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Abstract 
Diabetic wounds present a significant challenge in clinical treatment and are characterized by chronic inflammation, oxidative stress, impaired 
angiogenesis, peripheral neuropathy, and a heightened risk of infection during the healing process. By creating small channels in the surface of 
the skin, microneedle technology offers a minimally invasive and efficient approach for drug delivery and treatment. This article begins by outlining 
the biological foundation of normal skin wound healing and the unique pathophysiological mechanisms of diabetic wounds. It then delves into the 
various types, materials, and preparation processes of microneedles. The focus is on the application of multifunctional microneedles in diabetic 
wound treatment, highlighting their antibacterial, anti-inflammatory, immunomodulatory, antioxidant, angiogenic and neural repair properties. 
These multifunctional microneedles demonstrate synergistic therapeutic effects by directly influencing the wound microenvironment, ultimately 
accelerating the healing of diabetic wounds. The advancement of microneedle technology not only holds promise for enhancing the treatment 
outcomes of diabetic wounds but also offers new strategies for addressing other chronic wounds. 
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Highlights 

• Microneedle technology provides a minimally invasive and effective method of administration that can improve the treatment of diabetic wounds. 
• Multifunctional microneedles play crucial roles in diabetic wound treatment and have antimicrobial, anti-inflammatory, immunomodulatory, and antioxidant 

functions and promote angiogenesis, accelerating wound healing. 
• The synergy among multifunctional microneedles, along with phototherapy and electrotherapy, significantly enhances treatment outcomes, providing a 

more effective therapeutic strategy for diabetic wound healing. 

Background 
The skin, the largest organ of the human body, plays a crucial 
role in shielding internal tissues from various forms of harm, 
such as mechanical damage, chemical exposure, microbial 
infections, ultraviolet radiation, and extreme temperatures 
[1]. However, as the primary defense mechanism of human 
tissue, the skin is highly vulnerable to damage, particularly in 
chronic conditions such as diabetes. With an estimated 463 
million individuals worldwide currently living with diabetes, 
a number projected to rise to 700 million by 2045, diabetic 
foot ulcers account for approximately 7.2–15% of cases [2, 3]. 
Approximately 50% to 60% of diabetic foot ulcers develop 
secondary infections, with approximately 20% classified as 
moderate to severe and potentially leading to lower limb 
amputation [4]. The 5-year mortality rate for patients with 
diabetic foot ulcers is approximately 30%, whereas for those 
who undergo major amputations, the rate exceeds 70% [4]. 
Compared with diabetic patients without foot ulcers, those 
with diabetic foot ulcers have a higher mortality rate (approx-
imately 231 deaths per 1000 person-years) [4]. These rates 
increase with the increasing number of diabetic patients, 

placing significant burdens on both patients and health care 
systems [3, 5]. 

Wound healing is a complex process involving various 
biological and molecular events, including cell migration, cell 
proliferation, neovascularization, extracellular matrix (ECM) 
deposition, and epithelial regeneration [1]. However, dia-
betic patients often experience challenges such as chronic 
inflammation, excessive oxidative stress, angiogenesis disor-
ders, neuropathy, and bacterial infections in wounds due to 
prolonged hyperglycemia [4, 6–8]. These factors can disrupt 
the normal wound healing process and lead to delays in 
healing. Traditional treatments have focused on glycemic 
control, debridement, grafting, and wound dressings have 
not consistently provided effective and universally applicable 
therapies [4]. Thus, there is an urgent need for carefully 
planned integration of treatments to address these issues. 

Microneedle technology, as an emerging treatment method, 
offers new possibilities for enhancing diabetic wound healing. 
In the initial stages (hours to days), microneedling has been 
shown to reduce inflammatory responses, scavenge ROS, 
and moderately polarize macrophages. As healing progresses
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Table 1. Comparison of traditional treatment and microneedle therapy for diabetes wounds 

Therapeutic method Advantages Limitations References 

Localized medication 
(antibiotics, 
anti-inflammatory drugs) 

Drug directly acts on the wound site, effectively 
combating local infections and inflammation; low 
cost; easy to obtain; wide indications. 

Poor permeability, easy drug resistance, 
allergic reactions or other side effects. 

[17, 18] 

Debridement Remove necrotic tissue and reduce the risk of 
infection. 

Invasive, painful and uncomfortable, 
requiring anesthesia or analgesic drugs. 

[4, 18, 19] 

Moist dressings Keeping the wound moist helps with healing; High 
comfort level. 

Frequent replacement, may lead to wound 
adhesion. 

[4, 18, 20] 

Negative pressure wound 
treatment 

Remove wound secretions, promote the formation 
of new tissue, improve local blood flow, and 
reduce swelling. 

Large device and higher expense. [18, 20, 21] 

Oxygen therapy Improve oxygen supply, accelerate wound healing, 
and reduce infection. 

Long treatment cycle, expensive special 
equipment and costs. 

[22–24] 

Autologous skin 
transplantation 

Effective repair, suitable for large or deep wounds; 
low exclusion risk. 

Surgical risk, long recovery period. [20, 25] 

Microneedle therapy Accurate targeted delivery, simultaneous delivery 
of multiple therapeutic substances (multi-faceted 
therapy), high delivery efficiency, low side effects, 
simple operation, minimally invasive, high 
comfort, and high patient compliance. 

At present, the technology is still in the 
development stage, no unified standard 
and no clinical trials have confirmed its 
effectiveness. 

[20] 

into the middle and late stages (days to months), it aids in 
promoting cell proliferation, angiogenesis, oxidation, and col-
lagen deposition [ 9]. Importantly, these effects are primarily 
observed when microneedles are used in conjunction with 
additional therapeutic substances, such as anti-inflammatory 
agents or antioxidant materials [9, 10]. A basic microneedle 
alone may not exhibit these effects to the same extent in the 
absence of such enhancements. 

To address the specific microenvironment of diabetic 
wounds, microneedles with antibacterial, anti-inflammatory, 
antioxidant, immunomodulatory, and proangiogenic prop-
erties have been developed [11–13]. Microneedle therapy 
presents significant advantages for diabetic wound care 
because of its microtargeted delivery approach. By facilitating 
the precise delivery of drugs [13, 14], genes [12, 15], cells 
[11], and other functional materials [12, 16] directly to the 
wound site, microneedles enhance therapeutic efficacy while 
minimizing systemic side effects. This targeted approach 
allows for higher local concentrations of therapeutic agents, 
which can accelerate wound healing and improve overall 
treatment outcomes. Compared with traditional methods 
(Localized medication [17, 18], Debridement [4, 18, 19], 
Moist dressings [4, 18, 20], Negative pressure wound treat-
ment [18, 20, 21], Oxygen therapy [22–24] and Autologous 
skin transplantation [20, 25]), microneedle therapy is a 
less invasive and more comfortable alternative, resulting in 
reduced pain and improved patient compliance (Table 1) [26, 
27]. Furthermore, the ability of microneedles to deliver gases 
[26, 28–30], metal ions [31], and bioactive nanoparticles [32] 
further highlights their therapeutic potential, making them 
a versatile and promising solution for the management of 
diabetic wounds. 

While numerous reviews on microneedling exist, there 
remains a notable deficiency of reviews that specifically 
address multifunctional microneedles for the treatment of 
diabetic wounds, particularly concerning the synergistic 
effects of microneedles in conjunction with phototherapy 
and electrotherapy. The aim of this review is to provide 
guidance for the development of microneedle treatments for 
diabetic wound healing and to serve as a valuable reference 
for related research and clinical practice. This review offers 

a comprehensive overview of recent research on the use 
of microneedles in diabetic wound healing. This article 
first discusses the delayed healing mechanism of diabetic 
wounds. It then delves into the detailed preparation of 
microneedles, including material selection, structural design, 
and preparation methods. This review further explores the 
various mechanisms of action of microneedles in diabetic 
wound healing, such as antibacterial, anti-inflammatory, 
immunoregulatory, antioxidant, and proangiogenic effects. 
Additionally, this study highlights the synergistic therapeutic 
effect of microneedles when combined with drug therapy, 
phototherapy, and other methods, suggesting the potential for 
improved therapeutic outcomes. 

Review 
Diabetic wounds: mechanism of delayed healing 
Intact skin serves as the primary barrier against external fac-
tors and houses sebaceous glands, sweat glands, and hair fol-
licles [1]. The dermis is abundant in ECM, blood vessels, and 
mechanoreceptors and offers structural support, nourishment, 
and immune defense. Subcutaneous adipose tissue lies below 
the dermis, acting as both an energy reservoir and a source 
of growth factors for the skin. Additionally, each skin layer 
hosts resident immune cells that surveil for damage. In the 
event of injury, these cellular layers must coordinate precisely 
for effective healing [1, 33]. As a result, skin repair is one of 
the most intricate biological processes in the human body. 

In the context of wound healing, the process is typically cat-
egorized into stages, including hemostasis, inflammation, pro-
liferation, and remodeling (Figure 1) [1]. The hemostatic stage 
involves rapid vessel constriction, platelet aggregation, and 
thrombus formation to prevent blood loss [34]. The inflam-
matory phase involves the release of mediators that attract 
immune cells to clear pathogens and dead cells, initiating 
repair [35]. The proliferation stage involves cell proliferation 
and migration to fill the wound, whereas remodeling involves 
rebuilding the ECM and regenerating blood vessels and nerves 
to restore tissue structure and function [34]. Effective coor-
dination of these stages enables the skin to heal complex 
wounds, restoring integrity and functionality [36]. However,
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Figure 1. The normal wound healing process: Hemostasis, inflammation, proliferation, and remodeling (by Figdraw). ECM extracellular matrix 

in diabetic wounds, prolonged hyperglycemia disrupts these 
stages, leading to delayed healing. Therefore, understanding 
the physiological and pathological mechanisms of skin wound 
healing is crucial for managing chronic conditions such as 
diabetes. 

