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Abstract High glucose level, bacterial infection, and persistent inflammation within the microenviron-

ment are key factors contributing to the delay of diabetic ulcers healing, while traditional therapeutic

methods generally fail to address these issues simultaneously. Here, we present a spatiotemporally

responsive cascade bilayer microneedle (MN) patch for accelerating diabetic wound healing via local

glucose depletion and sustained nitric oxide (NO) release for long-term antibacterial and anti-

inflammatory effects. The MN patch (G/AZ-MNs) possesses a degradable tip layer loading glucose ox-

idase (GOx), as well as a dissolvable base layer encapsulating L-arginine (Arg)-loaded nanoparticles

(NPs). After wound administration, the base part rapidly dissolved, resulting in prompt separation of

the MN tip within the wound tissue, which subsequently responded to the overexpressed matrix

metalloproteinase-9 (MMP-9) in diabetic lesions, leading to the responsive release of GOx. The released

enzyme catalyzed glucose into gluconic acid and hydrogen peroxide (H2O2), which not only reduced

glucose level within the diabetic wound, but also initiated the cascade reaction between H2O2 with the
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Arg that was released from NPs, thereby achieving continuous production of NO for 7 days. Our findings

demonstrate that a single administration of the MN patch could effectively heal non-infected or biofilm-

infected diabetic wounds with the multifunctional properties.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Currently, about half a billion people are living with diabetes, and
it is estimated that the diabetes number will increase to 1.31
billion by 2050 worldwide1,2. Diabetic foot ulcers (DFUs) repre-
sent a prevalent complication of diabetes and stand as a significant
catalyst for amputations among individuals affected by diabetes3,4.
The widespread occurrence of DFUs exerts a substantial financial
strain on both the families of diabetic patients and the healthcare
system at large5,6. Skin wound healing is an intricate and dynamic
process comprising three distinct phases: inflammation, prolifer-
ation, and remodeling7,8. However, high glucose level within the
diabetic wound environment generally hinders the transition of
wound tissue towards the crucial remodeling phase, since the
prolonged hyperglycemia exerts inhibitory effects on vasculari-
zation and the expression of diverse growth factors, leading to the
development of chronic and nonhealing wounds9. Additionally,
excessive inflammation at the wound, typically caused by bacterial
infection, is another key factor that contributes to the impairment
of tissue regeneration10-12. Consequently, the reduction of glucose
concentration and delivery of antibacterial and anti-inflammatory
agents in the local environment of wound beds have emerged as
novel therapeutic approaches in the treatment of chronic diabetic
wounds13-15.

Despite great advancements in the development of glucose-
depletion systems to consume glucose for the promotion of dia-
betic wound healing, such as hydrogels16, nanomaterials17, or
microparticles18, which are topically applied on wounds, the
developed platforms usually suffer from limited drug penetration
into deep tissue layer, thereby resulting in compromised efficacy
in adjusting hyperglycemia condition at deep wound tissues. Ni-
tric oxide (NO) has been proved to be safe and effective for dia-
betic wound therapy as an antibacterial and anti-inflammatory
agent, because NO is an endogenous gas transmitter and involves
the regulation of various important wound healing processes,
including anti-inflammation, anti-infection, cell migration,
collagen formation, and angiogenesis19,20. Therefore, a variety of
NO delivery systems have also been widely studied for DFUs
treatment, some of which have even been investigated in clinical
trials19,21,22. However, their significant improvement on wound
healing is largely limited by the reactive chemical properties and
short half-life characteristic of NO molecule23,24, and the devel-
oped systems usually cannot achieve sustained release of NO at
wounds. As a result, the strategy of glucose depletion at deep
wounds or sustained NO supply inside the wound tissue has been
considered potential to address the delay of diabetic wound
healing, but the combination of these two strategies has not been
reported so far.

Here, we report a spatiotemporally responsive cascade
bilayer MN patch, designed to address wound repair through
effective glucose depletion and sustained release of NO at
wounds (Fig. 1). This extraordinary MN patch, denoted as
G/AZ-MN patch, possesses two components: 1) the tip layer that
is composed of MMP-9 degradable gelatin methacrylate
(GelMA) encapsulating glucose oxidase (GOx); and 2) the base
layer that is made from dissolvable hyaluronic acid (HA)
encapsulating acid-responsive L-arginine-loaded zeolitic imida-
zolate framework nanoparticles (Arg@ZIF-8 NPs) (Fig. 1A).
Upon application to the wound area, the water-soluble base layer
rapidly dissolved, thereby releasing the Arg@ZIF-8 NPs and
simultaneously implanting the degradable GOx-loaded tip layer
in the wound tissue. The GelMA-tip of MNs underwent subse-
quent degradation catalyzed by the enzyme of MMP-9 that is
highly expressed in diabetic wounds, resulting in the release of
GOx into the wound tissue. The liberated GOx enzyme then
catalyzed the oxidation of glucose, generating H2O2 and
lowering the pH via gluconic acid production within the wound
site. This dual action not only caused a reduction of the local
glucose level but also initiated a cascade reaction that triggered
the degradation of the pH-responsive Arg@ZIF-8 NPs, causing
the release of Zn2þ ions and Arg. The released Zn2þ effectively
impeded the formation of bacterial biofilms, while Arg reacted
with H2O2 to continuously produce NO, thereby playing critical
roles in wound healing promotion through antibacterial and anti-
inflammatory effects (Fig. 1B). Due to such attractive features,
the application of the G/AZ-MN patch exhibited superior ther-
apeutic efficacy in wound healing, not only in non-infected
diabetic wounds but also in diabetic wounds that were infected
by Staphylococcus aureus (S. aureus). We believe that the MN
patch will provide a promising and effective alternative to cur-
rent therapies for the treatment of DFUs. Here, we present this
MN patch and study its performance in vitro, ex vivo, and
in vivo.
2. Materials and methods

2.1. Materials

The reagents of 2-methylimidazole, L-arginine (Arg), GOx,
2-hydroxy-40-(2-hydroxyethoxy)-2-methylpropiophenone, eryth-
romycin (EM), streptozotocin and methacrylate gelatin were
purchased from Aladdin Reagent Co. (Shanghai, China). Fluo-
rescein 5-isothiocyanate, rhodamine B (RB), bovine serum albu-
min (BSA), Zn(NO3)2$6H2O, and sucrose were purchased
from Macklin Biochemical Technology Co. (Shanghai, China).
Hyaluronic acid (HA, molecular weight, 10 kDa) was purchased
from Meilun Biotechnology Co. (Dalian, China). Methanol,
gelatin, agarose, glucose, and H2O2 were purchased from
Sinopharm Chemical Reagent Co. (Shanghai, China). Matrix
metalloproteinases-9 (MMP-9) was purchased from
SigmaeAldrich (Missouri, USA). LuriaeBertani (LB) nutrient
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Figure 1 Schematic illustration of the microenvironment-responsive bilayer G/AZ-MNs for promoting diabetic wound healing through glucose

