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ARTICLE INFO ABSTRACT

Keywords: Impaired diabetic wounds are serious pathophysiological complications associated with persistent microbial

Nitric oxide infections including failure in the closure of wounds, and the cause of a high frequency of lower limb ampu-

g_o‘do“"?sl tations. The healing of diabetic wounds is attenuated due to the lack of secretion of growth factors, prolonged
iomaterials

inflammation, and/or inhibition of angiogenic activity. Diabetic wound healing can be enhanced by supplying
nitric oxide (NO) endogenously or exogenously. NO produced inside the cells by endothelial nitric oxide synthase
(eNOS) naturally aids wound healing through its beneficial vasculogenic effects. However, during hyperglyce-
mia, the activity of eNOS is affected, and thus there becomes an utmost need for the topical supply of NO from
exogenous sources. Thus, NO-donors that can release NO are loaded into wound healing patches or wound
coverage matrices to treat diabetic wounds. The burst release of NO from its donors is prevented by encapsu-
lating them in polymeric hydrogels or nanoparticles for supplying NO for an extended duration of time to the
diabetic wounds. In this article, we review the etiology of diabetic wounds, wound healing strategies, and the
role of NO in the wound healing process. We further discuss the challenges faced in translating NO-donors as a
clinically viable nanomedicine strategy for the treatment of diabetic wounds with a focus on the use of bio-
materials for the encapsulation and in vivo controlled delivery of NO-donors.

Diabetic wounds

1. Introduction people in the United States alone and therefore, leading to humanistic

and economic burdens even in developed countries [3]. Several factors

The incidence of diabetes mellitus, a chronic disease characterized
by persistent hyperglycemia, is rapidly increasing with currently over
463 million (M) sufferers that will likely reach 700 M by the year 2045
(IDF Diabetes Atlas, 2019) [1]. The long-term complications associated
with this disease, including diabetic foot ulcers and non-healing
wounds, are a major cause of increased morbidity and mortality [2].
The impact of various kinds of wounds including vascular ulcers, pres-
sure ulcers, and diabetic ulcers is quite high affecting 2.4-4.5 million

contribute to the failure of the healing processes such as microbial
colonization, lack or insufficient secretion of growth factors resulting in
reduced or absence of angiogenic activity, lack of oxygen supply, and
diminished release of nitric oxide (NO) [4]. Another major reason for the
reduced healing process of wounds in diabetic patients is linked with
impaired angiogenesis and vasculogenesis as hyperglycemia usually
spoils the functional activity of endothelial nitric oxide synthase (eNOS)
which thus release the reduced amount of NO and decreases leading to
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the reduced supply of NO and hence affect angiogenic process [5]. Be-
sides, these factors reduced expression of stromal cell-derived factor-1-
alpha (SDF-1a) within peripheral wound tissue due to prolonged
inflammation process plays a major contribution in retarding the tissue
repair resulting in a stalled closure of wounds [6]. In addition, during
diabetes mellitus, the pro-inflammatory phenotype of macrophages is
changed/transformed to a pro-reparative phenotype [6]. These changes
increase the inflammatory profile of the diabetic wounds and thus result
in a decrease in the expression of angiogenesis-related mRNA and
consequently a very negligible amount of release of growth factors
especially vascular endothelial growth factor (VEGF) that participates in
angiogenic and wound healing process [7].

Normally, the healing of acute wounds occurs within thirty days
from the event of injury to complete closure while chronic wounds
remain stalled and fail to recover indefinitely [7,8]. Although it is
obvious that enhanced secretion of growth factors and hormones
immensely increase the proliferation of cells to substitute the lost tissue
at the injured site [9]. But despite these activities, the timeline of re-
covery of wounds depends upon the complexity of the wound itself as
the acute wound heals faster than chronic wounds. The wound healing
process also depends upon the size and depth of the injury. A wound in
the epidermis or dermis less than 1 cm area heals faster as the skin
possesses enough potential to replace this damaged tissue [10]. How-
ever, a deep injury in the dermis and hypodermis area of skin results in
delayed recovery of skin and requires a patch of skin to be substituted to
speed up the regeneration process [11,12].

Currently, treatment strategies are mostly focused on curing super-
ficial ulcers that are not fully capable of achieving complete control over
the microvascular pathology in diabetic patients [13,14]. The prevalent
approaches usually rely on the use of antibiotics, compression,
debridement, pressure management, and the application of specialized
dressings [15]. More recent approaches to treat chronic wounds involve
using skin substitutes, vacuum-assisted closure, and electrical stimula-
tion [16]. Various kinds of wound coverage matrices in the form of
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bioengineered artificial skin substitutes composed of recombinant
growth factors, stem cells, and combinations of these entire have huge
potential in the treatment of diabetic wounds [17]. But the high cost,
inappropriate degradation rates, immune system rejection, as well as
slow or poor development of blood vessels, are some major issues that
prevent the effective use of these bioengineered constructs [18]. These
constructs may also lack suitable biochemical and mechanical properties
that are needed for faster and quicker healing of the wounds [19]. Be-
sides these approaches, cell-based therapies that involve the use of stem
cells also have gained huge popularity because of the potential of stem
cells to transform into any cell type [20,21].

Interestingly, the importance of NO has been recognized for a long
time for wide-scale efficacy in diverse biomedical fields [22-25].
NO-donors can release NO upon a stimulus such as exposing them to
photothermal shock. On the other hand, the release of NO is governed
inside or from various types of cells autocrine and paracrine pathways
[26]. As far as chemical aspects of NO are concerned, it is a free radical
which is capable of performing numerous biological functions [27].
However, one of the drawbacks of this important molecule is its very
short life span (~ 100 ms of its origin) [28]. This disadvantage of a very
limited lifetime of NO is resolved by encapsulation of NO-releasing
donors into various kinds of wound coverage matrices as shown in
Fig. 1A-C. The delivery of endogenous NO-donors may ameliorate
wound healing due to their multiple benefits such as antimicrobial po-
tential, vasodilation, and pro- or anti-inflammatory activity [29,30].
Moreover, systemic administration of NO-donor such as S-nitro-
soglutathione (GSNO) in rats improves the collagen deposition at wound
sites, without disturbing matrix metalloproteinase pathways [31]. Thus,
adopting strategies that involve the development of wound healing
matrices impregnated with NO-donors could be an alternative option for
quicker recovery of impaired diabetic wounds.

Increasing the supply of oxygen, growth factors, and other nutrients
in impaired diabetic wounds immensely accelerates the healing process
[32]. Growth factor impregnated dressings promote angiogenic activity
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Fig. 1. (A) Schematic showing the encapsulation of NO-donors into wound healing matrices and controlled release of NO for wound healing application.
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and thereby healing process as evident from the research work of our
group and several other related research groups [33-36]. For example, it
has been shown that the migration of HaCat keratinocytes with growth
factor-loaded platforms has increased significantly (Fig. 1B) [33-36].
Also, it can be claimed that some proteins involved in mediating the
binding of growth factors with their targets can control the migration of
cells in the wound healing process [37]. However, wide-scale applica-
tion of these dressings containing growth factors has been compromised
by their high costs, short life due to fast degradation [38]. Another
strategy that can be used as an alternative for accelerating wound
healing activity could be the use of NO. Evidence shows that NO pro-
motes angiogenic activity like the growth factors by improving the
proliferative ability of the endothelial cells that participate in the for-
mation of a thick network of blood vessels in the wound area [39]. NO is
naturally involved in promoting angiogenic activity and wound healing
closure process [40]. Topical application of NO impregnated wound
healing dressings such as hydrogels can produce the same effects as
observed naturally inside the body [41].

Keeping in view the role of NO in wound healing, in this review
article, we have focused on the challenges faced in diabetic wound
management, use of NO-donors in the wound healing process, and
mechanism of NO release as well as its effects on the healing process. We
have also highlighted the relevance of encapsulation of NO-donors in
wound healing matrices for the controlled and extended-release of NO in
diabetic wounds.

