMN@TCH/DFO was significantly
attenuated, with almost no inflammation or infection on day 7.
Therefore, DMN@TCH/DFO exhibits anti-infective effects.

In the early stages of skin wound healing, a large number
of new capillaries appear in the wound tissue, providing a
blood supply for wound healing and bringing nutrients,
oxygen, and immune cells. When the skin is damaged, larger
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Fig. 5 (a) TNF-a staining of wounds on days 3 and 7 (scale bar:
100 pm); (b) CD31 staining of wounds on days 3 and 7. Red arrows indi-
cate blood vessels (scale bar: 100 um); (c) mean number of vessels cal-
culated from CD31 stained wound sections (mean + SD, n = 3),*p <
0.05, **p < 0.01; (d) subcutaneous vascularization of wound tissue on
day 7 post-treatment.

blood vessels appear in the wound, allowing the formation of
granulation tissue. In the later stages of healing, the blood
vessels degenerate to the level of normal tissue. Therefore, the
promotion of blood vessel remodeling and maturation is
crucial for treatment.*® Subcutaneous vascularization of the
wound tissue was assessed on day 7 post-treatment. To further
assess angiogenesis during wound healing, expression of the
vascular marker CD31 was detected by immunohistochemical
staining. The number of blood vessels was calculated from
these images. As shown in Fig. 5b and ¢, DMN@TCH/DFO dis-
played the highest CD31 expression, and the number of new
blood vessels in the wounds treated with DMN@TCH/DFO was
higher than that treated with the blank DMN and control
samples on days 3 and 7. As shown in Fig. 5d, fewer sub-
cutaneous blood vessels were observed in the wounds treated
with the blank DMN and control samples, indicating poor
angiogenesis, but a large number of new blood vessels were
formed subcutaneously in the wounds treated with
DMN®@TCH/DFO. On day 7, the blank DMN was in the early
stages of granulation tissue formation; thus, the blood vessels
formed were thicker. At this time, the blood vessels in the
DMN@TCH/DFO-treated wounds were transformed into dense
microvessels. These results confirm that DMN@TCH/DFO
stimulates the rapid generation of new blood vessels.

During wound healing, new collagen is mainly derived
from fibroblasts and this determines the tensile strength of
the skin. The type and amount of collagen change during
healing. Collagen III is the first collagen to be synthesized in
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Fig. 6 (a) Collagen | and (b) collagen Il immunohistochemical staining
of wounds on days 7 and 14 (scale bar: 100 pm); (c) the percentage con-
tribution of positive of collagen | and collagen Il (mean + SD, n = 3),
***p < 0.001.

the initial stages of wound healing and is gradually replaced
by collagen I as a wound heals.*' We assessed collagen I/III
content by the immunohistochemical staining of the wound
tissue. Fig. 6 shows the expression levels of type I and type III
collagens. On day 7, wound healing was in the early stages,
and DMN@TCH/DFO demonstrated the highest type III col-
lagen expression. On day 14, scar tissue formed at the wound.
When compared with the other two samples, the wounds
treated with DMN@TCH/DFO showed the highest type I col-
lagen deposition, which was also greater than that of type III
collagen. Collagen deposition aids wound healing; therefore,
DMN®@TCH/DFO can promote wound recovery.

The results showed that the blank DMN also had a certain
effect on promoting wound healing, which may be attributed
to the good biological activity of the microneedle matrix. HA
can promote cell motility and proliferation, and regulate cell
adhesion to the extracellular matrix.>> CS has the function of
stimulating the formation of granulation tissue. SF also pro-
motes wound healing by altering the expression of proteins
involved in the remodeling and proliferative phases by stimu-
lating NF-«B signaling.””> Based on this, DMN@TCH/DFO can
release TCH to achieve sterilization and DFO to promote angio-
genesis at the wound site, thereby reducing inflammation, pro-
moting collagen deposition, and accelerating wound healing.

4. Conclusions

In summary, we developed a novel multifunctional double-
layer drug-loaded microneedle, viz.,, DMN@TCH/DFO, with
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excellent antibacterial and angiogenic properties for diabetic
wound healing. The double-layer microneedle tip was prepared
using hyaluronic acid and possessed a fast-dissolving ability.
The microneedle substrate was a mixture of chitosan and silk
fibroin with swelling capabilities. The double-layer micronee-
dle exhibited a regular morphology, a uniform structure, and
an excellent transdermal effect. Antibacterial assays confirmed
that the microneedle-loaded TCH in the tip presented signifi-
cant antibacterial ability against both E. coli and S. aureus
owing to the rapid dissolution of hyaluronic acid and TCH
release. The microneedle possessed good biocompatibility and
promoted HUVEC tube formation when the substrate of the
microneedle was loaded with DFO. In a wound model of dia-
betic rats, DMN@TCH/DFO significantly accelerated wound
healing by improving antibacterial ability, reducing the inflam-
matory response, promoting angiogenesis, and facilitating col-
lagen deposition. Overall, the multifunctional double-layer
drug-loaded microneedle proposed in this study offers a new
alternative for diabetic wound repair and may significantly
accelerate wound healing.
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