Delayed diabetic wound healing is a multifaceted pro-
cess influenced by various biological processes. Prolonged 
hyperglycemia triggers cellular and molecular changes that 
significantly impact the healing process. The accumulation 
of advanced glycation end products (AGEs) disrupts cell and 
matrix function [37], whereas chronic inflammation disturbs 
the immune environment around the wound, further imped-
ing healing [38]. Impaired angiogenesis and peripheral neu-
ropathy exacerbate this problem by compromising the blood 
supply and innervation of the affected area, slowing recov-
ery [4, 28]. Additionally, hindered ECM remodeling limits 
the formation of new tissue [1]. Infection is another signif-
icant factor in delayed diabetic wound healing, as elevated 
blood sugar levels create an optimal environment for bacterial 
growth and weaken the immune response [39]. These inter-
connected factors create a complex biological network that 
challenges wound management in diabetic patients. Under-
standing these influencing factors and developing targeted 
treatment approaches are crucial. Investigating the mecha-
nisms behind the delayed healing of diabetic wounds can 
enhance clinical practice and lead to more effective treatment 
strategies, ultimately improving patients’ quality of life and 
accelerating recovery. The supplementary file outlines specific 

details of the delayed wound healing mechanisms in diabetic 
wounds (supplementary file). 

In summary, the delayed healing of diabetic wounds is 
attributed to the accumulation of AGEs, chronic inflam-
mation, impaired angiogenesis, peripheral neuropathy, and 
limited ECM remodeling. 

Microneedles 
Microneedle technology has significantly advanced over the 
years, leading to breakthroughs in transdermal drug delivery. 
By using micron-sized needle tips to create tiny channels 
in the stratum corneum layer of the skin [40], this innova-
tive method offers advantages such as the ability to deliver 
high-molecular-weight drugs and create customizable treat-
ments, with various clinical applications [41]. The continu-
ous evolution and optimization of microneedle technology 
has expanded its potential applications. Different types of 
microneedles provide diverse options for drug delivery, but 
ongoing research has focused on identifying materials suitable 
for microneedle preparation and increasing the stability and 
efficiency of the delivery process [41]. These efforts drive the 
progress of microneedle technology, fostering innovation and 
advancements in drug delivery. 

Classification of microneedles 
Microneedles can be produced in various shapes, such as 
rectangular, pyramidal, cylindrical, conical, or quadrilateral 
shapes, with tip sizes typically ranging from 1 to 25 μm [41].

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkae076#supplementary-data
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Figure 2. Classification and production method of microneedles (by Figdraw) 

They are categorized as solid, coated, hollow, dissolving, 
or hydrogel-forming microneedles based on their structure 
( Figure 2) [41, 42]. Each type offers unique advantages for 
applications in drug delivery and treatment. Solid micronee-
dles are designed for direct drug delivery to target tissues and 
are made of strong materials to ensure effective penetration 
[40, 43]. Coated microneedles have a thin drug layer for 
controlled release near the skin [44]. Hollow microneedles 
feature channels for liquid drug injection or sample extrac-
tion, preventing drug–material interactions [44]. Dissolving 
microneedles dissolve in the skin, releasing drugs without the 
need for removal, simplifying their use and reducing waste 
[42, 45]. Hydrogel-forming microneedles are microneedles 
made from hydrogel materials. Upon contact with the skin, 
they rapidly absorb moisture from the skin surface, forming 
a gel that adheres to the skin and allows noninvasive delivery 
of medications. This method is particularly suitable for situ-
ations where minimizing skin trauma is important [15, 46]. 
In summary, choosing the appropriate type of microneedle 
based on specific drug delivery requirements and treatment 
objectives can lead to more precise and effective drug delivery 
and treatment outcomes. 

Material selection for microneedles 
The success of microneedle technology is closely linked to the 
material selection of microneedles. Therefore, it is essential to 
choose materials with specific biocompatibility, mechanical 
properties, and drug release capabilities to ensure the effec-
tiveness and safety of microneedle therapy [41]. 

Biocompatibility is a key factor in assessing how mate-
rials interact with biological systems, encompassing tissue 
response, cell attachment, and biodegradation. These materi-
als should not induce significant tissue inflammation or rejec-
tion but instead should possess suitable bioaffinity to enhance 
cell attachment and tissue growth. Moreover, they should 
not elicit a strong immune response or trigger inflammatory 

processes, and careful consideration of chemical composition 
and structural design is needed to minimize irritation to the 
human immune system. Additionally, the biodegradability 
of microneedle materials is crucial to ensure that they can 
be safely removed posttreatment and leave minimal residues 
[47, 48]. Furthermore, comprehensive biocompatibility test-
ing, including cytotoxicity and skin irritation assessments, 
is essential during material design and selection to support 
safe application [36]. For example, Yuan et al. [15] uti-
lized LIVE/DEAD cell staining and CCK-8 assays to assess 
the biocompatibility of GelMA/PEGDA gel, and the results 
demonstrated high cell viability and low toxicity of the degra-
dation products. Zeng et al. [12] conducted a study where 
major organs were collected from diabetic rats in both a 
control group and a microneedle group to assess the safety 
of microneedle therapy. The findings indicated that the liver 
and kidney functions of the rats treated with microneedles 
were within normal ranges and that there were no significant 
microscopic differences between the two groups. These find-
ings suggest that the microneedle treatment was nontoxic to 
the diabetic rats. In a separate study by Li et al. [49], an in 
vitro evaluation of the cellular and hemocompatibility of dif-
ferent concentrations of all-in-one self-powered microneedles 
(TZ@mMNs) was conducted. The results from LIVE/DEAD 
staining and the CCK-8 assay demonstrated that TZ@mMNs 
exhibited minimal cytotoxicity to NHDFs and HUVECs, with 
cell viability exceeding 98%. Furthermore, blood compatibil-
ity testing revealed that the hemolysis rate of the TZ@mMNs 
was less than 5%, indicating excellent blood compatibility. 

The mechanical properties of microneedles are crucial for 
their ability to penetrate the skin and release drugs effectively. 
These properties include strength, stiffness, sharpness, and 
stability in tissues [45]. Microneedles must be strong and 
rigid enough to avoid breakage or deformation during use 
but sharp enough to minimize trauma and pain [36]. They 
create small pores in the skin surface, allowing drugs to enter
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the dermal microcirculation. The success of penetration can 
be assessed via models such as paraffin film or pig skin, 
with a 100% success rate indicating that all microneedles 
penetrated the skin [50, 51]. Parameters such as tip diam-
eter, base width, length, and mechanical strength directly 
impact the size of microchannels. Zhang et al. [52] con-
ducted mechanical testing of microneedles using a universal 
testing machine and reported that higher concentrations of 
hyaluronic acid (HA) increased the mechanical strength. The 
force (30 N) of the microneedles at 450 μm of displace-
ment was sufficient for skin piercing. Furthermore, catechol 
groups on the surface of microneedles enhance adhesion to 
wound tissue through hydrogen and covalent bonds. The tip 
of the microneedle serves as the regeneration center for the 
microskin island, and its distribution density plays a crucial 
role in regulating biological cell behavior and wound healing. 
A higher microneedle density can significantly increase the 
specific surface area of micronuclei, enhancing resistance to 
deformation caused by directional cell migration and growth 
and ultimately benefiting tissue regeneration. However, an 
excessively high microneedle density may result in increased 
hydrophobicity, limiting cell migration and proliferation [11]. 
Huang et al. [11] investigated the impact of different nee-
dle spacings (2000 μm, 1500 μm, 1000 μm, and 500 μm) 
on cell proliferation and migration to study the interaction 
between microneedle density and tissue. The study revealed 
that changes in microneedle density did not significantly affect 
cell proliferation. Nevertheless, greater mobility was observed 
with the 1500 μm, 1000 μm, and 500 μm spacing than with 
the 2000 μm spacing, with the 1000 μm spacing resulting 
in the greatest mobility. This finding indicates that increasing 
the microneedle density can increase the directional migration 
rate of cells but that an excessively high density may hinder 
cell migration. 

The drug release performance of microneedles is a crucial 
aspect of microneedle technology in drug delivery and is 
essential for achieving effective therapeutic outcomes. When 
investigating microneedle drug release performance, several 
factors must be considered. First, the material chosen for 
microneedles significantly influences drug release. Different 
materials may interact with drugs in various ways, impacting 
the rate and manner of drug release. For example, some 
materials may chemically react with drugs, leading to slow 
drug release [13, 53], whereas others may exhibit better 
drug compatibility, facilitating rapid drug release [49]. Sec-
ond, the characteristics of the drug itself play vital roles 
in release performance. Factors such as molecular weight, 
solubility, and formulation affect drug diffusion and release 
rates in microneedles [54, 55]. Moreover, surface coatings 
on microneedles can also modulate drug release properties. 
Certain coatings may delay drug release, creating a sustained-
release effect, whereas others may accelerate drug release for 
quicker therapeutic effects [13, 53, 56]. Therefore, by compre-
hensively considering factors such as microneedle materials, 
drug properties, and surface coatings, microneedle systems 
with superior drug release properties can be developed, offer-
ing critical technical support for effective drug delivery and 
therapeutic outcomes. 

