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ABSTRACT
Wound healing has been a continuous critical focus in clinical practice, posing the ongoing challenges and burdens to patients.
Current attempts tend to develop multi‐drug loaded patches with spatial design. Herein, we present a multifunctional
microneedle patch that integrates different drugs into separated regions for wound treatment. The microneedle patch is
composed of silk fibroin‐methacryloyl (SilMA) as the base, loaded with silver nanoparticles (AgNPs) and has gelatin meth-
acryloyl (GelMA) tips loaded with vascular endothelial growth factor (VEGF). The backing is endowed with antimicrobial
properties by AgNPs act as an antimicrobial barrier against bacterium invasion. In addition, the tips encapsulated with VEGF
can effectively promote cell proliferation and angiogenesis, which is favorable for wound repair. Based on these characteristics,
such an integrated microneedle system significantly prevented bacterial infection and promoted wound healing in vivo.
Therefore, it is conceived that such a system can find more practical values in wound healing and other fields.

1 | Introduction

The skin serves as the body’s first line of defense, playing a
crucial role in protecting the body from harmful external factors
[1, 2]. When it is damaged, the skin becomes susceptible to in-
fections, inflammation, and other complications [3–5]. Thus,
efficient wound healing is extremely vital for restoring the skin
barrier function [6, 7]. With this purpose, various patches loaded
with functional drugs have been explored, such as antibacterial
agents and growth factors [8–12]. For example, antibacterial
agents are highly effective in combating microbes and against
bacterium invasion, aiming at the surface layer of susceptible
wounds [13–15]. Growth factors have the ability to promote
endothelial cell proliferation and migration, thus driving

angiogenesis, which plays a critical role in the tissue regenera-
tion phase [16–19]. While, attributed to their different targeting
wound sites and the varying stages of healing process [20, 21], the
combination profiles of antibacterial agents and growth factors
are still facing challenges [22–24]. Meanwhile, the direct mixing
of different drugs in one material easily leads to potential inter-
ference between the drugs, also resulting in unsatisfactory
therapeutic outcomes [25–27]. Thus, a patch with a spatial design
to load antibacterial agents and growth factor separately,
allowing each drug to exert optimal efficacy, is highly desired.

In this paper, we proposed a multifunctional microneedle patch
designed to integrate distinct drugs into separated regions for
wound healing treatments, as schemed in Figure 1. A
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microneedle patch with a spatial structure is known as a pain-
less and portable device [28–33]. Our microneedle patch is
composed of gelatin methacryloyl (GelMA) needle tips and a
silk fibroin‐methacryloyl (SilMA) backing base. The tips could
penetrate the stratum corneum and deliver drugs into the sub-
cutaneous layer, whereas the backing layer acts as a dressing to
first cover the wound. Additionally, silver nanoparticles
(AgNPs) with an efficient antimicrobial effect were incorporated
into the backing layer. This backing was endowed with anti-
microbial properties and acted as an antimicrobial barrier that
effectively prevented wound infection. Moreover, vascular
endothelial growth factor (VEGF) was encapsulated within the
GelMA tips, which could effectively promote cell proliferation
and angiogenesis, thus accelerating tissue regeneration and
repair. Furthermore, in vivo experiments demonstrated that
such a microneedle system significantly promoted wound and
tissue healing. Benefiting from these advantages, we believe that
the multifunctional microneedle system will have promising
potential for broader applications in wound healing.

2 | Results and Discussion

In a typical experiment, the fabrication of the multifunctional
microneedle (MMN) patches was produced by template repli-
cation. As shown in Figure 2A, gelatin methacryloyl (GelMA)