depletion and sustained release of NO. (A) The design of bilayer G/AZ-MNs. (B) The application of bilayer G/AZ-MNs to diabetic wounds.
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broth and LB nutrient agar were purchased from Hopebio
Biotechnology Co. (Qingdao, China). LIVE/DEAD bacLight
bacterial viability kits were purchased from Thermo Fisher Sci-
entific (Waltham, USA). Dulbecco’s modified Eagle medium
(DMEM), fetal bovine serum, and penicillin-streptomycin anti-
biotics were obtained from Procell Life Science & Technology
Co. (Wuhan, China). 3-[4,5-Dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide (MTT) cell proliferation and cytotoxicity
assay kit, Calcein/PI cell viability/cytotoxicity assay kit, hydrogen
peroxide content detection kit, NO detection kit,
Diaminofluorescein-FM diacetate (DAF-FM DA) kit was pur-
chased from Beyotime Biotechnology Co. (Shanghai, China).
Matrigel and Transwell plates were purchased from Corning
Incorporated (New York, USA). The enzyme-linked immunosor-
bent assay (ELISA) kit of vascular endothelial growth
factor (VEGF) was purchased from ELK Biotechnolog Co.
(Wuhan, China). Tumor necrosis factor-a (TNF-a) and
interleukin-10 (IL-10) ELISA kites were purchased from
Biotechnology Co. (Wuhan, China). Interleukin-6 (IL-6) ELISA
kit was purchased from Bioswamp Biotechnology Co. (Wuhan,
China). All chemical reagents are purified by any means.

Bacteria Culture, Cell Culture, and Animals: Escherichia coli
(E. coli) and S. aureus were acquired from the China General
Microbiological Culture Collection Center, and both bacterial
strains were cultivated in LB nutrient broth at 37 �C. National
Institutes of Health 3T3 (NIH-3T3) and Human umbilical vein
endothelial cell (HUVEC) cell lines were obtained from Procell,
and were cultured using DMEM medium containing 10% FBS and
1% penicillin-streptomycin at 37 �C with 5% CO2. The male
SpragueeDawley (SD) rats used in vivo experiments were
purchased from the Animal Experimental Center of Three Gorges
University. The experimental protocol was approved by the
Institutional Animal Care and Use Committee of Wuhan Univer-
sity (WP20230010).

2.2. Preparation and characterization of nanoparticles

One hundred and forty microliter Zn(NO3)2$6H2O solution
(0.5 mol/L) dissolved in methanol was added to 2 mL
2-methylimidazole aqueous solution (2.5 mol/L) and then stirred at
1675 g for 30 min at room temperature. The resulting white pre-
cipitate was collected by centrifugation at 12,280�g for 30 min and
washed three times with ultrapure water to finally obtain ZIF-8 NPs.
As to preparing Arg@ZIF-8 NPs, the preparation method was the
same as ZIF-8 NPs in addition to the inclusion of L-Arg (20 mg) in
the 2-methylimidazole aqueous solution. The NP size was deter-
mined using dynamic light scattering (DLS, Malvern, Zetasizer
Nano ZSP, Spectris plc., Malvern, UK) and transmission electron
microscopy (TEM, Hitachi, HT7700, Hitachi, Ltd., Tokyo, Japan).
The NP diffraction peaks were identified by X-ray diffractometer
(XRD, Panalytical, XPert Pro, PANalytical B.V., Almelo, Holland),
and the characteristic peaks of the NPs were confirmed through
Fourier transform infrared spectroscopy (FTIR, Thermofisher,
Nicolet iS50, Thermo Fisher Scientific Inc., Waltham, USA).
Thermogravimetric analysis (TGA, Mettler-Toledo, TGA2/DSC3,
Mettler-Toledo International, Inc., Columbus, USAS) and high
throughput surface area and porosity analyzel (N2 sorption iso-
therms, Micromeritics, TriStar II 3020, Micromeritics Instrument
Corp., Georgia, USA) were also utilized to further demonstrate the
successful loading of Arg into the ZIF-8 NPs.
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2.3. The pH-responsive release from Arg@ZIF-8 NPs in vitro

First, 5 mg Arg@ZIF-8 NPs were added into 10 mL phosphate-
buffered saline (PBS) solution with different pH values (5.6 and
8.0) at 37 �C, respectively. Then, 1 mL supernatant solution was
collected at predetermined time points, and 1 mL fresh PBS
solution was subsequently added to keep the release medium
volume constant. After that, the released Arg was measured by
using an amino acid content assay kit, and the Zn2þ concentra-
tion was measured by inductively coupled plasma mass spec-
trometry (ICP-MS, Analytikjena, PQ-MS, Analytik Jena AG.,
Jena, Germany).
2.4. Preparation and characterization of MN patches

The MN patch was prepared with two steps by high-speed
centrifugation and vacuum casting methods. First, 1 mg GOx
was added to 1 mL of 30% methacrylated gelatin aqueous solution
(containing 0.5% photoinitiator) to prepare the first-layer solution.
Then, 100 mL of the first-layer solution was placed onto a PDMS
mold, followed by centrifugation at 4690�g for 5 min to fill the
front part of the PDMS mold cavity. To solidify the GelMA gels,
the mold was illuminated with ultraviolet (UV) light (365 nm,
100 W) for 3 min. For the fabrication of the second-layer part of
MNs, Arg@ZIF-8 NPs were first dispersed in 16% HA aqueous
solution to obtain a suspension (15 mg/mL). Then, 100 mL of the
suspension was placed on a mold that had already been cast
with GOx. After that, the mold was then kept on a vacuum
chuck with a vacuum pressure of �0.1 MPa for 2 h, followed by
drying in a desiccator at room temperature for 72 h. Finally, the
GOx/Arg@ZIF-8 MN (G/AZ-MN) patch could be obtained by
demolding.

The bright field images of the MNs were captured by a fluo-
rescence microscope (Olympus, SZX16, Olympus Corporation,
Tokyo, Japan). The microstructure of the MNs was captured by
the scanning electron microscope (SEM, Hitachi SU8010, Hitachi,
Ltd., Tokyo, Japan). The mechanical property of the MNs was
determined by a mechanical testing machine (Mark-10, ESM303,
Mark-10 Corporation, New York, USA).
2.5. The responsive release of GOx from MN patches

To investigate the responsive release of GOx from MN patches,
GOx was used when preparing the MN patch. The MN patch was
immersed in a PBS solution at 37 �C with the presence of
50 nmol/L MMP-9. At various time intervals, the supernatant was
collected and the release of GOx was quantified using a
UVeVisible spectrophotometer (UVeVis).
2.6. Enzyme activity assay of MNs

Since GOx can catalyze glucose into H2O2 and gluconic acid,
it usually leads to a decrease in pH level and an increase in
H2O2 concentration in the microenvironment. To investigate
the enzyme activity of G/AZ MN patches, one MN patch was
placed into deionized water that contained MMP-9 (50 nmol/L)
and various concentrations of glucose. The production of H2O2

and pH changes were subsequently detected using an H2O2

detection kit and a pH meter at different time intervals,
respectively.
2.7. Antibacterial activity of MN patches in vitro

First, the G/AZ MN patch underwent ultraviolet disinfection.
Then the MN patch was dissolved in PBS solution with different
pH, respectively. After that, the solution was added to an LB
nutrient broth medium containing either S. aureus or E. coli and
incubated at 37 �C for 24 h. Finally, the medium was diluted 1000
times and spread onto an agar plate. After incubation, the bacterial
colonies were observed using photography to evaluate the anti-
bacterial activity of MN patches.