2. Nitric oxide (NO) and biological system

NO is a very important signaling molecule in the cells involved in
various physiological functions [23]. As far as the biomedical signifi-
cance of NO is concerned, the first evidence was reported by Ascanio
Sobrero in 1846 [42]. He showed that the placement of nitroglycerin on
the tongue for a short while produces a severe headache that may last for
several hours [43]. In 1859, Frederick Guthrie, an English chemist later
proved that inhalation of amyl nitrite (a NO-donor) results in the arterial
throbbing of the neck and reduces the heart rate [44]. This discovery
leads to the application of amyl nitrite in the biomedical field for the
treatment of cardiovascular diseases as this chemical agent help to dilate
blood vessels and thus, helps to reduce blood pressure [44]. In 1970,
Ferid Murad and his colleagues started working to understand the
mechanism involved in the vasodilation potential of nitroglycerin and
how nitroglycerin affects the enzyme guanylate cyclase (GC) [45].
Murad and his colleagues found that nitrite-containing compounds
stimulate GC by enhancing the synthesis of cyclic guanosine mono-
phosphate (cGMP) from guanosine-5’-triphosphate (GTP), which later
induce vasodilation [46]. Later, Murad observed that GC activity is
improved manifold whenever it is exposed to the NO agent. From this
observation, Murad concluded that NO produced by nitrite-containing
compounds stimulates GC which in turn results in subsequent vasodi-
lation events and lowering of blood pressure. Robert Furchgott and his
colleagues tested the effects of acetylcholine on blood vessel relaxation
and found that the presence of endothelial cells is necessary for vaso-
dilation activity as the vessels composed of smooth muscle cells only fail
to show vasodilation activity [47]. Later, Furchgott and their colleagues
concluded that endothelial cells produce endothelium-derived relaxing
factor (EDRF) which is principally involved in producing the vasodila-
tion effect [48]. In 1986, Louis Ignarro while working at the University
of California found that the function of both NO and EDREF is identical in
vasodilation [49]. After a sequence of studies about the role of NO in
biological systems, it was concluded that NO is an endogenous signaling
molecule for vasodilation within mammalian tissues. The discovery that
NO is a signaling molecule in cells is considered a huge development in
the field of Medicine and Physiology and recognition of this discovery,
Murad Furchgott and Ignarro were awarded a Nobel Prize in 1998 [50,
511.
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2.1. Generation of nitric oxide in the human body

The synthesis of NO is achieved endogenously by a set of three en-
zymes known as nitric oxide synthases (NOS) [52]. L-arginine is catab-
olized by NOS in the presence of NADPH and oxygen-producing NO,
citrulline, and NADP™". NOS enzymes may be neuronal NOS (nNOS),
eNOS, or inducible NOS (iNOS) [52]. Among these enzymes, neuronal
nitric oxide synthase and eNOS are expressed constitutively while iNOS
is expressed inductively during infections or immune responses. Further
studies revealed that iNOS is also produced constitutively from kerati-
nocytes, lung, liver, kidney, colon, and neurons [53-56]. The release of
eNOS becomes higher in stress conditions especially during hyperther-
mia, exercise, and shear stress [55,57]. The expression of nNOS in-
creases in the myocardium, myometrium, skeletal muscle, vascular
smooth muscle cells, and macula densa during stress situations [58]. It
can be concluded that several types of cells are involved in the pro-
duction of NOS and thus, NO can be generated by the application of
stimuli to these cells [59]. Later studies showed that iNOS, eNOS, and
nNOS are usually found in the mitochondria so they were named
mitochondrial NOS (mNOS) [60]. Further studies revealed that post-
translational modification of the nNOS gene produces mitochondrial
nitric oxide synthase [61]. Chemically, heme protein in the dimeric form
is present in all NOS isoforms and each monomeric unit has a molecular
mass of 126-160 kDa. All isoforms are produced separately by different
genes and amino acid sequences of these isoforms show 51-57% ho-
mology [62]. Additionally, NOS isoforms are produced in different sit-
uations. For instance, iNOS generates a higher amount of NO and can
produce NO for extended periods compared to nNOS and eNOS. In
addition, NOS can mold differently into specific structures and can
localize at specific places to perform a specific function [52]. One of the
main properties of NOS is that they perform their functions in proximity
and thus affect downstream targets [63]. Thus, we can say that NOS
formation is regulated at transcriptional and translational levels
depending upon substrate availability and their subcellular localizations
that allow NO to perform functions by targeting specific proteins [63].

2.2. Biological properties of nitric oxide

NO plays a crucial role in various processes in the body including
cardiovascular regulation, neurotransmission, antibacterial activities,
and wound healing potential [64]. NO promotes wound healing activity
by acting on the inflammatory cells such as macrophages to release NO
which initiates complex cascade processes that help in blood vessel
formation [65]. The role of NO as a wound healing promoter was proved
in a series of experimental reports. In this direction, Albina et al. found
that during wound healing activity, the metabolism of L-arginine in-
creases significantly as this compound breaks into NO and citrulline
[66]. Keeping in view the study of Albina et al. some researchers used
supplementary arginine on wounds and found that this treatment ac-
celerates the wound healing process [67]. In another study, Smith et al.
observed that the amount of nitrate in the urine of rats inflicted with
injuries increased manifold [65]. They anticipated that this increase in
NO was associated with the generation of NO during the wound healing
process. Bulgrin et al. during their work reported the same results about
the generation of NO during wound healing activity [68]. During their
investigation, it was observed that feeding the rats with a low amount of
arginine leads to reduced production of nitrate and consequently a low
amount of NO [68]. During their work, Bulgrin and colleagues fed the
rats by O or 3% L-arginine enriched diet and inflicted a deliberate wound
on their skin. Initially, there was a continuous increase in the amount of
nitrate generation but after a while, the endogenous arginine was not
enough for a prolonged time to maintain a higher level of this com-
pound, and nitrate level started returning quickly to a baseline value
[68]. However, feeding the rats with a higher concentration of arginine
enriched diet (3%) resulted in maintaining higher levels of nitrate
throughout wound healing activity. This supported the fact that an
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increase in the amount of NO was associated with wounds [69]. The role
of NO in the wound healing process was further confirmed by Shi et al.
during their work by feeding the diabetic Lewis rats with an L-arginine
enriched diet [70]. They observed that feeding the rats with this diet not
only accelerates the wound healing activity but also increases the pro-
duction of nitrate/nitrite levels in wound fluids [70]. NO-donor also
manifests the same effects on the wound healing process by producing
the NO [71]. Researchers also worked on the role of the iNOS pathway in
the generation of NO during the wound healing process to explore the
exact mechanism involved in skin regeneration. Reicher et al. found that
expression of the iNOS pathway in the first 72 after an injury is
tremendously increased and afterward the expression of the pathway
slowly subsides [72]. Inhibiting the iNOS pathway during the wound
recovery process resulted in a gradual decrease in the synthesis of
collagen, epithelization, and production of NO. The role of the iNOS
pathway in wound healing activity was further confirmed by providing
the supplementary arginine in knocked-out mice by Shi et al. and it was
revealed that this supplementary arginine in the iNOS knocked-out mice
fails to show any effects on the wound recovery process. Thus, it was
concluded that the iNOS pathway helps in the metabolism of arginine to
generate NO which acts as a signaling molecule for the wound healing
process [73]. Some important biological properties of NO are illustrated
in Fig. 2A.
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3. Therapeutic applications of nitric oxide

