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ABSTRACT

The review study emphasizes on delayed wound healing nature of diabetic wound infections and its treatment using
novel metal oxide nanoparticles synthesized by green chemistry techniques. Diabetes is a physiological disorder of insulin
deficiency leading to loss of uptake of glucose from blood leading to accumulation of glucose in blood. During this brief
period of illness, any kind of external wound or an internal wound as a result of bacterial infection due to increased
glucose in blood can cause serious complications such as diabetic foot ulcers including other diabetic wound infections
with delayed wound healing process. The treatment options for this severe condition are very limited and usually leads to
the amputation of the affected site especially vital organs including upper and lower limbs. Thus, there is a need for
competent treatment for diabetic wound infection and delayed wound healing. Nanobiotechnology is one of the fields
which shows promising therapy for diabetic wound infections. Various metals, polymers, etc. are all assessed for
antimicrobial and accelerated wound healing ability and zinc is one of such options which shows promising results as it
is normally associated with wound healing and is a cofactor for more than 300 enzymes. Nano crystals of zinc are
oxidized and are regenerated as Anti-microbial zinc oxide nanoparticles. Novel techniques involving zinc oxide
nanoparticle synthesis which are preferred from biological sources are known as green chemistry. Green synthesis
methods are regarded as less hazardous, inexpensive and eco-friendly. Various variants of nanoparticles of zinc oxide
along with their wound healing and antibacterial properties were analysed with a special reference towards zinc
nanoparticles conjugated with naturally occurring polymers. With an in-depth analysis of the pathophysiological
conditions of the disease along with its current golden standard market treatment including novel nanomaterial-based
approaches, it was evidently proven that zinc oxide nanoparticle has a greater scope in diabetic wound infections and
delayed wound healing.

Keywords: Diabetic wound infections, diabetic foot ulcers, diabetic wound healing, zinc oxide nanoparticles, green
synthesis, antibacterial nanoparticles.
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INTRODUCTION

Wounds are known as the damage which affects the skin integrity, usually as a result of traumatic injury
[1]. Skin wounds are usually regenerative and they anatomically and physiologically repair their own
cells [2]. This natural healing process of the wounds is a result of various physiological chain and is
influenced by various extrinsic and intrinsic factors and there are chances of disruption in these factors
resulting in an inefficient healing process [3]. In cases of severe wound damage or limited regeneration of
skin cells, skin grafting methods are a choice of treatment [4]. Diabetes is a different pathophysiological
condition rather than an injury or a traumatic condition of the human body which can result in wounds or
ulcerations, especially the foot region. It is a result of neuropathic condition arising due to hyperglycemia
[5]. According to the World Health Organization, India had 31 million diabetic cases as of 2000 which is
projected to be around 79 million by 2030 [6]. The Diabetes Country Profiling of India by WHO as on
2016 shows more than 1 lakh deaths as a result of diabetes between the age group of 30 to 69 and more
than 90 thousand deaths of age group above 70. The data also reveals that 2% of deaths in the country is
due to diabetes [7]. Thus, a necessity of developing a viable and cost-effective treatment for diabetic
wounds has emerged. In the recent decade, there has been rising interest in the field of
nanobiotechnology especially due to their biomedical application. As a result, various nanoparticles have
been developed and assessed for antimicrobial properties and wound healing processes [8,9]. Of all the
nanoparticles which have been developed, zinc oxide nanoparticle has been determined to be a promising
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nanotherapeutic agent for diabetic wound infections and its associated wound healing. This is made
possible as the zinc element is associated with normal wound healing and its function in more than 300
enzymes [10]. Similarly, nanoparticle synthesis by means of green sources or biological sources have
been developed and is considered safer, less-toxic and cheap when compared to that of conventional
nanoparticle synthesis methods [11]. Thus, the present study reviews on diabetic wound infection and its
associated complications including delayed wound healing along with the role of zinc oxide nanoparticles
(ZnO NPs) in diabetic wound infections and wound healing along with the significance of green synthesis
of ZnO NPs.

DIABETES: DEFINITION, CLASSIFICATION AND PATHOGENESIS

Diabetes mellitus or shortly known as DM is described by an increased in the levels of blood glucose
known as hyperglycaemia. This is due to an idiopathic autoimmune attack resulting in the destruction of
Bcells of the pancreas and thereby resulting in insulin deficiency [12, 13]. These B cells of pancreas
controls the levels of blood glucose in the body and whose destruction is termed as diabetes mellitus
[14]. Carbohydrate metabolism and the resulting insulin effect are the basis of pathophysiology of DM.
Consumption of carbohydrate compounds by the human body are broken down as smaller or lower
molecules such as glucose. The resulting glucose molecule is responsible for energy production inside the
cells; thus, it enters the bloodstream to increase glucose level in the blood known as glycaemia. Glycaemia
results in secretion of pancreatic Bcells and which binds to cellular receptors and to aid in the entry of
glucose molecules into the cells for energy production and also result in lowering the glucose levels in the
blood. This physiological function of glucose-cell interaction for energy production is disturbed or even
disrupted completely if there is no secretion of pancreatic Bcells and the glucose levels in the blood does
not lower but also increases resulting in hyperglycaemia. Another case of hyperglycaemia is also seen as a
result of target cells fails in utilizing the pancreatic Bcell or the insulin. Diabetes mellitus is classified into
two types., Type 1 DM and Type 2 DM. The Type 1 diabetes mellitus is an insulin-dependent variant
where the autoimmune cells destroy the cells of the insulin and thus there is a dependency on insulin for
survival. Type 2 DM is the most commonly seen diabetes which is caused by resistance towards insulin in
the peripheral tissues, increased glucose production in the liver and defect in the secretion of {3 cells of
the pancreas or insulin. It is also known as insulin independent where the glucose molecules fail to enter
the target cells and results in accumulated glucose in the blood. This can lead to increased insulin
production known as hyperinsulinemia.

DIABETIC WOUNDS: AN INTRODUCTION

Patients diagnosed with diabetes mellitus are also characterized by other co-morbid conditions such as
renal failure, cardio-vascular disease and skin wounds [15]. Skin wounds including ulcerations as a result
of diabetic wounds are a common problem and is usually present in the lower extremities of the body
such as the foot region. One such prevalent diabetic wound is the ulceration of the foot region known as
diabetic foot ulcer (DFU). DFU is an important case in diabetic patients as most patients reach hospitals
for DFU [16]. DFU can either be developed by direct or indirect trauma. Once the development of DFU, the
wound will progress to a damaged condition along with the loss of sensation and result in peripheral
arterial disease and can onset cell necrosis and finally result in amputation of the infected foot [17].
Nearly 80% of all lower limb amputations are a result of diabetic foot ulcer [18]. However, studies by the
Action to Control Cardiovascular Risk in Diabetes also known as ACCORD revealed that the amputations
in the lower limb as a result of DFU can be reduced if the patients maintain normal blood glucose level or
when receive antidiabetic therapy [19]. In case of diabetic wounds, there are various factors including
peripheral arterial disease (PAD), peripheral neuropathy, immunosuppression and loss of glycaemic
control are responsible for wound development. However, neuropathy is the most important factor
leading to diabetic wounds [20]. Loss of glycaemic control is the next factor which can cause vascular
disease in DM patients as a result of dysfunction of the endothelial cells and increased thromboxane A2
[20]. Another important cause of diabetic wounds leading to limp amputation is the disruption in the
wound healing process. DM patients develops imbalanced angiogenesis as a result of imbalance between
angiogenic factors such as TGG-3, FGF2, etc and angiostatic factors such as endostatins, thrombospondins,
etc. This can result in the delay of wound healing process [21]. In case of wound healing, diabetic wounds
neither enter into proliferation nor remodelling phases but stays in inflammatory phase. This can affect
the synthesis of growth factors and immune cells such as microcirculatory cells and causes lack of
availability of energy at the wound site [22]. Thus, delayed wound healing, decreased growth factors and
disrupted levels of microcirculatory cells can cause chronic ulcer 23. All these lack of growth factors,
essential peptides and microcirculatory cells can cause further infection of the foot leading to amputation
of the affected limb [24].
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PATHOPHYSIOLOGY OF DIABETIC FOOT ULCER (DFU)