Live/dead fluorescent staining is also a reliable method for
assessing antibacterial property. Bacteria in the logarithmic
growth stage were collected and washed with PBS solution three
times. Subsequently, the MN patch extraction solution was added,
followed by incubation at 37 �C for 4 h. After that, a mixture of
SYTO-9 and propidium iodide (PI) was added and incubated for
30 min under in the dark. Finally, the bacterial suspension was
carefully applied on a glass slide and the fluorescence was
examined using confocal laser scanning microscopy (CLSM,
Nikon, A1, Nikon Corporation, Tokyo, Japan). After incubation
with the G/AZ MN patches, the morphology of the bacteria was
also analyzed to evaluate the antibacterial property of MN patches
by a field emission scanning electron microscope (FE-SEM, Carl
Zeiss, Zeiss SIGMA, Carl Zeiss AG, Jena, Germany).

2.8. Anti-biofilm activity of MN patch in vitro

To investigate the ability of MN patches to inhibit biofilm for-
mation, the following experimental procedure was conducted.
First, a confocal dish was added with 2 mL of S. aureus suspen-
sion. Subsequently, extracted solutions of MN patches at pH 5.6 or
8.0 were added, respectively, and the plate was incubated at 37 �C
for 48 h. The plate was gently washed three times with PBS, and
then 1 mL of crystal violet solution was added and incubated for
15 min. The absorbance at 570 nm was measured using an enzyme
label (TECAN, M200PRO, Tecan Trading AG, Männedorf,
Switzerland) after dissolving the stained biofilm in ethanol.
Meanwhile, the biofilms subjected to different treatments were
stained using the SYTO-9/PI kit and captured by a CLSM for
documentation. Moreover, the prepared biofilms were fixed with
4% paraformaldehyde solution for 15 min. And then they were
dehydrated by a concentration gradient of ethanol (30%, 50%,
70%, and 90%) for 15 min each. Finally, the biofilms were coated
with gold and observed by FE-SEM.

We also investigated the efficacy of MN patches in clearing
mature biofilms. In contrast to the previous method, a volume of
2 mL of S. aureus was initially inoculated into a 6-well plate with
a coverslip and incubated at 37 �C for 72 h to cultivate mature
biofilms. Afterward, the supernatant on the membrane surface was
carefully aspirated, and a medium containing different types of
MNs was introduced for 24 h incubation. Finally, the disruption of
the biofilm was assessed by crystalline violet staining, live/dead
bacterial staining, and FE-SEM, respectively.

2.9. Biosafety and biocompatibility test of MN patches in vitro

The NIH-3T3 cell line was utilized for evaluating cell viability.
The toxicity of the biological materials used in MN patches was
assessed by the MTT kit and calcein-AM/PI staining. Each
experiment was replicated five times.

To further assess the biocompatibility of MN patches and NPs,
rat blood was obtained by anticoagulation tubes. The blood
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samples were centrifuged at 1500 rpm for 15 min at 4 �C, and the
red blood cells (RBCs) were collected and dispersed in a PBS
solution. Two hundred microliter RBCs were mixed with PBS
solution containing the MN patch. As negative and positive con-
trols, PBS solution and ultrapure water were used, respectively.
The cell suspensions underwent incubation at room temperature
for 4 h, followed by centrifugation at 3000 rpm for 10 min. The
absorbance of the supernatant at 540 nm was measured by a UV
spectrophotometer, and the hemolysis rate was calculated.

2.10. Cell proliferation and migration experiment

MNs extraction was utilized to assess the pro-proliferative and
migratory capabilities. NIH-3T3 cells were inoculated in 6-well
plates and cultured until reaching confluence after 24 h. A scratch
was made on the cell layers by a 200 mL pipette tip. Subsequently,
the wells were supplemented with DMEM medium containing
different MN extracts. The cells were incubated for 24 h to
facilitate the observation of scratch closure. In addition, Transwell
assays were used to assess the effect of microtargeting on cell
migration. The cell suspension was inoculated into the upper
chamber (serum-free medium). However, in the basolateral
Transwell chamber, the DMEM medium supplemented with 20%
FBS and MN extraction solution was added. Following a 24 h
incubation period, non-migrated cells were gently removed from
the upper surface by a cotton swab. The migratory cells were then
stained with crystal violet and visualized using a fluorescent
inverted microscope (Olympus VS200, Olympus Corporation,
Tokyo, Japan).

2.11. Intracellular NO generation assay

The presence of NO in HUVEC cells was visualized by employing
the fluorescent probe DAF-FM DA. Briefly, HUVEC cells were
incubated with DMEM (containing 100 mmol/L H2O2) at 37

�C
for 12 h. The medium was subsequently aspirated, and the DMEM
containing ZIF-8 NPs or Arg@ZIF-8 NPs was introduced.
Following incubation for 6 h, DAF-FM DA was applied and
incubated for 30 min. CLSM was employed for monitoring cell
fluorescence.

2.12. Tube formation assay

The effectiveness of promoting angiogenesis was confirmed
through an in vitro HUVEC tube-formation assay. Matrigel was
melted at 4 �C, and then added to pre-cooled 48-well plates,
followed by incubation at 37 �C for 30 min. After the Matrigel
completely solidified, HUVEC cell suspension and MNs extrac-
tion were sequentially added to the 48-well plates. Then, the
HUVEC cells were labeled with calcein after 6 h. Photographs
were taken using a fluorescent inverted microscope. The tube
length or nodes were measured using Angio Tool software.

2.13. M2 polarization of macrophages

RAW 264.7 macrophages were added to DMEM containing
MNs extraction, and cultured for 24 h, where lipopolysaccharide
(LPS) was used as a control group. RAW 264.7 cells were
collected and stained with CD86, and CD206, and the cells
were analyzed by flow cytometry. The levels of IL-6, TNF-a,
and IL-10 in cell culture supernatants were analyzed by ELISA
kits.

