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Abstract: Diabetic wounds pose a significant challenge in modern healthcare due to their chronic and complex nature, often resulting in
delayed healing, infections, and, in severe cases, amputations. In recent years, nanotherapeutic approaches have emerged as promising
strategies to address the unique pathophysiological characteristics of diabetic wounds. This review paper provides a comprehensive
overview of the latest advancements in nanotherapeutics for diabetic wound treatment. We discuss various nanomaterials and delivery
systems employed in these emerging therapies. Furthermore, we explore the integration of biomaterials to enhance the efficacy of
nanotherapeutic interventions. By examining the current state-of-the-art research, challenges, and prospects, this review aims to offer
valuable insights for researchers, clinicians, and healthcare professionals working in the field of diabetic wound care.
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Introduction

Diabetic wounds represent a significant and growing healthcare challenge worldwide. The prevalence of diabetes mellitus
has been steadily rising over the past few decades, and it is estimated that by 2045, more than 700 million individuals
will be affected by this metabolic disorder.!? A distressing consequence of uncontrolled diabetes is the development of
diabetic wounds, which, due to their chronic and complex nature, can lead to severe complications such as infections,
amputations, and substantial reductions in the quality of life for those afflicted.* The diabetic wound healing micro-
environment plays a crucial role in the pathogenesis and persistence of these wounds, which is characterized by persistent
inflammation, impaired angiogenesis, excessive oxidative stress, and a reduced ability to combat infections.>
Additionally, the presence of advanced glycation end products (AGEs) and altered extracellular matrix (ECM) compo-
nents further complicate the healing process. Therefore, despite substantial efforts to develop effective treatments,
diabetic wound treatment remains a formidable task for healthcare providers and researchers alike.

In recent years, nanotechnology has ushered in a new era of biomedical research and therapeutic development, and its
application in diabetic wound treatment holds great promise.®’ Nanotherapeutic approaches leverage the unique proper-
ties of nanomaterials to overcome some of the limitations of conventional wound healing strategies. These nanomaterials,
often with dimensions on the nanometer scale (1-100 nanometers), can exhibit enhanced biocompatibility, controlled
drug release, targeted delivery, and multifunctionality.®® Such attributes make nanotherapeutics particularly well-suited
for addressing the intricate challenges associated with diabetic wounds.

This review paper aims to provide a comprehensive overview of the latest advancements in nanotherapeutics for
diabetic wound treatment. By exploring various nanomaterials, delivery systems, and the integration of biomaterials, this
review seeks to shed light on the potential of nanotechnology to revolutionize the field of diabetic wound healing (Figure 1).

The Underlying Mechanism of Diabetic Wound Healing
Diabetic wound healing is a complex and intricate process influenced by various factors related to the underlying
pathology of diabetes mellitus. Chronic hyperglycemia, a hallmark of diabetes, exerts profound effects on multiple
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Figure |1 The promotion effect of near-infrared (NIR)-activated AuAgCu20O nanoshells on wound healing. (a) lllustration of NIR-activated AuAgCu2O nanoshells for
targeting antibiotic-resistant bacteria and enhancing wound healing. (b) Images showing microbial colony formation after specific treatment. (c) Scanning Electron
Microscope (SEM) images showing the effects of various treatments on ESBL E. coli and MRSA. (d and e) Scratch assay images of human keratinocyte cells (HaCaT) and
human corneal epithelial cells (HCEpC) treated with specific treatment. (f) Images and their digital conversions depicting the formation of vascular-like structures by human
umbilical vein endothelial cells grown in Matrigel, treated with specific methods. Reproduced with permission from Qiao Y, He ], Chen W, et al. Light-activatable synergistic
therapy of drug-resistant bacteria-infected cutaneous chronic wounds and nonhealing keratitis by cupriferous hollow nanoshells. ACS Nano. 2020;14(3):3299-3315. Copyright
2020 American Chemical Society.'°

cellular and molecular pathways, disrupting the delicate balance required for efficient wound healing.'"'* Understanding
the nuances of these mechanisms is imperative for the development of targeted therapeutic interventions.