As stated earlier, several criteria such as PAD, neuropathy, ischemia and diabetic wound infections of
microbial origin are responsible for the pathophysiology of DFU [25]. Trauma to the foot in the presence
of sensory neuropathy is an important component cause of ulceration [26].

a. Neuropathy

Increased blood glucose levels or hyperglycaemia results in neuropathy causing diabetic foot ulcers [27].
During the hyperglycaemic conditions, enzymes such as aldose reductase and sorbitol dehydrogenase are
increasingly stimulated which converts intracellular glucose into sorbitol and fructose. These by-products
of glucose accumulate in the blood and results in decreased nerve cell myoinositol synthesis [28]. This
accumulation also results in the reduction of nicotinamide adenine dinucleotide phosphate (NADP).
NADPs plays an important role in detoxification of reactive oxygen species (ROS) which is essential for
nitric oxide (NO) synthesis, a vasodilator. Thus, there is reduced synthesis of the NO vasodilator causing
vasoconstriction which leads to ischemia and the nerve cell oxidative stress is also increased [29, 30]. All
these physiological changes affect the sensory, autonomic and motor nervous systems. The drying of foot
is stimulated as a result of autonomic neuropathy leading to lack of moisturization of the foot surface
which encourages spreading of infections.

b. Peripheral Arterial Disease (PAD)

Diabetic foot ulceration can be caused by PAD, but various factors other than diabetes mellitus such as
smoking, renal dysfunction, age, hyperlipidaemia, hypertension and inflammatory markers are all
associated with peripheral arterial disease [31]. PAD caused by diabetes is of two types., macrovascular
disease and microvascular disease. As a result of reduction in vasodilators, dysfunction and abnormalities
of the endothelial cells in smooth muscles are developed. This leads to the constriction of the blood
arteries present in the foot [32]. Thickening of blood capillaries and arteriolar wall thickening aided by
atherosclerosis will cause major constrictions in several major arteries of the foot which results in
ischemia [33].

DIABETIC WOUND INFECTIONS

Infections as a result of microbial sources are an important element to consider in diabetic wounds and is
crucial and challenging to manage and treat [34]. The normal microflora of the skin consists of various
bacterial species; however, 105 bacterial species were identified to be clinically infectious [35]. Damages
caused by either direct or indirect trauma in the skin encourages surface bacteria to infest into underlying
tissue. As a result of this microbial penetration, the inflammatory cells cause inflammation by releasing
protease enzymes and reactive oxygen species to the infection site [36, 37]. The infested bacterial
secretes endotoxins and an increased level of these endotoxins are release at the site which increases the
proinflammatory cytokines as an immune response. This immune response to the bacterial toxin reduces
collagen deposition along with decrease in growth factor production which plays a crucial role in wound
healing. Thus, wound healing is delayed [38]. Later, the bacterial contamination of the damaged skin
progresses to bacterial colonization the production of biofilms [39]. A bacterial biofilm is the
encapsulation of a consortium or a group of bacteria in a polymeric substance. This polymeric substance
known as extracellular polymeric substance (EPS) is synthesized by the same bacteria using protein,
polysaccharide and DNA [40]. 60% of chronic wound biopsy specimens are identified with biofilms,
whereas 6% of acute wound biopsy specimens identified biofilms [36]. The bacterial biofilms represent
greater clinical infectious stated sue to its resistance towards antimicrobial therapies and acts as a barrier
for wound healing [41]. Certain bacterial biofilms show multiple tolerance to antimicrobials including
genotypic and phenotypic antimicrobial resistance [42]. Some bacteria such as Pseudomonas aeruginosa
shows multiple antimicrobial resistance mechanisms such as efflux system expression, decreased
permeability, target modification and antibiotic inactivation enzyme production [43]. Other bacteria
including vancomycin-resistant enterococcal bacteria, methicillin-resistant Staphylococcus aureus (MRSA)
and Klebsiella pneumoniae [44]. The drug resistance by these bacteria are developed as a result of
inappropriate use of antibiotics and antimicrobial therapy [44]. Bacterial biofilm-based infections are not
susceptible to antimicrobial and antibiotic therapies; thus, a development of more sophisticated and well-
developed anti-biofilm therapy is crucial [45]. Diabetic chronic wounds characterized by bacterial
biofilms delays wound healing and also causes high inflammation as a result of increased free radicals
and prolonged stimulation of inflammatory cytokines and nitric oxides [39].

The bacteriological profiling of diabetic wounds and foot ulcers identified that the most prominent
infectious agent to be Gram-positive Staphylococcus aureus. Other Gram-positive bacteria include -
haemolytic Streptococci. The Gram-negative bacterial species include Escherichia coli, Pseudomonas
aeruginosa and Klebsiella [46]. A normal human skin microflora Gram-positive Staphylococcus
epidermidis will convert itself to an infectious agent of diabetic wound when exposed to the systemic
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circulation of the wound site [47]. All these bacteria are treated by conventional antibiotic and
antimicrobial therapy, however as stated earlier, the treatment of bacterial infections using antibiotics
can cause antibiotic resistance or they encapsulate themselves using extracellular polymeric substances
(EPS) to form biofilms which provides optimum environment for bacterial cell proliferation and survival
[48]. Studies on biofilms shows that they are surface associated and the consortium of bacteria
communicates within the biofilm via quorum sensing (QS). These quorum sensing signals regulates
protease production, gene expression and other necessary signals necessary for the bacteria present in
the biofilm to survive [49]. Due to the bacterial biofilm and their sophisticated mechanism, high levels of
antibiotic and antimicrobial tolerance can be observed.