2.14. Establishment of diabetic infected or non-infected wound
model and application of MN patches in vivo

All animal care and experimental procedures were approved by
the Institutional Animal Care and Use Committee of Wuhan
University. Male SD rats (6e8 weeks old, w200 g) were obtained
from Beijing Vital River Laboratory Animal Technology Co., Ltd.
The diabetic models were established by intraperitoneal injection
of 2% streptozotocin (STZ). After two weeks, if the blood glucose
levels consistently remained above 16.7 mmol/L and exhibited
symptoms of polyphagia and polyuria, the rats were considered to
have developed diabetes. A full-layered, 10 mm diameter circular
wound was created with anesthetized and debrided rat dorsal skin
by a biopsy perforator. To establish the diabetic wound infection
model, a dropwise addition of 107 CFU S. aureus (109 CFU/mL)
was administered to the created wound. After a two-day interval,
the diabetic rat infection model was successfully established.
Then, MN patches were applied to the wound localization. On
Days 3, 6, 9, and 15, photographs of the wounds were taken, and
their respective areas were measured. The wound area was further
analyzed utilizing ImageJ.

2.15. Skin irritation from MN patches

The MN patch was applied to SD rats. Before insertion, the fur on
the back of the SD rats was shaved by an electric shaver, and the
exposed skin was disinfected with 75% alcohol and allowed to
dry. After attaching the MN patch for 5 min, the changes in the
rat’s skin at 0, 5, 15, and 30 min were captured using a stereo
microscope. Additionally, the skin treated with the MN patch was
removed at 0 min, 60 min, and 24 h, and the inflammatory con-
dition of the skin was determined through hematoxylin and eosin
(H&E) staining.

2.16. Histological analysis

The wound tissue was fixed in 4% paraformaldehyde for 48 h, and
the fixed tissue was then embedded in paraffin and sliced into
sections with 5-mm thickness. H&E staining was conducted to
observe the width of the granulation tissue, and immune histo-
chemistry (TNF-a) was employed to examine the level of wound
inflammation. Additionally, Masson staining was utilized to
quantify collagen deposition. For immunofluorescence analysis,
the sections were first de-paraffinized, followed by antigen
retrieval and sealing. Subsequently, the sections were incubated
with primary antibodies, specifically rabbit monoclonal anti-CD31
and rat monoclonal antibody a-SMA. Afterward, the sections
were co-incubated with corresponding secondary antibodies, and
the nuclei were stained by DAPI. Finally, ImageJ was utilized to
quantify the staining results.

2.17. In vivo biosafety assessment

To assess the biosafety of MNs, blood samples were collected
from rats on Day 7 after treatment for further analysis. Moreover,
major organs of the rats, including the heart, liver, spleen, lung,
and kidney, were collected on Day 15 for H&E staining. All
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histological sections were recorded using a fluorescent inverted
microscope.

2.18. Statistical analysis

Statistical analysis was performed with the aid of Origin software,
Angio Tool software, and ImageJ software. All data are expressed
as mean � standard deviation, and at least 3 samples per exper-
iment were used for statistical analysis of the data. Statistical
analyses were performed by one-way analysis of variance
(ANOVA) and Student’s t-test, and P < 0.05 was considered
statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001).

3. Results

3.1. Synthesis and characterization of Arg@ZIF-8 NPs

The Arg@ZIF-8 NPs were synthesized by using the in situ loading
method, incorporating zinc nitrate, 2-methylimidazole, and Arg as
primary constituents. The XRD result revealed that the diffraction
peak of the synthesized Arg@ZIF-8 NPs was similar to that of
ZIF-8 NPs, indicating the Arg@ZIF-8 NPs maintained the iden-
tical crystal structure and crystallinity as the ZIF-8 NPs (Fig. 2A).
According to DLS analysis (Fig. 2B), the formed NPs featured an
average hydrodynamic diameter of 158.2 � 9.5 nm and a narrow
size distribution. The FTIR spectrum of Arg@ZIF-8 NPs, as
shown in Fig. 2C, exhibited an absorption peak at 1615 cm�1,
which was assigned to the amino acid of Arg, suggesting that Arg
was successfully encapsulated in the ZIF-8 NPs. To provide
additional evidence for the existence of Arg, the NPs were
analyzed by UVeVis. As shown in Supporting Information
Fig. S1, a characteristic absorption peak of Arg was detected at
a wavelength of 570 nm using the ninhydrin method, demon-
strating successful encapsulation of the amino acid in ZIF-8 NPs.
TGA analysis and N2 adsorptionedesorption further confirmed
the incorporation of Arg inside ZIF-8 NPs (Fig. 2D and E).
Moreover, the drug loading efficiency (LE) and encapsulation
efficiency (EE) of Arg in NPs were determined as 26.7 � 1.2%
and 83.9 � 4.4%, respectively, which was analyzed through
UVeVis absorption spectroscopy (Supporting Information
Fig. S2).

After the synthesis of Arg@ZIF-8 NPs, their acid-responsive
property was next examined by XRD analysis (Fig. 2F) and TEM
(Fig. 2H), which showed that Arg@ZIF-8 NPs maintained their
original crystal structure and crystallinity at pH 8.0, but showed
structural dissociation at pH 5.6. Additionally, DLS measurement
was further conducted to investigate the behavior of Arg@ZIF-8
NPs under acidic conditions. As shown in Fig. 2G, the poly-
dispersity index (PDI) of NPs significantly increased when placed
in the acid environment, suggesting a deterioration in the disper-
sion of the Arg@ZIF-8 NPs, which was primarily ascribed to the
dissociation of the NPs structure. This pH-responsive character-
istic greatly facilitated the release of Arg from Arg@ZIF-8 NPs in
acidic environments. As shown in Fig. 2I, in a weakly alkaline
condition (pH 8.0), which mimicked a diabetic wound microen-
vironment, there was only little Arg released from ZIF-8 NPs.
However, when the environment became acidic (pH 5.6), the NPs
exhibited robust release of the amino acid (i.e., Arg) within 24 h,
demonstrating the pH-responsive release of the Arg from ZIF-8
NPs.
3.2. Fabrication and characterization of the G/AZ-MN patches

To achieve minimally invasive and highly efficient drug delivery
in wound beds, we designed a microenvironment-responsive
bilayer MN patch (G/AZeMN patch) through a sequential cast-
ing method. The first layer of MN was prepared using a blend of
GelMA that possesses sensitivity to MMP-9, along with GOx, and
the second layer of MN was made by using a combination of HA
with low molecular weight and Arg@ZIF-8 NPs (Supporting
Information Fig. S3). The resulting patch contained a
10 � 10 MNs array arranged in an area of w0.5 cm2. Each MN
exhibited a sharp cone structure, with 850 mm in height and
400 mm in base diameter (Fig. 3A). The mechanical strength of
G/AZ-MNs was evaluated using a mechanical tester, which
determined that it possessed a strength of approximately 0.7 N per
needle (Supporting Information Fig. S4A). The MN tips showed
rapid separation from the patch after the dissolution of the base
layer, as evidenced by the real-time record of the MN patch in
PBS solution (Supporting Information Fig. S5, Supporting Infor-
mation Video S1). To assess the ability of the MNs to penetrate the
skin, the MN patch was further applied to porcine skin ex vivo.
The double layers of MN encapsulated two kinds of fluorescent
dyes for better visualization (FITC-BSA in the tip layer, and
RB@ZIF-8 NPs in the base layer) (Fig. 3C). As shown in Fig. 3B
and C, MNs could successfully deliver both two fluorescent dyes
into the skin, leaving little dye in the residual patch, which was
further confirmed by histological sections of the porcine skin
(Fig. S4B). Wiping the punctured porcine skin also validated that
the MNs penetrated into the skin and did not break on the skin
surface (Supporting Information Fig. S6). It was determined that
drugs loaded in the MN patch were 10.5 � 2.4 mg in the tip layer
and 281.9 � 5.9 mg in the base layer, and these drugs could be
delivered in the skin with the amount of 10.3 � 2.2 mg and
246.5 � 2.1 mg, respectively, both achieving about 90% delivery
efficiency in the skin (Fig. S4C). Additionally, the enzyme of GOx
showed great stability in the tip layer for over 14 days (Supporting
Information Fig. S7).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.apsb.2024.06.014