Impact of Chronic Hyperglycemia on Cellular Functions

Chronic hyperglycemia, a defining characteristic of diabetes, engenders a cascade of deleterious effects on various cell
types crucial for wound healing. High glucose levels have been implicated in impairing the functionality of endothelial
cells, leading to compromised vasodilation and impaired angiogenesis. Furthermore, hyperglycemia disrupts the normal
functioning of fibroblasts, impeding collagen synthesis and deposition essential for wound closure. The dysregulation of
inflammatory cells, such as macrophages, further exacerbates the inflammatory phase of wound healing, hindering the
timely progression to subsequent stages.
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Impaired Angiogenesis in Diabetic Wounds

Angiogenesis, the formation of new blood vessels, is a critical aspect of wound healing that is notably compromised in
individuals with diabetes. Chronic hyperglycemia contributes to endothelial dysfunction and abnormal signaling path-
ways, culminating in reduced capillary density around the wound site. This impaired angiogenesis results in inadequate
oxygen and nutrient supply to the wound, perpetuating a hostile microenvironment that hampers the healing process.
Nanotherapeutic strategies must address these specific challenges to promote angiogenesis and restore proper vascular-
ization in diabetic wounds.

Compromised Immune Responses in Diabetic Wound Healing

The immune system’s response to injury is intricately regulated during wound healing, but in diabetes, this process is
dysregulated. Chronic hyperglycemia contributes to an exaggerated and prolonged inflammatory response, characterized
by abnormal cytokine profiles and dysfunctional immune cell recruitment. This chronic inflammation not only delays the
transition to the proliferative phase but also exacerbates tissue damage, fostering a microenvironment conducive to
infection. Nanotherapeutic interventions should target immune dysregulation to modulate the inflammatory milieu and
promote a balanced immune response conducive to effective wound healing.

Nanomaterials for Diabetic Wound Healing

Nanotechnology has opened up new horizons in the quest for innovative therapies to tackle the intricate challenges
associated with diabetic wounds. In this section, we explore some of the remarkable nanomaterials that have gained
prominence as potential candidates for diabetic wound healing, with a focus on metallic nanoparticles.

Metallic Nanoparticles

Silver Nanoparticles

Silver nanoparticles (AgNPs) have garnered significant attention in the field of wound care, and their antimicrobial properties
have been widely explored. In the context of diabetic wounds, which are particularly susceptible to infections, AgNPs offer
a multifaceted approach to healing.'® One of the primary advantages of AgNPs is their potent antimicrobial activity. They can
effectively combat a broad spectrum of microorganisms, including bacteria, fungi, and even antibiotic-resistant strains. In
diabetic wounds, where infections can lead to severe complications, the antimicrobial prowess of AgNPs can help mitigate
the risk.'"* In a previous study, researchers reported that silver nanoparticles exhibited potent antibacterial effects against
various human pathogens in a dose-dependent manner, including S. aureus, B. subtilis, E. coli and S. typhi. Furthermore, the
AgNPs showed the ability to suppress the expression of resistance genes, thereby potentially enhancing the effectiveness of
drugs.'””> AgNPs have also been found to possess anti-inflammatory properties. Chronic inflammation is a hallmark of
diabetic wounds, contributing to delayed healing. AgNPs can modulate the inflammatory response, potentially accelerating
the resolution of inflammation and promoting the subsequent stages of wound healing. For instance, Chen et al reported that
the medium-sized silver particles incorporated into carbomer gel exhibited stronger anti-inflammatory effects, reducing
bacterial colonization, suppressing proinflammatory cytokine expression, promoting anti-inflammatory M2 macrophage
generation, and directly blocking inflammatory responses, suggesting their effectiveness and safety for wound therapy.'® In
addition, AgNPs have been shown to stimulate angiogenesis, aiding in the revascularization of the wound site and facilitating
the delivery of oxygen and nutrients.'” Overall, the multifaceted properties of AgNPs make them promising candidates for
diabetic wound care, offering antimicrobial, anti-inflammatory, and pro-angiogenic effects that collectively support the
healing process and mitigate the risk of complications associated with these challenging wounds.

Gold Nanoparticles

Gold nanoparticles (AuNPs) represent another class of metallic nanomaterials with promising applications in diabetic
wound healing. AuNPs exhibit anti-inflammatory and antioxidant properties, which can be particularly beneficial in the
context of diabetic wounds. By reducing oxidative stress and dampening excessive inflammation, these nanoparticles can
create a more favorable environment for wound healing.'® AuNPs can serve as drug delivery vehicles, enabling the
controlled release of therapeutic agents at the wound site. This targeted drug delivery can enhance the efficacy of wound
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healing treatments while minimizing systemic side effects. For instance, Li et al aimed to enhance diabetic wound healing
by stabilizing keratinocyte growth factor (KGF), traditionally limited by instability, through conjugation with AuNPs,
resulting in increased stability and improved binding affinity, leading to accelerated wound recovery in diabetic rats.'” In
addition to their role as drug carriers, AuNPs can be used in photothermal therapy. When exposed to near-infrared light,
these nanoparticles generate heat, which can be harnessed to selectively target and destroy microbial pathogens in the
wound without harming healthy tissue. For instance, Qiao et al designed a composite structured cupriferous hollow
nanoshell (AuAgCu20 NS) with controllable photothermal therapeutic effects and released silver and copper ions
(Figure 1a), which exhibits synergistic antimicrobial activity against drug-resistant bacteria (Figure 1b and c), promotes
wound healing through angiogenesis and fibroblast migration, and facilitates re-epithelialization in diabetic mice with
infection-complicated chronic wounds and keratitis (Figure 1d and e).'” Overall, the versatile applications of AuNPs in
diabetic wound healing, ranging from drug delivery to photothermal therapy, offer promising avenues for improving
treatment outcomes and addressing the complexities of diabetic wound management.