Traditional materials for microneedle production include 
metal, glass, and silicon. While these materials exhibit high 
hardness, they are also brittle, which can lead to skin 
rupture or the presence of foreign matter residues, potentially 
resulting in various side effects [57]. In recent years, 

polymer materials—such as gelatin, chitosan, silk protein, HA, 
polylactic acid (PLA), and polyethylene glycol (PEG)—have 
gained popularity because of their superior biocompatibility, 
mechanical properties, and degradability [15, 28, 31, 33]. 
Compared with traditional materials, polymer options offer 
enhanced biocompatibility and reduced cytotoxicity, as well 
as the ability to decompose naturally, thereby minimizing 
complication rates, particularly during prolonged or repeated 
applications [58–60]. In terms of their mechanical properties, 
polymer microneedles typically exhibit greater flexibility and 
adaptability, enabling them to distribute pressure evenly 
across the skin and decrease the risk of skin breakdown 
[61]. Furthermore, by optimizing the formulation and 
preparation processes, the mechanical properties of polymer 
microneedles can be tailored to meet specific application 
requirements [57]. For example, PLA and PEG can provide 
the necessary hardness and elasticity to ensure the stability 
and comfort of microneedles during skin penetration [62, 
63]. Additionally, polymer materials demonstrate effective 
drug release capabilities, achieving sustained drug release 
by modulating the degradation rate or employing various 
drug loading technologies. Natural polymers, such as gelatin 
and silk proteins, exhibit excellent drug carrier properties 
and can effectively deliver drugs while maintaining their 
biological activity [64, 65]. Additionally, HA and chitosan 
can significantly regulate drug release, facilitating sustained 
release and enhancing therapeutic efficacy [58, 66]. Compared 
with that for metal and glass microneedles, the manufacturing 
process for polymer microneedles is more flexible and 
cost-effective, making it suitable for large-scale production. 
Moreover, the size and shape of microneedles can be tailored 
to meet various application requirements [57]. 

In summary, polymer materials offer substantial advan-
tages over traditional materials concerning biocompatibil-
ity, mechanical properties, degradability, drug release perfor-
mance, and manufacturing processes, establishing them as 
the preferred choice in microneedle technology. Particularly 
in scenarios necessitating long-term or repeated applications, 
polymer microneedles can deliver a safer and more effective 
solution. Future research should further investigate the perfor-
mance of these materials across various clinical applications 
to facilitate the continued advancement of microneedle tech-
nology. 

Microneedle preparation technology 
The method of microneedle preparation significantly impacts 
the performance and applications of microneedles. Common 
preparation techniques currently include cutting, etching, 
photolithography, micromolding, and 3D printing. Each 
method has its own advantages and disadvantages (Figure 3) 
[48, 67]. 

Cutting technology typically employs lasers and computer-
aided design software to precisely engrave solid micronee-
dles onto stainless steel plates, rendering it suitable for mass 
production. This method offers high manufacturing precision 
and production efficiency; however, it also involves challenges, 
such as material waste, difficulties in fabricating complex 
shapes, and high initial mold costs [45]. Additionally, owing 
to the advantages of polymer materials, the use of solid metal 
microneedles is rare, and related research remains limited. 
Conversely, etching technology uses corrosive liquids to carve 
the surfaces of microneedles, allowing for precise control 
over size and shape, making it particularly well suited for
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Figure 3. Schematic diagram of the microneedle preparation method (by Figdraw) 

producing arrays of specific structures [ 45]. For example, Li 
et al. employed double-sided etching to fabricate microneedles 
on silicon wafers, utilizing an oxide/nitride mask and KOH 
for deep etching [68]. The advantages of this technology 
include high resolution and good adaptability; however, it 
is suitable primarily for brittle materials, and the process is 
complex and costly. Photolithography employs a light source 
to create microneedle patterns on a substrate, offering extreme 
precision and design flexibility. For example, Sun et al. utilized 
a laser to create tapered microneedle cavities on a female 
PDMS mold [69]. Similarly, Evens et al. employed a femtosec-
ond laser system to ablate microneedle molds [70]. Although 
photolithography can produce complex-shaped microneedles, 
it is hindered by expensive equipment, process complexity, and 
certain restrictions on material selection. On the other hand, 
micromolding involves pouring hot polymers into micron- or 
nanometer-sized molds, followed by centrifugation, drying, 
and cooling to yield consistent and accurately sized micronee-
dle products, which are suitable for medical devices, biosen-
sors, and other applications [11, 30, 33, 53]. For example, 
Sun et al. fabricated microneedles using a PVA solution and 
microneedle molds [69], whereas Guo et al. instilled silk 
fibroin solution into a mold to prepare microneedles [71]. 
This technology is advantageous for large-scale production, 
offering high production efficiency and good dimensional 
consistency; however, it is primarily suitable for thermoplastic 
polymers, and mold wear may compromise production qual-
ity. 3D printing technology simplifies the microneedle manu-
facturing process by adding materials layer by layer according 
to computer-aided design models, making it suitable for per-
sonalized customization and small batch production [72]. 3D 

printing enables the production of high-quality microneedles 
with adjustable properties from a variety of materials [73–75]. 
One study employed fused deposition modeling 3D printing 
technology to create conical and neiloid microneedles, subse-
quently verifying their potential for transdermal drug delivery 
via a skin model [76]. Additionally, Fitaihi et al. developed a 
soluble microneedle patch through stereoscopic lithography 
and 3D printing [77]. While 3D printing technology offers 
high design flexibility and a diverse range of material options, 
it still faces certain limitations regarding accuracy and pro-
duction speed. 

Importantly, the aforementioned techniques can be employ-
ed individually or in combination. For example, the claw-
inspired microneedle developed by Zhang et al. integrates 
both etching and photolithography techniques [78]. Addi-
tionally, several studies have explored the combination of 
photolithography with micromolding or 3D printing [74, 
79]. Consequently, considerations regarding structural spec-
ifications, production costs, and production scale become 
critical. A rational selection and optimization of preparation 
techniques will facilitate the fulfillment of diverse microneedle 
designs and application requirements. 

Application of multifunctional microneedles in 
diabetic wound healing 
Wound healing is a complex and dynamic process that 
involves the interaction of various cells, cytokines, and 
growth factors. The diabetic wound microenvironment is 
characterized by chronic inflammation, bacterial infection, 
excessive oxidative stress, and impaired angiogenesis [6, 9]. 
To address these challenges, multifunctional microneedles
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Figure 4. Application of microneedle in wound healing of diabetes (by Figdraw). ECM extracellular matrix 

have been designed to enhance wound healing. Microneedles 
can modulate the microenvironment and act as carriers for 
cells, nanoparticles, drugs, or other therapeutic substances 
( Figure 4 and Table 2) [15, 31, 49, 54, 55, 80–91]. 

Anti-inflammatory and immunomodulatory 
microneedles 
In diabetic wounds, inflammatory factors and immune cells 
play pivotal roles. The inflammatory response is often exac-
erbated by continuous cytokine stimulation and the recruit-
ment of immune cells. High blood sugar levels can also 
impact the function and quantity of immune cells, result-
ing in abnormal or insufficient inflammatory reactions. Dys-
functional immune cells, such as M1 macrophages and neu-
trophils, release proinflammatory chemokines, contributing 
to chronic inflammation [6, 92]. To mitigate the inflammatory 
response and enhance diabetic wound healing, researchers 
have explored the use of anti-inflammatory microneedles. 
These microneedles can be loaded with cells [11], extra-
cellular vesicles [12], anti-inflammatory drugs, and natural 
ingredients [55], among others. Moreover, anti-inflammatory 
materials can be incorporated into microneedles to regu-
late macrophage polarization and facilitate wound healing 
through immunomodulation [32]. 

Metformin, a drug commonly used to treat type 2 diabetes, 
not only helps regulate blood sugar levels but also has 
intrinsic anti-inflammatory effects [93]. Liu et al. [14] 
developed a composite hydrogel-backed porcupine feather-
like microneedle system that improved adhesion to the skin 
through physical interlocking and chemical bonding of mul-
tilayered microneedles. Additionally, the microneedles were 
loaded with CaO2-HA nanoparticles and metformin within 

the polycaprolactone tips, resulting in antibacterial, anti-
inflammatory, and hypoglycemic effects that may facilitate the 
healing of diabetic wounds. However, this study is limited by 
the absence of long-term biocompatibility assessments, in vivo 
and in vitro toxicity evaluations, and a more comprehensive 
exploration of the underlying mechanisms. Exosomes, vesicles 
released by various cells, play a key role in intercellular 
communication by delivering their contents [94]. Their 
potential in tissue regeneration is significant because of 
their biocompatibility, low immunogenicity, and therapeutic 
targeting ability. Preclinical studies have demonstrated the 
therapeutic effects of exosomes in multiple systems, including 
nervous, muscular, skeletal, pulmonary, and cardiovascular 
systems. These vesicles carry biological molecules such as 
proteins, DNA, mRNAs, and miRNAs from the parent cell, 
offering similar biological advantages [94]. For example, M2 
macrophages, known for their anti-inflammatory properties, 
are involved in allergies, parasitic infections, and tissue 
remodeling. Stimulating M2 macrophages can promote 
wound healing by inhibiting apoptosis and inflammatory 
responses [86, 95]. Studies have shown that M2 macrophage-
derived exosomes (MEs) exhibit anti-inflammatory effects 
and resistance to inflammation in inflammatory diseases [96]. 
MEs can also facilitate the transformation of macrophages 
from the proinflammatory M1 phenotype to the anti-
inflammatory M2 phenotype, thereby accelerating skin 
wound healing [97]. Owing to the limitations of exosomes, 
such as their short half-life and instability and the chronic 
hyperactive inflammation of diabetic wounds, the use of 
biomaterials loaded with MEs could be an effective strategy 
to enhance diabetic wound healing. Zeng et al. [12] developed 
a double-layered microneedle-based wound dressing system
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Table 2. Multifunctional microneedle characteristics for promoting wound healing in diabetes. 