It has been reported that the enzyme of MMP-9 was found to
be overexpressed in diabetic wounds, exhibiting a 14-fold increase
compared to normal tissue wounds25. As the first layer of G/AZ-
MNs was composed of GelMA that can degrade over time after
exposure to MMP-9, incubation G/AZ-MNs with PBS solution
containing 50 nmol/L MMP-9 resulted in sustained release of the
encapsulated GOx for over 144 h (i.e., 6 days) (Fig. 3D). Subse-
quently, the released GOx catalyzed glucose, producing H2O2 and
gluconic acid during the oxidation reaction, which caused an in-
crease of H2O2 and decrease of pH value in the environment
(Fig. 3E and F). The reduced pH value could trigger the degra-
dation of Arg@ZIF-8 NPs and cause subsequent release of Arg.
To further demonstrate the properties of MMP-9 responsive
degradation and pH-responsive release, MNs that contained FITC-
BSA in the tip layer or RB@ZIF-8 NPs in the base layer were
inserted into four kinds of agar gels (with or without MMP-9, pH
8.0 or 5.6). It was observed that the fluorescence of MNs faded
more rapidly after insertion into the gel with MMP-9 due to the
degradation of the GelMA layer (Fig. 3G and H). When inserting
MNs into the gel with pH 5.6, the red fluorescence dye diffused
more deeply than the gel with pH 8.0, which was mostly attributed
to the degradation of RB@ZIF-8 NPs under the acidic condition,

https://doi.org/10.1016/j.apsb.2024.06.014


Figure 2 Synthesis and characterization of Arg@ZIF-8 NPs. (A) XRD of ZIF-8 NPs and Arg@ZIF-8 NPs. (B) Dynamic light scattering (DLS)

of ZIF-8 NPs and Arg@ZIF-8 NPs. (C) FTIR spectra of Arg, ZIF-8 NPs and Arg@ZIF-8 NPs, respectively. (D) TGA curves of ZIF-8 NPs and

Arg@ZIF-8 NPs. (E) The nitrogen absorption curve of ZIF-8 NPs and Arg@ZIF-8 NPs. (F) XRD of ZIF-8 NPs and Arg@ZIF-8 NPs at different

pH environments (pH 5.6 or pH 8.0). (G) The polydispersity index (PDI) variation of ZIF-8 NPs and Arg@ZIF-8 NPs under different pH

conditions (pH 5.6 or pH 8.0). (H) TEM images of Arg@ZIF-8 NPs treated by different pH buffers. Scale bar: 200 nm. (I) Drug release profile of

Arg from Arg@ZIF-8 NPs under different releasing media (n Z 3 independent samples, *P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001).
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leading to the release of RB from NPs and subsequent diffusion
into the deep side of the gel (Fig. 3I and J). Moreover, we
determined that the prepared G/AZ-MNs possessed satisfactory
biocompatibility in vitro by cytotoxicity assay, live/dead cell
staining, and hemolysis test (Supporting Information Fig. S8).

3.3. Antibacterial and anti-biofilm activities of G/AZ-MN
patches in vitro

We next investigated the antibacterial and anti-biofilm activities of
G/AZ-MN patches in vitro. After being placed in the PBS medium
with pH 5.6, MN patches generated robust Zn2þ due to the
degradation of ZIF-8 NPs at the acidic condition (Fig. 4A), which
exhibited satisfactory antibacterial activity for E. coli and S.
aureus (Fig. 4B and Fig. S6A and S6B). Such excellent capability
of G/AZ-MN patches to inhibit bacterial growth at acidic condi-
tions was further confirmed by the live/dead bacterial staining
(Fig. 4C and D, Supporting Information Figs. S9 and S10) and FE-
SEM which showed that bacterial membrane exhibited wrinkled
and rough surfaces with severe damage after incubation with
G/AZ-MN patches at pH 5.6 for 6 h (Fig. 4E). Collectively, these
results demonstrated the exceptional bactericidal effect of G/AZ-
MN patches.
The presence of bacterial biofilm in chronic wounds poses a
significant challenge for treatment efficacy8,26, since the biofilm
creates a protective barrier that prevents the penetration of
topically applied antibacterial drugs27. Therefore, we further
examined the capability of the designed bilayer MN patch to
inhibit biofilm formation. It was found that the treatment with
G/AZ-MNs at pH 5.6 could not only inhibit the formation of
immature biofilms (Fig. 4F and H), but also disrupt and eradicate
the already formed mature biofilms (Fig. 4G and I). Quantitatively,
G/AZ-MNs at alkaline conditions showed less than 10% inhibition
efficiency of immature biofilm or clearance efficiency of mature
biofilm, while exhibiting over 80% efficiency either for immature
biofilm inhibition or for mature biofilm destruction at acidic
conditions (Fig. 4J and K), indicating a great anti-biofilm activity
of the G/AZ-MN patches.

3.4. Glucose depletion and sustained release of NO from G/AZ-
MNs for angiogenesis and cell migration promotion in vitro

To assess the capacity of G/AZ-MNs for long-term release of NO,
the Griess kit assay was used to measure the produced NO in the
release medium, which revealed that G/AZ-MNs could achieve
sustained release of NO for about 7 days (i.e. 168 h) (Fig. 5A).



