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Diabetes mellitus (DM) is a common endocrine disease characterized by a state of hyperglycemia (higher level of

glucose in the blood than usual). DM and its complications can lead to diabetic foot ulcer (DFU). DFU is associated

with impaired wound healing, due to inappropriate cellular and cytokines response, infection, poor vascularization,

and neuropathy. Effective therapeutic strategies for the management of impaired wound could be attained through

a better insight of molecular mechanism and pathophysiology of diabetic wound healing. Nanotherapeutics-based

agents engineered within 1–100 nm levels, which include nanoparticles and nanoscaffolds, are recent promising

treatment strategies for accelerating diabetic wound healing. Nanoparticles are smaller in size and have high

surface area to volume ratio that increases the likelihood of biological interaction and penetration at wound site.

They are ideal for topical delivery of drugs in a sustained manner, eliciting cell-to-cell interactions, cell proliferation,

vascularization, cell signaling, and elaboration of biomolecules necessary for effective wound healing. Furthermore,

nanoparticles have the ability to deliver one or more therapeutic drug molecules, such as growth factors, nucleic

acids, antibiotics, and antioxidants, which can be released in a sustained manner within the target tissue. This

review focuses on recent approaches in the development of nanoparticle-based therapeutics for enhancing

diabetic wound healing.

nanoparticle  drug delivery system  diabetes mellitus  wound healing  diabetic foot ulcer

pathophysiology

1. Introduction

Diabetes mellitus (DM) is a chronic health problem that is prevalent among the human population. DM is an

endocrine disorder which is distinguished by the state of hyperglycemia (higher level of glucose in the blood), and

is classified into Type 1 DM and Type 2 DM. Factors associated with a steady increase in DM are aging

populations, dietetic revolutions and sedentary lifestyles . On the basis of 2019 prevalence data from the

International Diabetes Federation (IDF), the estimated number of adults (20–79) with DM worldwide is 463 million,

which is expected to increase to 578.4 million by 2030 and 700.2 million by 2045 . It is anticipated that DM may

increase in developing countries as compared to developed countries (Figure 1). In 2019, IDF revealed that the

number of deaths resulting from DM and its complications was 4.2 million worldwide . It is projected that the

annual global health expenditure on DM in 2019 is USD 760 billion, which will reach USD 825 billion by 2030 and

USD 845 billion by 2045 . Therefore, DM has emerged as one of the serious health threats with a huge

socioeconomic burden.
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Figure 1. Prevalence of DM (millions) by IDF regions in adults (>65 years) in 2019, 2030 and 2045 . IDF:

International Diabetes Federation; NAC: North America and Caribbean; EUR: Europe; MENA: Middle East and

North Africa; SEA: South-East Asia; SACA: South and Central America; AFR: Africa; WP: Western Pacific.

DM increases the risk of infection and delays wound healing due to impairment of metabolic activity. As DM

advances, a complication that may occur is diabetic foot ulcers (DFUs), a chronic wound that affects the lifestyle of

patients and consequently, heightening the risk of mortality . Worldwide, 9.1 to 26.1 million people with DM

develop DFU annually. Individuals with DM stand a 25% chance of risk for DFU, and sadly, many cases must

ultimately opt for amputation as the treatment modality. Fifty percent DFU amputees have an average 3-year

survival rate as a result of infection and unsolved arterial injury, while for post-treatment patients with healed DFU,

50% to 70% may have recurrence within 5 years . Though DFU is preventable, it puts a massive burden on

patients and health care services. A cautious lifestyle as a preventive front, timely assessment and high-level

treatments by a multi-disciplinary group of specialists are effective approaches for DFU management .

Pathophysiology of Diabetic Foot Ulcer (DFU)

Peripheral arterial disease (PAD), neuropathy, ischemia, and infection are the key factors influencing the

development of DFU. Figure 2 shows a flow diagram depicting the factors that contribute to the pathophysiology of

DFU .
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Figure 2. Pathophysiology of DFU. Reproduced from [7], with permission from Elsevier, 2006.

Neuropathy

DFU may develop as a result of neuropathy caused by hyperglycemia . The hyperglycemic condition increases

stimulation of the enzymes, aldose reductase and sorbitol dehydrogenase, which lead to conversion of intracellular

glucose to sorbitol and fructose. The accumulation of converted glucose products results in a decrease in the

synthesis of nerve cell myoinositol . In addition, the chemical change associated with glucose induces depletion

of nicotinamide adenine dinucleotide phosphate (NADP), which is essential for the detoxification of reactive oxygen

species (ROS) and for the synthesis of the vasodilator, nitric oxide (NO). There is a subsequent upsurge in

oxidative stress on the nerve cells and an increase in vasoconstriction leading to ischemia, which will cause nerve

cell damage and cell death . Neuropathy affects all the components of the nervous system, viz., sensory,

motor and autonomic. In autonomic neuropathy, the foot becomes dry as it loses the ability to moisturize its surface

due to decreased secretory functions of the sebaceous and sweat glands, thereby encouraging infections to

spread .

Peripheral Arterial Disease (PAD)
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DFUs are also known to be caused by the complications of PAD. Multiple factors other than DM are associated

with greater risk of PAD including age, smoking, hypertension, hyperlipidemia, inflammatory markers, and renal

dysfunction . Diabetic vascular complications are divided into microvascular and macrovascular disease. In the

diabetic state, due to the upsurge in glucose, endothelial cellular dysfunction and smooth muscle abnormalities

develop as a consequence of a reduction in endothelium-derived vasodilators, leading to constriction of blood

arteries in the foot . Furthermore, atherosclerosis with thickening of blood capillaries and hardening of arteriolar

walls, cause blockage in major arteries such as femoro-popliteal and aortoiliac vessels, resulting in ischemia .