WOUND HEALING MECHANISM

Whenever there is an injury at the skin, a complex mechanism is initiated for the forced wound healing.
This healing results in restoration of the damaged tissue at the wound site. This healing is a cascade of
events which occurs in a sequential order [50, 51]. The steps involved in wound healing are as follows.,
haemostasis, inflammation, proliferation and remodelling. During haemostasis, vasoconstriction happens
by thrombin which activates platelet aggregation. This results in production of various growth factors
which helps in fibroblast migration and proliferation. Thus, formation of thrombus is seen at the wound
site [52]. The mast cells release histamine and serotonin which increase vascular permeability at wound
site. This opens up the endothelial junction and results in neutrophil and monocyte migration towards the
wound site and promotes inflammation [23]. Removal of dead cell and infecting microorganisms at the
injured site is aided by macrophage and lymphocyte migration [53]. Tissue proliferation is promoted by
tissue reactions as a result of release of various cytokines and growth factors which are induced by tissue
debris [54, 55]. After 48 hours of tissue damage, newly synthesized epithelial tissue is formed at the
damage site as a result of wound healing process which is initiated by macrophages. A rapid growth
phase was proceeded by both collagen and the endothelial cells. As a result of this, angiogenesis is
initiated. Then, maturation of the tissue at the wound site is seen which undergoes remodelling and
results in scar formation. Oxygen supply is very important throughout the healing process [23, 35]. At
normal conditions, acute wounds in healthy individuals heals within 2 - 3 weeks. But, any change or
external internal interaction in the healing process can delay the process and the wound can progress
into a chronic wound [23]. Diabetes is one such factor which affects the healing process leading to
delayed healing.

Interaction of Diabetes in Wound Healing Mechanism

When compared to that of normal wound healing, the macrophages responsible for the inflammation
phase of the wound healing stays for a longer duration at the site of the wound and produces increased
ratio of pro-inflammatory cytokines including tumour necrosis factor alpha (TNF-a) and interleukin 6 (IL-
6) to reactive oxygen species (ROS). This results in continued inflammation at the site of wound. In case of
wound healing, the general cytokine cascade is disturbed during diabetes due to poor phagocytosis of
apoptotic cells or efferocytosis by the macrophages due to increased apoptotic cells. An increase in the
ratio of proinflammatory cytokines such as TNF-a and interleukin 1 beta (IL-1B) with that of matrix
metalloproteinase 9 (MMP-9) when assisted with a decreased in anti-inflammatory signals such as TGF-§3,
CD206, IGF-1 and IL-10 results in decreased angiogenesis and abnormal apoptosis of keratinocytes and
fibroblasts [56, 58]. Diabetes also interrupts the differentiation fibroblasts into myofibroblasts during
wound healing process. This causes the mechanical tension of extracellular matrix (ECM) to be
significantly reduced and resulting in improper wound closure as alpha smooth muscle actin (a-SMA) is
absent [58, 60]. The matrix metalloproteinase (MMP) enzymes present during the normal wound healing
degrades disorganized or disarranged collagen. The impaired wound healing due to diabetes will cause an
imbalance between tissue inhibitor of metalloproteinases (TIMPs) and MMPs and leads to improper ECM
degradation as well as deposition. The imbalance between TIMPs and MMPs are seen as reduced TIMPs
expression and increased MMPs expression resulting in increased levels of pro-inflammatory cytokines
and pro-fibrotic cytokines. Comparative to acute wounds, chronic wounds has 60 times higher levels of
MMPs [60]. Persistent inflammation due to diabetic wounds causes increased protease activity helps in
ECM and growth factor degradation and also results in collagen deposition [61, 62]. Thus, all the above-
mentioned factors along with an incompatible microenvironment for the cellular and molecular healing of
wounds causes impaired wound healing in diabetic wounds [63].

DIABETIC WOUND HEALING AND ITS ASSOCIATED COMPLICATIONS
Diabetes mellitus patients are present with various factors which affects the wound healing process.
Wounds characterized by either diabetes or any other sources are affected by DM. This shows us that

BEPLS Vol 10 [10] September 2021 4|Page ©2021 AELS, INDIA



Balalakshitha et al

both wounds as a result of any external injury or any surgical operations and diabetic wounds or diabetic
foot ulcers are affected by the presence of DM [64].

a. High Blood Sugar Levels

As the mechanism is stated earlier, increased blood glucose levels result in decreased wound healing
process as the elevated glucose levels affects proper functioning of immune system and prevents
energizing cells with oxygen and other nutrients and causes prolonged inflammation [64].

b. Neuropathy

Nervous systems are drastically affected by diabetes. Sensory nervous system involving the ability to
sense or feel any sensation over the skin as well as internal organs of the lower extremities such as limbs,
foot skins, etc are lost and complicates treatment as there is no sensation of pain. Any kind of cuts, blister,
burns etc are heavily infected [64].

c. Poor Blood Circulation

Poor blood circulation as a result of accumulated glucose in diabetic patients causes peripheral vascular
diseases. As a result, the vascular system is constricted and results in much more lower blood circulation.
The constriction of blood flow makes the blood difficult to circulate at the lower extremities and results in
the inhibition of angiogenesis and causes thickening of blood and results in delayed wound healing [65].
d. Immune System Deficiency

The immune system is very well affected by diabetes as the immune cells sent for the healing process at
the site of the wound reduced gradually and promotes delayed wound healing and increases the risk of
further infections. This also prevents or obstructs the immune cells to fight off any future microbial
infections which accumulated at the wound site due to the increased amount of glucose present in the
blood which promotes the growth of bacteria. Any type of infection in a DM patient if left untreated can
cause severe infection spreading locally and can cause sepsis or gangrene [64].

CURRENT DIABETIC WOUND THERAPY

As conventional wound therapy, wound dressings are applied as immediate wound therapy to provide a
protective wound barrier at the wound site. However, to aid in diabetic wound, an ideal dressing must
possess characteristics such as semi-permeability to oxygen and water, biocompatible, hypoallergenic,
must promote tissue renewal process and also have to be affordable by the patients [37]. Dressing such as
semi-permeable polyurethane, hydrocolloid and calcium alginate are to provide moist environment and
promote tissue renewal [66]. But to manage ulcerated or heavily infected wounds, specialized dressing
with antibacterial or antibiotic embeddings are used [37]. Tetracyclines, quinolines, cephalosporins and
aminoglycosides are usually used as wound dressing embeddings. Due to the development of antibiotic or
antibacterial resistance, topical and oral treatments are not recommended. Several non-antibiotic
antimicrobial topical medications are sometimes preferred due to its ease of application [67-69].
Traditional non-antibiotic antimicrobial agents such as honey and essential oils are used along with
wound dressings preferably [70]. Treatment of multidrug resistance bacteria is done using essential oils
as bacteria cannot develop antimicrobial resistance towards these essential oils [71]. Wound dressings
based on hydrogels are also used as they allow diffusion of gases and maintains moist conditions.
Hydrogel-based dressings also helps in avoiding any dressing-based infections as they absorb wound
exudates. Other dressing options are met with the usage of synthetic polymers including polyvinyl alcohol
and also natural polymers including as alginate, chitin and chitosan where chitosan already possess
antimicrobial properties [72]. Another class of dressings used in diabetic wound therapy is silver
products including silver nitrate and silver sulfadiazine as they release silver ions which possess potent
antibacterial property. They are also effective against bacterial biofilms and multidrug resistant bacteria.
Studies reveals that a growth factor derived from platelet which is a recombinant human homodimer
PDGF-BB of 100 g/g of 0.01% becaplermin gel as a topical treatment for diabetic foot ulcers as they
induce granulation with zero to minor side-effects [66]. Vacuum-assisted closure (VAC) therapy is also a
type of wound therapy used for diabetic wounds by establishing suction by negative pressure. This
therapy also reduces edema of the tissue and micromechanical stretching force is applied to individual
cells so as to promote angiogenesis and proliferation. This therapy can also aid in the granulation of
tissues after surgical removal of severe wound debris [66]. Another therapy in diabetic wound is the
treatment using bioengineered substitutes of skin to restore dermal architecture of skin. Some of the
bioengineered skin substitutes present in the market are Integra © and Alloderm®©. Integra®© consists of
double layered bovine collage which is rich in chondroitin sulphate with a silicon sheet and replaces skin
graft. Alloderm®© is a skin graft of cadaveric human skin which is allogenic. Another wound therapy
option is the use of transplanted cells which are embedded into the dermal matrices which can result in
accelerated healing. Apligraf© and Dermagraft-TC© are some transplanted cell-based wound therapy
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found in the market. Apligraf© uses neonatal keratinocytes along with bovine type 1 collagen as dermal
matrix. Dermagraft-TC© employs the use of a nylon mesh which is integrated with fibroblast cells.