Synthetics Load substance Functions References 

SilMA CaO2, AgNPs, catalase Antibacterial, anti-inflammatory, and pro angiogenic [53] 
GelMA TA@ZnO Antibacterial, antioxidant, anti-inflammatory, promoting 

angiogenesis and increasing collagen deposition 
[49] 

GelMA-CS KC and FB Promote re epithelialization and vascularization [11] 
GelMA PC Anti inflammation and immune regulation [54] 
HA, pyrrole, DA ZIF-8 nanoparticles loaded with 

GOx and HRP 
Hypoglycemic, antibacterial, anti-inflammatory, and 
bioelectric stimulation 

[52] 

HAMA and PVA MEs and PDA NPs Anti inflammation and promotion of vascular regeneration [12] 
PSBMA HMPs,ZnONPs and asiaticoside Antibacterial and anti-inflammatory [55] 
PDMS and PVA SeC@PA Antibacterial, antioxidant, anti-inflammatory [56] 
PCL Sodium hyaluronate modified 

CaO2 nanoparticles and 
metformin 

Antibacterial, anti-inflammatory, antioxidant, and pro 
angiogenic properties 

[14] 

PLGA MgH2 Anti inflammation and antioxidant properties [31] 
Gelatin FeIIITA Antibacterial, anti-inflammatory, and pro angiogenic [80] 
PVP NIR-II, GOx and catalase Antibacterial and hypoglycemic effects [81] 
HA, CS and SF TCH and DFO Antibacterial, pro angiogenic, anti-inflammatory, and pro 

collagen deposition 
[28] 

GelMA G-Insulin and AFPBA Anti inflammation, hypoglycemic and promoting collagen 
deposition 

[46] 

HA and HAMA Fe-MSC-NV and PDA NPs Antioxidant, anti-inflammatory, and pro angiogenic [33] 
γ -PGA Asiaticoside Promoting angiogenesis and epithelial regeneration [82] 
CS Fe2C NPs and GOx Antibacterial [83] 
MOF NO and NIR Promote cell migration and angiogenesis [30] 
HA and GelMA TCH and rh-EGF Antibacterial, anti-inflammatory, promoting angiogenesis 

and collagen deposition 
[65] 

HA ZCO Antibacterial, anti-inflammatory, and promoting 
angiogenesis 

[32] 

PVA MSC-Exos Anti inflammation and promotion of angiogenesis [74] 
GelMA and PVA Cv Promote cell proliferation, migration, and angiogenesis [29] 
HA HMPs, ZnO, VEGF and bFGF Antibacterial, anti-inflammatory, and promoting 

angiogenesis 
[16] 

SFM PBN, VEGF and polymyxin Promoting angiogenesis, antioxidant and antibacterial 
properties 

[13] 

CS and PVP Mg and PNS Antibacterial, anti-inflammatory, and promoting 
angiogenesis 

[84] 

γ -PGA and GO-Ag Mg-MOFs and gallic acid Antibacterial and antioxidant properties [85] 
PDMS and HA NPF nanoparticles and PA Hypoglycemic and anti-inflammatory [86] 
HA PDGF-BB, SOS and quercetin Anti-inflammatory, pro-angiogenic and long-term 

moisturizing properties 
[87] 

PVA and HA CuS NPs and TM NPs Photothermal antimicrobial, ROS scavenging, 
immunomodulatory, and angiogenesis 

[88] 

γ -PGA Ag, CeO2 and MSN Antibacterial, reactive oxygen species-lowering, 
macrophage ecological niche-regulating, promoting 
vascular regeneration and collagen deposition 

[89] 

PVA and PBA POGa and insulin Antibacterial and Hypoglycemic [90] 
PVA and HEMA Catalase and polymyxin B Immunoregulation and antibacterial [91] 

SilMA Methacrylic anhydride silk fibroin, GelMA Gelatin methacryloyl, GelMA-CS Gelatin methacryloyl-Chitosan, HA hydroxyapatite, DA Dopamine, 
HAMA hyaluronic acid methacrylate, PVA Polyvinyl alcohol, PSBMA Poly (sulfobetaine methacrylate), PDMS Polydimethylsiloxane, PCL Polycapro-
lactone, PLGA Poly (lactic-co-glycolic acid), PVP Polyvinylpyrrolidone, SF Silk Fibroin, γ -PGA Poly-γ -glutamic acid, SFM Silk fibroin methacryloyl, 
AlgMA Alginate Methacrylate, GO-Ag graphene oxide-silver nanocomposites, AgNPs Silver nanoparticles, TA@ZnO Tannin@ZnO microparticles, KC 
Keratinocytes, FB Fibroblasts, PC Purpurolide C, GOx Glucose oxidase, HRP horseradish peroxidase, MEs M2 macrophage-derived exosomes, PDA 
NPs polydopamine nanoparticles, HMPs photothermal hair particles, ZnO NPs zinc oxide nanoparticles, SeC@PA Dopamine-coated hybrid nanoparticles 
containing selenium and chlorin e6, MgH2 magnesium hydride, FeIIITA iron/tannic acid, NIR-II Near infrared II response, TCH tetracycline hydrochloride, 
DFO deferoxamine, G-insulin gluconic insulin, AFPBA glucose-responsive monomer 4-(2-acrylamidoethylcarbamoyl)-3-fluorophenylboronic acid, Fe-MSC-
NVs ferrum-mesenchymal stem cell-derived artificial nanovesicles, PDA NPs polydopamine nanoparticles, Fe2C NPs Fe2C nanoparticles, SPs stem cell 
spheroids, rh-EGF recombinant human epidermal growth factor, ZCO cerium/zinc-based nanomaterial, MSC-Exos mesenchymal stem cell -exosomes, Cv C. 
vulgaris, ZnO Zinc oxide, VEGF vascular endothelial growth factor, bFGF basic fibroblast growth factor, PBN Prussian blue nanozymes, TSA Trichostatin 
A, Mg magnesium, PNS panax notoginseng saponins, Mg-MOFs Multifunctional magnesium organic frameworks, NPF Acid-responsive Nisin@PA@Fe, 
PA Protocatechualdehyde, PDGF-BB Platelet-derived Growth Factor-BB, SOS Sucrose Octasulfate, TM NPs Tannin-europium metal–organic framework 
nanoparticles, CeO2 cerium dioxide, MSN mesoporous silica nanoparticles, PBA phenylboronic acid, POGa gallium porphyrin modified with 3-amino-1,2 
propanediol, HEMA hydroxyethyl methacrylate 

(MEs@PMN) by incorporating MEs in the needle tips 
and polydopamine (PDA) nanoparticles in the backing 
layer to simultaneously reduce inflammation and enhance 
angiogenesis at the wound site. In vitro studies revealed 
that the released MEs promoted macrophage polarization 

toward the M2 phenotype. The application of MEs@PMN in 
a diabetic rat wound model resulted in a significant decrease 
in the number of M1 macrophages and an increase in the 
number of M2 macrophages, which was consistent with the 
in vitro findings. Similarly, Ma et al. [ 33] proposed a novel
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core-shell HA microneedle encapsulated with iron-mesenchy-
mal stem cell-derived artificial nanovesicles (Fe-MSC-NVs) 
and polydopamine nanoparticles (PDA NPs). The release of 
PDA NPs from the MN patch at the lesion site effectively 
inhibited the inflammatory response induced by ROS. The 
combination of PDA NPs and Fe-MSC-NVs facilitated M2 
macrophage polarization, resulting in decreased wound 
inflammation and expedited healing of diabetic wounds. 
However, despite the promising therapeutic potential of 
extracellular vesicle-based microneedles, the large-scale 
production of extracellular vesicles poses a significant 
challenge, thereby limiting their clinical application. 

In recent decades, researchers have been actively devel-
oping and studying new drugs and materials that modu-
late macrophage function. Natural products, particularly fun-
gal metabolites, have long been crucial in drug discovery. 
PC, a rare bergamot sesquiterpene derived from the fun-
gus Penicillium purpurogenum IMM003, possesses a unique 
6/4/5/5 tetracyclic ring system [98]. Research indicates that 
PC exhibits significant anti-inflammatory properties and can 
effectively inhibit the activation of M1 macrophages without 
causing cytotoxicity [54]. These findings suggest the potential 
of PC in regulating local macrophage function and facili-
tating diabetic wound healing. Liu et al. [54] innovatively 
developed a PC-based microneedle patch to address chal-
lenges related to the poor water solubility and limited skin 
permeability of PC. By inhibiting TLR4-MD2 dimerization 
and MYD88 phosphorylation, the microneedle patch suc-
cessfully delivers PC to local tissues, thereby suppressing M1 
macrophage activation and promoting diabetic wound heal-
ing. However, the study did not explore the dose–effect rela-
tionship or optimal administration regimen of PC in sufficient 
depth. Additionally, gallic acid, a natural organic compound 
with phenolic properties, has anti-inflammatory effects. Yin 
et al. [85] incorporated gallic acid into a microneedle patch 
containing a magnesium organic framework to enhance its 
anti-inflammatory properties. Additionally, some metal ions, 
such as Mg2+, also have anti-inflammatory effects. Wang 
et al. [31] developed a poly(lactic-glycolic acid) (PLGA)-based 
microneedle patch loaded with magnesium hydride (MgH2) 
(MN-MgH2) for treating diabetic wounds. These microneedle 
patches enable transdermal delivery and sustained release of 
MgH2, leading to the generation of hydrogen gas (H2) and 
magnesium ions (Mg2+) upon interaction with body fluids. 
The released Mg2+ aids in promoting the polarization of M2 
macrophages. Nanomaterials, such as ZnO NPs and ZCO, 
possess anti-inflammatory properties. In a study by Li et al. 
[49], ZnO NPs were loaded onto GelMA hydrogel micronee-
dles, resulting in reduced inflammation by lowering TNF-α 
and IL-6 expression. In another study by Yang et al. [32], 
ZCO was combined with HA to create ZCO-HA micronee-
dles, which demonstrated effective anti-inflammatory activ-
ity via the NF-κB pathway. This pathway helps decrease 
macrophage inflammation and enhances cell proliferation, 
migration, and angiogenesis. Metal ions have the potential to 
modulate inflammation and immunity; however, challenges 
such as unclear mechanisms, dose optimization, potential 
toxicity, safety concerns, and the need for clinical validation 
remain unresolved. 