2. Normal and Diabetic Wound Healing

Wound healing is a complex process with dynamic interactions of different cell types, extracellular matrix (ECM),

cytokines and growth factors. The fundamental steps of wound healing include hemostasis, inflammation, cell

movement, and proliferation, followed by wound compression and further remodeling . Any bleeding associated

with penetration of skin to the dermis layer by trauma is considered as a wound . The first step in initiating the

wound healing process is hemostasis, a clotting process involving the coagulation cascade that leads to cessation

of bleeding. The first subset of cells that enter the injury site are platelets, which release several growth factors

such as platelet derived growth factor (PDGF), transforming growth factor beta (TGF-β), endothelial growth factor

(EGF), and fibroblast growth factor (FGF), which support the inflammation process . The inflammatory phase

occurs immediately after hemostasis and is characterized by vascular delivery of inflammatory agents and

migration of cells into the injury site. Release of inflammatory mediators, such as prostaglandins, histamine and

leukotrienes by mast cells, which stimulates angiogenesis and permeability to allow cells and molecules from the

blood stream to enter the wound site . Neutrophils, monocytes and lymphocytes are white blood cells that

invade the injury site. Neutrophils combat microbial infections and macrophages, stimulate angiogenesis by

secretion of TGF-β, vascular endothelial growth factor (VEGF) and FGF, and produce tumor necrosis factor alpha

(TNF-α), which breakdown necrotic tissue, facilitating the proliferation of fibroblasts that deposit collagen for tissue

granulation . Wound contraction begins 2 weeks after a dermal wound. During tissue granulation, fibroblasts

differentiates to myofibroblasts phenotype, with enhanced alpha smooth muscle actin (α-SMA) cytoskeleton, which

plays a vital role in wound closure. Re-epithelialization of tissue occurs when the wound bed is covered by new

tissue and keratinocytes migrate, differentiate and proliferate to generate a stratified epidermis along the superficial

area of injury, providing cover for newly formed tissue . The last phase in the wound healing process (which

lasts 6 to 24 months) is wound remodeling. In this phase, granulation tissue forms accompanied by replacement of

the ECM with type I collagen (substituting collagen III) mediated via PDGF and TGF-β   (Figure 3).
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Figure 3. Factors affecting normal and diabetic wound healing. Reproduced from , with permission from Royal

Society of Chemistry, 2017.

In diabetic wounds, a larger number of inflammatory macrophages continue to stay at the site of injury for a longer

period, compared to normal wound healing. These macrophages produce an increased ratio of pro-inflammatory

cytokines, such as TNF-α and interleukin 6 (IL-6) and elaborate ROS causing persistent inflammation, which lead

to stimulation of proliferative factors for successful wound healing. However, the common cytokine cascade is

perturbed due to inefficient efferocytosis (phagocytosis of apoptotic cells) by macrophages, related to the higher

burden of apoptotic cells. Increased ratio of pro-inflammatory cytokines (IL-1β and TNF-α) and matrix

metalloproteinase-9 (MMP-9) with decreased anti-inflammatory signals (CD206, IGF-1, TGF-β and IL-10) will lead

to abnormal apoptosis of fibroblasts and keratinocytes, together with decreased angiogenesis . In diabetic

wound healing, fibroblasts do not properly differentiate into myofibroblasts, leading to reduced mechanical tension

of ECM, and subsequently poor wound closure due to lack of α-SMA . In impaired wound healing, a non-

equilibrium balance between MMPs that degrade the disorganized collagen in normal wound healing and tissue

inhibitor of metalloproteinases (TIMPs), lead to abnormal ECM degradation and deposition. Lower expression of

TIMPs and higher expression of MMPs are due to the persistently high levels of pro-inflammatory cytokines and

pro-fibrotic cytokines. In a chronic wound, levels of MMPs are raised 60 times more than that for acute wound

healing . Increase in protease activity in tissue reconstruction enhances degradation of ECM, growth factors and

collagen deposition, which are crucial for effective wound healing . All these factors, together with a

dysregulated molecular and cellular wound microenvironment that is not conducive to normal healing responses,

culminate in impaired healing of diabetic ulcer   (as illustrated in Figure 3).

3. Therapeutic Modalities for Diabetic Foot Ulcers

Chronic wounds remain a significant public health problem. Alterations in normal physiological healing processes

caused by aging or diabetes, lead to impaired tissue repair and the development of chronic and non-healing

wounds. Understanding the unique features of the wound environment will be required to develop new therapeutics

that impact these disabling conditions. Although there are numerous strategies for the treatment of DFU, it remains
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a major challenge to optimize the therapeutic approach in the clinical healthcare setting . Systemic delivery, the

most common approach for administering drugs to patients, relies on adequate perfusion of the target tissue and

blood supply, that many chronic wounds lack. Moreover, there may be significant potential harmful side-effects to

non-target tissues. On the other hand, topical delivery is primarily intended for a local effect which can potentially

eliminate the need for systemic administration of drug therapies, minimize the total dose required to reach the

target site, and reduce off-target adverse effects . Wound care has traditionally relied on dressings, including

both natural and synthetic materials and drugs, to sustain a warm and moist surrounding for conducive wound

healing, while diminishing bacterial infection . Topical delivery of free siRNA, proteins, antibiotics, and nucleic

acids, may lead to degradation of these encapsulated compounds by endogenous enzymes produced in chronic

wounds, increased drug clearance due to rapid half-life, toxicity to tissues or organs, and uncontrolled delivery of

drugs, leading to under dosage or over dosage and inappropriate immune responses . Moreover, topical

application of therapeutic drugs offers a poor solution with regard to diabetic wound healing due to the

development of bacterial resistance against antibiotics .

Other diabetic wound healing therapies, such as bioengineered grafts, face the problems of decreased

angiogenesis and physiological rejection. Growth factor therapy may encounter problems associated with

breakdown of growth factor at wound site, synthetic hydrophobic polymer dressings with ineffective release of

bioactive components, silver dressings with cellular toxicity at specific concentrations, and natural polymer

dressings may give rise to allergic reactions . Commercially available hydrofiber and hydropolymer dressings, as

well as alginates, are not suitable for dry wounds. On the other hand, hydrocolloidal dressings require a secondary

dressing to prevent contamination and also not an option for substantial draining wounds. Foam dressings may

cause dehydration of wounds, which arrest epithelialization of the ulcer. Currently, there is no experimental

verification of a single type of wound dressing that is effective in eliminating every limitation posed by DFU .