NO produced endogenously in the body performs several functions
and can be used in diverse ailments. It is interesting to mention here that
varying the concentrations of NO on the same process/disease may
produce different effects and it is very important to use an optimum
amount of NO for the treatment of a specific disease. Thus, a specific
relationship exists between biological processes and NO concentration
in a biological activity taking place inside a cell. For instance, a con-
centration of NO around 1-30 nM leads to improved vasodilation and
enhanced angiogenic activity [74]. Further increasing the concentration
of NO up to 100 nM produced protective effects by reducing cell
apoptosis (anti-inflammatory and wound healing) while concentrations
above 400 nM induce cellular apoptosis [74]. Additionally, every cell
shows a different dose-response against NO concentration as higher
concentrations of NO are mostly lethal to normal cells and may damage
the cells and thus cause the death of tissues. However, higher concen-
trations of NO prove extremely beneficial in cancer chemotherapy and
preventing antibacterial infections [67]. Increasing the exposure of NO
to the tissues further improves its therapeutic efficacy. The development
of scaffolds for clinical applications requires better control over the
release of NO to get required effects as naturally displayed by NO pro-
duced endogenously in the animal’s body. NO released from the surface
of non-thrombogenic endothelium ranges between 0.05 and 0.4 x 1071°
mol cm™ min! and thus scaffolds releasing NO must produce NO close
to this range to obtain hemocompatibility ns [75]. Sometimes, localized
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Fig. 2. (A) the biological properties of NO in vasodilation, blood clotting, neurotransmission, apoptosis, angiogenesis, re-epithelization, collagen synthesis, and
antimicrobial activities. Among these biological properties, angiogenic activity, epithelization, and collagen synthesis are useful for the wound healing process. (B)
NO-releasing hydrogel for hindlimb ischemia therapy. Reproduced from Ref. [76] with permission from Elsevier. (C) Development of cocktail polyprodrug nano-
particles (CPNs) to inhibit the proliferation of cisplatin-resistant cancer cells. Reproduced from Ref. [77]. (D) Regulation of carbohydrate metabolism by NO.
Reproduced from Ref. [78] with permission from Elsevier. Abbreviations: Prodrug crosslinker monomer (PtMA), NO prodrug monomer (StNO), N, N-dimethyl
acrylamide (DMA), P-glycoprotein (P-gp), peroxynitrite (ONOO-) for collaborative inhibition of cisplatin-resistant cancers.
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delivery of NO is required for antithrombotic applications to avoid the
systemic implications of this molecule as systemic use of NO may cause
severe hemorrhage. It has also been indicated that a NO-releasing
hydrogel can be potentially used for improving the therapeutic im-
pacts of mesenchymal stem cell therapy (Fig. 2B) [76] (Fig. 2B).
Furthermore, it has been shown that polyprodrug nanoparticles which
release cisplatin and NO can be used to combat resistant cancer cells
(Fig. 2C)[77]. Recently, it has been also implicated that NO-releasing
agents can be developed to regulate carbohydrate metabolism
(Fig. 2D) [78].

The therapeutic application of NO gas is largely limited by the high
reactivity of this molecule at normal physiological conditions. NO con-
sumption is widely affected by the amount of oxygen and hemoglobin in
the body. The rate of NO consumption is much higher in the presence of
oxygen and hemoglobin and is equal to the square of NO concentration
[79]. In extravascular tissues, the half-life of NO remains in the range of
0.0A to > 2 s and is mainly associated with the concentration of oxygen
[80] while in whole blood half-life of NO in the presence of erythrocytes
is 1.8 x 103 s [81]. The consumption of NO is tremendously increased
in whole blood due to the high affinity and reactivity of NO with the iron
of heme molecule or oxyhemoglobin [82]. Because of all these limita-
tions, it is highly recommended to use S-nitrosothiols (RSNOs) materials
as donors for NO therapeutic applications.

3.1. Wound healing properties of nitric oxide

Some of the commonly identified biological functions of NO are that
it inhibits platelet formation, inactivating the monocytes besides per-
forming anti-inflammatory activities [83-87]. Although NO plays a very
important role in wound-associated activities, there is still little recog-
nition of this material in tissue engineering applications [88,89]. NO
produced endogenously performs many functions but one of the most
important functions of this is that it is a vasodilator. It promotes
angiogenic activity by recruiting proliferation and promoting cell pro-
liferation of endothelial cells. It tremendously enhances wound healing
activity by acting as an antimicrobial agent and promotes the migration
of cells to the injured site [89-92]. NO is produced consistently
endogenously which helps naturally in the wound recovery process,
however, the application of hydrophobic and hydrophobic NO-donors
exogenously can tremendously accelerate the wound closure process
as shown in Fig. 2 [93]. But certain limitations have restricted the
wide-scale applicability of NO-donors and one of them is faster degra-
dation and burst release of NO from its donor molecules [74,94]. To
avoid burst release and a lifetime of NO, this signaling molecule is
incorporated into biomaterials scaffolds such as hydrogel or nanofiber
mats [94-96]. This encapsulation of NO-donors results in a continuous
supply of NO to the wound site and thus prevents the growth of bacteria
by inhibiting cell attachment by membrane damage, and deoxy-
ribonucleic acid (DNA) deamination [14,97]. Furthermore, the use of
NO over the injured site stops bleeding triggering homeostasis, de-
creases inflammation, and enhances the wound recovery process [14,88,
98].

3.2. Biomaterial matrices for wound healing

Wound healing matrices used in healthcare are normally prepared
from biodegradable natural or synthetic materials [99]. The matrices
made up of natural materials and those that have low costs, fast recovery
rates, and are environment-friendly for users have gained wider accep-
tance [100]. In the healthcare industry, wound healing matrices that
display high swelling properties (that can absorb extra exudates) and
that possess high porosity (to allow better diffusion of gases especially
oxygen) are preferred [101]. Besides, wound healing dressings
impregnated with antibacterial and angiogenic agents are also consid-
ered very useful as these can easily inhibit bacterial growth and can
promote angiogenic activity [102]. It is seen that wounds that can
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absorb moisture and can heal dressing maintain wound site moist heals
the wounds faster. In contrast, wound healing dressings that fail to stop
the loss of water by evaporation leads to a reduced supply of nutrients to
the cells and thus decrease wound healing recovery [103]. Among
various wound healing biomaterials dressings, hydrogels display hy-
drophilic matrix properties with the ability to absorb a large amount of
water as compared to their size which is used to keep the wound surface
moist for improved wound healing [104,105]. Another useful aspect of
hydrogels made up of biomaterials is that they facilitate the debride-
ment of necrotic tissues from the wounds which prevent microbial
contamination from wounds [106]. Besides this benefit, there are other
advantages of hydrogel scaffolds such as their flexible and rubbery na-
ture along with the ability to be removed easily from wounds [107]. One
of the unique features of hydrogel is the presence of a large number of
pores in their surfaces which allow smooth flow of gases, water, and
nutrients through them thus providing these materials to the cells laden
inside them. These nutrients also travel to the affected wound healing
tissues on which hydrogel dressings are applied [108]. Topical NO
release from the PAA:F127/GSNO hydrogels is triggered by exudate
absorption and leads to increased angiogenesis and collagen fiber or-
ganization, as well as TGF, IGF-1, SDF-1, and IL-10 gene expression in
the cortical tissue [109]. The catalysis of -galactosidase controls the
release of NO from the PCL/CS-NO dressing under physiological con-
ditions. Application of wound dressing composed of PCL/CS-NO bio-
materials in vivo wound healing significantly accelerated wound healing
by enhancing re-epithelialization and granulation formation, as well as
improving the organization of regenerated tissues, including the
epidermal-dermal junction. This was attributed to the pro-angiogenesis,
immunomodulation, and enhanced collagen synthesis provided by NO
[110]. In another study, PEI-PO-NONOate polymer was applied to
full-thickness excisional cutaneous wound models in mice to examine
the impact of this formulation on wound healing. As compared to the
control group, PEI-PO-NONOate polymer facilitated cutaneous wound
healing and closure with increased granulation tissue development,
collagen deposition, and angiogenesis [111]. Further work established
that nitric oxide (NO)-releasing polymer can improve
exosome-mediated proangiogenic potential by increasing their proan-
giogenic behavior. Exosomes generated from human placenta-derived
MSCs (hP-MSCs) in response to NO stimulation enhance the angio-
genic effects of human umbilical vein endothelial cells (HUVECs) in
vitro. In a mouse model of hind limb ischemia, exosomes produced from
hP-MSCs by NO stimulation had superior angiogenic effects and
improved limb function. Improved VEGF and miR-126 levels in exo-
somes produced from hP-MSCs by NO stimulation were found as a novel
mechanism contributing to these exosomes’ increased capacity to
stimulate angiogenic processes, according to further investigation
[112]. Although exogenous NO compensation is a promising treatment
method, the absence of stable NO molecules frequently leads to disap-
pointing clinical outcomes. Controlling the disintegration of the CS-NO
polymer, which is inhibited by galactose and only happens in the pres-
ence of glycosidase, allows for on-demand NO release. The CS-NO
polymers can also be processed into supporting membranes or inject-
able hydrogels due to their great stability, proving their clinical promise.
In the platelet-rich plasma (PRP) experiment, we found that the
NO-releasing membrane hindered platelet adhesion and prolonged
activated partial thromboplastin time (APTT). On the NO-contained
membrane in vitro, we see increased human umbilical vein endothe-
lial cell growth but decreased vascular smooth muscle cell proliferation.
Furthermore, in diabetic mice with hind-limb ischemia, in vivo treat-
ment of CS-NO solution greatly increased angiogenesis [112].
Similarly, Lee et al. used NO for the eradication of bacteria and to
enhance wound healing by developing powder dressing capable of
releasing NO in situ which becomes hydrogel when it’s in contact with
wounds, and found promising results [113]. Estes et al. tested different
agents like nanoparticles (cerium oxide nanoparticles) and nitric oxide
donor (S-nitroso-N-acetylpencillamine) and found good microbial
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activity. Ghalei et al. added polylactic acid nanofibers to the
above-mentioned materials to test their activity [114]. Different coat-
ings and films combination can be used against microbial/bacterial in-
fections as they fail the tissue engineering scaffolds and hinder the
healing process. Chitosan has been used frequently for wound healing
due to its antimicrobial properties [115,116]. It has also shown
impressive results as NO-donor to be used in wound healing. Choi and
their team used such composition in vitro and achieved 3-fold better
activity as compared to the control group [117]. Lowe and coworkers
successfully used acrylonitrile based terpolymers for wound dressing in
vivo. They electro-spun them to form non-woven sheets in which NO
binds to backbone polymer to form diazeniumdiolate group to enhance
wound vascularity [117,118].