solution mixed with VEGF was introduced into the tips of the
negative mold. Afterward, silk fibroin‐methacryloyl (SilMA)
solution carrying Ag nanoparticles (AgNPs) was added to the
backing part of the mold. After UV irradiation, the tips and
backing parts were totally cross‐linked and solidified. Finally,
the entire microneedle patch was carefully demoulded. The
obtained MMN patch displayed a desirable morphology, whose
tips had uniformly conical shapes and neatly distributed on the
backing base (Figure 2B,C). Besides, the tip height was
measured as about 650 μm (Supporting Information S1: Figure
S1). Furthermore, scanning electron microscopy (SEM) was
used to characterize the morphoy and structure of the MMN
patch. The results showed that the MMN patches featured
completely conical‐shaped tips and a porous SilMA backing
structure favorable for wound breathability (Supporting
Information S1: Figure S2 and Figure 2D). Besides, the syn-
thesized AgNPs were characterized by a transmission electron
microscope (TEM), UV‐Visible absorption spectroscopy and
dynamic light scattering (DLS). As shown in Figure 2E,F and
Supporting Information S1: Figure S3, AgNPs exhibited a
spherical shape, a relatively uniform size distribution and stable
dispersion, suggesting their usability in the following applica-
tions. In addition, the compressive force of the MMNs was
monitored and the tolerable limit of per needle was determined
to be 0.33 N (Figure 2G). Taken together, such MMN patches
exhibited excellent morphology and mechanical performance.

Taking advantage of the loaded AgNPs, MMN patches were
imparted with outstanding antimicrobial capability. We co‐
cultured the Staphylococcus aureus (S. aureus) and Escherichia
coli (E. coli) with blank MMNs and AgNPs loading MMNs
(MMNs@AgNPs) leaching, respectively. It has showcased that
the MMNs@AgNPs group killed the highest number of both E.
coli and S. aureus (Figure 3A), which exhibited the ability to
inhibit bacterial growth. In comparison, bacteria in the control
and blank MMNs groups were nearly unaffected. According to
the statistic, the MMNs@AgNPs group displayed the lowest

FIGURE 1 | Schematic illustration of (A) the multifunctional microneedle patch and (B) its application on wound healing.

Summary

� Hydrogel microneedle patch composed of SilMA base-
ment and GelMA tips.

� The microneedle patch is designed to integrate anti-
bacterial agents and growth factors into separated
regions.

� The microneedle patch provides multifunction for
wound healing.
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bacterial viability among the three groups (Figure 3B),
demonstrating the effective antibacterial ability of the
MMNs@AgNPs patches. To investigate the biotoxicity of such
MMNs, both cytocompatibility and hemolysis evaluation were
performed. Cytocompatibility was first assessed by co‐culturing

GelMA tips and SilMA backing (SilMA@AgNPs) of MMNs with
NIH/3T3 cells, respectively. As shown in Figure 3C, the
morphology and growth rate of NIH/3T3 cells co‐cultured with
backing (ii) and tips (iii) were both similar to those of the
control group during 3 days. Furthermore, quantitative analysis

FIGURE 2 | (A) Scheme of fabrication of MMN patches. (B) Optical image of the MMN patch. Scale bar: 500 μm. (C) Local enlarged image of
MMN patch. Scale bar: 100 μm. (D) SEM image of the SilMA baking of MMN patch. Scale bar: 50 μm. (E) TEM image and (F) UV‐vis spectra of
AgNPs. Scale bar in (E): 20 nm. (G) Compressive force‐displacement curve of the per tip of MMN patch.

FIGURE 3 | (A and B) Antibacterial effects of different microneedles. (i) Control, (ii) blank MMNs, and (iii) MMNs@AgNPs. Scale bar: 200 μm.
(C) Fluorescence images of 3T3 cells in different groups. (i) Control, (ii) tips, and (iii) backing of MMNs. Scale bar: 200 μm. (D) Relative cell viability
in different groups during 3 days. Relative to the OD value of cells in Control on day 1.
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of NIH/3T3 cell activity based on CCK‐8 demonstrated the
satisfactory cytocompatibility (Figure 3D). Subsequently, he-
molysis test was conducted co‐incubating GelMA tips and
SilMA backing of MMNs with erythrocytes, respectively. The
results exhibited neither backing nor tips had significant he-
molytic effects (Supporting Information S1: Figure S4).