4. Nanotechnology Based Drug Delivery System

New drug-delivery systems (DDSs) may enhance the current and future therapies for this challenging clinical

problems . Recently, nanotechnology has become one of the most focused research areas for the treatment of

DM patients and its associated complications. The advantage of nanomaterials (with a range of 1–100 nm) are

versatility in use, controlled size, and tunability of physiochemical properties. Nanomaterials with a larger surface

area to volume ratio allow for cell adhesion, and possibly can encapsulate a greater number of surface

functionalized active components to accelerate specific regenerative functions . The nanotechnology-based

wound healing methods confer advantages such as topical drug delivery, cell specificity, and sustainable and

controlled release of encapsulated drugs for a required period until the wound heals . In the case of wound

healing, nanoparticles are ideal for topical delivery, supporting better interactions with the biological target and

increased penetration at the wound sites. Besides, encapsulated drugs could be delivered in a sustained manner

and delivery rate could be suitably altered by changing the nanoparticle distribution. Thus, wound healing

treatments incorporating the nanotherapeutics approach for delivery of therapeutic biomolecules, paves the way for

an excellent opportunity to tackle the complexity of diabetic wound healing by .
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Conceptually, topical delivery of nanotherapeutics has major advantages for chronic wounds such as diabetic

wound, by promoting effective wound healing and skin regeneration due to: (a) multifactorial factors and cell-type

specificity and (b) use of therapeutic agent for a limited time or until the wound has healed. Nanotechnology-based

materials act as smart nanomaterials in the form of nanofibers and hydrogel, foams loaded with nanoparticles

which can encapsulate antibiotics, growth factors, peptides, nucleic acids and extracellular substrates, with the

possibility of combined delivery of two different therapeutic agent with dissimilar characteristics to enhance the

healing process, that include liposomes, polymeric nanoparticles, inorganic nanoparticles, lipid nanoparticles,

nanofibrous structures, and nanohydrogel  (as shown in Figure 4).

Figure 4. Nano-DDSs in skin regeneration and wound treatment. Adapted from , with permission from Springer

Nature, 2019.

Drugs are absorbed, dispersed or dissolved around the nanoparticle, and confined in an aqueous core with shell

like surroundings, or alternatively the drug can be covalently bound to the surface matrix of nanoparticles . In the

biological system, the drugs loaded in the nanoparticles will be released by diffusion, dissolution, reduction and

distension. Furthermore, nanoparticles can be encapsulated in nanofiber, hydrogel, foam, films and nanocrystals

as a nanocomposite system along with other drugs (Figure 5), which allows for synergistic effect between

nanoparticles and the drug of interest, creating a new concept of wound dressing that promotes enhanced wound

healing . Such dressings have increased porosity surface-to-volume ratio, and their structure simulates the
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topographic appearance of endogenous ECM, allowing attachment and spreading of both fibroblasts and

keratinocytes, thereby facilitating collagen synthesis and re-epithelialization of wounds .

Figure 5. Schematic of nanomaterial, from nanoparticle to nanoparticulate system for wound regeneration. NFs—

Nanofibers, NPs—Nanoparticles, HGs—Hydrogel, FMs—Films and membrane, MCs—Multicomposites.

Reproduced from , with permission from Elsevier, 2017.

5. Nanoparticle Delivery of Therapeutic Drugs for Diabetic
Wound Healing

It is well established that delivering of therapeutic active components such as growth factors, nitric oxide, nucleic

acid, antioxidants, and antibiotics to damaged tissue, can stimulate cell proliferation, migration, angiogenesis, and

collagen secretion, and inhibit microbes, thereby influencing healing of chronic wounds . Nanofibers have

received much attention because of their structural similarity, which closely mimics the native ECM environment 

. Nanofibers promote wound healing by providing characteristics of high surface area to volume ratio, tunable

mechanical properties, increased porosity, and ability to encapsulate nanoparticles and bioactive compounds for

controlled release, which can support the cells to actively interact with the matrix during functionalization and

remodeling . Hydrogels are hydrophilic 3D polymer networks with established applications in tissue

engineering and drug delivery. Hydrogels with high water content, tunable viscoelasticity and biocompatibility have

been intensively explored to enable topical delivery of bioactive molecules . More importantly, nanoparticle

and biomolecules can be incorporated in hydrogels and thus, opens the door to more advanced topical drug

delivery with unique benefits such as improved tissue localization, minimized burst release and controlled

sequential drug release, by preserving its structural integrity of nanoparticle . Non-polymeric nanoparticles such
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as silver nanoparticles (AgNPs) and gold nanoparticles (AuNPs) are widely used as therapeutic agents, primarily

for their anti-infective and anti-inflammatory effects . There is an unmet need for a novel antibiofilm approach

and effective antimicrobial compounds, and silver nanotechnology-based therapeutics has captured the attention of

health care providers for enhancing health care . AgNPs are used in clinical practice for a wide range of

treatments such as burns, chronic ulcers and diabetic wounds that have developed antibiotic resistance and

hospital acquired bacterial infection. In addition to anti-inflammatory effects, AgNPs treated wounds have shown

abundant collagen deposition that could accelerate wound healing . Biocompatible AuNPs are extensively

used in tissue regeneration, targeted drug delivery and wound healing. Unlike Ag nanomaterials, Au nanomaterials

as a single material alone does not have any antimicrobial activity. Thus, AuNPs must be incorporated with other

biomolecules to be used for effective biological functions . Zinc (Zn) can be used for treating type 1 and type

2 DM, owing to its role in the function of >300 enzymes that are necessary to maintain metabolic homeostasis in

the body. Zn reduces blood sugar levels by inhibiting glucose absorption and raising glucose absorption by skeletal

muscles and adipose tissues . Zinc oxide (ZnO) nanoparticles have been explored as drug delivery carriers and

therapeutic approaches for human biomedical applications because of the fact of their biocompatibility . ZnO

nanoparticles have exhibited therapeutic activities against melanoma, diabetes, bacterial infection, and

inflammation, and have shown potential for wound healing applications . Ceramic nanoparticles containing

inorganic components have fundamental therapeutic ability and can transport drugs to injury sites . Lipid-based

nanoparticles, in addition to being safe, are extensively used to deliver both hydrophilic and hydrophobic drugs.

Liposomes sustain long term release of drugs by reducing the toxicity exerted by huge release of drugs via

conventional administration . In the case of polymeric nanoparticles, chitosan is a natural polymer to use, due to

its biocompatibility and antimicrobial activity. It is possible to encapsulate a wide range of natural components such

as aloe vera, vitamin E and curcumin, which have potential beneficial effects on skin wound healing . PLGA

or poly (lactic-co-glycolic acid), poly (ε-caprolactone) (PCL), poly (lactic acid) (PLA), and poly (ethylene glycol)

(PEG) are synthetic polymers approved by Food and Drug Administration (FDA). Among these polymers, PLGA is

considered the best biodegradable polymer due to its ability to release lactate, a degradation byproduct. PLGA

nanoparticles have been reported to stimulate cell proliferation and shorten the duration of wound healing in

diabetic rats and despite moderate drug loading may be a promising delivery system for growth factors .

The type of therapeutics that can be delivered by nanoparticles are given below.