Zhao et al. explored polysaccharide-based biomaterial for controlled
release of NO. Their chemical formation is stable under normal physi-
ological conditions, but their release can be controlled by enzyme
catalysis. The controlled release can be proven extremely beneficial for
various medical purposes especially in diabetic patients [119].

Hydrogel scaffolds prepared from natural biomaterials are preferred
for their better biocompatible properties as it is noticed that attachment
of cells with these matrices along with their proliferation and migration
into these materials is much higher [120]. Hydrogel matrices behave
like extracellular matrices and thus favor the seeding of cells inside the
3D matrix [121]. In terms of physical characteristics, hydrogels display
flexible microstructure, decent swelling capacity, and can be molded
easily in different forms [122]. While in terms of biological responses,
they are highly biocompatible to the human tissues, biodegradable,
non-toxic, and can serve as a vehicle for the controlled release of drugs
and proteins [123]. These properties of the hydrogels allow for
wide-scale applicability in tissue engineering and regenerative medi-
cines [124]. Among various kinds of biomaterials used in the encapsu-
lation of NO-donors, chitosan is widely used for various types of
scaffolds. Its scaffolds display good swelling properties along with
antimicrobial activities. Chitosan is well known for its wound healing
applications for its good, biocompatibility, and biodegradability [125].
Chitosan is mixed with other materials and used to fabricate different
scaffolds, especially nanofibers, biofilm membranes, and hydrogels
[126,127]. Synthetic polymers such as poly(vinyl) alcohol and poly-
ethylene glycol (PEG) are hydrophilic materials and mixed.

with natural biomaterials to give them better mechanical strength
and stability [129]. Among various kinds of biomaterials, PVA is a
widely explored material for wound dressings as it is a cheap, elastic,
and transparent material [107]. PVA has commonly been molded into
hydrogels scaffolds by adopting various methods [130]. It is quite
evident from all this discussion that NO plays an important part in the
acceleration and promotion of the healing process as illustrated in Fig. 4.

3.3. Nitric oxide donors

NO is a very useful biologically relevant molecule with diverse
therapeutic applications, but an extremely short half-life span of this
molecule restricts its wide-scale applicability in several therapeutic
applications. NO can be generated from various donor substances in the
form of nitrosonium ions NO™ and related signaling molecules. Exposure
of healthy endothelium to endogenous NO inhibits platelet performance
and consequently requires an exogenous supply of NO through donor
compounds to prevent thrombus formation in vascular substitutes and
other biomedical implants [94,131,132]. RSNOs are the most common
carriers and donor molecules of NO gas in biological systems. Red blood
cells release S-nitrosothiols into the bloodstream under low-oxygen
conditions and are frequently used to dilate the blood vessels [96].
The RSNOs donors overcome the challenge of a short half-life span of NO
gas by continuously supplying required amounts of NO in the physio-
logical environment. The exogenous NO-donors display a promising
ability to promote wound healing by enhancing collagen deposition, cell
proliferation, granulation tissue formation, and angiogenic activity
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3.3.1. Nitroglycerin

Nitroglycerin is a useful NO-releasing organic nitrate that produces
beneficial effects on patients suffering from hypertension and angina
pain. Nitroglycerin produces a significant amount of NO (1 mol equiv-
alent of NO) once it is bioactivated by an enzyme known as mitochon-
drial aldehyde dehydrogenase (mtALDH) [133]. However, patients
receiving prolonged nitroglycerin treatment often develop complica-
tions like nitrate tolerance (tachyphylaxis). This can be ascribed to the
generation of reactive oxygen species by this substance, subsequent
oxidation of the thiol group of the mtALDH and the dysfunction of
mtALDH [133]. In addition, the low bioavailability of nitroglycerin is a
hindrance to its clinical effectiveness [134]. Since nitroglycerin is a
contact explosive, formulation, transport, and storage are tightly regu-
lated by federal laws.

3.3.2. Metal nitric oxide complexes

Metal NO complexes (metal nitrosyls) are another class of NO-donors
used in several pharmaceutical applications [107]. Metal nitrosyls are
complexes of transition metals that contain NO bonded to them. A wide
range of nitrosyl complexes has been developed and used in various
applications, including those based on transition metals such as iron
[135], manganese [136], and ruthenium [137]. Metal nitrosyls com-
plexes are generally used as powerful vasodilators in hypertensive pa-
tients. For instance, sodium nitroprusside (Na[Fe(CN)sNO], SNP) based
nitrosyl complexes can release NO in the presence of reducing agents
such as glutathione and cysteine. In such complexes, NO release can also
be achieved by photo-triggering approaches [131] and accomplish
on-demand vasodilatory effects [138]. Metal nitrosyl can also be used as
stimuli-responsive antimicrobial agents to manage wound infections.
For instance, a photoactive manganese nitrosyl, namely [Mn(PaPy3)
(NO)1(ClO4)(Mn-NO) incorporated in an aluminosilicate based porous
materials showed light-responsive NO release and excellent antimicro-
bial activity [138]. However, the potential release of toxic agents like
cyanide and peroxynitrite from nitrosyl complexes results in serious
concerns when considering them for clinical use [139] and this needs to
be addressed properly by the detailed studies before the clinical trans-
lation of products containing nitrosyl complexes.

3.3.3. N-diazeniumdiolates (NONOates) and S-nitrosothiols (RSNOs)

N-diazeniumdiolates (NONOates) and RSNOs have extensively uti-
lized NO-donors owing to their ability to naturally release NO under
physiologically relevant conditions, good stability, and their higher
bioavailability [131,132]. The RSNOs are thiols containing compounds
and occur naturally in the bloodstream [140]. Both RSNOs and N-dia-
zeniumdiolates (NONOates) are considered as suitable for prolonged
delivery of NO to the target site. RSNOs are commonly found in the body
but can be synthesized artificially by nitrosation of the sulfur atom of the
thiol group [94,132]. However, NONOates are purely synthetic sub-
stances prepared by nitrosation of amine functional groups [141].
NONOates are highly unstable compounds and produce two molecules
of NO upon decomposition [95]. In contrast, factors such as heat, light,
copper ions affect the stability of RSNOs and generate only one molecule
per RSNO.