Zinc Oxide Nanoparticles

Zinc oxide nanoparticles (ZnONPs) have emerged as versatile nanomaterials with a range of applications, including
wound healing in diabetic patients. ZnONPs possess notable antibacterial properties, making them effective against
various bacterial strains commonly implicated in diabetic wound infections.?’ Their ability to inhibit bacterial growth and
biofilm formation can help reduce the risk of wound-related complications. Similar to other metallic nanoparticles,
ZnONPs exhibit anti-inflammatory effects. By modulating the inflammatory response, these nanoparticles can contribute
to a more favorable wound healing environment, potentially accelerating the closure of diabetic ulcers.”’ ZnONPs have
been shown to enhance epithelialization, the process of forming a new epidermal layer over the wound, which is a critical
step in wound closure, and the promotion of epithelialization can expedite the healing process in diabetic wounds.?
Furthermore, ZinONPs has been applicated in Clinical. In a previous clinical trial, Loera-Valencia et al conducted
a randomized controlled clinical trial on 26 Type 2 diabetes patients with foot ulcers, finding that calcium alginate
dressings with ZnO nanoparticles (CAZnODs) led to significantly faster wound closure (75% vs 71% in the control
group) and shorter healing time (48 vs 72 days), suggesting their potential to promote tissue regeneration and prevent
complications like secondary infections in diabetic foot ulcer treatment.?®

Polymeric Nanoparticles

Polymeric nanoparticles represent another category of nanomaterials that have garnered considerable attention in the
realm of diabetic wound healing. These nanoparticles, with their diverse properties and versatility, offer unique
advantages for addressing the specific challenges posed by diabetic wounds.”* In this section, we delve into two
noteworthy polymeric nanoparticles: PLGA nanoparticles and chitosan nanoparticles.

PLGA Nanoparticles

Poly(lactic-co-glycolic acid) nanoparticles, commonly referred to as PLGA nanoparticles, are biodegradable and biocompatible
polymeric carriers that have shown promise in the realm of drug delivery and wound healing.>> PLGA nanoparticles excellent in
controlled drug release, allowing for sustained and localized delivery of therapeutic agents to the wound site.”® This controlled
release can enhance the effectiveness of various wound-healing compounds, such as cells, growth factors, antimicrobial agents,
and anti-inflammatory drugs. In a previous study, Zhang et al developed a novel therapeutic approach using PLGA nanoparticles
loaded with the anti-inflammatory and angiogenic cytokine IL-8, incorporated onto acellular dermal matrix (ADM), to enhance
the proliferation, differentiation, and survival of mesenchymal stem cells (MSCs) in diabetic chronic wounds, resulting in
improved wound healing and tissue regeneration, suggesting the potential of this PLGA@IL-8/ADM scaffold as an effective
delivery system for exogenous cells in diabetic wound therapy.”” PLGA nanoparticles gradually degrade into non-toxic
byproducts, eliminating the need for removal or extraction after drug release. This biodegradability aligns with the goal of
minimizing patient discomfort and intervention. The small size of PLGA nanoparticles enhances the bioavailability of
encapsulated drugs. This is particularly advantageous in diabetic wound treatment, where achieving optimal drug concentrations
at the wound site is crucial for therapeutic success. In a previous study, researchers introduced a novel approach using PLGA-PEI
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/NO nanoparticles to deliver nitric oxide (NO) to MRSA biofilm-infected wounds, a common complication in diabetic patients,
where sustained NO delivery is crucial due to its short lifespan and limited diffusion. The nanoparticles exhibit prolonged NO
release and strong binding to the biofilm matrix, resulting in enhanced antibacterial effects. In diabetic mice, these nanoparticles
accelerate wound healing by dispersing the biofilm and reducing bacterial load, offering a promising strategy for treating biofilm-
infected chronic wounds.”® Furthermore, PLGA nanoparticles could be designed to combine with targeted cells in diabetic
wound. For instance, Wei et al introduced an innovative drug delivery system, F@GP, utilizing galactose-modified PLGA
nanoparticles loaded with Fe304, which selectively targets senescent cells in diabetic wounds, inducing ferroptosis and
promoting cell proliferation, thus accelerating wound healing.?* Overall, PLGA nanoparticles offer a promising platform for
the development of innovative therapeutic approaches for diabetic wound healing, leveraging their unique properties for
controlled drug delivery, targeted therapy, and enhanced tissue regeneration.