DIABETIC WOUND THERAPY COMPLICATIONS

Bacterial biofilms are the most challenging factor in wound healing therapy and has greater significance
in treatment evaluation of wound therapy [73]. Research study on bacteria pathogens of the infected
wounds and their drug resistance revealed that samples from 213 patients comprising of diverse wounds
showed 28 distinct species of bacteria [74]. Infections on surgical wounds, chronic wounds, burns and
ulcerations causes delayed healing and are known to fail at times [75].

First, the inefficiency of various traditional antibiotics to treat biofilms are attributed to different factors.
Poor penetration of antibiotics into biofilms, metabolic inactivation due to lack of nutrients and gases and
adaptive stress response are some major criteria providing resistance towards antibiotics [76]. Biofilm
surfaces are identified with charged pockets [77]. Positively charged antibiotics fail to penetrate
negatively charges biofilms [78]. If at all an antibiotic is to enter a biofilm, then the biofilm should diffuse
through the matrix of the biofilm to arrive at the bacterial cells to proceed with the antimicrobial
processes. Antibiotic compounds such as beta-lactams and aminoglycosides will be inactivated by being
dissolved by the solutes of the matrix which makes it harder for the penetration of the antibiotic to the
depth of the biofilm and the process is known as mass transporter limitation [79, 80]. The same process
takes place when gases and nutrients are transferred to the biofilm, thus denoting that the nutrients and
gases fails to reach the bottom of the biofilms and fails to grow and divide exponentially unlike the
bacteria present at the top surface. However, growing bacterial cells and cells in stationary phase are
untouched by the antibiotics as they do not work on metabolically inactive bacteria [81]. These bacteria
present at the bottom stimulates their own stress response mechanisms and switch metabolic pathways
and remains as persistent bacteria rather than growing bacteria [76]. Phenotypic changes are also seen in
some bacteria to survive longer period of time and also by resisting the antibiotics. Thus, these persistent
bacterial cells are known as persisters [82]. Comparative to free growing bacteria, Staphylococcus aureus
biofilms have increased number of persisters [83]. The limitations of gases and nutrients in the biofilms,
promotes the transformation of regular bacterial cells into persister cells. These cells also sense the
environmental changes from regular bacterial cells through quorum sensing (QS). This QS signalling helps
cells to coordinate expression if genes and nucleotide signalling in order to collectively survive in the
biofilms [84]. QS signalling also expresses virulence factors only upon reaching high cell density and as a
result this ensures that the host immune cells do not supress the virulence property of the bacteria.
Polymicrobial biofilms are known to change phenotypic characters with the help QS signals which makes
biofilms more difficult to treat [85]. All these complexities of the wound infections in diabetes mellitus
patients made it challenging to be treated. Still, the aforementioned treatments are still in use today for
diabetic wound therapy. However, there is still a search for a proper treatment methodology to overcome
every aspect of limitations posed by these infections which is also cost-effective.

Scope of Nanotechnology

Recent times have witnessed some progress in developing an anti-biofilm agent but there are several
limitations including its complexity and required capital. This resulted in the search of novel bioresources
[37]. A promising approach is provided by nanotechnology in development of treatment of drug resistant
biofilms as medicals devices with this technology have been previously developed [86, 87]. Nanoparticles
are characterized by their bactericidal and fungicidal properties and is used in various therapeutic
approaches in wound care which denotes the importance of nanomedicine for developing novel
antimicrobial agents for drug resistant bacteria [86, 88].

Nanotechnology has revolutionized conventional therapies of various pathogenic infections.
Nanoparticles derived from polysaccharides or polymers from plant source, synthetic sources, non-
metals and metals have been used in treating pathogenic infections when used with biologically active
components [89-92].

Nanotechnology advancements have helped in developing nanomaterials which are biocompatible and
using as an innovative treatment for diabetic patients suffering from complications of wound healing. The
synthesized nanomaterials have been useful in speeding the process of wound healing and acts as
diabetic wound healing therapy which includes both wounds and ulcerations especially diabetic foot
ulcers. The treatment by nanoparticles can be achieved by various aspects such as using the pure form of
synthesized nanoparticles, endogenous bearing molecules, conjugated bioactive compounds, drug
delivery systems, etc [8, 9]. Nanoparticles based on metals for instance copper, silver, gold and their
oxides along with cerium dioxide, titanium dioxide, yttrium trioxide and zinc oxide have been very well
characterized with their antimicrobial properties and can be used in diabetic wound healing [93, 94]. Zeta
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potential estimates the particle surface charge which influences receptor binding capacity as well as the
penetrability of cellular barriers [95].