Growth Factors

Growth factors are physiologically active proteins involved in cell proliferation, migration, differentiation, and

metabolism. Physiologically, every healing process is regulated by growth factors and cytokines. Growth factors

bind to a specific receptor and stimulate a series of molecular mechanisms that are essential for cell function . In

the wound healing process, growth factors play an important role by stimulating inflammatory response,

angiogenesis, granulation of tissue, and modelling. It is well established that in a diabetic wound, the availability of

growth factors will decrease due to the pathophysiology . External administration of growth factors can be

given, but proteases present in the wound bed can easily degrade these growth factors physiologically.

Furthermore, the short half-life of growth factors and their reasonably large size, together with toxicity at an
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elevated systemic dosage, shows that conventional delivery techniques of growth factor in a free form are not

appropriate to transport growth factors effectively in the wound bed. In addition, as various biomolecules are

engaged in wound healing progression, sometimes it may be inadequate to utilize a single growth factor to

accelerate wound closure in diabetic ulcers . With these problems, encapsulation of growth factors in

nanoparticles have been widely used to overcome the limitation of protein administration by improving the half-life,

encapsulation of more than one biomolecule, and protection against degradation by proteases in the wound bed

through protective characteristics of nanoparticles . Nanoparticle-loaded recombinant human EGF (rhEGF) has

been shown to provide faster healing of wound compared to free rhEGF administration in rats, due to the sustained

release of rhEGF . Nanoparticle-loaded VEGF have been observed to induce faster acceleration of wound

closure in both diabetic and non-diabetic mice, as compared to PLGA nanoparticle and VEGF alone . Gainza et

al. fabricated rhEGF loaded solid lipid nanoparticles (SLN) and nanostructure lipid carrier (NLC) using the emulsion

ultrasonication method. The same investigators showed that SLN-rhEGF and NLC-rhEGF significantly increased

wound closure in diabetic mice compared to free rhEGF and alginate microspheres with rhEGF, suggesting that

there is controlled release of rhEGF from lipid nanoparticle without loss of rhEGF bioactivity after encapsulation .

In another study, Losi et al. reported that poly(ether)urethane-polydimethylsiloxane/fibrin-based scaffold containing

PLGA nanoparticles loaded with VEGF and basic fibroblast growth factor (bFGF) (scaffold/growth factor-loaded

NPs) stimulated significant granulation tissue formation, collagen secretion and re-epithelialization, thereby

promoting considerable increase in wound closure rate in diabetic mice, as compared to scaffold with PLGA

nanoparticles without growth factors and controls. The same authors further suggested that the observed results

may be due to: (i) controlled delivery of growth factor from the encapsulated nanoparticles, (ii) simultaneous

delivery of more than one growth factor, and (iii) administration of growth factor protecting from enzymatic

hydrolysis by encapsulating in nanoparticles . In another study, chitosan-based hydrogel carrying human

epidermal growth factor was conjugated with sodium carboxymethyl chitosan nanoparticles (NaCMCh-rhEGF) for

controlled release of growth factor in an excision wound model on diabetic rats. The in vitro results demonstrated

that the NaCMCh-rhEGF stimulated higher cell viability, thereby reducing the wound area significantly on day 15 in

comparison to free rhEGF and controls . Lai et al. fabricated a collagen (Col)- hyaluronic acid (HA) electrospun

nanofibrous scaffold encapsulated with gelatin nanoparticles that can release multiple angiogenic growth factors

such as VEGF, PDGF, bFGF, and EGF at the excision wound site. Topical application of Col-HA membrane with

four kinds of growth factors (Col-Ha w/4GF) on the diabetic wound bed accelerated complete healing of excision

wound in rats along with elevated collagen synthesis, re-epithelialization and vascularization compared to control

animals . Furthermore, Li et al. conjugated keratinocyte growth factor (KGF) with AuNPs to determine the

stability and binding affinity of KGF for diabetic wound healing. The result showed that by KGF-AuNPs conjugation,

KGF retained its bioactive affect at the wound site at greater stability and resistance against proteolytic degradation

to promote keratinocytes proliferation and migration and generated greater binding effect to its physiological

receptor than unmodified KGF. Moreover, KGF-AuNPs at wound site supported re-epithelialization and wound

contraction along with elevated expression of Col-I, α-SMA and TGF-β1. These observed conditions lead to

accelerated wound healing by fabricated KGF-AuNPs when compared to controls . Recently, the safety and

efficiency of topically administered exogenous growth factors (VEGF or bFGF) in the healing of chronic diabetic

wounds were examined in clinical trials, where local administration of growth factors was proven to be well
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tolerated. However, the free form of exogenous growth factor administration has encountered problems such as

rapid leakage from the wound bed, short biological half-life and the rapid enzymatic degradation, which makes it

difficult to achieve effective concentration to treat diabetic ulcer, leading to inefficacy of the treatment . The

afore-mentioned growth factor delivery by nanoparticles (as summarized in  Table 1) has also addressed the

common clinical barriers, which include achieving a sustained and controlled release of biomolecule proteins,

distributing concurrently more than one growth factor, and protecting the growth factors against enzymatic

hydrolysis when administrated at the wound site, suggesting promising future clinical application of growth factor-

loaded nanoparticles for diabetic wound healing.

Table 1. Nanoparticles-based therapeutic incorporated with growth factors for diabetic wound healing.

Nucleic Acid

Nucleic acid encapsulated particulate combines gene therapy and nanotechnology to knockdown or express a

specific gene for successful healing of a chronic wound . Gene delivery to injury site supports expressing

specific proteins which can accelerate healing of chronic wounds. For instance, VEGF for induction of

angiogenesis in chronic wound has been transfected by viral vectors in diabetic patients and the effect in wound

healing observed . However, the use of non-viral vectors such as nanoparticles to deliver nucleic acid is a better

choice as viral vectors can cause immune response and should always be treated with caution . siRNA

permits knockdown of gene expression by selectively targeting genes such as MMP, ganglioside-monosialic acid 3

synthase (GM3S)  and TNF-α, which are overexpressed in chronic wounds. In vivo delivery of siRNA requires a

carrier for transport into cells to protect against physiological nucleases. Nanoparticle-based technology has

enabled targeted transport of siRNA and prevention from degradation . Clinical studies delivering siRNA to
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(a)

(b)

(c)

(d)

cure several diseases have been promising, yet primary clinical trials were unsuccessful due to inadequate efficacy

or significant off-target effects. RNAi technology demands additional refinement prior to widespread clinical use.