NONOates can undergo hydrolysis under physiological conditions
and release two-mole equivalents of NO per each mole of the donor.
NONOates can also release NO upon triggering with stimuli such as
changes in temperature, photochemical reactions, or by the help of
suitable enzymes [132]. The half-lives of NONOates are determined by
the structure of the amine precursors as well as the stabilization by
hydrogen bond formation of available free amines present in the NON-
Oate [142,143]. Studies indicated that more lipophilic NONOates
release NO to a lesser extent than less-lipophilic ones [144]. Several
additives like borate derivatives [144] have been incorporated in the
organic polymeric phase to counter the effect of lipophilic amine
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Fig. 3. Successive stages of the wound healing process carried out with L-arginine-loaded hollow cerium oxide nanoparticles. A) represents various stages of the
closure of wound gap by nano bridge formation. Hollow cerium oxide nanoparticles absorb light due to their inherent property and produce ROS due to electron-hole
separation ability from their porous shell which acts as an antimicrobial agent at the inflammatory stage. At the proliferation stage, L-arginine-loaded hollow cerium
oxide nanoparticles (depending upon their SOD and catalase potential) absorb ROS from the wound. At the same time, L-arginine released from nanoparticles is
converted to NO by iNOS pathway in macrophages that enhance the proliferation of cells; B) Images showing the wound closure after treatment with the L-arginine-
cerium oxide nanoparticles during 10 days of the experiment; C) wound closure kinetics represented in percentage quantification from initial wound length (¢-test,
n =5, mean + SD, *P < 0.05); D) stained images of H&E have been acquired post-wounding at 10 Day; epidermal layer formation is evident from the white dashed
lAines while wound area that has been fully regenerated is marked with the yellow dashed lines. Scale bar: 100 pm [128].
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Fig. 4. (a) Day of complete recovery-re-epithelialization day. All the groups containing SNAP demonstrated more efficient healing than other groups but the groups
containing SNAP-loaded hydrogel and BMSCs showed an accelerated process of wound healing due to NO signaling activity and regeneration potential of BMSCs. (b)
The content of hydroxyproline in different treatment groups on day 14. SNAP-loaded hydrogel and also the BMSCs group demonstrated maximum hydroxyproline
which can be due to the combined biological effects of bone marrow-derived MSCs and SNAP hydrogels released hydrogel. All values shown here are taken in
triplicate and have been shown as mean + SEM (n = 6). (¢) Wound contraction after treatment of different groups in regards to specific intervals of time. a) Physical
presence of wounds of different groups on different days e.g., 0, 7, 14, and 21. b) Wound contraction graphs are depicting improvement of wound healing when NO-
releasing matrices were used. Measurements were taken through the scale and values obtained are in agreement with physical appearance. Reproduced from
Ref. [175] with permission from IOPscience.

by-product generated during NO release that increases the pH of the produced in the body and thus inherently more safe for medical appli-

organic phase. This can minimize the rise in pH within the organic cations such as in supporting ulcer treatment and tissue regeneration
polymer phase and extend the NO release period. Despite the wide range [146,147].
of potential applications, there is a concern that diazeniumdiolate SNAP is a commonly used NO-releasing agent belonging to S-nitro-
compounds may induce carcinogenic effects upon higher exposure sothiols which is used for the relatively slow release of NO under
[143]. physiologically relevant conditions [89,148]. SNAP releases NO over a
RSNO are low risk, naturally occurring NO-donors within tissues and longer duration at room temperature and is tried as an active ingredient
blood [145] that can be produced by the thiol nitrosation reaction and to accelerate the overall healing of an injury [149]. SNAP is also
include substances such as S-nitrosohemoglobin (SNO-Hb), GSNO, encapsulated in polymeric biomaterials for the prolonged and sustained
S-nitrosocysteine (SNO-Cys), and S-nitrosoalbumin (SNO-Alb) [139]. delivery of NO to the tissues of interest [23,150]. In such studies, one of
GSNO and S-Nitroso-N-acetyl-DL-penicillamine (SNAP) are two widely the main purposes of incorporating SNAP in wound healing matrices is
used RSNOs in the pharmaceutical and medical fields. GSNO is naturally to attribute them with antimicrobial properties by continuously
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supplying NO [151,152]. Studies indicated that SNAP develops chemi-
cal linkages with amino groups of other carrier materials [94] and the
NO release can be controlled by using external stimuli like light [153].
Interestingly, SNAP-containing polymers exhibit slow and controlled
release of NO which is one of the main requirements for its application in
different therapeutic products. Thus, due to these properties, SNAP is
regarded as one of the useful donor materials for NO delivery in various
medical applications including wound healing.