Nanoparticle-based Drug Delivery for Diabetic Wound Healing

Therapeutically active components including nitric oxide, antioxidants, antimicrobials, growth factors and
nucleic acids and its delivery to any damaged site or tissue for the stimulation of cell proliferation, cell
migration, collagen secretion and angiogenesis and also antimicrobial compounds have been a good
treatment option at the current stage and also paves way for wound infection therapy and wound healing
[96]. Nanofibers have also received much attention in biomedical sciences due to its similarity in
propagating extracellular matrix (ECM) environment [97, 98]. The characters of nanofibers such as
increased porosity, increased ratio of surface area to volume, mechanical properties which can be re-
engineered and encapsulation of nanoparticles and biologically active compounds to regulate the release
of drugs in the cell matrix [99, 100]. The fields of tissue engineering and drug delivery have seen the rise
of 3D polymer networks which are hydrophilic known as hydrogels which is of greater significance in
these fields. High water content, biocompatibility and tuneable viscoelasticity are the characters of a
network of polymer known as the hydrogels [101, 102]. Incorporation of hydrogels with bioactive
nanoparticles have paved way towards topical treatment in wounds and burns due to its drug delivery
characteristics. These hydrogels have been useful in the application over localized tissues with controlled
release of drugs and minimized burst but also maintaining the nanoparticle structural integrity [103].
Nanoparticles which are not of polymeric origin like silver, gold, etc., are very much used as they exhibit
good anti-inflammatory and antimicrobial properties [104]. Still, there was a need for anti-biofilm
technology to be developed for effective wound healing especially in chronic diabetic wounds. These
criteria have been met by silver NPs [105]. Silver nanoparticles (Ag NPs) are widely used in treating
chronic ulcers and wounds especially those that have been presented with antimicrobial-resistance
bacteria. Silver NPs were also used for its anti-inflammatory properties and resulting in accelerated
healing of wounds [106, 107]. Gold nanoparticles (Au NPs) are also a very good nanotherapeutic and have
been used in tissue engineering, wound healing and targeted drug delivery, however, they cannot exhibit
antimicrobial property as a stand-alone nanomaterial and have to be incorporated with other biologically
active compounds [108, 109]. Usage of zinc (Zn) in treating both type 1 and 2 of diabetes mellitus is
prevalent as the mineral itself is enrolled in the function of more than 300 enzymes and promotes
absorption of glucose by the adipose tissue and skeletal muscles and reduces blood sugar accumulation
[110]. Biocompatibility of ZnO NPs have been very well explored along with their therapeutic usage in
disease such as diabetes, infections and inflammation and melanoma are studied and concludes ZnO NPs
to be potent therapeutic agents in diabetic wound healing [111, 112]. Other therapeutically important
nanoparticles are ceramic NPs incorporated with inorganic compounds [113]. NPs based on lipids are
considered safe and efficient in delivery both hydrophobic and hydrophilic drugs [114]. Polymeric NPs
such as chitosan are natural polymers and widely used due to its better biocompatibility and antibacterial
activity. These NPs can be encapsulated with other natural components like curcumin, aloe vera, vitamin
E which can further increase wound healing [115, 116]. Synthetic polymer-based NPs are developed
using poly(’-caprolactone) (PCL), poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA) and
poly(ethylene glycol) (PEG). These polymers are Food and Drug Administration (FDA) approved. PLGA is
the most preferred synthetic NPs for therapeutic use as they help in releasing lactate, stimulates
proliferation of cells and reduces time taken for wound healing in diabetic rat models [117, 118].

Metal Oxides (Zn0O) NPs for Diabetic Wounds

As stated earlier, metal-based nanoparticles especially metal oxides have found its way in biomedical
applications as these metals are the minerals which are actively present in the human body and even low
quantities showed better bioactivity. Zinc oxide (ZnO) nanoparticles (NPs) have been very well
established due its applications in topical creams as antiseptics and anti-inflammatories. They are also
studied well for their resistance towards bacteria especially those in diabetic wounds and thus results in
an accelerated wound healing process [119, 120]. Studies involving the making of dressings of calcium
alginate embedded with ZnO NPs and used in chronic diabetic wounds and were assessed as effective
treatment [121]. ZnO NPs have been very well studied due to applications in skin infections including
wounds. The mechanism of ZnO NPs have been summarized as i. keratinocytes migration which is
promoted by cofactor in enzyme complexed and ii. development of perforations of cell membranes of
bacteria. Thus, Zinc oxide NPs are considered as a promising metal oxide NP in the treatment of skin
infections and speeding up wound healing process. One other metal oxide which has been promising in
the healing of excision type wounds is titanium dioxide (TiOz) nanoparticle [122].

Role of Zinc in wound healing

Zinc is a crucial element which is necessary for growth in humans which has been characterized for
various biological functions [10]. An impaired uptake of zinc in the small intestine can cause
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acrodermatitis enteropathica, a severe heredity deficiency of zinc. The impairment in the zinc update is
due to the ZIP-4 gene mutation, this gene is responsible for encoding zinc membranous transporter
protein. The symptoms of this zinc deficiency known as acrodermatitis enteropathica will gradually
develop to a condition with wound healing impairment and reduced resistance towards infections.
Distribution of zinc is widespread in the environment and is found in air, water and almost all food items
[123]. Carbonic anhydrase was the first identified metalloenzyme which requires zinc as its cofactor
[124]. As time progressed, more than 300 enzymes have been identified with zinc as an essential
component. Metzincin superfamily of the metallo-endopeptidases are the enzymes which are critical for
wound healing [125].

The zinc ions are involved in neurotransmission and intercellular signalling like calcium ions [126].
Metallothioneins (MTs) along with zinc transporter proteins mediates these signalling mechanisms.
Almost 20% of intracellular zinc comprises the MTs complex and thus play a unique role in the
metabolism of zinc in both healthy and diseased states. The MTs are cysteine-rich, ubiquitous low
molecular proteins which regulates intracellular zinc supply to the enzymes, zinc depots and gene
regulatory molecules. They also protect the cells from the toxic effects of elevated zinc exposure. One
molecule of metallothionein can bind seven ions of zinc. Several physiological roles of zinc in wound
healing are listed below.

. Inducing metallothioneins

Cofactor in enzymes such as matrix metalloproteins

Cofactor in transcription factors such as zinc-finger proteins

Epithelialization enhancement

Boosting innate immune response

Antiseptic effects

The antimicrobial and wound healing properties of Zinc NPs have been investigated extensively for their
role in ulcer therapy. They can promote wound healing in case of wounds and foot ulcers present in
diabetic patients or any other wound or ulcerations which are associated with allergic dermatitis.

Zinc oxide Nanoparticles

Zinc oxide (Zn0) is a metal oxide possessing n-type semiconducting property and its nanoparticle ZnO NP
have been established for its several applications in the fields of biomedicine, electronics and optics for
the past 5 to 6 years [127-132]. Though several other metal oxide NPs have been developed in various
domains of science, ZnO NPs have been of utmost interest due to its inexpensiveness and safer production
methods [133]. The United States FDA have enlisted Zinc metal oxide as generally recognized as safe
(GRAS) [134]. ZnO NPs have exhibited various properties such as high catalytic activity, semi
conductivity, optical activity, UV filtration, anti-inflammatory, antimicrobial and wound healing
properties [11, 135-140]. Cosmetic use of ZnO NPs as lotions is also carried out due to their UV filtration
property and various other properties such in the field of biomedicals such as anti-cancer, antibacterial,
anti-diabetic, etc have also been studied [141-146]. Even when ZnO NPs are used for drug delivery, their
cytotoxicity is to be evaluated briefly [147]. ZnO NPs synthesized biologically showed efficient
antibacterial effect even at low concentrations rather than chemically synthesized ZnO NP [148-150].
Other properties and uses of ZnO NPs include removal of arsenic and sulphur in water, disposal of aquatic
weed, protein adsorption, paint and manufacturing industries, dental applications along with pyroelectric
and piezoelectric properties [151-153]. Distinct morphologies such as nanorod, nanoflower, nanoflake,
nanowire and nanobelt are all reported [154, 155]. As zinc element have been studied extensively for its
role in normal wound healing processes and zinc oxide nanoparticles have showed promising results in
terms of its antibacterial and antidiabetic properties, ZnO NPs are used as therapeutic agents in diabetic
wound infections and diabetic wound healing.