While anti-inflammatory drugs or ingredients can effec-
tively modulate immune cell activity, their efficacy is con-
tingent upon their concentration. Diabetic wound healing is 
a protracted process, and slow drug release may mitigate 

drug toxicity and enhance efficacy by delaying absorption. 
Nevertheless, the long-term safety of these delivery systems 
requires thorough evaluation, particularly regarding sustained 
release, biocompatibility, and the cumulative effects of the 
drug over time. 

Antibacterial microneedles 
When the skin is damaged, its protective mechanisms are lost, 
complicating the wound healing process in diabetic patients. 
Infections are a major factor in delayed wound healing among 
individuals with diabetes, with persistent high blood sugar lev-
els creating an environment conducive to bacterial growth and 
invasion [53]. Common bacteria found in diabetic wounds 
include Streptococcus pyogenes, Staphylococcus aureus (S. 
aureus), Escherichia coli (E. coli), and  Pseudomonas aerug-
inosa [49, 53]. These bacteria can form biofilms that shield 
them from antibiotics and the body’s immune cells, leading 
to excessive inflammation and hindering the resolution of the 
inflammatory response [6]. 

Various microneedles with antimicrobial properties have 
been developed and utilized for diabetic wound healing. These 
include antibacterial microneedles containing antibacterial 
ingredients and intrinsic antibacterial microneedles. While 
antibiotics have been a staple in the antibacterial field since the 
discovery of penicillin, they also present challenges in terms of 
solubility, overdosing, and cytotoxicity. To address the issue 
of drug-resistant pathogens, microneedles incorporating metal 
ions, metal oxides, and biological extracts have been explored 
for antibacterial treatment [31, 55]. Microneedles offer advan-
tages such as minimal invasiveness, localized drug release, and 
sustained treatment, and antibacterial microneedles enhance 
their antibacterial efficacy. Additionally, microneedles incor-
porating antimicrobial polymers, peptides, or zwitterions pos-
sess inherent antimicrobial properties [49, 55, 80]. Further-
more, therapies such as photothermal therapy (PTT) [30, 55], 
photodynamic therapy [56, 80], and electrical stimulation (ES) 
[49] have been integrated with microneedles to aid in the 
healing of infected wounds. 

Significant challenges are being encountered in the 
development and utilization of antibiotics, which are the most 
commonly used and effective antibacterial drugs, because of 
the increase in drug resistance. One approach to address this 
issue involves reducing the dosage of traditional antibiotics 
by continuously releasing them at the infection site through 
microneedle delivery systems. Tetracycline, trichostatin A, 
and polymyxin have been incorporated into microneedles 
to address bacterial infections in diabetic wounds [13, 28, 
65, 99]. In studies conducted by Liu et al. and Gao et al., 
tetracycline was loaded onto the tips of microneedles to 
facilitate rapid release and enhance bactericidal activity, 
thereby improving their antibacterial efficacy in diabetic 
wounds [28, 65]. Biological extracts and natural ingredients, 
such as PC and madecassoside, have been the focus of 
extensive research [54, 55]. One study reported the incor-
poration of polyphenols into multifunctional microneedles, 
with antibacterial tests demonstrating that these microneedles 
exhibited favorable antibacterial properties [88]. Tannin (TA), 
a plant-derived polyphenol approved by the FDA for medical 
use, displays both antioxidant and antibacterial properties. Qi 
et al. reported that TA loaded onto microneedles effectively 
inhibited invasive pathogens, increased microbial diversity at 
the wound site, and facilitated the healing of infected wounds 
by reducing ROS levels [100]. Another investigation revealed
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that TA was integrated into microneedles through hydrogen 
bonding with gelatin, resulting in significant antimicrobial 
activity, with nearly a 100% antibacterial rate against S. 
aureus and E. coli. This approach effectively eradicated S. 
aureus in rat wounds, suppressed inflammation, promoted 
vascular proliferation, and accelerated the healing of infected 
wounds [101]. 

Various metal ions, metal oxides, and inorganic particles 
have been developed to address source and stability limita-
tions. These include Ca2+ [53], Se2+ [56], Ag+ [85], Cu2+ 

[14, 30], Zn2+ [32], Ce3+/4+ [32], Fe2+ [33, 83], Mg2+ [31], 
Au+ [81], ZnO [49, 55], CaO2 [14, 53], and silver nanoparti-
cles (AgNPs) [53], which have been reported as antibacterial 
agents in microneedle combinations. Yu et al. incorporated 
Ag and Ce into soluble microneedles to facilitate deep tissue 
release, thereby accelerating the healing of infectious diabetic 
wounds through their antibacterial activity, reducing levels 
of reactive oxygen species, and modulating the macrophage 
environment [89]. Sun et al. further enhanced the antibacterial 
properties of microneedles by coating their bases with AgNPs 
[53]. Another study demonstrated that under near-infrared 
(NIR) irradiation, Fe2+/Fe3+ generates a substantial amount 
of ROS, attacks bacterial membranes, and induces ferroptosis, 
effectively resulting in antibacterial activity. This mechanism 
not only eliminates bacteria via ferroptosis, Fe2+ overload, 
and lipid peroxidation but also promotes the ferroptosis 
of intracellular bacteria. Additionally, Fe2+/Fe3+ activates 
the AMP-AMPK pathway, assisting macrophages in evad-
ing ferroptosis and thereby enhancing biocompatibility, in 
turn significantly accelerating the healing of diabetic infected 
wounds [102]. Although current research indicates the effec-
tiveness of these ions in promoting the healing of infectious 
diabetic wounds, further studies are warranted. However, 
there is ongoing debate regarding their potential antibacterial 
mechanisms. One prevailing perspective suggests that the 
antibacterial activity can be attributed to the damage caused 
to bacterial cell membranes by metal ions and NPs [53]. Iron/-
tannic acid (FeIIITA) composite nanoparticles and ZnO NPs 
have both gained attention in the biomedical field. FeIIITA 
nanoparticles enhance the antibacterial efficacy of hydrogel 
microneedles by combining their photothermal effect with the 
natural antibacterial properties of polylysine. Moreover, ZnO 
NPs are known for their broad-spectrum antibacterial activity, 
biocompatibility, and biosafety. In addition to eliminating 
bacteria, ZnO NPs release Zn2+ under physiological condi-
tions, promoting cell proliferation, growth, and angiogenesis 
during wound healing [49]. Recent studies have indicated that 
TZ@mMN, engineered by Li et al. [49], demonstrates highly 
effective antibacterial properties (antibacterial rate > 99%) 
against both S. aureus and E. coli through the delivery of 
TA and Zn2+. Furthermore, various particles or structures 
with photothermal properties have been incorporated into 
microneedles to enhance their photothermal characteristics. 
The antibacterial efficacy of these materials is attributed to 
their photothermal properties, including the use of poly-
dopamine (PDA) nanoparticles [12, 33], photothermal par-
ticles (HMPs) [55], and NIR [16, 30, 81], as documented 
in previous studies. For example, one study developed a 
degradable microneedle patch that incorporates near-infrared 
light-responsive photothermal agents. This patch not only 
continuously kills bacteria and prevents biofilm formation but 
also significantly promotes wound healing by remodeling the 
microenvironment of bacterium-infected wounds through its 

antibacterial effects [59]. Additionally, microneedles capable 
of releasing high concentrations of NO and H2 have also been 
employed to facilitate diabetic wound healing, potentially by 
eradicating or disrupting bacterial biofilms [30, 80, 103]. 

Intrinsically antimicrobial polymers, such as CS and its 
derivatives, PEI, PILs, EPL, PANI, PVA, and antimicrobial 
peptides, are commonly utilized in various applications [29, 
65, 74, 84, 90, 104–106]. These polymers typically possess 
positive charges that can interact with negative charges on 
bacterial cell membranes, leading to cell membrane disruption 
and bacterial death [105]. These antimicrobial polymers have 
been employed in the development of antimicrobial micronee-
dles to enhance wound healing. For instance, Zhao et al. 
[29] created detachable microneedles loaded with Chlorella 
vulgaris (Cv) via a polyvinyl acetate (PVA) matrix and a 
gelatin methacryloyl (GelMA) tip containing Cv. Zhang et al. 
[74] utilized a novel manufacturing approach that combines 
template replication and 3D transfer printing to fabricate a 
biomimetic, adaptive, indwelling microneedle. This micronee-
dle featured a PVA hydrogel tip with mesenchymal stem cell 
(MSC) exosomes, supported by a removable 3 M medical tape 
base plate assembly. The mechanical properties of the PVA 
hydrogel tip were modulated by ion-responsive Hofmeister 
effects, ensuring appropriate skin penetration and tissue adap-
tation upon tip detachment. In addition to intrinsic antibac-
terial polymers, microneedles also demonstrate exceptional 
antibacterial effects under physiological conditions due to 
their positive charge. To further enhance the antibacterial 
efficacy of microneedles, a combination of multiple antibacte-
rial methods has been employed to demonstrate a synergistic 
effect. The incorporation of tetracycline hydrochloride (TCH) 
and recombinant human epidermal growth factor (rh-EGF) 
into carboxymethyl chitosan (CMC) and CS microneedles 
aimed to increase antibacterial activity and achieve rapid 
sterilization [28, 65]. However, intrinsic antimicrobial poly-
mers still face shortcomings in terms of long-term stability 
(degradation or failure), biocompatibility (allergic reactions or 
toxic responses), production cost, and sustained antimicrobial 
efficacy. 