3.4. Controlling release of nitric oxide from its donors

Exogenously, generation of NO occurs through a three-step reaction
by reaction of nitrite with an acid. During the first step, the reaction
between nitrite and reactive free hydrogen cations produces nitrous acid
(HNOy). This leads to the degradation of HNO; to form dinitrogen
trioxide (NO3) releasing water as a byproduct. Finally, NyO3 de-
composes in aqueous conditions to generate nitrogen dioxide (NO,) and
NO [154]. This is the mechanism when NO-donors such as sodium ni-
trite (NaNO») are added in salts and creams for localized treatment of
wounds. The nitrite applied directly to the wound site reacts immedi-
ately to acidic species in the tissue microenvironment resulting in the
conversion of nitrite to NO [155]. Treatment of a combination of two
creams to the skin area while one containing NaNO3 and the latter one
containing agents such as citric or ascorbic acid, which are acidic, to
immediately generate NO. The payload carried by NO from creams and
ointments can be adjusted by changing NaNO, concentration, and also
the concentration of acid in these formulations. Zhu et al. evaluated the
effect of acidified nitrite solutions for curing non-chronic wounds in rats
and mice [156,157]. It was observed that treating non-chronic wounds
with NO-donor proved more beneficial compared to chronic wounds as
there was a 50% enhanced wound closure rate in non-chronic wounds
than in control groups. The concentration of NO was measured elec-
trochemically in wound fluid to assess the therapeutic response of this
treatment. It was observed that a concentration of (>5 x 107> m) pro-
duced remarkable wound healing potential. The healing improvements
diminished after 3 d of treatments with suspensions. NO promoted
release of altering growth factor (TGFp-1) secretion, and the
interleukin-8 (IL-8) stimulated infiltration of inflammatory cells needed
for removing impaired tissues and also pathogens. This study high-
lighted the significance of quantifying the timeline and doses of NO for
getting a maximum therapeutic response. Another important point was
elaborated that healthy and chronic wounds are quite different in their
physiology. The healing of chronic wounds is so disturbed that they do
not follow a specific healing timeline. Any enhancement in the healing
process in these cases is considered a positive outcome. In this context,
Weller et al. treated diabetic wounds to gauge the wound therapeutic
effects of acidified nitrate-containing creams [158]. Application of
acidified nitrite creams every day showed that after day 18, wound
closure was 90% greater in incisional wounds compared to control
groups which healed only 60%. The treatment of wounds with acidified
nitrite greatly determined the outcome as it was seen that applying the
cream on day 3 rather than on day one produces better outcomes.
Several studies demonstrate the importance of treating human wounds
with acidified nitrite creams. A group of 37 patients with Buruli ulcers
(mycobacterial infection on long-lasting ulcers) were treated with
acidified nitrite cream in 2004 first [158]. Two different doses of 6 and
9 wt% in aqueous cream of NaNOy/ citric acid gels were used to treat
Buruli ulcers for 6 weeks. There was a remarkable increase in the healing
process in the patients treated with nitrite-based creams. Ulcer size was
reduced by 56% with the acidified nitrite gel treatments compared to
control groups. The results showed that acidified nitrite gel treatment is
well allowed and highly efficient. After this study, Ormerod et al. carried
out treatment of wounds contaminated with methicillin-resistant
S. aureus (MRSA) bacteria using the same acidified nitrite creams as
described in the former study [159]. Treatment of wounds contaminated
with antibiotic-resistant bacteria is one of the major challenges as
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traditional antibiotics cannot remove entrenched bacteria. MRSA
Wounds contaminated with MRSA are extremely difficult to respond to
spontaneously or affected by contemporary pharmaceutical in-
terventions [160]. To overcome this problem, Weller et al. reported that
NO is very useful for controlling the growth of S. aureus in impaired
wounds [160]. Several studies performed on the susceptibility of
S. aureus to NO showed that these bacteria have a low resistance to NO
[14,97,161]. Ormerod et al. showed that the daily application of 4.5 wt
% nitrite creams for 5 days on the MRSA infected wounds fully removes
these bacteria when the study was performed for increasing the wound
closure on 15 wounds in eight patients [159]. Although a low dose of
nitrite was used in the treatment of MRSA-contaminated wounds as
aforementioned doses used for the treatment of Buruli ulcer which was
4.5 wt% vs 6 wt%, the results of acidified nitrite creams were the same
for the cure of nonhealing wounds in humans. One thing worth will be to
mention that dose discrepancy as observed in previous studies may be
due to varying conditions of chronic wounds. Friedman and co-workers
used another technology by encapsulating nitrate in a nanoparticle
(NO-np) loaded hydrogel/glass composite system instead of suspending
it in ointments [162]. The nanoparticles were prepared PEG, and chi-
tosan using tetramethyl orthosilicate as a crosslinking agent. The
nanoparticle hydrogel system containing nitrite was capable of releasing
NO for an extended period of duration (24 h) [162]. The wound healing
potential of nanoparticles containing acidified nitrite was assessed in
several preclinical studies [14,97,163]. Initially, the efficacy of the
bacterial NO-np system was tested against Acinetobacter baumannii and
MRSA infected wounds in mouse models [14,97]. The wounds showed
accelerated wound closure activity once NO-np system treatment was
applied in both cases. Mihu et al. observed that full-thickness infected
wounds completely recover within 7-8 days compared to control un-
treated wounds, where complete healing took place after 10-12 days
[97]. The analysis of infected wounds revealed that the NO-np system
drastically reduced the bacterial level. NO-np system also enhanced the
collagen content which is an indicator of tissue remodeling in the mouse
model [14,97]. NO-np treatments were applied to the human-sourced
dermal fibroblasts and their behavior was evaluated by an in vitro
scratch assay [162]. An accelerated fibroblast migration through scratch
assay with the NO-np treatments compared to control groups (non--
NO-releasing nanoparticles). The increase in fibroblast migration with
the NO-np system was evidence for increased collagen content forma-
tion as this is the primary function of fibroblast cells. This was evidence
of the biological mechanism involved in the increased collagen content
formation with the NO-treated tissue. There was another study carried
on to evaluate the wound healing effects of NO-np systems in nonin-
fected mouse wounds [164]. Again, there was an increased collagen
content formation observed in the NO-np-treated mice. There was an
infiltration of macrophage-like cells in the infected area after NO
treatment revealing that NO is involved in the movement of inflamma-
tory cells to the wound area. After the treatment with the NO-np system,
there was improved vascularization in the wound, which was respon-
sible for greater oxygenation and enhanced, a factor in promoting
wound healing [164]. Stimulating the migration of fibro-
blast/macrophage and angiogenesis with acidified nitrite to have great
potential for using this treatment for faster healing compared to un-
treated wounds. From these studies, it can be inferred that
nitrite-derived NO treatment can be applied for the nonobese, diabetic,
and severe combined immunodeficiency mice [163]. The daily treat-
ment with NO-np systems produced significant wound healing after day
7. Wound healing showed a better response (~57%) with NO treatments
compared to control groups (~15%). The authors reported that treat-
ments with NO-np were beneficial for all kinds of wounds such as
healthy, infected, and immunocompromised chronic wounds. Further-
more, it was noted that NO-np systems can be combined with traditional
wound dressings used for the treatment of diabetics struggling with
nonhealing impaired wounds. The use of a high dose of acidified nitrite
may cause severe itching or pain as noted by - Ormerod et al. in their
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studies [165]. Extreme care should be taken during the development
process of nitrite-containing creams as these may cause severe skin
irritation. It is highly important to identify the lowest useful dose of
acidified nitrite to achieve maximum healing potential. Additionally,
the release kinetics of NO from acidified nitrites should be considered
with immense care to ensure complete its therapeutic utility for healing
activity. Anyhow, NO produced from any of the systems is a very viable,
simpler, and highly useful method for accelerating the healing of
impaired wounds as shown in Table 1.

3.5. Nitric oxide encapsulated polymeric matrices

SNAP and other NO-releasing agents are impregnated into polymer
scaffolds for targeted and controllable release of this signaling molecule.
NO-releasing agents are either covalently linked with biopolymers or
blended directly into polymers to achieve physical encapsulation into
the polymers [95,131,132]. The most common examples of NO-donor
incorporated scaffolds include hydrogels, polyethylene oxide, PVC, sil-
ica particles, sol-gel, polyurethanes, polymethacrylates, silicone rub-
bers, and PEG. [95,131,132]. Li and Lee developed a very useful
copolymer of PVP-PVMMA by blending poly (vinyl pyrrolidone) (PVP)
and poly (vinyl methy] ether-co-maleic anhydride) (PVMMA) polymers.
NO-donors in the form of RSNOs precursors consisting of S-nitroso
(y-Glu-Cys)5-Gly (PC5) and glutathione (GSH) were loaded in
PVP-PVMMA copolymer [90]. The amount of NO-donor incorporated
into PVP-PVMMA copolymer was calculated to be ~ 45-80 nmol mg !
and this donor copolymer was capable of releasing NO for 10 days upon
applying the stimulus of light. The application of GSNOPVMMA/PVP
powder on the wounds produced on the skin of diabetic rats showed a
considerable improvement in wound closure on days 4, 7, and 10 but
after day 10, wound closure slowed down coinciding with the fact of

Table 1
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exhausting the NO supply from these copolymers. This study motivated
the need for the development of scaffolds that can supply NO for
extended periods [90]. Impressed by the former study, Vogt et al.
showed that the covalent linking of SNAP compound with gelatin
nanofibers can tremendously prolong the release of NO [166]. It was
proved that exposure of 1654 cd light to the SNAP incorporated gelatin
nanofibers results in the 24-59nmol mg™! discharge of NO for a pro-
longed period.

Treatment of Staphylococcus aureus by exposing SNAP incorporated
gelatin nanofibers with 54 cd light showed complete growth inhibition
of these bacteria. Exposing Staphylococcus aureus at a higher concen-
tration of NO was very useful for inhibition of growth of these bacteria
but exposing mammalian cells to a higher concentration of NO proved
toxic to their cells [167]. Later, it was established that encapsulating
NO-donors such as GSNO within polymeric biofilms could be very useful
for the treatment of chronic wounds. Kim et al. prepared NO-releasing
chitosan biofilms by impregnating GSNO for wound closure applica-
tions as NO-loaded chitosan scaffolds could be more effective due to the
synergistic effects of these two agents [168]. Chitosan is a well-known
antibacterial agent proved in a few studies [169,170]. Treating
S. aureus and Pseudomonas aeruginosa with GNSO loaded chitosan
membranes significantly inhibited the growth of these bacteria
compared to control chitosan biofilms in vitro studies [168]. Application
of chitosan films on the wounds created on the epidermis of a rat model
significantly increased the wound closure but treatment of skin wounds
with GSNO loaded chitosan membranes immensely improved the wound
closure potential compared to chitosan biofilms on day 15 [168].

NO-releasing chitosan films enhanced granulation of tissues and
collagen content formation which was observed from the tissue sections
of recovered wounds. The outcomes of this study revealed that NO-
releasing chitosan biofilms are very useful for inhibiting the growth of

Detailed information regarding nitric oxide-releasing biomaterial for wound healing applications.