Figure 3 Fabrication and characterization of the MN patch. (A) SEM images of G/AZ-MN patch. Scale bar, 500 mm in (a); Scale bar, 200 mm

in (b). The yellow line indicated the connection between the MN-tip layer and MN-base layer. (B) Representative images of bright-field and

fluorescence-field of pig skin after being punctured by the MN patch. Scale bar, 750 mm. (C) Left: optical image of the bilayer MNs (Scale bar,

1 mm). Right: fluorescent images of MNs before and after insertion into pig skin ex vivo. Scale bar, 250 mm. (D) Accumulated release of GOx

from MN-tip layer in PBS with or without MMP-9. (E) Cumulative production of H2O2 after placing the MN-tip layer in PBS with different

glucose concentrations. (F) The measurement of pH value at different time points in the MN-tip catalyzing glucose reaction system. (G)

Degradation of MN tips containing FITC-BSA in agarose gels (simulated skin) with or without MMP-9 at different time points. Scale bar,

250 mm. (H) Quantitative analysis of the fluorescence intensity in (G). (I) The diffusion of RB@ZIF-8 NPs released from MN-base layer in

agarose gels with different pH values at different time points. Scale bar, 1 mm. (J) Quantitative analysis of diffusion depth in (I). n Z 3 in-

dependent samples, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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The application of NO fluorescent probe DAF-FM DA also vali-
dated the sufficient generation of NO in HUVEC cells after in-
cubation with G/AZ-MNs and H2O2 (Supporting Information
Fig. S11A). It has been reported that exogenous NO can effec-
tively promote the healing of diabetic wounds19,28,29. Therefore,
the potential of G/AZ-MNs in promoting fibroblast migration was
next evaluated through the scratch test and Transwell assay, which
indicated a significantly higher scratch closure and enhanced
migration rate in the treatment of G/AZ-MNs compared to other
treatments (Fig. 5B and Fig. S11B, S11C and S11J). Cell
migration was also promoted in the G/Z-MNs group in compari-
son to the control group, potentially due to the release of Zn2þ

from G/Z-MNs that has been reported to induce fibroblast pro-
liferation and migration30.

In diabetic wound healing, vascular dysfunction that generally
results from prolonged hyperglycemia is a primary factor
contributing to treatment failure31,32. It was found that the
developed G/AZ-MN patch displayed good capability of reducing
glucose concentration during incubation with HUVEC cells at a
high glucose level (33 mmol/L) that simulated the



Figure 4 Antibacterial activity of NPs and MNs. (A) Accumulated release of Zn2þ from G/AZ-MN patches. (B) Minimum inhibitory con-

centration of Arg@ZIF-8 NPs in G/AZ-MNs against E. coli or S. aureus. (C) Photographs of agar plates showing the antibacterial activity

of G/AZ-MNs against E. coli and S. aureus. Scale bar, 20 mm. (D) Bacterial viability of E. coli and S. aureus after receiving the treatment of

G/AZ-MNs at different pH values. (E) FE-SEM images of morphology changes of E. coli and S. aureus after the treatment with G/AZ-MNs at

different pH values. Scale bar, 400 nm. (F) The inhibitory effect of G/AZ-MNs against S. aureus biofilm. (a) Photographs of the immature biofilms

stained by crystal violet. Scale bar, 50 mm. (b) Confocal images and corresponding 3D images of SYTO/PI-stained immature biofilms after

different treatments. Scale bar, 200 mm. (c) The FE-SEM images of immature biofilms with different treatments. Scale bar, 25 mm. (G) The

destruction effect of G/AZ-MNs against S. aureus biofilm. (a) Photographs of the mature biofilms stained by crystal violet. Scale bar, 50 mm.

(b) Confocal images and corresponding 3D images of SYTO/PI-stained mature biofilms after different treatments. Scale bar, 200 mm. (c) The FE-

SEM images of mature biofilms with different treatments. Scale bar, 25 mm. (H) Corresponding optical density (OD) 570 value of immature

biofilms of each group. (I) Corresponding OD 570 value of mature biofilms of each group. (J) The inhibition rate of immature biofilms. (K) The

destruction rate of mature biofilms. n Z 3 independent samples, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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microenvironment of diabetic wounds (Fig. 5C). Furthermore,
such treatment with the G/AZ-MN patch significantly improved
the cell survival rate and proliferation rate compared to other
control groups, as demonstrated by MTT assay and calcein
staining (Fig. S11D and S11E) which was mostly ascribed to
glucose level reduction in the culture medium enabled by GOx.

To determine the effect of G/AZ-MN patches on the revascu-
larization of diabetic wounds, HUVEC cells were cultured in a
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medium containing high-concentration glucose (33 mmol/L),
followed by incubation with the G/AZ-MN patch. As shown in
Fig. 5D and Fig. S11F, the presence of G/AZ-MNs led to stronger
green fluorescence, characterized by the formation of longer and
more branching tubes by HUVEC cells (Fig. 5D and Fig. S11F).
Additionally, the application of G/AZ-MNs exhibited an obvious
increase in the expression of angiogenic growth factors (e.g.,
VEGF) in HUVEC cells (Fig. 5E, Fig. S11G and S11H), which
was extremely important for promoting blood vessel growth and
revascularization in diabetic wounds.

Collectively, these results indicated that the designed G/AZ-
MN patch could reduce glucose levels by the delivery of GOx and
promote cell migration and VEGF-mediated revascularization
through sustained release of NO in vitro.

3.5. Anti-inflammatory property of G/AZ-MN patches

The process of wound healing is greatly associated with the
crucial polarization of macrophages into either pro-inflammatory
(M1 phenotype) or anti-inflammatory (M2 phenotype) pheno-
types33. Remarkably, it has been demonstrated that NO plays a
role in facilitating the transformation of M1 macrophages into
M2 macrophages28. Through comprehensive analysis using im-
munostaining and flow cytometry techniques, we observed that
G/AZ-MNs effectively facilitated the transformation of LPS-
stimulated M1 macrophages into M2 macrophages, as evidenced
by an augmented expression of CD206 and a reduced expression
of CD86 (Fig. 5F, G and Fig. S11I). Furthermore, the use of
G/AZ-MNs significantly down-regulated the expression of pro-
inflammatory factors, IL-6 (Fig. 5H) and TNF-a (Fig. 5I), while
up-regulating the level of the anti-inflammatory cytokine IL-10
(Fig. 5J). Together, these findings suggested the anti-
inflammatory property of G/AZ-MN patches.

3.6. Wound healing promotion by G/AZ-MN patches in diabetic
wounds in vivo

The diabetic rat model was established via intraperitoneal injec-
tion of 2% STZ (Fig. 6F). After that, full-thickness wounds were
created on the dorsal region of diabetic rats through the puncturing
of the skin. The rats were then randomly divided into five groups,
receiving: (1) no treatment (i.e., control group), (2) BL-MNs
group (i.e., blank MNs composed of Gel-MA and HA), (3)
Z-MNs group (i.e.MNs containing only ZIF-8 NPs), (4) G/Z-MNs
group (i.e., MNs containing GOx and ZIF-8 NPs), and (5) G/AZ-
MNs group (i.e., MNs containing GOx and Arg@ZIF-8 NPs). As
shown in Fig. 6A, B, and 6G, the rats that were treated with G/AZ-
MNs exhibited the most rapid healing rate compared to rats in
other groups, which was further validated by histologic analysis,
including H&E staining (Fig. 6C), Masson staining (Fig. 6D), as
well as immunofluorescence staining for CD31 and VEGF
(Fig. 6E). In the G/AZ-MNs group, Masson staining result dis-
played the highest collagen volume fraction (CVF) (Fig. 6H), and
CD31/VEGF immunofluorescence staining result showed the
strongest fluorescence intensity (Fig. 6I), indicating the best
therapeutic result after the treatment of G/AZ-MNs in diabetic
wounds in vivo. Therefore, these findings demonstrated the su-
perior capability of G/AZ-MNs to facilitate diabetic wound
regeneration. Furthermore, we assessed the pH value change at the
wound before and after MNs application. As shown in Supporting
Information Fig. S12, the wound tissue exhibited an alkali pH
value (8.1 � 0.3) before therapy, which was consistent with the
literature report34,35. However, the pH value at the wound lesion
shifted to 5.7 � 0.2 two days post treatment with G/AZ MNs, due
to the oxidation of glucose and generation of gluconic acid,
thereby being able to trigger the dissociation of pH-responsive
NPs and cause drug release from the NPs.