Vascular endothelial growth factor (VEGF)has been confirmedas
a functional angiogenic factor. Therefore, MMNs encapsulating
VEGF (MMNs@VEGF)were endowedwith the ability topromote
endothelial cell proliferation and vascular formation. To confirm
the angiogenesis ability of MMNs@VEGF, human umbilical vein
endothelial cells (HUVECs) were co‐cultured with the leaching
liquid of blank MMNs and MMNs@VEGF, respectively. Scratch
assay results showed the fastest scratch closure inMMNs@VEGF
group within 24 h, indicating VEGF released from MMNs could
accelerate cell proliferation (Figure 4A and Supporting
Information S1: Figure S5A). Besides, tube formation results
showcased the most ring structures in MMNs@VEGF group
compared with the other two groups, suggesting VEGF released
from MMNs could promote vascular formation (Figure 4B and
Supporting Information S1: Figure S5B). Then, to investigate the
release behavior of VEGF, FITC‐BSA with the same physico-
chemical properties acted as represent was encapsulated in
MMNs. Based on the release profile curve, FITC‐BSA exhibited a

relatively rapid release within 12 h (Figure 4D). In the following
days, the release rate gradually decreased, reaching 77.6% over
72 h (Figure 4C).

To evaluate the in vivo therapeutic efficacy of MMNs, an
infected wound rat model was established. Briefly, we created a
circular wound with a diameter of 1.5 cm on rat dorsal skin,
followed by S. aureus injection. Subsequently, rats were
randomly divided into four groups: PBS treated (Control),
MMNs with AgNPs treated (GI: MMNs@AgNPs), MMNs with
VEGF treated (GII: MMNs@VEGF) and MMNs with AgNPs
and VEGF treated (GIII: MMNs@AgNPs@VEGF). During the
treatment days, we took photos of rats in each group to record
the wound status and closure (Figure 5A). Compared to the
Control group, wounds in GI, GII and GIII all exhibited
different degrees of improvement. Among them, the wounds of
GIII revealed the most effective closure, attributed to the multi‐
function of MMNs, synergistically enhanced by the antibacterial
effect of AgNPs and regeneration ability of VEGF. Quantitative
results also demonstrated that the remaining wound area of GIII
was the smallest (10.13%) compared with other groups
(Figure 5B). Additionally, hematoxylin and eosin (H&E) stain-
ing of wound beds on Day 9 was conducted to further analyze
the wound tissue (Figure 5C,D). The results showcased the
thickest wound tissue in GIII, as confirmed by quantitative data.

FIGURE 4 | (A) Scratch test results in different groups for 24 h. (i) Control, (ii) blank MMNs, and (iii) MMNs@VEGF. Scale bar: 200 μm. (B) Tube
formation in different groups. (i) Control, (ii) blank MMNs, and (iii) MMNs@VEGF. Scale bar: 50 μm. (C and D) Cumulative release of the FITC‐BSA
from MMNs in (C) 72 h and (D) 12 h.
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To further evaluate the biological mechanism of treated wounds
in each group, we performed (IL‐6) staining, Masson staining,
and CD31 immunofluorescent staining. IL‐6 is an important
inflammatory indicator and reflects the degree of wound

inflammation, which was detected by IL‐6 staining. As shown in
Figure 6A, the least positive area of IL‐6 was displayed in Group
III compared to other groups, indicating the improved inflam-
mation. Besides, collagen deposition, a key indicator in tissue

FIGURE 5 | (A) Wound status in different groups. Control: PBS treated, GI: MMNs@AgNPs, GII: MMNs@VEGF and GIII:
MMNs@AgNPs@VEGF. (B) Statistics of wound area in different groups on Day 9. (C) H&E staining of wounds in different groups on Day 9.
Scale bars: 1 mm. (D) Tissue thickness of wounds on Day 9 in different groups.

FIGURE 6 | (A) IL‐6, (B) Masson staining, and (C) immunofluorescence staining of CD31 of rats wound beds treated with PBS (Control),
MMNs@AgNPs, MMNs@VEGF and MMNs@AgNPs@VEGF on day 9.
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regeneration, was assessed by Masson staining (Figure 6B). The
results displayed the most collagen fiber formed and arranged in
the wounds of G III, verifying the outstanding effect of tissue
regeneration. In addition, angiogenesis is a crucial process in
tissue remodeling, which provides nutrient transport within the
wound microenvironment. We chose CD31 as a marker to
evaluate the vascular situation in wounds (Figure 6C). Results
revealed that wounds in GIII exhibited the most robust vascular
formation and highest density, which can be attributed to the
combination of functional angiogenic VEGF and antibacterial
AgNPs. Taken together, such MMNs@AgNPs@VEGF can
effectively accelerate the process of wound healing and tissue
regeneration.