Materials used Date of Experimental system Animal model Application Work reported
publication by
PEO-PPO-PEO (F127) micelles,poly(acrylic acid) (PAA), S- July 2018 Hydrogel Mice Wound healing Champeau et al.
nitrosoglutathione (GSNO) [107]
Poly(e-caprolactone) (PCL) and chitosan-based NO-releasing May 2017 Wound healing Mice Wound Healing Zhou et al.
biomaterials dressing [108]
PEI-PO-NONOate polymer March 2019 Nitric oxide donor Mice Wound Healing Zhang et al.
polymer [75]
Human placenta-derived MSCs (hP-MSCs) by NO stimulation ~ July 2017 Nitric oxide donor In vitro stem Angiogenic activity Duetal. [110]
polymer cells
AnCeO4 NPs July 2019 Nanoparticles Mice Wound healing Maetal. [110]
S-nitrosoglutathione (GSNO), alginate, pectin, and Oct 2019 Hydrogel Mice Antibacterial activity and Leeetal. [112]
polyethylene glycol (PEG) wound healing
Pluronic F127 hydrogel containing S-nitrosoglutathione June 2012 Hydrogel Wistar rats Inflammatory pain Verceline et al.
(GSNO) [143]
S-nitrosoglutathione (GSNO) Jan 2020 Film membranes Mice Antibacterial and wound Choi et al.
healing [116]
Acrylonitrile (AN)-based terpolymers Feb 2015 Electrospun nanofibers Mice Wound healing Lowe et al.
[117]
Glycosylated NO compound and chitosan Nov 2013 Polysaccharide-based Mice Wound healing Zhao et al.
biomaterials [118]
Poly(N-isopropyl acrylamide) (PNIPAM) 2020 3D hydrogel Cell proliferation and Rivero et al.
growth [121]
S-Nitroso-N-acetylpenicillamine (SNAP)And gelatin Aug 2013 Nanofibrous matrix In vitro Antibacterial activity Vogt et al.
[159]
Honey, a nitric oxide (NO) donor, S-nitroso-N-acetyl- Feb 2021 Electrospun In vitro Antibacterial Ghalei et al.
penicillamine (SNAP), and polylactic acid (PLA) nanofibers membranes [113]
Chitosan (CS), polyvinyl alcohol (PVA), and S-nitroso-N- June 2019 Hydrogel Chick embryo Angiogenic activity Zahid et al.
acetyl-DL-penicillamine (SNAP) [22]
Pluronic F127, branched polyethylenimine (BPEI), and June 2011 Hydrogel Cell culture Promote cell proliferation Kim et al. [97]
diazeniumdiolates (NONOates)
GSNO, SNAC and Synperonic F-127 Nov 2004 Hydrogels Human skin Promote vasodilation and Seabra et al.
blood flow in the skin [169]
Gelatin methacrylate (GelMA) and S-Nitroso-N- August 2021 Hydrogel In vitro and in Accelerate wound closure Zahid et al.
acetylpenicillamine (SNAP) vivo rat model process [205]
Tetramethylorthosilicate, polyethylene glycol, chitosan, Oct 2009 Nanoparticles Mice Accelerate wound closure Martinez et al.

glucose, and sodium nitrite

process

[17]
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bacteria and tissue remodeling during wound healing applications
[171]. In another study, it was demonstrated that hydrogel loaded with
GSNO accelerates wound closure by supplying NO to the affected site
and hydration. De Oliveira and coworkers impregnated S-nitroso
N-acetylcysteine and GSNO (low molecular weight NO-donors such)
into hydrogel scaffolds of Pluronic-F127 to evaluate their effect on blood
flow [172]. The release of NO from these formulations was stabilized
and extended for 3 h after the protection of GSNO from photothermal
decomposition. The dermal flow of blood was tremendously enhanced
for 3 h when NO-releasing hydrogel was applied over human forearms
[173]. In the same direction, another study revealed that upon appli-
cation of a NO-releasing hydrogel, blood supply around a wound site is
improved substantially resulting in the accelerated wound healing
process in diabetes-induced rats [173]. This was examined when two
different doses (23 x 1072 and 230 x 10~> m) of GSNO impregnated
hydrogels were put on the surfaces of the wound. The hydrogel with a
high dose of GSNO produced an enhanced rate at which wound closes
activity both in normal and diabetic rats. The hydrogel containing a low
dose of NO-releasing donor did not show any effect on blood supply
around the wound site suggesting a threshold amount of GSNO required
enhancing perfusion. Interestingly, high dose treatment of NO did not
exhibit any side effect on the systolic blood flow or heartbeat of rats
suggesting NO is non-toxic and tolerable to the mammalian body.
Amadeu et al. have seen that GSNO application which is loaded with
hydrogel during both inflammatory and proliferative phases of the
wound healing process produces better-wound closure results compared
to using this formulation in one stage only [174].

GSNO loaded hydrogels were applied to the wounds produced on the
skin of a rat for 8 h. It was noted that treatment of wounds over both
proliferative and inflammatory stages resulted in a 50% recovery of
wound area while treating the wound only in one phase showed a 16.6%
recovery of wound size. The benefits of treatments with NO gas during
proliferative and inflammatory phases were witnessed by enhanced
granulation, re-epithelization, and collagen content formation. In
another study, de Oliveira and co-workers used a combination of NO-
releasing hydrogels and NO-releasing biofilms for the treatment of
wounds created in the skin of a mouse model [147]. They developed
GSNO impregnated Pluronic-F127 hydrogels and applied them over the
skin wound during the early phase of the process of wound healing.
Later, RSNO loaded biofilms formed from PVA and a polymer were
applied over the hydrogel scaffolds as an additional covering. The
covering of hydrogel with PVA biofilms prevented the burst NO release
from the GSNO-donor which further resulted in an extended-release of
NO for 24 h. The prolonged availability of NO from these formulations
leads to enhanced wound closure by improved granulation, epitheliza-
tion, and collagen content disposition. The improved wound closure was
attributed to controlled, sustained, and prolonged release of NO from a
combination of NO-releasing hydrogels and biofilms.

4. Nitric oxide and nitric oxide loaded patches in diabetic
wound healing

Nitric oxide-releasing agents loaded in patches increase the wound
closure process by increasing angiogenic activity, tissue remodeling, and
regeneration.

4.1. Nitric oxide-releasing patches promote diabetic wound healing

During diabetes, the secretion of insulin by pancreatic $-cells, and
the response of the body cells to the insulin are reduced considerably.
Studies suggest that the secretion, release, and signaling of insulin are
dependent specifically upon the levels of NO and therefore, any change
in NO generation may affect the etiology of diabetes. An insufficient
amount of NO is released when there is decreased synthesis of L-arginine
endogenously and increased interaction of NO with O,. During diabetes,
the level of L-arginine drops drastically in plasma and there is a reduced
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generation and functioning of NO-associated pathways. Increasing the
intake of arginine-enriched food supplements not only increases the
amount of L-arginine in blood plasma but also improves the efficiency of
various signaling pathways. Seifter et al. showed that arginine supple-
mentation in the diet of animals improved wound healing as assessed
through increased collagen deposition and wound breaking strength
[176]. Furthermore, Witte et al. showed that administration of a
NO-donor, molsidomine, to diabetic animals also significantly improved
the wound breaking strength [177]. In a double-blinded clinical trial
performed in 2014, oral dietary supplementation of arginine in diabetic
patients with poor limb perfusion and/or albumin content of less than
40 g/1 in plasma, were more likely to undergo wound healing than
controls by approximately 1.7 times. However, the direct effects of NO
on wound characteristics remained uncertain in that study [178]. Other
than dietary arginine, direct administration of arginine to wounds has
also yielded good results [179]. Heffernan et al. used the same principle
of topical administration of arginine and examined tissue morphology to
find out its impact on wound closure rates. They found keratinocytes
(which are flatter, have thinner epidermis with cuboid morphology) in
the arginine supplemented group. Researchers concluded that these
morphological changes enhance the proliferation and differentiation of
keratinocytes which explain accelerated wound healing rates in the
arginine-administered group [180]. Reesi et al. found tremendous re-
sults by using nanofibrous hydrocolloid-based wound dressing for
controlled release of arginine. Nanofibers are proved to have a high
aspect ratio and a 3-D structure that absorbs wounds exudates and
promotes skin regeneration, homeostasis, and cell proliferation [181].
Furthermore, increasing the amount of L-arginine in plasma also in-
creases the f-cell mass/ functions and enhances insulin sensitivity
through the excessive generation of NO. This provides enough evidence
that NO has an important role in energy regulation,
endothelium-dependent relaxation, and reduces vascular disturbances.
Higher amounts of L-arginine result in increased regeneration of f-cells
in the pancreas (Vasilijevi¢, Buzadzi¢, et al. 2007) and thus, enhances
insulin production and secretion (Lajoix, Reggio et al., 2001). Improved
amounts of L-arginine through different routes result in the elimination
of the endogenous NOS inhibitor ADMA (asymmetric dimethyl-L-argi-
nine) through cationic anion transporter thus displaying the significance
of L-arginine [182]. Furthermore, a decrease of ADMA amount in dia-
betes significantly reduces most of the vascular complications [183].