Chitosan Nanoparticles

Chitosan nanoparticles, derived from chitin, a natural polymer found in crustacean shells, have gained attention for their
biocompatibility, biodegradability, and wound-healing properties.*® Chitosan nanoparticles possess inherent antimicrobial
properties, making them effective against a wide range of pathogens. This property is invaluable in diabetic wound care,
where infections are a constant threat. In a previous study, Yu et al designed supramolecular photothermal nanoparticles
(MCC/CS NPs) (Figure 2a), which combined mono-carboxyl corrole (MCC) with chitosan, and showed potent anti-
microbial effects against E. coli and MRSA under the near-infrared laser (Figure 2b and c), and effectively combat drug-
resistant bacteria, expedite wound healing and angiogenesis in diabetic wound models (Figure 2d and e).>' Chitosan
nanoparticles have been shown to promote the proliferation of fibroblasts and keratinocytes, two essential cell types
involved in wound healing. This acceleration of cell growth can facilitate the closure of diabetic ulcers. For instance,
Algandaby et al focused on chitosan nanoparticle-loaded Teucrium polium (TP-NP) for diabetic rat wound healing,
revealing accelerated wound closure, epithelium regeneration, granulation tissue formation, and collagen synthesis, along
with reduced oxidative stress and inflammation, and upregulated angiogenic factors.>* Similarly, chitosan nanoparticles
were employed for delivering a plasmid encoding human CA5-HIF-1a, enhancing angiogenesis and wound closure in
diabetic mice.*® Chitosan nanoparticles also exhibit hemostatic properties, aiding in the rapid cessation of bleeding from
the wound site. This can be particularly beneficial in cases of deep diabetic foot ulcers with compromised vascular
supply. For instance, Younas et al introduced a novel pullulan-based and nanoparticle-loaded smart microneedle patch,
incorporating moxifloxacin-loaded nanoparticles along with lidocaine and thrombin, which demonstrates rapid hemos-
tasis/analgesia, sustained bactericidal action, and accelerated wound healing.>* Overall, chitosan nanoparticles hold
significant potential in improving outcomes for diabetic patients with chronic wounds through a multifaceted approaches.

Lipid-Based Nanoparticles

Lipid-based nanoparticles have emerged as versatile carriers in the realm of nanotherapeutic approaches for diabetic
wound healing. Their unique structure and properties make them well-suited for targeted drug delivery and addressing
specific challenges associated with diabetic wounds.?” In this section, we examine two prominent lipid-based nanopar-
ticles: liposomes and solid lipid nanoparticles (SLNs).

Liposomes

Liposomes are spherical vesicles composed of lipid bilayers that encase an aqueous core. These lipid-based nanoparticles
have several attributes that make them appealing for diabetic wound treatment. Liposomes are biocompatible and
biodegradable, minimizing the risk of adverse reactions or toxicity when applied to wounds.*® This compatibility with
biological systems enhances their suitability for wound healing applications. Liposomes can efficiently encapsulate
a wide range of therapeutic agents, including antibiotics, growth factors, and anti-inflammatory drugs. This encapsulation
enables controlled and targeted drug delivery to the wound site, optimizing treatment outcomes.’’ The lipid bilayers of
liposomes mimic cell membranes, facilitating their interaction with cells at the wound site. This property enhances the
penetration of drugs or bioactive compounds into tissues, including those with impaired circulation often seen in diabetic
wounds. In a previous study, red blood cell membrane (RBCM)-mimicking liposomes containing curcumin (RC-Lips)
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Figure 2 Chitosan-based nanoparticles (MCC/CS NPs) enhance diabetic wound healing through anti-bacterial potential. (a) A diagram showing how MCC/CS NPs are made and
used to fight bacteria. (b) Images of agar dishes containing E. coli and MRSA after being treated with MCC/CS NPs with or without exposure to a 660 nm laser. (c) SEM images
showing the surface morphology of MRSA after specific treatments. (d) Photos of a healing wound at different stages of treatment, captured on days |, 3,7, 9, and 13. (e) Photos and
corresponding data showing the growth of bacterial colonies from wound samples under specific treatment. Reproduced from Yu Y, Tian R, Zhao Y, et al. Self-assembled corrole/
chitosan photothermal nanoparticles for accelerating infected diabetic wound healing. Adv Healthc Mater. 2023;12(16):¢220165|. Copyright, 2022 Wiley-VCH GmbH.?'