3 | Conclusion

In sum, we developed a multifunctional microneedle patch that
integrates different drugs into distinct regions for wound treat-
ment. Such microneedle patches consisted of SilMA backing
base loading AgNPs and GelMA tips containing VEGF, which
were fabricated by the template replication. Importantly, the
obtained microneedle patch exhibited excellent morphology and
mechanical performance. In addition, the SilMA@AgNP
backing demonstrated outstanding antimicrobial properties,
which can act as an antimicrobial barrier against wound in-
fections. Meanwhile, tips encapsulated with VEGF effectively
promoted cell proliferation and angiogenesis, favorable for
wound repair. Before in vivo experiments, we confirmed the
satisfactory cytocompatibility and blood compatibility of such
microneedle patches. Furthermore, rat experiments have
demonstrated that such microneedle systems significantly pro-
mote wound healing and tissue regeneration.

4 | Methods

4.1 | Materials

2‐Hydroxy‐2‐methylpropiophenone (HMPP) was obtained from
Aladdin Industrial Corporation in China. Fluorescein
isothiocyanate‐bovine serum albumin (FITC‐BSA) was pur-
chased from Bovogen. VEGF was purchased from Beyotime
Corporation. E. coli and S. aureus were both obtained from
BeNa Culture Collection. All reagents were of analytical grade
and utilized as received.

4.2 | Fabrication of MMN Patches

30% Gelatin methacryloyl (GelMA) pregel, 1% HMPP, and
VEGF were mixed. This mixture was completely filled into the
tip cavities of the negative mold. Then, the silk fibroin‐
methacryloyl (SilMA) solution carrying Ag nanoparticles
(AgNPs) was added to the mold as the backing. By UV solidi-
fication, two parts were combined. After drying, the MMN
patches were finally demoulded. The optical microscope
(Olympus) and scanning electron microscope (SEM) recorded
the morphology of MMNs and the needle height.

4.3 | Mechanical Performance of MMN Patches

A mechanical testing machine (Instron, USA) was employed to
evaluate the mechanical performance of MMN patches. The
patches were positioned tip‐up on a fixed platform. Then, the
force sensor gradually closed toward the tips at a speed of
0.2 mm/s. The measurement was stopped until 500 μm.

4.4 | Antibacterial Effect

For antibacterial testing, three groups were set up: Control,
blank MMNs, and MMNs@AgNPs. Suspensions of S. aureus or
E. coli (108 CFU/mL) were added to each group and co‐
incubated at 37°C, respectively. Afterward, the bacterial
viability in each group was assessed using live/dead staining.
The fluorescence images of S. aureus and E. coli were captured
for each group.

4.5 | Release Behaviors of Drugs

We chose FITC‐BSA as an alternative to VEGF due to its similar
molecular weight. FITC‐BSA was encapsulated in GelMA
hydrogel blocks. Then, the blocks were immersed in PBS solu-
tion containing collagenase. At time points, 100 μL of released
medium was collected and replaced with fresh PBS. The release
behavior of the drugs was assessed by measuring the fluores-
cence intensity. It was worth noting that the whole experiment
was carried out under light‐protected conditions to prevent
fluorescence quenching.

4.6 | Scratch Assay

HUVECs (1 � 105) were seeded in a 24‐well plate and cultured
for 12 h. A scratch was then created using a pipette tip. Sub-
sequently, three groups were established and co‐cultured with
the HUVECs: the control group, the blank MMNs leachate
group, and the MMNs@VEGF leachate group. After 24 h, cell
growth in each group was observed and regarded under an
optical microscope. Finally, the area of HUVECs proliferation
was measured within 24 h.