Barriers for successful siRNA delivery for efficient therapy are degradation of siRNAs by enzymes in the wound

environment and siRNAs not readily taken up by the cells due to electrostatic constraints, as the negatively

charged cell wall will not easily allow penetration of negatively charged siRNAs into the cells. To address these

problems, a wide variety of delivery systems have been pre-clinically tested using nanoparticles. Delivery vehicles

for siRNAs such as those mentioned below have attained varying degrees of efficacy, with topical dosing and

intravenous formulations, and are currently at the forefront of testing for clinical use .

Ganglioside GM3 siRNA: Ganglioside GM3 is a monosialodihexosylganglioside produced by the enzyme GM3

synthase (GM3S). GM3S is key intermediary of insulin resistance which has proven to be highly expressed in

human diabetic foot skin, diabetes stimulated obese mouse, hyperglycemic mouse, and mouse keratinocytes

exposed to high glucose . Randeria et al. showed that knockdown of GM3S expression in diabetic mice by

AuNPs conjugated with GMS3 siRNA-based spherical nucleic acids (SNAs) reverse impaired wound healing in

diabetic mice with no obvious toxicity .

TNF-α siRNA: TNF-α is an inflammatory cytokine and it is required in limited amounts to accelerate wound

healing as TNF-α is required for fibroblast proliferation, migration and wound remodeling. However, in the case

of diabetic wound, uncontrolled production of TNF-α blocks the normal process of wound healing by increasing

cell apoptosis, ROS and matrix degradation . Kasiewicz et al. fabricated lipid nanoparticles encapsulated

with specific TNF-α siRNA to accelerate wound healing in diabetic mice . The same investigators

demonstrated that topical application of lipid nanoparticles loaded with TNF-α siRNA in the diabetic wound of

mice downregulated TNF-α expression by 40–50% with closure of wound significantly faster than control wound.

Keap1 (Kelch-like erythroid cell-derived protein with CNC homology-associated protein 1) siRNA: In the

absence of oxidative stress, the nuclear factor erythroid 2–related factor 2 (Nrf2) binds to Keap1 (in the

cytoplasm, which subsequently lead to Nrf2 degradation by ubiquitination). However, in the presence oxidative

stress, keap1 is covalently modified in some region that prevents degradation of Nrf2. Following which, Nrf2

enters the nucleus by dissociating from the repressor site of Keap 1 and binds to the antioxidant response

element (ARE) in the promotor region of a wide variety of genes responsible for preventing oxidative stress and

protein instability, as well as proteasome integrity . ARE is situated in the promoter area of genetic materials

that encode many antioxidant and phase II detoxifying enzymes. These enzymes are essential for cellular

protection by increasing the elimination of cytotoxic electrophiles and ROS . Chronic hyperglycemia in

diabetes causes imbalance of ROS and over production of Keap1, leading to degradation of Nrf2, which

regulates diabetic oxidative stress . Rabbani et al. has developed a liposome and protein hybrid

nanoparticulate delivery system loaded with siRNA specific to Keap1, which can accelerate diabetic wound with

severe oxidative stress .

miR-146a: The hyperglycaemic state also activates redox-sensitive transcription factors, mainly NFkB, which

leads to over production of pro-inflammatory cytokines such as IL-6 and IL-8 that delay wound healing by
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Table 2. Nanoparticles-based therapeutics encapsulated with nucleic acids for diabetic wound healing.

extending the inflammation period . Cerium oxide nanoparticles (CNP) can act as a therapeutic agent for

oxidative stress as CNP has an ability to scavenge free radicals . The initial inflammatory response to

injury is essential to activate normal wound healing while sustained inflammatory response impairs wound

healing associated with diabetic wounds . Zgheib et al. has designed microRNA (miR-146a) loaded CNPs

for diabetic wound healing . miR-146a has been reported to negatively regulate the production of pro-

inflammatory cytokines, implying that miR-146a can act as a molecular brake in the inflammatory response 

. miR-146a suppresses interlukin-1 receptor associated kinase 1 (IRAK1) and tumor necrosis factor receptor

associated kinase 6 (TRAF6), which induces overexpression of IL-6 and IL-8 . Down regulation of miR-

146a, which influences the upregulation of its target gene IRAK1 and TRAF6, has been observed in diabetic

wounds . CNP-miR-146a has been reported to be effective for diabetic wound healings . The use of

nanoparticles as a delivery system for siRNA (as summarized in  Table 2) may be able to overcome the

boundaries of existing methods of free siRNA delivery at wound site because of the capability for encapsulation,

controlled release, specific targeting, stability, and bioavailability.

Antibiotics

The most common characteristic of prolonged chronic wound healing is infection. In diabetic wounds, surface

infections lead to the development of biofilms superficially within the wound, disrupting normal physiological wound

healing . Contamination by pathogens in a wound can evolve into colonization of bacteria, leading to localized

infection and even systemic infection, sepsis and multi-organ dysfunction . The presence of a biofilm leads to

prolonged inflammation by stimulation of NO, cytokines and free radicals . Hence, an effective treatment is
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required to deliver antimicrobial drugs to infected wounds for normal wound healing. In this regard, nanoparticles

can be utilized to specifically target and eliminate pathogens. The antimicrobial effect of nanoparticles comprises

destruction of cell membranes, impediment of enzyme pathways, modifications of microbial cell wall and nucleic

materials pathway, and as a delivery system.

AgNPs have demonstrated a huge potential for different biomedical applications, such as in detection and

diagnosis, drug delivery, coating of biomaterials, devices for novel antimicrobial agents and in regeneration

materials [59]. For instance, AgNPs are known to have antimicrobial activity, which when incorporated with EGF,

promotes re-epithelization, resulting in wound healing in diabetic mice . AgNPs embedded in cellulose

nanocrystals (CNCs) isolated from syzygium cumini  leaves (which help to preserve the moist environment in the

wound) has accelerated wound healing in diabetic mice .

Nanoparticle encapsulation with antimicrobial drug has developed as a novel and capable alternative to address

diabetic wound infection with minimal undesirable side effects . A major challenge faced in antibiotic therapy is

antibiotic resistance. According to the World Health Organization (WHO), Methicillin-resistant  Staphylococcus

aureus (MRSA) infections have caused a higher mortality in patients by 64% compared to the non-resistant form

. To overcome the challenges of multi-drug resistant bacteria and to restore the efficacy of antibiotics, Kalita et

al. designed lysozyme capped gold nanoclusters (AUNC-L) functionalized with a widely used β-lactam antibiotic,

ampicillin, as a model drug to combat MRSA resistance against ampicillin and to accelerate diabetic wound with

MRSA persistent infection . Free ampicillin has failed to reduce MRSA infection on diabetic wounds while

AUNC-L-Amp has accelerated wound healing by eliminating the MRSA persisted infection within the wound .