Different Methods for Synthesizing Nanoparticles

Both chemical and physical methods are used for NP synthesis, however, there have been significant rise
in green synthesis or green chemistry of NPs in recent years. The green synthesis involves the use of
biological sources for NP synthesis [156-158]. The physical methods of nanoparticle synthesis use
physical forces which attracts nanoscale particles together to form large and stable nanostructures as a
result of colloidal dispersion and also involved expensive equipment and should be provided with large
working area, high temperatures and pressure. Techniques such as vapor condensation, amorphous
crystallization, physical fragmentation, etc. are used in the physical methods of NP synthesis [159-165].
The chemical basis of NP synthesis is highly toxic and hazardous and these toxic chemicals are be
retained in NPs and affects the environmental safety aspect of the usage of NPs [166, 167]. Both physical
and chemical means of NP synthesis requires stabilizing agent and capping agents [168-171]. This clearly
indicates that ZnO NP synthesis by both chemical and physical methods are either expensive or
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environmentally hazardous, thus the biological or green NP synthesis of ZnO has a widespread interest as
the method is inexpensive, environmentally safe and efficient. The green synthesis of the biological means
of NP synthesis are explained in brief along with its types of sources used in later part of the review.
Conventional Synthesis of ZnO NPs

Zn0 NPs and their bioactivity is affected by several parameters suc h as distribution of size, particle
reactivity, morphology of nanoparticles and surface chemistry. Thus, it is necessary to develop the NPs in
uniform size and morphology so as to provide maximum bioactivity [172].

a. Chemical Precipitation

Chemical precipitation is the oldest and popular approach of ZnO NP synthesis. The process is carried out
by a purified zinc precursor such as zinc nitrate, zinc acetate and zinc sulphate treated with a precipitator
such as ammonium hydroxide or sodium hydroxide [173]. The process involved increasing the pH to 10
using the alkali precipitators to obtain zinc hydroxide which is converted to zinc oxide using high
temperatures. The zinc oxide precipitate is then dried at 100°C for 6 hours to obtain the nanostructures of
zinc oxide with a size distribution of 100nm. A complication agglomerate formation by the nano-oxide
precursors used in the chemical precipitation process is seen [174-177].

b. Sol- Gel Method

The sol-gel method of ZnO NP synthesis involved three steps [178],

1. Preparation of Zinc Precursor

Zinc acetate which acts as a precursor for ZnO NP is dissolved in ethanol and refluxed at atmospheric
pressure and boiled at 80°C. This is then stirred to collect the condensate along with a hygroscopic
reaction mixture [172].

2. Preparation of ZnO Clusters

Obtained hygroscopic mixture is added with lithium hydroxide and is diluted to ethanolic solution so as to
make transparent suspension using an ultrasonic bath [172].

3. Crystal Growth

Crystal growth is an automated process which occurs at room temperature; however, the amount of
lithium hydroxide should be controlled as they can influence the shape and size of the formed NPs.
Sodium hydroxide also replace lithium hydroxide as the alkali [179].

c. Solid state Pyrolytic Method

This method was an easy operation with low cost. The procedure involves the mixture of zinc acetate
with that of sodium carbonate at room temperature and is subjected to pyrolysis and results in the
formation of sodium acetate which is cleaned using deionized water and the zinc oxide nanoparticles
were obtained by thermal decomposition where the resulting nanoparticle size were altered using
changing the temperature of pyrolysis [180].

d. Solution-free Mechanochemical Method

This process of ZnO NP synthesis is of two steps. The first step is grinding oxalic acid and zinc acetate
powder mixtures to obtain zinc oxalate nanoparticles [181]. The next step involves the thermal
decomposition of zinc oxalate NPs at high temperatures to obtain zinc oxide NPs. Though the process is
considered simple and inexpensive, the time duration of grinding highly affects the size of the resulting
ZnO NPs [182].

GREEN SYNTHESIS OF ZINC OXIDE NANOPARTICLES

Green synthesis or biological methods are developed and preferred as it is eco-friendly 1. Plant extracts,
bacteria, fungus, algae are some of the biological sources for zinc oxide nanoparticle synthesis. Some
examples of plant extract-based ZnO NP synthesis are leaves of Cochlospermum religiosum (L.),
Azadirachta indica (L.), Aloe barbadensis, Andrographis paniculate and Plectranthus amboinicus and seeds
of Physalis alkekengi (L.) and peels of Nephelium lappaceum (L.) and flower extract of Jacaranda
mimosifolia, Trifolium pratense and rhizome extracts of Zingiber officinale and root extracts of Polygala
tenuifolia [11, 183,192, 193, 184-191].

a. Plant extract-based Zinc Oxide Nanoparticle Synthesis

Zn0 NP synthesis have been performed in various plant part extracts such as stem, leaf, seed, fruit and
root which comprises of several phytochemicals and is easy to obtain, less time-consuming, inexpensive
and free of impurities to proceed with the synthesis [194]. Plants are specifically selected for NP synthesis
in large-scale to produce sustainable NPs of different shape and size according to our needs [192]. The
process involved in NP synthesis is metal oxide bio-reduction to lower valence metal nanoparticles aided
by phytochemicals in plant like amino acids, polysaccharides, phenol, terpenoids, vitamins, alkaloids etc
[192, 194]. The procedure consists of sterilizing the plant part, drying and crushing them, hydrating them
at the desired concentration and finally boiling them under a magnetic stirrer under specified time period
[192, 194-197]. Then the solution is filtered and is mixed with 0.5mM zinc precursor which is hydrated
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such as zinc sulphate, zinc oxide, or zinc nitrate and is boiled and mixed appropriately at specific
temperatures for a time period [196, 197]. During the incubation period the colour change of the mixture
to yellow visually confirms zinc NP synthesis. Various conditions such as temperature, extract
concentration, pH, incubation time are all optimized [196, 197]. Crystal NPs are obtained by
centrifugation of the mixture and air drying the pellets using hot air oven after being confirmed using UV-
Vis Spectrophotometry [198]. Characterization of Zinc NPs is done by bioanalytical instruments such as
Energy Dispersion Analysis of X-ray (EDAX), X-ray Diffractometer (XRD), Scanning Electron Microscopy
(SEM), Fourier Transform Infrared (FTIR) Spectroscopy, Field Emission Scanning Electron Microscopy
(FE-SEM), Transmission Electron Microscopy (TEM), Thermal-gravimetric Differential Thermal Analysis
(TG-DTA), Raman Spectroscopy, Atomic Force Spectroscopy (AFM), X-ray Photoelectron Microscopy
(XPS), Photoluminescence Analysis (PL), Dynamic Light Scattering (DLS), UV-Visible Diffuse Reflectance
Spectroscopy (UV-DRS) and Attenuated Total Reflectance (ATR) [152, 168, 184, 186, 187, 199-202].

b. Bacteria-based Zinc Oxide Nanoparticle Synthesis

Bacterial synthesis of Zinc oxide NPs is one of the preferred green synthesis of NPs after plant derivative-
based synthesis. However, the sampling, screening and handling of microorganisms are time-consuming
and the media used for bacterial growth must be monitored well as it can interfere with the nanoparticle
shape and size. The nanoparticle synthesis is same as the plant source NP synthesis however, zinc
precursors are added to bacterial cultures in the culture media and the obtained NPs were characterized
accordingly. Bacillus licheniformis produced zinc oxide nanoflower structure which were eco-friendly and
showed photocatalysis property [203]. Rhodococcus sp. derived nanoparticles showed biodegradation
properties and metabolic activity towards hydrophobic compounds [204]. Rhodococcus pyridinivorans
produced spherical nanoparticle structure when zinc sulphate was used as a precursor [205]. Aeromonas
hydrophila produced both oval and spherical nanostructure when zinc oxide was used as precursor [206].
Antioxidant activity of NPs synthesized using the bacterial Pseudomonas aeruginosa rhamnolipids showed
better results when compared with that of bare zinc oxide NPs [207-208].