4.7 | Tube Formation Assay

100 μL of growth factor‐free Matrigel was added to each well of
a 48‐well plate and then placed in 37°C incubator. Then,
HUVECs (2 � 104) were seeded in 48‐well plate and divided into
three groups: the control group, the blank MMNs leachate
group, and the MMNs@VEGF leachate group. HUVECs were
co‐cultured with the leaching solution of the three groups. After
4 h, HUVECs in each group were stained with Calcein‐AM and
recorded by fluorescence microscopy. Finally, the number of
cell meshes of three groups was measured.
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4.8 | Cytocompatibility Experiment

Firstly, tips and backing of microneedles were exposed to UV
light overnight, followed by immersed in DMEM culture me-
dium for 24 h to prepare the leaching solution, respectively.
Afterward, NIH 3T3 cells were cultured in the leaching solution
for 3 days. Finally, NIH 3T3 cells in each group were stained
with Calcein‐AM for each group on Day 1 and Day 3. Mean-
while, cell viability in each group was assessed by CCK‐8 on
each day, respectively.

4.9 | Hemocompatibility Experiment

Whole blood was first centrifuged and then resuspended. We set
up four groups: the deionized water (DIW), PBS, MMNs tips,
and backing groups. Then, erythrocytes were incubated in the
leaching solution of four groups at 37°C for 1 h. Subsequently,
the samples were centrifuged and photographed. Meanwhile,
the OD values of the centrifuged supernatant from four groups
were measured.

4.10 | In Vivo Wound Healing Experiment

To establish an infected wound model, circular full‐thickness
wounds with a diameter of 1.5 cm were conducted on rats
dorsal skin, followed by S. aureus injection. Rats were randomly
divided into four groups: PBS treated (Control), MMNs with
AgNPs treated (GI: MMNs@AgNPs), MMNs with VEGF treated
(GII: MMNs@VEGF) and MMNs with AgNPs and VEGF
treated (GIII: MMNs@AgNPs@VEGF). Wound status was
recorded every 3 days until 9 days of treatment. The wound
areas were measured according to the images of wounds. After
9 days of treatment, all rats were euthanized, and wound tissues
were collected for further analysis hematoxylin‐eosin (H&E)
staining (IL‐6) staining, Masson staining, and CD31 immuno-
fluorescent staining.

Author Contributions

L.F. and L.W. contribute equally. H.Z., H.G. and M.L. conceived the idea
and designed the experiment. L.F. and L.W. conducted experiments and
wrote the manuscript. L.W. and X.W. revised the manuscript and
checked the grammar.

Acknowledgments

This work is funded by National Natural Science Foundation of China
(82371163 and 82372145); Research Project (347897), Solution for Health
Profile (336355), and InFLAMES Flagship (337531) grants from Research
Council of Finland. This study is part of the activities of the Åbo Akademi
University Foundation (SÅA) funded Center of Excellence in Research
“Materials‐driven solutions for combating antimicrobial resistance
(MADNESS)” at ÅAU and Research Council of Finland Research Infra-
structure “Printed Intelligence Infrastructure” (PII‐FIRI).

Ethics Statement

All animal experiments were approved by the Animal Investigation
Ethics Committee of Wenzhou Institute of University of Chinese
Academy of Sciences (No.WIUCAS23021603).

Conflicts of Interest

Hongbo Zhang is an executive editor for Smart Medicine and was not
involved in the editorial review or the decision to publish this article. All
authors declare that there are no competing interests.

References

1. A. Stacy and Y. Belkaid, “Microbial Guardians of Skin Health,” Sci-
ence 363 (2019): 227.

2. A. Uberoi, A. McCready‐Vangi, and E. A. Grice, “The Wound
Microbiota: Microbial Mechanisms of Impaired Wound Healing and
Infection,” Nature Reviews Microbiology 22 (2024): 507.

3. K. Kang, S. Ye, C. Jeong, et al., “Bionic Artificial Skin with a
Fully Implantable Wireless Tactile Sensory System for Wound Healing
and Restoring Skin Tactile Function,” Nature Communications 15
(2024): 10.

4. C. Wang, E. Shirzaei Sani, C.‐D. Shih, et al., “Wound Management
Materials and Technologies From Bench to Bedside and Beyond,” Na-
ture Reviews Materials 9 (2024): 550.