were developed to address the challenge of excessive inflammation in diabetic wound healing by efficiently adsorbing a-
hemolysin (Hla), reducing its damage to keratinocytes, facilitating liposome uptake into macrophages, regulating M2
macrophage polarization, and promoting wound healing in diabetic mice through downregulation of interleukin-1p (IL-
1B) and upregulation of interleukin-10 (IL-10).*® Liposomes provide a protective shield for encapsulated drugs, shielding
them from degradation and enzymatic activity in the wound environment. This protection helps maintain the efficacy of
therapeutic agents during transit to the wound site. For instance, purpurolide C (PC), derived from Penicillium
purpurogenum, promotes diabetic wound healing by inhibiting inflammatory macrophage activation, but its instability
and low solubility hinder its use. Hence, the novel delivery system PC@MLIP MN, integrating macrophage liposomes
and GelMA-based microneedle patches, enhances PC delivery to tissues, addressing solubility and permeability issues
and offering a promising strategy for diabetic wound management (Figure 3).*° In another study, Liposome-encapsulated
PDTPTBT, under NIR irradiation, efficiently eradicates multiple bacteria, including MRSA and E. coli, causing
membrane damage and cytoplasm leakage, thereby showing promise in treating multidrug-resistant bacterial infections,
as demonstrated in animal models, notably suppressing mortality and accelerating wound healing in a diabetic skin

140

infection model.™ Recently, liposomes have emerged as effective carriers for delivering therapeutic genes to target cells

in diabetic wounds.*' This innovative approach holds great promise for precisely modulating the expression of key genes
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volume 13(12), Liu Y, Xia G, Chen Y, et al. Purpurolide C-based microneedle promotes macrophage-mediated diabetic wound healing via inhibiting TLR4-MD2 dimerization
and MYDB88 phosphorylation. 5060-5073, Copyright 2023, with permission from Elsevier.*’

involved in wound repair processes, such as those related to inflammation, angiogenesis, and tissue regeneration. With
the development of advanced technologies, liposomes will offering tailored solutions to address specific challenges

encountered in diabetic wound healing processes.

Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) represent another lipid-based nanoparticle system that has shown promise in diabetic
wound healing. SLNs are composed of lipids in a solid state at room temperature and have unique advantages.** Firstly,
SLNs offer sustained drug release profiles, ensuring a prolonged presence of therapeutic agents at the wound site. This
controlled release pattern can be particularly beneficial for chronic diabetic wounds requiring long-term treatment. SLNs
exhibit a high drug-loading capacity, allowing for the encapsulation of a significant amount of therapeutic agents. In
a previous study, Arantes et al developed a chitosan film embedded with all-trans retinoic acid-loaded solid lipid
nanoparticles (SLN-ATRA), which successfully loaded high-efficiency drugs and promoted controlled drug release,
showing potential as an effective treatment for diabetic wounds.** SLNs can enhance the permeation of drugs through the
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skin and into the wound bed, which property is vital in cases where diabetic wounds require topical treatment to reach
deeper layers of tissue. For instance, encapsulating sesamol in solid lipid nanoparticles not only increases its stability and
retention in the skin but also doubles its effectiveness against skin pathogens and greatly improves its ability to heal
wounds by managing bacterial activity and oxidative stress.**

Organic Nanoparticles

Organic nanomaterials have garnered considerable attention in the field of diabetic wound healing due to their ability to
mimic natural biological processes and structures.*” In this section, we delve into four prominent organic nanomaterials:
extracellular vesicles (EVs), nanofibers, Metal-Organic Frameworks (MOFs) and Covalent Organic Frameworks (COFs).