Multifunctional microneedles have demonstrated excellent 
therapeutic effects in preclinical studies of diabetic wounds. 
Sun et al. [53] introduced an innovative antimicrobial oxy-
genic silk fibroin methacryloyl hydrogel MN patch with cal-
cium peroxide and catalase (CAT)-encapsulated tips, along 
with a coating of antimicrobial AgNPs. The AgNPs at the base 
effectively combat microbial infections and promote wound 
healing. Diabetic wounds often develop bacterial biofilms, 
hindering the healing process. Yang et al. [56] proposed a 
novel treatment approach involving an SeC@PA MN bandage 
with dopamine-coated hybrid nanoparticles (SeC@PA) con-
taining selenium and chlorin e6 that is adaptable to the wound 
microenvironment. This bandage regulates the production of 
ROS and RNS bidirectionally, disrupting the wound barrier 
and efficiently delivering SeC@PA to deplete endogenous glu-
tathione (GSH) and enhance the antibiofilm effects of ROS 
and RNS. SeC@PA also breaks down GSH in biofilms through 
a cascade reaction, generating more potent ROS and RNS 
to eradicate biofilms. Cai et al. [55] utilized the zwitterionic 
polymer polysulfobetaine methacrylate (PSBMA) and HMPs 
to develop a microneedle dressing base material capable of 
absorbing wound exudate, disrupting the bacterial environ-
ment within the wound, and demonstrating a remarkable 
photothermal bactericidal effect that aids in enhancing wound
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healing. By incorporating ZnO NPs and asiaticoside at the 
needle tip, the drug diffuses into the wound area as the 
needle degrades, resulting in efficient antibacterial and anti-
inflammatory effects that facilitate deep wound healing and 
tissue regeneration. The application of these MNs to wounds 
infected with S. aureus in diabetic rats led to accelerated tissue 
regeneration, increased collagen deposition, and significantly 
improved wound healing. Drawing inspiration from glucose 
metabolism, Shan et al. [81] introduced an encapsulated, near-
infrared-II-responsive Au-Cu2MoS4 nanocatalytic micronee-
dle patch (Au-CMS NS) with dual nanozyme activity for 
the treatment of diabetic wound infections. Gao et al. [28] 
prepared microneedles with varying concentrations of TCH 
(1, 2, and 3 mg/mL) in HA solution at the tip and a mixture 
of CS and SF as the matrix. In vitro antimicrobial testing 
on E. coli and S. aureus agar plates demonstrated that the 
microneedles had antibacterial effects against both bacterial 
strains, with a stronger effect against S. aureus. This disparity 
may be attributed to the outer membrane of gram-negative 
bacteria providing resistance to bactericides and bacteriostats. 

Antibacterial microneedles offer significant advantages in 
the treatment of diabetic wounds, including precise local drug 
delivery, multiple antimicrobial mechanisms, and improved 
wound healing. They effectively combat infections by deliver-
ing drugs directly to the wound site, thereby reducing systemic 
side effects. Moreover, microneedles equipped with photother-
mal properties can enhance antimicrobial effects through light 
activation. However, these microneedles also face limitations, 
such as challenges related to long-term stability, high produc-
tion costs, and concerns regarding biocompatibility. Addition-
ally, their effectiveness may be restricted to certain pathogens, 
and their application necessitates advanced technical exper-
tise. Addressing and optimizing these factors is essential for 
their practical use. 

Antioxidant microneedles 
In the context of normal physiological activities, ROS play 
crucial roles in regulating cell signaling, proliferation, apop-
tosis, and other vital cellular functions. However, in diabetic 
wounds, excessive production of ROS can lead to oxida-
tive stress, causing damage to cells and tissues and ulti-
mately hindering the wound healing process. ROS can induce 
lipid peroxidation, protein denaturation, and DNA damage 
and inhibit the functionality of endogenous stem cells and 
macrophages, further impeding wound healing [6]. As a result, 
various antioxidant materials have been developed to mod-
ulate the overexpression of ROS and restore cellular health. 
Antioxidant microneedles are designed to target intracellular 
oxidative stress and metabolic dysregulation with the aim of 
improving overall cellular health. 

The body’s antioxidant system consists of various enzymes, 
vitamins, and compounds, such as superoxide dismutase, 
peroxidase (POD), CAT, and glutathione peroxidase (GPx), to 
combat free radicals and oxidative stress [52, 107]. Enzymatic 
antioxidants and nonenzymatic antioxidants, such as vitamin 
E, vitamin C, polyphenols, and melanin, play crucial roles in 
neutralizing free radicals and protecting cells and tissues [6]. 
The antioxidant system functions by capturing free radicals, 
repairing damaged molecules and cells, and regenerating 
antioxidant molecules. However, enzymatic antioxidants face 
limitations in terms of stability, availability, and half-life. Ren 
et al. [107] developed a biohybrid dressing with microneedles 
containing CAT in the inner layer to address oxidative stress, 

promote fibroblast proliferation, inhibit proinflammatory 
macrophage polarization, and enhance epithelialization in 
diabetic wounds. Some nonantioxidant enzymatic substances 
are also used in anti-inflammatory microneedles and 
indirectly exert anti-inflammatory effects through catalysis 
or interactions with other molecules. For example, Zhang 
et al. [52] designed and fabricated a self-powered, enzyme-
coated microneedle patch consisting of anode and cathode 
MN arrays respectively containing glucose oxidase (GOx) 
and horseradish peroxidase (HRP) encapsulated in ZIF-
8 nanoparticles that can generate stable and sustained 
currents by consuming blood glucose to reduce the blood 
glucose concentration around the wound. This patch also has 
excellent antimicrobial properties and efficiently suppresses 
inflammation. To increase the stability, availability, and 
half-life of enzymatic antioxidants, artificial enzymes have 
been developed. These artificial enzymes include metal-based 
nanomaterials, such as graphene oxide–silver nanocomposites 
[85], PBN [13], ZCO [32], Au–Cu2MoS4 nanosheets [81], 
and SeC@PA [56]. Nanoparticles such as ZnO particles [55], 
AgNPs [53], Fe2C nanoparticles [83], graphene oxide (GO) 
particles [30], and PDA particles [108] are also utilized. 
Natural antioxidants such as total saponins from Panax noto-
ginseng [84], Cv [29], TA [49], and gallic acid [85] are  widely  
distributed and have shown potential in promoting wound 
healing. Furthermore, amino acids and their derivatives, 
such as NAC and arginine derivatives, have been found to 
combat excessive ROS generation and stimulate angiogenesis 
[6]. 

Natural and artificial antioxidants are crucial for enhancing 
diabetic wound healing, leading to a surge in interest in 
antioxidant-based wound dressings. Among these, micronee-
dles are particularly noteworthy for their potent antioxidant 
properties. Antioxidant microneedles include those containing 
antioxidants as well as those generated from antioxidant 
polymers or similar materials. In a prior study, Yin et al. 
successfully loaded gallic acid onto microneedle patches using 
magnesium organic frameworks for diabetic wounds. This 
approach enabled the slow release of gallic acid into the 
deep dermis, effectively clearing excessive ROS, promoting 
antioxidant activity, and accelerating wound healing [85]. 
Subsequent research has increasingly focused on develop-
ing various antioxidant microneedles for diabetic wounds to 
address ROS accumulation and modulate the wound microen-
vironment. Ma et al. [33] encapsulated PDA NPs in the 
outer methacrylated HAMA shell of the MN tip. As the 
HAMA patch tip gradually degrades in the skin, PDA NPs 
are continuously released in the diabetic wound to inhibit 
ROS-induced inflammation. The hair-derived HMP designed 
by Zhang et al. [16] showed the ability to scavenge ROS, 
thereby preventing ROS-induced damage to blood vessels. 
Yang et al. [32] embedded HA microneedles into cerium/ZCO 
to produce ZCO-H, which can disrupt the oxidative balance 
of bacteria and kill bacteria by regulating the release of 
Zn2+ and Ce3+/4+. This helps scavenge ROS and relieve 
oxidative stress. GPx is an important endogenous POD, and 
Se is a component of the GPx enzyme system. Yang et al. 
[56] designed an SeC@PA MN bandage; after being delivered 
to highly inflamed wound tissue, SeC@PA exhibited notable 
antioxidant effects by rapidly clearing RS and enhancing GPx 
activity. POD plays an important antioxidant role in cells. Sun 
et al. [53] encapsulated calcium peroxide and POD at the MN 
tip, allowing it to release oxygen continuously and inhibit the
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production of reactive oxygen species. These existing studies 
have shown that antioxidant microneedles have efficient and 
stable antioxidant capabilities, scavenge ROS, and accelerate 
diabetic wound healing. 

Angiogenesis-promoting microneedles 
During the wound healing process, the formation of new 
blood vessels is essential, as it provides the necessary nutri-
ents and oxygen for healing, eliminates metabolic waste, and 
facilitates the transportation of cells, growth factors, and 
signaling molecules crucial for repair [109]. In patients with 
diabetes, angiogenesis is often compromised due to vascular 
dysfunction caused by chronic hyperglycemia [82]. Therefore, 
promoting revascularization in the wound area is crucial 
for diabetic wound healing. Key regulatory factors include 
hypoxia-inducible factor 1α (HIF-1α) and vascular endothe-
lial growth factor (VEGF). HIF-1α controls gene expression 
under hypoxic conditions, facilitating angiogenesis and cell 
metabolism adaptation, whereas VEGF is a vital regulator of 
angiogenesis and enhances blood circulation [16, 87, 107]. 
Currently, growth factors such as VEGF, bFGF, and EGF are 
extensively utilized in tissue engineering to promote angiogen-
esis [6]. 