5. E. Shirzaei Sani, C. Xu, C. Wang, et al., “A Stretchable Wireless
Wearable Bioelectronic System for Multiplexed Monitoring and Com-
bination Treatment of Infected Chronic Wounds,” Science Advances 9
(2023): eadf7388.

6. B. R. Freedman, C. Hwang, S. Talbot, B. Hibler, S. Matoori, and D. J.
Mooney, “Breakthrough Treatments for Accelerated Wound Healing,”
Science Advances 9 (2023): eade7007.

7. M. Guo, Y. Wang, B. Gao, and B. He, “Shark Tooth‐Inspired Micro-
needle Dressing for Intelligent Wound Management,” ACS Nano 15
(2021): 15316.

8. J. Shan, J. Che, C. Song, and Y. Zhao, “Emerging Antibacterial
Nanozymes for Wound Healing,” Smart Medicine 2 (2023): e20220025.

9. H. Zhang, G. Chen, Y. Yu, J. Guo, Q. Tan, and Y. Zhao, "Microfluidic
Printing of Slippery Textiles for Medical Drainage around Wounds,"
Advanced Science 7 (2020): 2000789.

10. S. Qian, J. Wang, Z. Liu, et al., “Secretory Fluid‐Aggregated Janus
Electrospun Short Fiber Scaffold for Wound Healing,” Small 18 (2022):
2200799.

11. L. Wang, X. Ding, L. Fan, et al., “Self‐Healing Dynamic Hydrogel
Microparticles with Structural Color for Wound Management,” Nano‐
Micro Letters 16 (2024): 232.

12. X. Lin, L. Cai, X. Cao, and Y. Zhao, “Stimuli‐Responsive Silk Fibroin
for on‐Demand Drug Delivery,” Smart Medicine 2 (2023): e20220019.

13. L. Wang, L. Fan, K. Yi, Y. Jiang, A. M. Filppula, and H. Zhang,
“Advances in the Delivery Systems for Oral Antibiotics,” Biomedical
Technology 2 (2023): 49.

14. J. Chen, X. Zhao, L. Qiao, et al., “Multifunctional On‐Demand
Removability Hydrogel Dressing Based on In Situ Formed AgNPs, Silk
Microfibers and Hydrazide Hyaluronic Acid for Burn Wound Healing,”
Advanced Healthcare Materials 13 (2024): 2303157.

15. C. Li, X. Wang, F. Chen, et al., “The Antifungal Activity of Gra-
phene Oxide–Silver Nanocomposites,” Biomaterials 34 (2013): 3882.

16. Y. Ge, Q. Wang, Y. Yao, et al., “Framework Nucleic Acids‐Based
VEGF Signaling Activating System for Angiogenesis: A Dual Stimula-
tion Strategy,” Advanced Science 11 (2024): 2308701.

17. Y.‐W. Ding, Y. Li, Z.‐W. Zhang, J.‐W. Dao, and D.‐X. Wei, “Hydrogel
Forming Microneedles Loaded with VEGF and Ritlecitinib/Poly-
hydroxyalkanoates Nanoparticles for Mini‐invasive Androgenetic Alo-
pecia Treatment,” Bioactive Materials 38 (2024): 95.

18. L. Cheng, Z. Cai, T. Ye, et al., “Injectable Polypeptide‐Protein
Hydrogels for Promoting Infected Wound Healing,” Advanced Func-
tional Materials 30 (2020): 2001196.

7 of 8

 27511871, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

m
d.137 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [07/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



19. T. Yao, H. Chen, R. Wang, et al., “Thiol‐Ene Conjugation of a VEGF
Peptide to Electrospun Scaffolds for Potential Applications in Angio-
genesis,” Bioactive Materials 20 (2023): 306.

20. M. Zheng, W. Song, P. Huang, et al., “Drug Conjugates Crosslinked
Bioresponsive Hydrogel for Combination Therapy of Diabetic Wound,”
Journal of Controlled Release 376 (2024): 701.