This same study showed that metallic nanoclusters in combination with antibiotics, augment their antibacterial

properties and thereby mitigate the cytotoxicity of both the agents by reducing the necessity for high drug dosages.

For the development of nano-antibiotics against microbial pathogens, toxicity of non-natural materials is a limiting

step for utilization in clinical application.

The emergence of bacterial resistance to conventional antibiotics represents a general challenge in clinical trials.

Dai et al. developed an AgNPs-coated  ε-Polylysine (EPL-ց-butyl@AgNPs) bacterial binding nanocomposite, in

which  ε-Polylysine was used to coat AgNPs so as to act as bacterial affinity ligand to combat multiple-drug

resistance bacteria. The nanocomposites and levofloxacin were introduced in the culture of Gram-negative (P.

aeruginosa) and Gram-positive (S. aureus) bacteria, respectively. After 30 passages, MIC remained the same for

EPL-ց-butyl@AgNPs, while the MIC value of levofloxacin increased from 0.64 to 78 μg mL  against S. aureus and

from 3.2 to 156 μg mL   against  P. aeruginosa. Compared with the antibiotic, no antimicrobial resistance was

detected against the EPL-ց-butyl@AgNPs nanocomposite, providing a promising solution to control and prevent

drug resistance. Furthermore, the same investigators proved that EPL-ց-butyl@AgNPs offer effective antibacterial

effect and wound-healing acceleration in diabetic rats by the synergetic effect of  ε-Polylysine and AgNPs 

(Figure 6).
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Figure 6. Nanocomposite (EPL-ց-butyl@AgNPs) shows effective antibacterial activity against both Gram-negative

(P. aeruginosa) and Gram-positive (S. aureus) bacteria without the emergence of bacterial resistance, which

effectively promoted infected wound healing in diabetic rats. Reproduced from , with permission from American

Chemical Society, 2016.

According to the American Diabetes Association, 25% of hyperglycaemic patients experience delayed wound

healing. Chronic wound infections are frequently polymicrobial, whereby several microorganisms share a common

niche . Polymicrobial wound infections usually necessitate increased doses of antibiotics and fungicides. Yet,

continued antimicrobial treatments are related with possible systemic side effects and possible risk of developing

drug-resistant microorganisms. Hence, Thattaruparambil-Raveendran et al. has developed chitosan (CH)

bandages using fibrin nanoparticles (FNPs) encapsulated with antimicrobial agents, such as ciprofloxacin and

fluconazole (cFNPs+fFNPs−CH) and demonstrated significant reduction in microbial contamination with

accelerated wound healing, as compared to control animals with topical application of cFNPs+fFNPs−CH in vivo.

Also, this same study analyzed the antimicrobial ability of the bandages containing nanoparticles-loaded antibiotics

against a co-culture of S. aureus, E. coli, and C. albicans, to mimic the clinical scenario of polymicrobial infection in

chronic wounds. The findings verified that the chitosan bandages had significant antimicrobial property towards co-

cultures of bacteria and fungi, indicating that this bandage is a potential candidate for clinical applications for

diabetic wound healing . Liang et al. established a glycidyl methacrylate functionalized quaternized chitosan

(QCSG) and gelatin methacrylate (GM) hydrogel, encapsulated with graphene oxide (GO), for drug-resistant

bacterial infective wound healing. Development of injectable conductive nanocomposite hydrogel dressings based
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on GO and cationic polymer for wound healing is highly promising as the QCSG/GM/GO hydrogels demonstrated

95% killing ratio against S. aureus and E. coli, and for clinical drug-resistant bacterium MRSA, the bacterial killing

ratio is also higher than 90%. Based on the known photothermal effectiveness of these hydrogels, near-infrared

light-assisted photothermal antimicrobial activity was analyzed. Infrared irradiation of QCSG/GM/GO hydrogel for

more than 10 min had killing ratios of almost 100% for all three bacteria, affirming the effective near-infrared-

assisted photothermal antibacterial properties of QCSG/GM/GO hydrogels. In order to evaluate the continuous

drug release ability of hydrogels, an inhibition zone assay was conducted to assess the antimicrobial activity of the

doxycycline that was released from hydrogels. Inhibition for S. aureus and MRSA lasted for 9 days, which further

confirmed sustained drug release of the hydrogels. Cell compatibility data demonstrated higher L929 cell viability

with increase in incubation time for the hydrogel groups. It was noted that IL-6 expression (a biological cytokine

plays a significant role in inflammatory response and secreted by several types of cells) in the wounds of the

hydrogel-treated group was lower than that of the Tegaderm group on the third day, while inflammation was

significantly reduced on the 7th day. Moreover, injectable QCSG/GM/GO hydrogels with antibiotics accelerated

infectious skin defect wounds compared to commercially available Tegaderm with an increase in collagen

deposition and re-epithelialization .

Bacterial infection and prolonged inflammation is a very important factor in preventing successful clinical

intervention for diabetic wound healing. The above discussed research studies evaluated the antibacterial property

of nanoparticles loaded with antibiotics (summarized in  Table 3). The findings that showed the effective

antibacterial property of nanoparticulate systems against major drug-resistant bacteria may give rise to novel

clinical applications in the near future.

Table 3. Nanoparticles-based therapeutics incorporated with an antibiotic for diabetic wound healing.
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Antioxidants

In the inflammatory phase of wound healing, neutrophils, leucocytes, and monocytes will be attracted to the wound

sites by biologically active mediators and then attack the microorganisms and foreign debris via phagocytosis,

which will lead to the production of ROS . The antioxidant system in the cell evolves to play central roles in

scavenging these free radicals to maintain redox homeostasis or the equilibrium between free radicals and

antioxidants . ROS including superoxide (O -), hydrogen peroxide (H O , hydroxyl radical, and other reactive

oxygen derivatives, are very lethal and cause extensive damage to protein, DNA and lipids, thereby affecting

normal cellular functioning . ROS is produced in the cell as an unavoidable by-product of oxidative

phosphorylation . ROS is constantly being generated at basal levels. However, they are unable to cause

damage, as they are being scavenged by different antioxidant mechanisms . As high levels of ROS can

damage cells by oxidizing lipids and proteins, the levels are tightly controlled by the presence of ROS scavenging

enzymes and small molecule antioxidants . Altered redox signaling (non-equilibrium between free radicals and

antioxidants) that leads to oxidative stress is widely accepted as a contributor to the development of diabetic

complications, including cardiovascular disease, nephropathy and retinopathy . Accumulation of ROS leads

to significant destruction of endogenous stem cells, growth factors, and nucleic acids in the wounded tissue, thus

greatly affecting their regenerative potential, causing delayed wound healing .