Extracellular Vesicles

Extracellular vesicles are small, membrane-bound particles secreted by various cell types, including stem cells and immune
cells, which play a pivotal role in intercellular communication and tissue repair.*® In the context of diabetic wounds, the
secreted EVs from cells may be different with those normal wounds. Guda et al developed a novel method to isolate and
characterize keratinocyte-originated EVs (hExox) from human chronic wound fluid, revealing surface KRT14 as a reliable
marker and demonstrating their reduced abundance and altered composition in diabetic wounds, suggesting their potential role
in diabetic wound chronicity and providing valuable insights into EVs malfunction in diabetic complications.*” However, EVs
from normal cells or organs hold significant promise as natural carriers of bioactive molecules, which contain a cargo of
growth factors, cytokines, and nucleic acids, stimulating regenerative processes such as angiogenesis, collagen synthesis, and
cell migration, all of which are crucial for diabetic wound healing.*® For instance, Teng et al investigated the potential of EVs
derived from human umbilical cord MSCs in enhancing diabetic wound healing, revealing their ability to promote prolifera-
tion of endothelial and fibroblast cells, reduce wound area and inflammation, increase collagen deposition, and stimulate anti-
inflammatory macrophages and angiogenesis, thus elucidating their mechanism in improving wound repair.** EVs can also
exert immunomodulatory effects by regulating the inflammatory response at the wound site. It is well known that excessive
neutrophil extracellular traps (NETs) on diabetic wound healing impair the repair process, and Chu et al reported that utilizing
hypoxic preconditioned MSCs-derived small EVs could mitigate NET formation (Figure 4a and b), thereby promoting wound
repair through miR-17-5p-mediated regulation of the TLR4/ROS/MAPK pathway (Figure 4c—).”* EVs offer a cell-free
alternative to traditional cell-based therapies, overcoming many of the challenges associated with cell transplantation. Their
small size allows for easier administration and targeted delivery to the wound area.’’ EVs can be isolated from various cell
sources, including mesenchymal stem cells (MSCs) and immune cells, and tailored to the specific needs of individual patients.
Recently, the engineered EVs have been enhanced to expand their functionality, such as through modification to efficiently
incorporate miR146a and adhere to a silk fibroin patch, resulting in a notable improvement in diabetic wound healing.>
Additionally, loading EVs into biomaterials enables sustained release, thereby augmenting their stability and effectiveness.
For instance, incorporating macrophage-derived EVs in a novel hydrogel system provides an effective therapy for diabetic
wounds by combining anti-swelling and photothermal effects, scavenging reactive oxygen species, inhibiting inflammation,
and promoting angiogenesis.”> Overall, EVs present a promising avenue for diabetic wound healing.

Nanofibers

Nanofibers, with their ultra-thin diameters measured in nanometers, have become key tools in healing diabetic wounds.
These tiny fibers bring several benefits to wound care. First, their large surface area relative to their volume makes them
excellent at absorbing drugs and other healing molecules, allowing for the efficient delivery of treatments directly to the
wound site.>* In a previous study, chitosan-based nanofiber meshes with a nanocapsule-in-nanofiber structure have been
developed to effectively load both hydrophobic and hydrophilic drugs, enhancing the treatment of difficult wounds by
offering co-loading capacity, biocompatibility, and controlled release features.”> Additionally, nanofibers can replicate the
structure and function of the extracellular matrix, creating a supportive environment that enhances cell attachment,
movement, and tissue growth.>® Nanofiber-based dressings can also be designed to slowly release medications or growth
factors over time, which helps in maintaining long-lasting treatment effects. Moreover, these fibers function as protective
barriers over wounds, helping to ward off infections while keeping the wound moist, which is vital for healing.”” They
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can even be crafted into three-dimensional structures to aid the repair of more severe wounds. For instance, Huang et al
developed a three-dimensional chitosan/polyvinyl alcohol-tannic acid nanofiber sponge (3D-TA), which offers a flufty,
highly porous structure with superior water handling, hemostatic properties, and enhanced antibacterial and antioxidant
capabilities without antibiotics, showing promise for future clinical wound dressing applications.”® Finally, many
nanofibers are biodegradable, decomposing into harmless substances as the wound heals, which reduces the need for
frequent dressing changes and other medical interventions.>

Metal-Organic Frameworks (MOFs) and Covalent Organic Frameworks (COFs) in Diabetic Wound Healing
Metal-organic frameworks (MOFs) and Covalent organic frameworks (COFs) are two types of innovative nanomaterials
that have gained attention for their potential in various applications, including diabetic wound healing.®® These materials
are part of a broader category of crystalline porous materials and are noted for their unique structural characteristics and
compatibility with biological tissues, making them suitable for medical applications.