c. Macroalgae and Microalgae-based Zinc Oxide Nanoparticle Synthesis

Zinc oxide NP synthesis are done only in a limited scale but have been extensively used for gold and silver
NPs [209]. Microalgae were useful in ZnO NP synthesis as they were able to degrade toxic metals into
lesser toxic form [210]. Hexagonal wurtzite nanostructures along with sulphated polysaccharides and
hydroxyl groups were seen Sargassum muticum derived ZnO NPs. However, Sargassum myriocystum
which belongs to the same Sargassaceae family showed varied sizes of nanostructure along with carbonyl
and hydroxyl groups [211].

d. Fungi-based Zinc Oxide Nanoparticle Synthesis

Fungal-based NPs of zinc oxide have been very much useful especially for large-scale production and also
economically viable [212]. Fungal strains are preferred to that of bacteria due to its bioaccumulation of
metals and better tolerance to metals [213]. The mycelium of Aspergillus fumigatus is used for ZnO NP
synthesis and produced average sized NPs but formation of agglomerates was seen after 90 days [214].
Primary or secondary amine, primary alcohol, amides and aromatic nitro compounds were seen in NPs
synthesized using Aspergilllus terreus [215]. Aspergillus sp. were the widely studied fungal source of ZnO
NP synthesis. Candida albicans derived NPs also showed similar results to that of the previous one [216].
e. Other Biological Sources for Zinc Oxide Nanoparticle Synthesis

Other green sources of ZnO NPs were any biocompatible chemicals. These chemicals are used due to their
fast and economic process and also to avoid any side products or intermediates during the nucleation and
synthesis of NPs and helps in size and shape-controlled synthesis of nanoparticles 217-219, Synthesis of NPs
using wet chemical method and coating the NPs on a cotton fabric enhances efficiency of antibacterial
effect up to 99.99% [218].

DIABETIC WOUND HEALING AND ANTIBACTERIAL CHARACTERIZATION OF ZNO NPS AND ITS
VARIANTS

Topical applications of zinc helped on improving re-epithelialization of wounds and reduce inflammation
along with inhibiting bacterial growth. Zinc acts as a cofactor in metalloproteinases and promotes ECM
regeneration. Embedding ZnO NPs with hydrogels of chitosan showed strong and efficient antibacterial
activity and makes the combination for the development of an efficient dressing material for wounds
[220-222]. Regulation of keratinocyte migration and auto-phagocytosis is met by zinc and is understood
as a critical factor in wound repair. When biological fluids are infused or incorporated with ZnO NPs, it
hydrated rapidly to form hydrated Zinc oxide which is also a bactericidal agent [233].

Zinc oxide nanoparticles which are green synthesized from aloe vera leaf extract were assessed for their
antibacterial properties towards various drug resistant bacterial strains. The bacterial strains were E. coli
and P. aeruginosa which are positive for extended spectrum beta lactamases (ESBL) along with
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methicillin-resistant S. aureus (MRSA). The antibacterial study showed bacterial inhibition activity against
ESBL E. coli and P. aeruginosa at 2200pg and MRSA at 2400pg, the bactericidal activity of Zinc oxide
nanoparticles against ESBL E. coli and P. aeruginosa was observed at 2300pg and MRSA strain at 2700ug.
The yielded result reveals the potential of ZnO NPs in antibacterial activity against drug-resistant
bacterial strains and also anti-biofilm potential [187].

Another study was done on the anti-biofilm and anti-adherence property of the zinc oxide NPs against
methicillin resistant S. aureus with vancomycin as control. The study results showed that almost 50% of
pre-formed bacterial biofilm was broken or penetrated by ZnO NPs at a concentration of 13.5pg.
Similarly, antibacterial activity against MRSA was also recorded at a concentration of 65.4ug of ZnO NPs.
Thus, ZnO NPs are a promising anti-biofilm therapeutic with anti-adherence properties [224].

Though zinc and its application have its own potential over increasing wound healing, there is a necessity
to develop new materials made of zinc oxide to deliver wound healing properties along with antibacterial
effects which led to the development of zinc oxide quantum dots (QDs) which is incorporated into
hydrogels. Hydrogels are biocompatible polymers usually derived from natural sources and is
biodegradable. Hydrogels made from microporous chitosan is used to develop zinc oxide composite
bandages. Thus, encapsulation of zinc oxide NPs with various biomaterials are used to deliver zinc oxide
nanotherapeutics [10].

Encapsulated ZnO NPs

As stated earlier, though the zinc oxide NPs have been very much useful and showed promising results for
reduced wound infections and increased wound healing processes, their biocompatibility and
biodegradability are considered as a major treatment problem. This problem is addressed using
encapsulation and incorporation of zinc oxide nanoparticles into hydrogels. Various hydrogels from
differing sources are present, however for biocompatibility reasons, hydrogels derived from biological
sources such as chitosan, alginate and cellulose are preferred for NP encapsulation. These polymers when
incorporated with ZnO NPs can acts as better treatment method for diabetic wound infections and
delayed wound healing [225-228].

a.ZnO and Cellulose

Though cellulose is obtained from various natural sources, bacterial cellulose (BC) is preferred as they
have better tensile strength and crystallinity. Thus, bacterial celluloses incorporated with ZnO NPs and
their antibacterial, antifungal, cytotoxicity properties were assessed using BCs without ZnO NPs and ZnO
NPs without being encapsulated in BCs were used as control. When BCs are loaded with ZnO NPs, a slight
reduction in the proliferation of human dermal fibroblast cells after a period of 72 hours is seen when
compared to both the controls. The surface adherence of E. coli, B. subtilis and C. albicans were
predominantly prevented using the hydrogel biofilm [229]. When the same BC-ZnO hydrogel biofilm was
prepared by solution plasma method and assessed for inhibition zone against E.coli and S. aureus showed
3.33+0.29 mm and 5.33+0.29 mm in diameter [230]. When BC-ZnO NPs were used as topical cream for
wound treatment for 15 days, the wound area was assessed to be 98.3+7.6 mm2, whereas negative
control and BC showed 234.6+5.7mm2 and 143.+7.5 mm2, denoting that the ZnO NP encapsulated by
bacterial cellulose showed reduction in the wound area [231]. When electrospun nanofibers of ZnO is
incorporated in 5% of poly(3-hydroxybutyrate-co-3- hydroxy valerate (PHBV), a bacterial biodegradable
polymer, 2.9mm and 3.5mm zone of inhibition against E.coli and S. aureus were observed [232]. Studies
involving incorporation on ZnO NPs with TEMP-oxidized nanofibrilated cellulose (NFC) with either 5% or
10% of polyethylene glycine (PEG) showed reduction in the bleeding time of wounds especially in 5%
PEG. Antibacterial assay of ZnO-NFC-PEG was assessed and the results showed that 5% PEG variant
showed antimicrobial activity against S. epidermidis, S. aureus and E.coli where S. aureus were seen to be
higher [233]. As the extracellular matrix (ECM) components can aid the process of wound healing, one
such component of ECM is heparin sulphated glycosaminoglycan which binds to growth factors like
platelet derived growth factor (PDGF-BB) and vascular endothelial-cell growth factor (VEGF-A165) which
enhances wound healing [234]. Thus, ZnO NPs which are heparinized and incorporated in poly vinyl
alcohol(PVA) and carboxymethyl cellulose (CMC) hydrogels revealed 83% cell viability in human dermal
fibroblast cells [235]. To increase oxygen permeability which is an important factor in wound healing,
mesoporous silica-based hydrogels are used. Mobil composition of matter (MCM-41) is a silicate based
mesoporous material which is used along with CMC hydrogels for encapsulation of ZnO NPs. The results
of gas permeability of the MCM-41/CMC/Zn0O NP hydrogel was 500% and with 100% of swelling and it
revealed effective antimicrobial activity against S. aureus and E. coli [236].