Nanoparticles-based treatment has shown promising results in promoting antioxidant activities in diabetic rodents

for effective wound healing. Bairagi et al. has developed PLGA nanoparticles encapsulated with ferulic acid (FA; 4-

hydroxy-3-methoxycinnamic acid) to study its effect in diabetic wound healing. FA is a phenolic compound and a

natural antioxidant with a potential synergistic therapeutic effect in diabetic wound healing due to its hypoglycemic,

free radical scavenging, angiogenic, antibacterial, and neurogenic effects. In this same study, the investigators
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demonstrated that FA-loaded polymeric nanoparticles dispersion (oral administration) and FA-loaded polymeric

nanoparticles-based hydrogel (topical administration) treated wounds had faster epithelization of the wound,

leading to effective wound closure on day 14 as compared with the diabetic wound group . The formation of

advanced glycation end products (AGEs) has been recognized as an important pathophysiological mechanism in

the development of diabetic ulcers; the binding of circulatory AGE to RAGE (receptor for AGEs) on different cell

types leads to impaired function of growth factors. Glycation is an important pathway in the pathogenesis of

microvascular and macrovascular complications of DFUs. AGE and RAGE result in oxidative stress and cause

abnormal angiogenesis in wound healing . In type 2 diabetic skin tissues, the expression of both AGE and

RAGE were increased when compared with normal skin tissues. Moreover, a study on human dermal fibroblasts

demonstrated that cell arrest and apoptosis was increased . The levels of nitric oxide were increased in

glycated soluble protein (AGE-BSA) treated kidney cell lines, suggesting oxidative stress . The blockage of

RAGE by intraperitoneal soluble RAGE, significantly suppressed the TNF-α and IL-6 while enhancing cutaneous

wound closure in db/db mice . A previous study reported that an antioxidant, epigallocatechin gallate (EGCG)

decreased RAGE mRNA and protein expression in AGE-treated human mesangial cells . EGCG also

attenuated AGE-induced RAGE in neuronal cells , and alpha-lipoic acid (ALA) is a scavenger of many ROS

. Chen et al. demonstrated that the combination of antioxidants EGCG, ALA and AuNPs in specific

concentrations significantly decreased expression of the RAGE protein within cultured fibroblasts (Hs68) and

diabetic wound healing in a mouse model. In this study, the authors showed that a mixture of AuNP, EGCG and

ALA (AuEA) significantly decreased AGE-induced RAGE protein expression in fibroblasts (Hs68). Furthermore,

topical AuEA application decreased RAGE expression in diabetic mouse skin, which suggests that a combination of

EGCG, ALA and AuNPs considerably accelerated diabetic wound healing through anti-inflammatory and

angiogenesis via modulation of antioxidants . Similarly, topical gas-injection of a EGCG and AuNP liquid

mixture (AuE) using the GNT GoldMed™ liquid DDS showed a significantly higher rate of wound closure on wild-

type and streptozotocin-induced diabetic mouse skin, associated with increased epidermal growth factor receptors

and VEGF, which stimulate wound recovery and the new tissue formation. Besides, collagen I, III and hyaluronic

acid protein expressions increased in the wound area. These are essential factors of physiological matrix and

wound healing . In another study, Ponnanikajamideen et al., using the leaf extract powder of a

plant, Chamaecostus Cuspidatus, and fabricated green synthesized AuNPs, showed 50% inhibition of free radicals

by green synthesized AuNPs without inducing any lethal effects in a mouse model, with restoration of blood

glucose, glycogen and insulin levels in the diabetic mice after 21 days of treatment . He et al. fabricated PCL

and quaternized chitosan-ց-polyaniline (QCSP) nanofibers to promote wound healing . The nanofibrous wound

dressings displayed comparable mechanical characteristics to soft tissue, free radical scavenging capability,

antimicrobial property and biocompatibility. Their data suggested that the antioxidant capability of PCL/QCSP15

nanofibers heightened with increasing concentration of QCSP and almost 70% of free radicals can be cleared by 6

mg mL   of PCL/QCSP15 dispersion liquid, and the scavenging efficacy for DPPH has shown more than 80%

when the content of PCL/QCSP15 dispersion liquid reached 8 mg mL . Furthermore, wounds that received

treatment by PCL/QCSP15 nanofiber dressing showed elevated collagen secretion, granulation tissue thickness

and enhanced angiogenesis, leading to accelerated wound closure compared to commercially available Tegaderm

. As DFU remain a complex problem in clinical settings, the above discussed studies (highlighted in Table 4)
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strongly support the beneficial effects of anti-oxidants and nanoparticles on diabetic patients with cutaneous

wounds and clearly provide a basis for the potential therapeutic application of AuEA, PLGA nanoparticles in chronic

wound therapy.

Table 4. Nanoparticles-based therapeutics incorporated with antioxidants for diabetic wound healing.

6. Regulatory Pathway for Nanomaterial

Nanotechnology is an emerging technology that can be used in a broad array of FDA-regulated products. There

are two main points for consideration when providing an initial screening tool that can be applied to FDA-regulated

nanotechnology products. 1. Whether an engineered material is in nanoscale range of 1 to 100 nm with at least

one external dimension. 2. Whether an engineered material demonstrates properties involving physical

characteristics or biological effects that are attributable to its dimensions, even if these dimensions fall outside the

nanoscale range, up to 1 µm (1000 nm). FDA regulatory framework and review process adequately identify and

manage potential risk associated with the use of nanomaterials in products . The safety assessment and

the toxicity and biocompatibility of nanomedicines go through the same FDA regulatory process as drugs that do

not contain nanotechnology products. Primary development of a nanotech product is at the nexus of basic and

preclinical research, where further development often includes collaborations among academic supervisor and

industrial researchers. Primary studies may be initial tests for its translational potential and will offer a base for

further preclinical development, which involves tests that meet the regulatory requirements for investigational new

drug (IND) applications, new drug applications (NDAs), and abbreviated new drug applications (ANDAs) by the