21. O. Castaño, S. Pérez‐Amodio, C. Navarro‐Requena, M. Á. Mateos‐
Timoneda, and E. Engel, “Instructive Microenvironments in Skin
Wound Healing: Biomaterials as Signal Releasing Platforms,” Advanced
Drug Delivery Reviews 129 (2018): 95.

22. M. Abazari, T. Akbari, M. Hasani, et al., “Polysaccharide‐Based
Hydrogels Containing Herbal Extracts for Wound Healing Applica-
tions,” Carbohydrate Polymers 294 (2022): 119808.

23. G. Wang, W. Wang, Z. Chen, et al., “Photothermal Microneedle
Patch Loaded with Antimicrobial Peptide/MnO2 Hybrid Nanoparticles
for Chronic Wound Healing,” Chemical Engineering Journal 482 (2024):
148938.

24. K. Las Heras, I. Garcia‐Orue, F. Rancan, M. Igartua, E. Santos‐
Vizcaino, and R. M. Hernandez, “Modulating the Immune System To-
wards a Functional Chronic Wound Healing: A Biomaterials and
Nanomedicine Perspective,” Advanced Drug Delivery Reviews 210 (2024):
115342.

25. Q. Ou, S. Zhang, C. Fu, et al., “More Natural More Better: Triple
Natural Anti‐oxidant Puerarin/Ferulic Acid/Polydopamine Incorporated
Hydrogel for Wound Healing,” Journal of Nanobiotechnology 19
(2021): 237.

26. W. Li, M. Kong, T. Yang, et al., “'One Stone Four Birds' Strategy Of
Advanced Hydrogel System Based on Eight‐arm Nanocages to Promote
Chronic Wound Healing in Diabetes,” Chemical Engineering Journal
475 (2023): 146174.

27. C. Xue, L. Sutrisno, M. Li, et al., “Implantable Multifunctional Black
Phosphorus Nanoformulation‐Deposited Biodegradable Scaffold for
Combinational Photothermal/Chemotherapy and Wound Healing,”
Biomaterials 269 (2021): 120623.

28. B. Kong, R. Liu, T. Kong, and Y. Zhao, “Bioinspired Wet Adhesive
Proanthocyanidins Microneedles for Ocular Wound Healing,” Research
7 (2024): 0485.

29. Z. Le, J. Yu, Y. J. Quek, et al., “Design Principles of Microneedles for
Drug Delivery and Sampling Applications,” Materials Today 63
(2023): 137.

30. X. Zhang, M. Lu, X. Cao, and Y. Zhao, “Functional Microneedles for
Wearable Electronics,” Smart Medicine 2 (2023): e20220023.

31. B. Zheng, Q. Li, L. Fang, et al., “Microorganism Microneedle Micro‐
engine Depth Drug Delivery,” Nature Communications 15 (2024): 8947.

32. W. Zhang, L. Cai, J. Gan, and Y. Zhao, “Photothermal Responsive
Porous Hollow Microneedles as Chinese Medicine Versatile Delivery
System for Wound Healing,” Smart Medicine 3 (2024): e20240007.

33. W. Li, R. N. Terry, J. Tang, M. R. Feng, S. P. Schwendeman, and
M. R. Prausnitz, “Rapidly Separable Microneedle Patch for the Sus-
tained Release of a Contraceptive,” Nature Biomedical Engineering 3
(2019): 220.

Supporting Information

Additional supporting information can be found online in the Sup-
porting Information section.

8 of 8 Smart Medicine, 2025

 27511871, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

m
d.137 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [07/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Multifunctional Silk and Gelatin Composed Microneedle Patches for Enhanced Wound Healing
	1 | Introduction
	2 | Results and Discussion
	3 | Conclusion
	4 | Methods
	4.1 | Materials
	4.2 | Fabrication of MMN Patches
	4.3 | Mechanical Performance of MMN Patches
	4.4 | Antibacterial Effect
	4.5 | Release Behaviors of Drugs
	4.6 | Scratch Assay
	4.7 | Tube Formation Assay
	4.8 | Cytocompatibility Experiment
	4.9 | Hemocompatibility Experiment
	4.10 | In Vivo Wound Healing Experiment

	Author Contributions
	Acknowledgments
	Ethics Statement
	Conflicts of Interest