b. ZnO and Chitosan

The antibacterial assay of ZnO NP encapsulated on chitosan hydrogels showed efficient activity against S.
aureus and E. coli 237. The inhibition zone diameters (1ZD) of the ZnO-Chitosan nanocomposite against S.
aureus, B. subtilis, K. pneumoniae and E. coli were 22.5mm, 21mm, 24.5mm and 25.5mm; thus, showing
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efficient antimicrobial activity especially against gram-negative bacteria 238. The antibacterial activity can
be further enhanced when ZnO NPs are combined with other metal-based NPs such as silver
nanoparticles (Ag NPs). When Ag/Zn0O nanoparticles were incorporated on chitosan, the antibacterial
activity increased further even against drug resistant strains such as drug-resistant P. aeruginosa, drug-
resistance E. coli and methicillin-resistant S. aureus (MRSA). Also, the Ag/ZnO NP on chitosan also showed
closure of wound in 7 days and the cytotoxic effect of Ag/ZnO when assessed against human normal
hepatocytes showed 100% cell viability [239]. Biofilms of ZnO-Chitosan can be prepared using PVA which
showed significant increase in wound healing in 7 days and was comparatively higher to phosphate-
buffered saline (PBS), chitosan/PVA and chitosan alone. The biofilm also showed efficient antibacterial
activity against E. coli and S. aureus with 19mm and 20mm IZDs [240]. Heparinized variant of ZnO NPs-
chitosan-PVA showed cell viability at 89% with 48 hours incubation and showed more than 70% efficient
activity against E. coli and S. aureus. ZnO NP-chitosan hydrogels when added with keratin can increase
wound healing up to 92% after 14 days[241].

The chitosan-based hydrogels are also incorporated with zinc oxide QDs and their results yielded good
results in terms of antibacterial and increased wound healing effects by enhancing swelling capacity and
blood clotting [242]. Studies on cell attachment and infiltration showed clear penetration and attachment
on cells. Scaffold-based nanocomposites are developed using chitosan-silk sericin (CHT/SS) which is
incorporated with ZnO NPs and showed antibacterial activity against E. coli and S. aureus [243]. This
nanocomposite also showed improved attachment, proliferation and growth of immortalized human
keratinocyte cell line (HaCaT cell line) without any secondary effects [244]. Another nanocomposite was
developed using ZnO NPs-gelatin-chondroitin 4-sulphate which showed significant decrease in wounds
up to 14% to 35% [245].

c. ZnO Np encapsulated with alginate

Sodium alginate-based encapsulation of ZnO NPs is accompanied by natural gums such as acacia due to its
higher viscosity and are associated with formation of hydrogels [246]. At a concentration of 1000pg, the
Zn0 NP-sodium alginate - gum acacia hydrogel showed increased antibacterial effects on B. cereus and P.
aeruginosa [247]. Alginate-based wound dressings are known preserve moisture and absorb wound
exudates [248]. Thus, alginate-based nanocomposites can be useful in treating diabetic foot ulcers,
infected pressure ulcers and wound infections [249]. Use of cellulose fibres can improve mechanical
properties of the hydrogel such as the Young’s modulus. Thus, ZnO NPs- cellulose fibre along with 1.5%
sodium alginate showed increased Young’s modulus of 379 MPa which indicates the increased strength of
the hydrogel [250]. As the biodegradability of chitosan is higher than that of alginate, they both are
combined to form a hydrogel with ZnO NPs which provided reduced wound exposure along with
significant biocompatibility, biodegradability and antibacterial effect [251]. Another combination of
hydrogel sources with ZnO NPs were sodium alginate with carboxymethyl chitosan [252]. The hydrogel
when compared with Kaltostat® alginate dressing, showed better biocompatibility, haemostatic ability
and antimicrobial activity against E. coli, S. aureus and C. albicans [253].

FUTURE PERSPECTIVE

The review suggests that there is a need for development of nanoparticle-based products for diabetic
wound infection and delayed wound healing in clinical perspective. Though various research has been
done on nanobiotechnology, development of commercially available nanotherapeutic products is
considered as the need of the hour. Biofilm production by bacterial strains owing to its multi-drug
resistance is an important criterion to be evaluated for the developing product and much more research
on anti-biofilm properties of these nanoparticles have to be conducted. On the contrary, the development
of these nanotherapeutics such as zinc oxide nanoparticles and its nanocomposite variants have to be
developed via natural sources including the green synthesis of nanoparticles and use of natural polymers.
Similarly, green synthesis of zinc oxide nanoparticles has to be studied much more extensively to make
the synthesis techniques, a more efficient and eco-friendlier and the products to be cheap and
commercially viable.

CONCLUSION

Diabetic wound infection and its resulting delayed wound healing is a widespread problem affecting
millions of people worldwide. Though many studies were done on the pathophysiological condition, it
was in the recent decades that the use of nanoparticles have been employed in the treatment of this
condition. There are various ongoing research studies in all the aspects of developing this clinically
critical nanotherapeutic agent. Initially, the development of a competent, less toxic, element-based
nanoparticle has been employed and then its synthesis methods are optimized to obtain safe and cost-
effective nanoparticles and then the combination of the synthesized nanoparticle with various
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therapeutic agents and its delivery system is studied. The present study analysed zinc nanoparticles as a
nanotherapeutic agent for diabetic wound infections and delayed wound healing due to diabetes, and
thereby suggests that green synthesis of zinc oxide nanoparticles to be efficient and safe way for
nanoparticle synthesis and its delivery mechanism and mechanism is more efficient when combined with
natural polymers and addition of other therapeutic agents are also advised if necessary for the efficient
antibacterial activity towards diabetic wound infections and also to accelerate wound healing process in
diabetic wounds.

List of Abbreviations

DFU - diabetic foot ulcer; PAD - peripheral arterial disease; DM - diabetes mellitus; NADP - nicotinamide
adenine dinucleotide phosphate; NO - nitric oxide; QS - quorum sensing; ROS - reactive oxygen species;
EPS - extracellular polymeric substance; TNF - tumour necrosis factor; MRSA - methicillin resistant
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ray photoelectron spectroscopy; DLS - dynamic light scattering; UV-DRS - ultraviolet diffuse reflectance
spectroscopy; ATR - attenuated total reflectance; ESBL - extended spectrum beta lactamases; QD -
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inhibition zone diameter; PBS - phosphate-buffered saline; CHT/SS - chitosan/silk sericin; HaCaT -
immortalized human keratinocyte cell line.
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