3.7. Wound healing promotion by G/AZ-MN patches in infected
diabetic wounds in vivo

Owing to the localized hyperglycemic microenvironment at dia-
betic wounds, pathogenic bacteria are very likely to colonize at
wounds and generate bacterial biofilms, thereby forming infec-
tious diabetic wounds, which always delays the healing process at
wounds32,36. Therefore, we further investigated whether the
designed bilayer G/AZ MN patch still possessed the function of
accelerating infected wound closure in diabetic rats. As indicated
in Fig. 7A, infected diabetic wounds were developed by inocu-
lation of S. aureus after the creation of wounds in the diabetic rat
model. After that, the rats were randomly divided into six groups:
(1) control group (receiving no treatment), (2) BL-MNs group
(receiving blank MNs), (3) Z-MNs group (receiving MNs only
containing ZIF-8 NPs in the base layer), (4) EM group (applied
topically), (5) G/Z-MNs group (receiving MNs that contained
GOx in the tip layer and ZIF-8 NPs in the base layer), and (6)
G/AZ-MNs group (receiving MNs that contained GOx in the tip
layer and Arg@ZIF-8 NPs in the base layer). After the treatment,
the wounds were photographed and measured on Days 0, 3, 6, 9,
12, and 15. As shown in Fig. 7B, wounds treated with G/AZ-MNs
exhibited a fast closure rate, and the G/AZ-MNs group displayed a
wound healing rate of 98.2 � 1.3% on Day 15, which was
significantly higher than other groups (Fig. 7H). To assess the anti-
biofilm property of G/AZ-MNs, bacteria at the wound bed were
collected from the five groups and subsequently cultured on agar
plates on Day 3. It was observed that both the G/AZ-MNs and
G/Z-MNs groups displayed the least bacterial colonies and lowest
bacterial survival rate compared to other groups (Fig. 7F and G),
which could attribute to the degradation of the encapsulated ZIF-8
NPs and subsequent release of Zn2þ, thereby achieving effective
removal of the bacterial biofilm.

We conducted a histological analysis to obtain a more detailed
understanding of the wound-healing process. We utilized H&E
staining to investigate the contraction of the wound bed and the
progress of epithelialization. Although tissue defects from all
groups were observed on Day 3 (Supporting Information
Fig. S13), the wounds treated with G/AZ-MNs showed the
smallest width compared to other groups on Day 6 (Fig. 7D and I).
Immunohistochemical experiments indicated a decrease in TNF-a
expression in the wounds (Fig. 7E and J) after receiving the
treatment of G/AZ-MNs, suggesting that the G/AZ-MNs had an
efficient anti-inflammatory effect on the wound bed. The routine
blood analysis demonstrated a decrease in various immune cells,
including white blood cells, lymphocytes, and granulocytes after
the treatment with G/AZ-MNs (Supporting Information Fig. S14),
which was consistent with the result of TNF-a expression, further
demonstrating the anti-inflammation property of G/AZ-MNs.

High blood glucose levels around the wound have been found
to significantly delay wound healing. Hence, we conducted peri-
odic acid-Schiff (PAS) staining to evaluate the glucose change
after treatment of G/AZ-MNs. As shown in Fig. 7C and Fig. S13B,
either the control or BL-MNs or Z-MNs group exhibited an
apparent purple-red color, indicating a high blood glucose level in
the wound areas. In contrast, the treatment with G/Z-MNs or



Figure 5 Evaluation of cell migration, angiogenesis, and macrophage polarization after the treatment of G/AZ MNs. (A) The in vitro release of

NO from G/AZ-MNs in PBS buffer containing MMP-9 and glucose. (B) Representative photographs of NIH-3T3 cells scratches at 0 and 24 h co-

cultured with different MNs. Scale bar, 200 mm. (C) Glucose concentration of supernatants after incubating HVUEC cells with different MNs

medium for 24 h, respectively. (D) Confocal images of vascular tube-formation with HUVEC cells co-cultured with different MNs. Scale bar,

100 mm. (E) Protein expression levels of VEGF in HUVEC cells after being treated with different MNs as determined by Western-Blot.

(F) Representative flow cytometry plots of macrophage cells. (G) Representative images of the M1/M2 levels in the different groups. Scale

bar, 50 mm. (HeJ) Expression of IL-6 (H), TNF-a (I), and IL-10 (J) in RAW264.7 cells induced by lipopolysaccharides (LPS) in the different

groups. n Z 3 independent samples, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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G/AZ-MNs showed a much lighter purple-red color, suggesting
that G/A-MNs or G/AZ-MNs could effectively reduce glucose
concentration in the local wound area.

In addition, the complete epidermis and multiple skin sub-
layers were observed in wounds treated with G/AZ-MN patch 15
days post-treatment, while other groups still exhibited severe tis-
sue defects (Fig. 8A and D). Masson staining confirmed the
regular arrangement of collagen and a higher volume fraction in
the G/AZ-MNs group, indicating its ability to promote extracel-
lular matrix deposition (Fig. 8B and E). Angiogenesis is a key
factor in effective wound healing, and sparse vessel formation was
observed in the control, BL-MNs, Z-MNs, or G/Z-MNs group,
suggesting reduced vascularization in these groups (Fig. 8C).
However, the G/AZ-MNs group, which was able to continuously



Figure 6 G/AZ-MNs promoting noninfectious diabetic wound healing. (A) Representative photographs of wounds in SD rats at different time

points after different treatments. Scale bar, 2 mm. (B) Simulated images of wound healing in noninfected diabetes wounds. Representative H&E

(C) or Masson staining (D) or immunofluorescence images of CD31-positive (red) and VEGF-positive (green) (E) of wound tissues in different

groups on Day 15. Scale bars, 100 mm. (F) Blood glucose (BG) concentrations in diabetic rats during treatment. (G) Quantitative analysis of

noninfected diabetes wound healing rate in different groups. (H) Quantitative analysis of collagen volume fraction (CVF) in different groups.

(I) Quantification of CD31þ density and VEGFþ density. n Z 5 independent samples, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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release NO in the wounds, exhibited significantly increased blood
vessel density (CD31 staining), with an average microvessel
density of 139.8 � 13.0 (Fig. 8F). The immunostaining for a-
SMA exhibited a similar pattern to CD31 staining (Fig. 8G),
further demonstrating the therapeutic angiogenesis capability of
G/AZ-MNs in vivo.