HIF-1α serves as a crucial regulator of angiogenesis, but 
prolonged hyperglycemia can disrupt its function along with 
that of its target genes, such as VEGF, thereby hindering neo-
vascularization. Ren et al. [107] introduced a bilayered, biohy-
brid MN-based dressing that leverages the unique properties 
of pineapple leaves, such as photosynthesis and self-drainage, 
in combination with the therapeutic effects of artificial mate-
rials capable of glucose degradation and ROS scavenging. The 
chloroplasts within this dressing generate ample oxygen to 
increase the amount of GOx-catalyzed glucose degradation, 
leading to a reduction in local glucose levels and the sta-
bilization of HIF-1α, consequently promoting angiogenesis. 
Additionally, DFO can stabilize HIF-1α, increase VEGF secre-
tion, and thereby facilitate vascular regeneration [110]. Gao 
et al. [28] utilized a blend of chitosan and silk fibroin embed-
ded with the angiogenic drug DFO as a substrate for MNs, 
resulting in remarkable proangiogenic properties. Growth 
factors play crucial roles in promoting cell proliferation, dif-
ferentiation, and tissue repair, which are essential for main-
taining tissue health and supporting wound healing [111]. 
However, the direct application of growth factors to diabetic 
wounds faces challenges such as rapid degradation, limited 
penetration into target tissue, and potential side effects from 
high dosages [16]. Microneedle technology offers a promising 
solution by enhancing the stability and local concentration 
of growth factors in diabetic wound treatment, thus reduc-
ing side effects. For instance, Zhang et al. [16] successfully 
incorporated VEGF and bFGF into microneedles, improving 
drug permeability. The application of these microneedles in a 
diabetic wound rat model significantly enhanced angiogenesis 
in the wound and accelerated healing. Similarly, Guan et al. 
[13] utilized silk fibroin methacryloyl to encapsulate VEGF 
in microneedles, resulting in controlled release, reduced tox-
icity, and enhanced efficacy. An evaluation of the sustained 
drug release capability of microneedle patches using FITC-
BSA as a marker revealed approximately 40% release within 
12 hours and 93% release within 6 days, indicating sustained 
drug release. In vitro experiments revealed that microneedles 
attenuated the adverse effects of high glucose on HUVEC 
migration and tube formation by releasing VEGF, a result 

corroborated by in vivo animal studies showing improved 
blood vessel density and faster wound healing in the VEGF 
group. 

Tazarotene, a retinoic acid drug, has been shown to effec-
tively promote angiogenesis, hair follicle formation, and colla-
gen regeneration in wound repair [15, 112]. However, its lim-
ited application is hindered by poor water solubility and low 
transdermal efficiency. Exosomes, nanoscale vesicles secreted 
by cells, have the potential to carry a variety of biomolecules 
and regulate angiogenesis [113]. However, the direct use of 
exosomes in the treatment of diabetic wounds faces challenges 
such as dose control, targeting, and stability [114]. Micronee-
dles offer a solution by enabling the controlled release of 
tazarotene and exosomes directly at the wound site, improving 
stability and biological activity. Yuan et al. [15] encapsu-
lated exosomes and tazarotene in microneedles made from 
GelMA and PEGDA to increase their effectiveness. Their study 
demonstrated that the microneedles facilitated targeted drug 
and exosome release in diabetic mouse models, accelerating 
cell proliferation, migration, and angiogenesis both in vitro 
and in vivo. While progress has been made in microneedle 
research for promoting angiogenesis, further investigation is 
needed to develop biomimetic microneedles that fully leverage 
the biological environment of diabetic wounds to enhance 
tissue repair. 

Neural repair and regeneration-promoting microneedles 
Diabetic peripheral neuropathy is a multifactorial condition 
characterized by sensory, motor, and autonomic neuropathy 
resulting from diabetes. These neuropathies lead not only to 
a loss of protective sensation and foot deformities but also to 
the formation of calluses, which increase the susceptibility of 
the foot to minor trauma and inflammation during weight-
bearing activities. This progression may ultimately result in 
the development of full-thickness ulcers [4]. Consequently, 
addressing the nerve damage and promoting nerve repair or 
regeneration are urgent challenges that must be addressed in 
the treatment of diabetic foot ulcers. 

In recent years, microneedling has demonstrated potential 
in the field of nerve repair. Although related research is 
still in its early stages, findings indicate that microneedles 
can positively influence nerve regeneration and repair 
by stimulating local tissue and facilitating localized drug 
delivery. For example, the surface microneedle electrode 
designed by Soltanzadeh et al. for peripheral nerve ES 
employs the biocompatible metal molybdenum as the 
conductive layer. This design effectively reduces contact 
resistance and increases the low-frequency bandwidth and 
current density, thereby providing an improved solution 
for transcutaneous nerve stimulation [115]. Notably, the 
bionic microneedle nerve guidance catheter developed by Hu 
et al. integrates microneedle and microchannel technology 
to replicate the structure and piezoelectric function of sea 
cucumbers. By incorporating specific nanoparticles into 
polycaprolactone scaffolds, the electrical conductivity and 
piezoelectric properties are enhanced, thereby facilitating 
remyelination and axonal growth during nerve repair [116]. 
Additionally, the self-powered, enzyme-linked microneedle 
nerve conduit encapsulating GOx and HRP designed by 
Zhang et al. generates a microcurrent through an enzymatic 
cascade reaction, significantly accelerating the repair of sciatic 
nerve damage [117]. Recently, research by Cai et al. has 
further advanced the application of microneedle therapy in
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diabetic wound healing. They utilized CAT as a biological 
template to synthesize microneedles with enhanced enzymatic 
activity and antibacterial properties. This microneedle not 
only promotes angiogenesis and nerve regeneration by 
increasing M2 macrophage levels and reducing levels of 
the proinflammatory cytokine TNF-α but also effectively 
facilitates the healing of diabetic wounds [91]. 

While current research has demonstrated the potential 
of microneedling for nerve repair and regeneration, studies 
focusing on its application for diabetic wound treatment 
remain relatively rare. In the future, with ongoing techno-
logical advancements and more comprehensive research, it 
is anticipated that microneedle therapy will play a more 
significant role in nerve repair and regeneration, thereby 
offering more effective treatment options for diabetic patients. 

Synergistic microneedle therapy 
Diabetic wounds are characterized by persistent inflamma-
tion, excessive oxidative stress, impaired angiogenesis, and 
bacterial infections [6]. Traditional microneedle patches face 
challenges in targeting multiple aspects simultaneously for 
diabetic wound treatment. To address this issue, researchers 
have developed multifunctional microneedles that accelerate 
the healing of diabetic wounds. These microneedles play 
crucial roles in promoting wound recovery through various 
mechanisms, such as anti-inflammatory effects, immunoreg-
ulation, antioxidant properties, proangiogenic effects, and 
antibacterial defense. Combining these strategies has been 
shown to have a synergistic effect, offering a more effective 
therapeutic approach for diabetic wound healing. Building on 
previous studies [57], this paper presents a concise overview 
of the latest research on synergistic microneedle treatments for 
diabetic wounds. 

Synergy between microneedle functions. The complex microen-
vironment of diabetic wounds necessitates multifaceted treat-
ment strategies that integrate antibacterial, anti-inflammatory, 
immunomodulatory, antioxidant, and proangiogenic appro-
aches to expedite healing. Bacterial infections pose consider-
able therapeutic obstacles, particularly when the protective 
barrier of the skin is compromised, rendering wounds sus-
ceptible to microbial invasion. Antimicrobial microneedling 
has emerged as a pivotal tool for addressing diabetic 
wound infections. Nonetheless, given the chronic nature of 
diabetic wounds, solely focusing on antibacterial treatment 
is insufficient for comprehensive healing. To address this, 
the research team combined antibacterial agents with other 
therapies to target the distinctive microenvironment of 
diabetic wounds, such as excessive ROS and inflammatory 
mediators, prolonged inflammation, inadequate angiogenesis, 
and M1 macrophage activity [83]. For example, the MN 
patch developed by Sun et al. [53] incorporates calcium 
peroxide and CAT to continuously release oxygen, diminish 
ROS levels, increase cell proliferation and migration, facilitate 
M2 macrophage polarization, and stimulate blood vessel 
formation, thereby expediting wound healing. Moreover, the 
AgNPs in the patch effectively combat microbial infections 
and support wound healing. Yang et al.’s [56] SeC@PA  
MN bandage not only eradicates bacterial biofilms but 
also induces M2 macrophage polarization, demonstrating 
anti-inflammatory properties. The ZCO-HA reported by 
Yang et al. [32] effectively eradicates bacteria, reduces ROS 
levels, diminishes inflammation via the NF-κB pathway, and 
promotes cell proliferation and blood vessel formation by 

modulating the release of zinc ions and cerium ions. These 
studies illustrate that the synergistic effects of microneedles, 
when combined with diverse functional strategies, can 
significantly enhance diabetic wound healing. 

Synergy between multifunctional microneedles and electrother-
apy. Exogenous ES at the wound site has been shown 
to expedite the wound healing process by facilitating 
cell proliferation and migration, as well as by promoting 
angiogenesis and collagen deposition [118–120]. Triboelectric 
nanogenerators (TENGs) are commonly used as effective 
ES devices because of their flexibility, wear resistance, light 
weight, low cost, comfort, and biocompatibility [49, 121]. 
However, ES alone may not be adequate to effectively 
enhance diabetic wound healing. In response, Li et al. [49] 
introduced a novel integrated self-powered microneedle 
device named TZ@mMN-TENG, which incorporates tannins, 
ZnO particles, and TENG technology. In vitro experiments 
demonstrated that TZ@mMN has remarkable conductivity, 
antioxidant properties, and antibacterial capabilities. In a 
diabetic rat model with full-thickness skin wounds infected 
with S. aureus, TZ@mMN-TENG was able to eradicate 
bacteria, expedite epidermal growth, increase collagen 
deposition, reduce inflammation, and promote angiogenesis 
(as evidenced by increased CD31 and VEGF expression), 
ultimately accelerating healing of the infected wounds. 