United States FDA . After gaining the status of a new research drug, to administer an investigation drug or
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biologic to humans from IND, nanomedicines or nano DDSs, investigations are initiated to evaluate their safety and

efficacy in humans by clinical trials. These clinical trials are divided into three phases: phase 1 (mainly assesses

safety), phase 2 (mainly determines efficacy) and phase 3 (safety, efficacy and dosage are evaluated). After

obtaining approval in these three phases, the IND can be filed by the FDA to request endorsement of the new

nanomedicine or nano DDSs . FDA regulations, as well, specifically address nanomaterials safety, for which

it is essential to explore the properties to understand the mechanisms by which nanomaterials communicate with

biological systems to identify exposure, hazards and their possible risks . Biocompatibility is an essential

property in the design of nanomaterial-based DDSs. Biocompatibility is defined as material that has the potential to

perform the desired function in a specific application and its surface would not elicit any undesired response from

the organisms . Pre-clinical evaluation of nanomaterials goes through a complete biocompatibility testing that

includes in vivo studies followed by essential in vitro assays to prove its biocompatibility, so as to avoid toxicology

concerns . The pharmacokinetics and distribution of nanoparticles in the body depends on their surface

physicochemical characteristics, shape and size. For example, nanoparticles that are 10 nm in size, are observed

in blood, liver, spleen, kidney, testis, thymus, heart, lung, and brain, whilst larger particles are found only in the

spleen, liver, and blood . The surface properties of nanoparticles also affect their distribution in these organs,

since combination with serum proteins available in the systemic circulation may influence cellular uptake. It should

be reiterated that a biocompatible material does not elicit any physiological immune response. One of the reasons

that an immune response is triggered is due to possible adsorption by body proteins, therefore, evaluation of an in

vivo protein profile is essential to address the biological interactions and to establish its biocompatibility . Lastly,

clearance of nanoparticles is also dependent on size and surface of nanoparticles. Nanoparticles that are below 10

nm size are promptly cleared by renal excretion, whereas nanoparticles larger than 200 nm are efficiently taken up

by mononuclear phagocytic system located in the liver, spleen, and bone marrow . Studies are therefore

required to address how nanomaterials penetrate cells and tissues, and the respective biodistribution, degradation,

and excretion before translation into clinical applications.

7. Clinical Status of Nanomedicine

Several agents for promoting tissue healing, such as growth factors, small molecules, and siRNA-based

therapeutics, have shown promising results in improving wound healing in preclinical trials. Despite recent

advances, challenges in retention and duration of the therapeutic effect in the harsh wound environment, has

limited the pace for clinical implementation. Nanoparticle formulations, nanofibrous scaffold and hydrogel-related

treatments are being devised to overcome this limitation. Ultimately, these technologies will require additional

validation by testing in larger animal models, particularly the porcine model, before the consideration of a clinical

setting . AgNPs have been used for numerous clinical trials in the therapy of wounds, especially burns and

chronic wounds (diabetic wounds). Currently, there are some commercially available dressings containing AgNPs

. Among the different polymers developed to fabricate polymeric nanoparticles, PLGA is one of the most

successfully used synthetic polymers, with FDA approval for clinical use in humans as a DDS, due to the following

desirable properties: (1) well-described formulations and methods of production adapted to various types of drugs,

ranging from small molecules to macromolecules; and (2) ability to protect drugs from degradation and the
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possibility of sustained release . Recombinant human-PDGF (rhPDGF), the only FDA-approved growth factor

available for clinical use, has been shown in clinical trials to increase the incidence of complete wound closure and

decrease the time to achieve complete wound healing . The only siRNA delivery depot in clinical pipeline is the

siG12D LODER therapeutic to combat non-resectable pancreatic dual adenocarcinoma . In the market, modern

wound bandage materials that are effective for skin regeneration have arrived. Despite the demand for the use of

improved dressing materials for wound healing, many of the wound healing material that are applied clinically rely

on safety data and experience rather than the efficacy rate. Inorganic-based Au, copper, ZnO, cerium oxide, and

silica nanoparticles are still under clinical investigation .

8. Future Perspective

The usage of nanoparticle-based treatments by incorporation of therapeutic drugs and siRNAs, is an exciting and

novel field for wound treatment, with unlimited prospects and opportunities. Nanoparticle-based remedies involve

delivery of therapeutic drugs that promote wound healing, due to the integral properties of the nanoparticles as

efficient delivery systems. There are promises of achieving greater efficacy and specificity, with a smaller amount of

systemic side effects. In addition, compared to conventional antibiotics, nanoparticle-based antimicrobial treatment

is more likely to eradicate bacteria developing resistance. However, the adverse biological effects elicited by

nanoparticles should be further investigated and the development of nanoparticle-based therapies should be

undertaken with a reasonable amount of caution, bearing in mind nanosafety concerns. Working towards improving

the efficacy of nanoparticle wound treatments should go hand in hand with investigating the long and short-term

effects of nanoparticle-based treatments, as well as the mechanisms underpinning them. The current approach of

exploiting nanotechnology for the treatment of diabetic wound healing is occurring at an exponential rate. Further

research and development efforts in this emerging field will have a positive impact on the treatment of wound

regeneration, especially chronic wounds, which pose a significant burden on the quality of life and healthcare.

Therefore, it is likely that nanotechnology-based remedies will possibly be the next frontier poised for

breakthroughs in meeting the clinical needs of chronic wound healing.

9. Conclusions

Wound healing is an intricate three-staged process involving inflammation, proliferation and remodeling. The

physiology of the healing process is perturbed in the case of DFU by both internal and external factors, such as

altered cellular and cytokines response, poor vascularization, and infection by microorganisms. This overview

focusing on nanoparticle-based therapeutics that deliver peptides; nucleic acids; antibiotics; and antioxidants

incorporated in polymeric and natural nanostructures, hydrogels and nanofibers, have revealed promising results

on re-epithelialization, deposition of collagen fibers, tissue regeneration, and ultimately a faster rate of wound

closure in chronic diabetic wounds. Moreover, studies have clearly shown the effective antibacterial property of

nanoparticulate systems against major drug-resistant bacteria. The combination of nanoparticles and biopolymers

as a nanocomposite have a greater effect in speeding up tissue repair and wound healing. The use of

nanomaterials for wound healing has been widely explored, although it is still far from commercialization and

[161]

[162]

[163]

[164]



Diabetic Wound Healing | Encyclopedia.pub

https://encyclopedia.pub/entry/1300 22/36

routine clinical practice. However, the studies collated in this review may provide more insight for pre-clinical testing

of nanoparticle-based therapeutics for DFU, before instituting the relevant clinical trials and further

commercialization. The overall outlook of nanoparticle DDSs is promising, as they are being developed not only for

treatment of diabetic wounds, but many other diseases including cancer.
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