Finally, we assessed the biosafety and biocompatibility of
G/AZ-MNs in animals. Application of the MNs in rats created an
array of microporous holes in the applied skin initially, but these
holes were fully closed within 15 min without causing any
obvious inflammation (Supporting Information Fig. S15). The
blood biochemical analysis (Supporting Information Fig. S16) and
H&E staining of major organs (heart, liver, spleen, lungs, and
kidneys) on Day 15 (Supporting Information Fig. S17) further
confirmed the biosafety of G/AZ-MNs in vivo.
4. Discussion

In diabetic patients, localized hyperglycemia around the wound
disrupts the normal functioning of signaling pathways and bio-
logical factors involved in angiogenesis37,38. This impaired func-
tion also affects angiogenic cells, reducing their ability to
proliferate, migrate, and form blood vessels39. Besides, bacterial
infection and unresolved inflammation are two other reasons that
cause difficulty in diabetic wound healing. Furthermore, once
infected, the bacteria are very likely to form a biofilm on the
wound, which acts as a barrier to prevent the delivery of thera-
peutic drugs, thereby significantly reducing the therapeutic effi-
cacy of the drug in killing the deleterious bacteria26,40. Recently,
scientists have made notable advancements in identifying various
facilitating agents and mechanisms that promote the healing of
chronic wounds. For example, Ge et al.17 reported a kind of
microenvironment-responsive self-delivery GOx@manganese
sulfide (GOx@MnS) NPs for diabetic wound treatment via the
reduction of glucose levels and antibacterial and anti-
inflammatory effects through the release of manganese ions and
hydrogen sulfide. However, the therapeutic efficacy of the system
in adjusting the hyperglycemic condition and eliminating the
malignant bacteria that are located in the biofilms might be
compromised, due to the topical application approach and diffi-
culty of the NPs in penetrating in the bacterial biofilms. Recently,
MN patches have been adopted for chronic wound therapy with
improved drug delivery efficiency by physically crossing the
barrier of biofilms41,42, while these MN patches usually suffer
from mono-therapy or short-acting effect. There are also other
facilitators to promote wound healing, which encompass hydrogen
(H2)

16,43, oxygen (O2)
44-47, and NO48-50. Of particular interest is

the role of NO, a gas molecule generated through the catalytic
action of endogenous nitric oxide synthase isoenzymes upon
endogenous Arg19,51. NO has been demonstrated the capacity to
expedite the healing of diabetic wounds by effectively combatting
infection, modulating immune responses, fostering angiogenesis,
and stimulating collagen deposition52,53. While previous studies



Figure 7 G/AZ-MNs promoting infectious diabetic wound healing. (A) Experimental illustration presenting G/AZ-MNs-mediated wound

healing on diabetic rats infected with S. aureus. (B) Representative photographs of wounds in SD rats at different time points after different

treatments. (G1: CON, G2: BL-MNs, G3: Z-MNs, G4: EM; G5: G/Z-MNs and G6: G/AZ-MNs). Scale bar, 2 mm. (C) Representative Periodic

acid-Schiff staining of wound tissues in different groups on Day 6. Scale bar, 100 mm. (D) Representative H&E staining of wound tissues in

different groups on Day 6. Scale bar, 2 mm. (E) Representative Immunohistochemistry staining for TNF-a of wound tissues in different groups on

Day 6. Scale bar, 50 mm. (F) Photographs of colonies at the wounds on Day 3 in different groups. Scale bar, 20 mm. (G) Quantitative analysis of

bacterial viability at the wounds on Day 3 in different groups. (H) Quantitative analysis of the wound healing rate after treatment in different

groups. (I) Quantitative analysis of wound width in different groups. (J) Quantitative analysis of TNF-a in different groups measured by integral

optical density (IOD). n Z 5 independent samples, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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have developed locally releasable NO systems, such as NPs54,
hydrogels19, and MNs55, their wide application is greatly hindered
by the inability of long-term release50,56,57. Furthermore, current
therapeutic methods cannot address the issues of localized hy-
perglycemia, bacterial infection, and persistent inflammation
simultaneously.

To overcome the limitations, we introduced a bilayer MN
patch (G/AZ-MNs) in this work, which possesses the ability to
directly penetrate the formed biofilms with improved drug de-
livery efficiency, and to adapt to the microenvironment of diabetic
wounds for sustained release of the multifunctional NO, thereby
facilitating the process of chronic wound healing through its hy-
poglycemic, antimicrobial, and anti-inflammatory effects. The
MN tip layer that encapsulated GOx, was proved to be highly
effective in attenuating localized hyperglycemia via glucose
depletion. Additionally, the NPs present in the MN base layer
displayed an acid-responsive degradation behavior, releasing Zn2þ

to elicit antimicrobial effects. Concurrently, the liberated Arg from
the degraded NPs underwent conversion to NO in the presence of
H2O2, subsequently causing antibacterial effect and inducing
macrophage polarization for anti-inflammation. Moreover, we
found that the sustained release of NO from G/AZ-MNs could
upregulate the expression of VEGF, which promoted neo-
vascularization in wounds. Due to the attractive features, the
bilayer MN patch was effective not only in diabetic wounds but
also in biofilm-formed diabetic wounds, showing satisfactory
therapeutic efficacy in both conditions. To the best of our
knowledge, this is the first study to achieve the combination of
glucose depletion and sustained release of NO in a single system
for accelerating diabetic wound healing.

There are a few limitations of this work. First, the therapeutic
efficacy of this bilayer MN patch was only verified in a small



Figure 8 Investigation on tissue regeneration, collagen deposition, and angiogenesis after treatments in different groups. (A) Representative

H&E staining of wound tissues in different groups on Day 15. Scale bars, 500 mm (top), 1 mm (bottom). Representative Masson staining (B) and

immunofluorescence images of CD31-positive (red) and a-SMA-positive (green) (C) of wound tissues in different groups on Day 15. Scale bars,

100 mm. (DeG) Quantitative analysis of wound width (D), collagen volume fraction (E), and density of CD31þ (F) and a-SMA þ on Day 15 (G).

n Z 5 independent samples, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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number of small animals (i.e., rats), the effect of chronic wound
healing promotion also needs to be investigated in a large species,
for example, a rabbit or pig model. Second, the fabrication process
of the bilayer MN patch is required to be optimized to further
improve the storing stability of the GOx enzyme, which can
facilitate scaling up the production of the MN patches. Never-
theless, the designed bilayer MN patch that can achieve glucose
depletion and sustained NO release for long-acting antibacterial
and anti-inflammatory effects simultaneously, provides a prom-
ising alternative for patients to better manage chronic wounds.
Moreover, the spatiotemporally responsive MN patch can also be
readily adopted for transdermal delivery of other therapeutic
biomolecules for long-acting treatment of other diseases (e.g.,
cardiovascular disease) in the future.
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