Synergy between multifunctional microneedles and photother-
apy. Infrared light-induced PTT effectively utilizes specific 
wavelengths of light to kill bacteria and accelerate wound 
healing [122, 123]. HMPs extracted from hair are used as 
photothermal agents because of their cost-effectiveness, low 
immunogenicity, high conversion rate, and good biocompat-
ibility [55]. This makes them ideal for use in developing 
photothermal wound dressings. The microneedle dressing 
developed by Cai et al. [55] combines PSBMA and HMPs to 
create an antimicrobial barrier that uses light and heat to pro-
mote wound healing. Additionally, the dressing contains ZnO 
NPs and asiaticoside, which are released as the microneedle 
degrades, exerting antibacterial and anti-inflammatory effects 
to aid in tissue regeneration. In a rat model of diabetic wounds 
infected with S. aureus, this dressing combined drug delivery 
and photothermal therapy to accelerate tissue regeneration, 
collagen deposition, and overall wound healing. Yao et al. [30] 
reported that MOF MNs exhibit an photothermal response to 
infrared exposure that enables the controlled release of NO 
molecules. Owing to their porous structure, larger specific sur-
face area, and sufficient mechanical strength, MNs facilitate 
the more accurate and deeper delivery of NO molecules to 
wounds. Similarly, Zhang et al.’s [16] near-infrared-responsive 
MN patch offers painless, accurate, and controllable drug 
delivery to limbs under near-infrared radiation. Research indi-
cates that mild heat can increase the proliferation of human 
ECs, leading to increased new blood vessel density. Zeng et al. 
[12] developed a photosensitive MN incorporating exosomes 
and PDA that synergistically generates a mild photothermal 
effect under 808 nm laser irradiation. This approach inhibits 
inflammation and promotes angiogenesis and granulation 
tissue formation. 

Synergy between multifunctional microneedles and photo-
biomodulation. Recently developed wound dressings con-
taining GOx have shown promising results in reducing 
hyperglycemia and controlling bacteria by releasing hydrogen
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Table 3. Challenges, solutions, and prospects of microneedle therapy 

Type Challenges Solution Prospect 

Multi-functional 
microneedle 

Complexity, long-term efficacy, 
compatibility, and safety. 

Adopting modular design or smart 
materials technology, high 
biocompatibility materials, and rigorous 
laboratory testing and clinical trials. 

Broad development prospects: 
significant therapeutic effects, 
personalized medicine, 
integration of smart 
technology, standardization of 
clinical applications, and 
reasonable pricing. 

Multi-functional 
microneedles and 
electrotherapy 

Stability, safety, intensity, 
frequency, and compatibility of 
the electric current. 

Integrated power technology, intelligent 
control, and interdisciplinary 
collaboration. 

Multi-functional 
microneedles and 
phototherapy 

Integration of light sources, light 
efficacy, and deep tissue 
penetration. 

Efficient light sources, optical design, and 
personalized adjustments. 

Multi-functional 
microneedles and 
photobiomodulation 

Stability of photobiomodulation, 
high complexity, and lack of 
standardized protocols for 
plant-based applications. 

Unified standards, improved stability, and 
simplified design. 

peroxide (H2O2) [  7]. However, the potential for H2O2 
to cause oxidative damage and inflammation poses a 
challenge. To address this issue, researchers have proposed 
a novel approach that involves the use of oxygen produced 
through plant photosynthesis to neutralize H2O2. By  creating  
microneedles that combine these elements, the concentration 
of H2O2 in the wound area can be effectively controlled, 
leading to improved wound healing outcomes without 
excessive oxidative damage or inflammation. For example, 
Ren et al. [107] leveraged the photosynthetic and self-
draining properties of pineapple leaves, along with the glucose 
degradation and ROS scavenging capabilities of artificial 
materials. Chloroplast-rich pineapple leaves generate ample 
amounts of oxygen, enhancing the breakdown of glucose 
catalyzed by GOx. This process reduces local glucose levels, 
stabilizes HIF-1α, promotes angiogenesis, and eliminates 
wound bacteria through hydrogen peroxide production. 
Moreover, the conductive tissue of the leaves aids in draining 
excess wound exudate, creating an optimal microenvironment 
for wound healing. Similarly, Zhao et al. [29] incorporated Cv 
into MNs to continuously produce and release oxygen in a 
controlled, eco-friendly manner. This innovative approach 
harnesses the unique biological properties of plants to offer a 
promising strategy for wound healing. 

The complex characteristics of diabetic wounds can be 
effectively addressed by the use of multifunctional micronee-
dles in combination with electrotherapy, phototherapy, pho-
tosynthesis, and other treatment methods. These strategies 
combine antibacterial, anti-inflammatory, immunomodula-
tory, antioxidant, and proangiogenic functions to target the 
unique microenvironment of diabetic wounds. By eliminating 
bacterial infection, reducing the inflammatory response, and 
promoting angiogenesis and cell proliferation, the wound 
healing process is accelerated. This comprehensive strategy 
not only overcomes the limitations of individual treatments 
but also provides an effective solution for addressing complex 
diabetic wound infections and promoting healing. Despite the 
significant potential demonstrated by these combined thera-
pies, several research limitations remain. The primary issues 
include the following: the stability and consistency of the 
therapeutic effects have not been fully verified; the combined 
use of different treatment modalities may introduce unknown 
safety and biocompatibility concerns; the costs associated 
with complex equipment and the operational challenges in 

practical applications need to be addressed; and existing stud-
ies generally focus on short-term effects, whereas long-term 
effects and sustained stability require further investigation. 

Current advantages and limitations of microneedles 
Multifunctional microneedle technology has demonstrated 
significant advantages in the treatment of diabetic wounds 
(Table 1). First, these microneedles can address multiple 
aspects of wound care, including through anti-inflammatory, 
antibacterial, and antioxidant properties, as well as by 
promoting angiogenesis and nerve regeneration. This holistic 
treatment approach simultaneously addresses various chal-
lenges in the wound healing process, leading to improved 
overall outcomes. Second, microneedle technology is min-
imally invasive, which reduces patient discomfort and the 
risk of infection, making it safer and more convenient than 
traditional treatment methods. Furthermore, the combination 
of microneedling with other therapies, such as electrotherapy 
or light therapy, can create a synergistic effect that further 
accelerates the wound healing process. 

While multifunctional microneedles offer numerous advan-
tages in the treatment of diabetic wounds, their design and 
application face several challenges (Table 3). First, the design 
and manufacturing processes for these microneedles are com-
plex, necessitating the integration of multiple therapeutic 
agents and technologies, which can result in high produc-
tion costs and technical difficulties. Second, the stability and 
compatibility of various therapeutic agents require careful 
consideration to ensure their effectiveness and safety through-
out the treatment duration. Furthermore, there is currently a 
lack of sufficient clinical evidence supporting the use of these 
microneedles, as extensive clinical trial data to confirm their 
long-term efficacy and safety are limited, potentially hindering 
their broader clinical application. 

To fully realize the potential of multifunctional micronee-
dles, future research should focus on several key aspects. 
First, optimizing the design and materials of microneedles is 
essential to increase their stability, efficacy, and biocompatibil-
ity while also reducing production costs. Second, additional 
clinical trials are necessary to gather sufficient safety and 
efficacy data to facilitate the clinical application of these 
microneedles. Furthermore, the integration of advanced tech-
nologies, such as nanotechnology and smart drug delivery 
systems, could significantly increase the functionality and
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precision of microneedles. Concurrently, the development of 
personalized microneedle systems that provide customized 
treatments tailored to the specific needs of various patients 
and wounds will contribute to improved treatment outcomes. 
Finally, it is critical to establish clear regulatory guidelines 
and safety frameworks for the development and application 
of multifunctional microneedles to ensure their safety and 
effectiveness in clinical practice. 

Conclusions 
The treatment of diabetic wounds presents several challenges, 
including chronic inflammation, excessive oxidative stress, 
impaired angiogenesis, peripheral nerve damage, and frequent 
bacterial infections, all of which contribute to poor outcomes 
with traditional treatment methods. The emergence of MN 
technology in recent years has offered new approaches 
to address these challenges. By combining multiple thera-
peutic mechanisms, such as those based on antimicrobial, 
anti-inflammatory, immunomodulatory, antioxidant, and 
proangiogenic properties, multifunctional microneedles 
demonstrate high capability for effectively treating diabetic 
wounds. Their unique design significantly enhances treatment 
outcomes. The use of multifunctional microneedles provides 
advantages such as painlessness, a minimally invasive nature, 
ease of self-management, and simple operation, improving 
patient acceptance and compliance, while reducing the 
burden on the health care system. Additionally, microneedle 
technology allows for precise drug delivery, facilitating 
deeper penetration into skin layers than can be achieved by 
traditional bandages and hydrogels, thereby increasing drug 
delivery efficiency and bioavailability. Importantly, peripheral 
neuropathy plays a crucial role in hindering the healing of 
diabetic wounds; however, research on microneedle therapy 
targeting nerve damage is limited. Future studies could focus 
on developing new microneedles specifically tailored for 
treating neuropathy, thus making diabetic wound treatment 
more comprehensive and effective. Furthermore, continuous 
development and innovation in new materials and technolo-
gies are anticipated to lead to the creation of more efficient 
and safer microneedle systems, enabling the development of 
personalized and precise treatment plans for diabetic wounds. 
Interdisciplinary collaboration among the fields of materials 
science, nanotechnology, biomedical engineering, and clinical 
medicine will play a crucial role in advancing microneedle 
technology. Particularly in the complex treatment landscape 
of diabetic wounds, comprehensive approaches based on 
multifunctional microneedles surpass traditional methods, 
demonstrating unique therapeutic potential and promising 
broad application prospects. 
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