Recent advancements in biomedical research have led to the development of innovative treatment methods utilizing metal-
organic frameworks (MOFs) that show promising potential in addressing the unique challenges of diabetic wound healing.
One such advancement is the antioxidative system known as MOF/Gel, designed for chronic wound healing in diabetic rats.®’
This system integrates a MOF nanozyme with antioxidant enzyme-like activity within a hydrogel. The MOF/Gel continuously
scavenges reactive oxygen species, modulating the oxidative stress microenvironment in chronic diabetic wounds, and
facilitates a transition from the inflammation phase to the proliferation phase. This treatment has demonstrated efficacy
comparable to that of human epidermal growth factor Gel, a widely used clinical drug for wound treatments, highlighting its
potential as a safe and convenient option for clinical demands. Another notable approach involves engineered therapeutic
hydrogels, which harness the antioxidative and oxygen-generating capabilities of MOFs to enhance diabetic wound healing.®*
These hydrogels are constructed from natural polymers and a MOF-derived catalase-mimic nanozyme that captures elevated
ROS and synergistically produces oxygen. This mechanism protects critical skin cells from ROS and hypoxia-mediated death

International Journal of Nanomedicine 2024:19 hetps: 8823
Dove:


https://www.dovepress.com
https://www.dovepress.com

Shi et al Dove

and promotes a shift in macrophage activity from a pro-inflammatory to an anti-inflammatory state, accelerating the healing
process.(Figure 5a) Furthermore, the application of multifunctional nanoplatforms such as Au NCs@PCN for bacterial-
infected diabetic wounds has shown excellent results.®® These platforms leverage gold nanoclusters and zirconium-based
MOFs to generate ROS and photothermal effects under NIR laser irradiation, effectively killing bacteria and significantly
reducing wound coverage in diabetic rats (Figure 5b). The introduction of porous MOF liquids, such as ZIF-91 porous liquid
(ZIF-91-PL), marks a significant advancement in drug delivery systems for diabetic wound care.®* These liquids offer high
curcumin loading capacity and sustained release, enhancing healing when crosslinked with modified gelatin to form hydrogels
(Figure 5c and d). Lastly, novel porous MOF microneedle (MN) patches capable of photothermal-responsive delivery of nitric
oxide (NO) are under development.®® These patches promote deeper NO delivery to the wound site, accelerating vasculariza-
tion and tissue regeneration (Figure 5e). In summary, the integration of MOFs into diabetic wound care offers a multi-faceted
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approach that addresses inflammation, bacterial infection, and oxidative stress, showing substantial promise for improving the
outcomes of chronic diabetic wounds. These innovative treatments exemplify a significant stride towards overcoming the
limitations of current therapies and provide a foundation for future advancements in diabetic wound management.

On the other hand, COFs consist of a rigid organic framework formed through covalent bonds. These frameworks are
characterized by their predictable structures, robustness, and the versatility to modify their features according to specific
needs. In diabetic wound healing, COFs have shown potential in enhancing controlled drug release and supporting tissue
repair processes. Their precise structure allows for the engineering of their physical and chemical properties, impacting
their ability to carry and release drugs.®® This precise control is crucial in developing delivery systems that are optimized for
the specific requirements of diabetic wounds, focusing on the appropriate timing and dosage of therapeutic agents.®’ In
a previous study, an innovative nanoagent was created using 2D reductive COF, which was coated with immuno-engineered
exosomes to effectively address diabetic wounds by mitigating oxidative stress, reducing inflammation, enhancing
angiogenesis, and eliminating bacterial infections, demonstrating significant improvements over conventional
treatments.®®(Figure 6a) In another study, a novel therapeutic gel combining COFs with microalgae was developed to
tackle the complex challenges of diabetic chronic wound healing, by synergizing oxygen release, angiogenesis promotion,

and inflammatory response reduction, showing promising in vivo results for intensive wound care® (Figure 6b and c).
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Challenges and Future Directions
As the field of nanotherapeutics and biomaterials for diabetic wound treatment continues to develop, it faces several
challenges that need to be addressed to push the boundaries of what’s possible and improve patient outcomes.

Safety Concerns and Toxicity
The safety and biocompatibility of nanotherapeutic agents and biomaterials are crucial. It is important to fully assess their

7% Different materials should be

potential toxicity, immune responses they might elicit, and any long-term health effects.
compared extensively, including biocompatibility assessment and toxicity analysis. Developing standardized testing
methods will also aid in the comparison of different materials and help in their approval by regulatory bodies.”!
A comprehensive approach to safety assessment should be adopted, ensuring that all possible interactions and effects
are thoroughly evaluated. This includes studying the materials in various biological environments and over extended

periods to understand their long-term impact.

Regulatory Hurdles

Obtaining regulatory approval for new nanotherapeutic treatments involves navigating complex and stringent safety and
efficacy requirements. This process can be lengthy and requires significant resources. Effective collaboration among
scientists, regulatory bodies, and industry stakeholders is essential for smoothing these pathways.”” Simplifying reg-
ulatory frameworks, establishing clear guidelines for nanotherapeutic products, and maintaining open lines of commu-
nication are key strategies to accelerate clinical application.

Clinical Translation

One of the primary challenges in the field is moving from laboratory research to clinical practice. This includes
overcoming issues such as scalability and cost-effectiveness of production.” Researchers should focus on translational
research that is scalable, cost-efficient, and applicable in real-world settings. Collaborations including clinicians,
engineers, and regulatory professionals, are crucial to successfully moving projects from the lab bench to clinical trials.
Additionally, launch more clinical translation cases can provide valuable insights and facilitate further exploration in this
area. Emphasis should be placed on sharing successful examples of nanotherapeutics in clinical settings, highlighting the
pathways taken to achieve regulatory approval and real-world application. By increasing the visibility of these cases, the
field can better understand the necessary steps and potential obstacles in the translation process.

Multifunctional Additive Materials

Future research should focus on the development of multifunctional additive materials that integrate antibacterial,
anti-inflammatory, antioxidant, and angiogenesis properties. Such biomaterials can provide a comprehensive
approach to wound healing, addressing multiple aspects of the healing process simultaneously. By incorporating
these multifunctional properties, the effectiveness of nanotherapeutic treatments for diabetic wounds can be
significantly enhanced.

Conclusion

The use of nanotherapeutics and biomaterials presents a promising path forward for enhancing diabetic wound care.”*7?
These technologies have the potential to transform treatment approaches, thereby improving patient outcomes and
mitigating the social and economic impacts of diabetes-related complications (Table 1). Continued research and
collaboration are essential for advancing this field and redefining the future of diabetic wound treatment. Furthermore,
numerous studies have demonstrated that stem cell-derived exosomes exhibit superior biocompatibility, immunomodu-
latory capabilities, and regenerative properties compared to metal-based nanoparticles. Therefore, prioritizing the
development and clinical application of stem cell-derived exosomes could lead to more effective and targeted therapies

for diabetic wounds.

8826 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Shi et al

Table 1 Summary of Nanoparticle-Based Therapeutic Approaches for Diabetic Wound Healing

Types Mechanism Advantages Challenges
Metallic Silver Antimicrobial, anti-inflammatory, Potent antimicrobial, anti- Potential cytotoxicity,
nanoparticles pro-angiogenic inflammatory, stimulates environmental impact
angiogenesis
Gold Anti-inflammatory, antioxidant, drug Reduces oxidative stress, targeted | Cytotoxicity, complex
delivery, photothermal therapy drug delivery, photothermal effects | synthesis, cost
Zinc oxide Antibacterial, anti-inflammatory, Effective antibacterial, reduces Cytotoxicity at high doses, need
enhances epithelialization inflammation, promotes for clinical trials
epithelialization
Polymeric PLGA Controlled drug release, biodegradable, | Sustained release, high drug- Complex formulation, need for
nanoparticles enhances bioavailability loading, targeted therapy clinical validation
Chitosan Antimicrobial, promotes cell Strong antimicrobial, promotes cell | Variability in synthesis, potential
proliferation, hemostatic growth, hemostatic properties allergic reactions
Lipid-based Liposomes Encapsulation and delivery, mimics cell Biocompatible, efficient drug Stability issues, complex
nanoparticles membranes, protects therapeutics delivery, protective shield manufacturing, potential rapid
clearance
Solid lipid Sustained drug release, high drug- Controlled release, high drug Stability issues, complex
loading capacity, enhances permeation capacity, improved permeation manufacturing, need for clinical
validation
Organic Extracellular | Bioactive cargo delivery, Natural carriers, modulate immune | Variability in composition,
nanoparticles | vesicles immunomodulation, cell-free therapy response, easy administration complex isolation, need for
validation
Nanofibers Drug absorption, ECM mimicry, High drug absorption, supports cell | Complex manufacturing,
controlled release, protective barrier growth, controlled release variability in drug release
profiles
MOFs Antioxidative activity, oxygen ROS scavenging, oxygen production, | Complex synthesis, stability
generation, photothermal and strong antibacterial properties issues, need for clinical validation
antibacterial effects
COFs Controlled drug release, tissue repair Precise control, versatile, supports | Complex synthesis, need for
support, multifunctional nanoagents tissue repair clinical trials, scalability issues
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