Another important factor is that reduced bioavailability of NO is
linked to hyperglycemia and hyperlipidemia. During these conditions,
O, is produced continuously, and consequently, the rate of 0% dis-
mutation becomes quite low compared to NO interaction with 0%~
which could be a contributing factor for the reduced bioavailability of
NO. Under diabetic conditions, mimics of (superoxide dismutase) SOD
can be used to control the levels of NO and Oy . The studies suggest that
although SOD mimics were primarily designed to counter the abnor-
mally high levels of Oy, subsequent investigations revealed that these
mimics also decrease drastically ONOO™ [186]. Insulin sensitivity can
be increased and metabolic complications in diabetes can be reduced by
using the compounds that restore the energy-producing capacity by
improving the functionality of mitochondria [186,187].

4.2. Nitric oxide-releasing patches can enhance angiogenesis in diabetic
wounds

NO is a vigorously active radicle with a broad range of physiological
activities. As mentioned earlier depending on its concentration, NO can
augment cell proliferation and promote angiogenesis leading to better
and faster wound healing [188]. Angiogenesis is the complex process of
production of new blood vessels from the pre-existing vascular bed and
is organized by different growth factors and cytokines. It is extremely
important in maintaining vascular integrity in the wound healing pro-
cess as evident from Fig. 4. NO is produced by vascular endothelial cells
to regulate vascular homeostasis hence, disturbance in this production



R. Ahmed et al.

can lead to many adverse effects on the vascular system [189]. The part
played by NO in angiogenesis was demonstrated in 1997 by Ziche et al.
[170]. The role of VEGF (vascular endothelial growth factor) has been
highlighted lately in inducing angiogenesis via an EDNO-dependent
pathway [190]. Zhang et al. found promising results to promote
angiogenesis after incorporating NO-releasing chitosan hydrogel to
enhance the effectiveness of placenta-derived mesenchymal stem cells in
hindlimb ischemia therapy in vivo [191]. Further research is required to
understand and manipulate the role of NO in angiogenesis and its
anti-cancer effects.

4.3. Nitric oxide-releasing agents improve tissue regeneration and
remodeling

Clinical attention was drawn to the oral administration of L-arginine,
which causes NO production, as it strengthens the patient’s immune
system as well as promotes rapid wound healing [192]. Reactive NO
intermediates, as a consequence of arginine metabolism, found in the
early inflammatory phase of the wound repair emphasized the impor-
tance of NO and its biological properties [193]. Further studies found a
correlation between lowered NOS activity and impaired wound healing
when there was a decrease in the deposition of the extracellular matrix
[194]. Yamasaki et al. demonstrated that iNOS produces adequate
amounts of NO that lead to important tissue functions during the in-
flammatory phase of wound healing [195]. In the repair process, inhi-
bition of iNOS enzymatic activity leads to the loss of proliferation
capacity of keratinocytes and hence delay in re-epithelialization. Studies
show that the expression of eNOS mRNA is reduced in diabetic wounds
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tissues as compared to its expression in tissues present in normal wounds
[196]. The consequences of reduced expression of eNOS mRNA results
in a decrease in the production of growth factors that increase endo-
thelial cell proliferation and thus angiogenic activity as shown in
Fig. 5A. In addition, NO produced by iNOS in wounds increases VEGF
and chemokines expression at the repair site [197]. Lee et al. found that
mice with eNOS deficiency had delayed wound closure [198]. Stall-
meyer et al. also confirmed that eNOS enzymatic activity contributes to
epithelial regeneration. They also showed that subjects with eNOS
deficiency had reduced wound margin epithelia [199]. Dou et al. [184]
and Wan et al. [185] found that as NO-releasing poly(e-caprolactone)
(PCL)/sulfonated keratin (Fig. 5B) and S-nitrosated keratin (Fig. 5C)
composite platforms can be potentially used for tissue engineering. In
general, it seems that combining NO catalytic and vascular cell targeting
can enhance the probability of wound healing in different tissues [200].
For example, it has been well-documented that NO-releasing chito-
san-poly (vinyl alcohol) hydrogel could enhance angiogenesis ex vivo
[194].

5. Challenges and prospects

It is a well accepted fact by the scientific community that NO plays
important role in achieving the rapid healing of diabetic wounds and
promoting blood vessel formation. However, there is still a lack of
authentic data regarding the therapeutic window and side effects due to
long-term use. Most of the higher oxides of nitrogen are eye, skin, and
respiratory tract irritants [201,202]. NO can react with oxygen and form
nitrogen dioxide (NOy) which is a corrosive material that creates nitric
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Fig. 5. (A) Differential expression of NO-related genes and production of NO in normal and diabetic wounds. Reduced expression of eNOS mRNA leads to a decrease
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engineering based on a NO-releasing capability. Reproduced from Ref. [184] with permission from Elsevier. (C) S-nitrosated keratin platforms with NO release
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and nitrous acids upon reaction with water and is more toxic to the
biological system than NO [203]. Nitric acid formed from NO2 may lead
to second-and third-degree skin burns [204]. NO, itself is a powerful and
quick inducer of methemoglobinemia [205]. Methemoglobin inducers
including NO, are fetotoxic and have affected behavior as well as growth
statistics in newborn mice [206]. Exposure to nitrogen oxides may cause
abnormalities in the pulmonary system such as pulmonary edema,
bronchitis, bronchiolitis, pneumonitis, and emphysema [207]. NO, and
NO; can also result in cough, hyperpnea, and dyspnea. Damage to, and
subsequent scarring of, the bronchioles may result in life-threatening
symptoms and inadequate oxygenation of the tissues. Above
mentioned complications and side effects of NO-based agents and dia-
betic wound healing formulations or patches loaded with them should
be carefully addressed before their clinical application. Future studies
should also focus on strategies that help to minimize such complications
such as controlling the release rate, the stimuli-responsive release of NO,
incorporation of agents that can neutralize NO after achieving required
therapeutic effects, and approaches to prevent the conversion of NO into
NO,.

Although a central role for NO on wound repair has been well-
recognized by in vitro and in vivo experiments as well as by clinical
studies to some extent [208], the application of NO-releasing agents in
the treatment of diabetic wounds has not been very common in clinical
practice. One possible reason for the failure of markedly accelerating the
closure of chronic wounds may be due to fast clearance of released NO in
the wound fluids, which may impair the ability of endogenous and
exogenously applied NO to stimulate healing. The fast clearance is ex-
pected as NO is a short-lived gas molecule. The use of relatively stable
NO-donors in hydrogel patches can solve this issue to some extent. In a
recent study, we have demonstrated that loading of SNAP in GelMA
hydrogel can ensure the slow release of NO and is effective in promoting
wound healing in diabetic rats [209]. Nanoformulation approaches to
protect NO-donors inside a relatively hydrophobic shell/capsule may be
an efficient method for achieving sustained release of NO for a longer
period on the wound site for achieving the healing of diabetic wounds.
Some recent studies focused on the development of iNOS loaded nano-
particles for the osteogenic differentiation of embryonic stem cells. Lee
and coworkers found that iNOS loaded with mineralized nanoparticles
showed a significant increase in NO concentration without any adverse
effects on cells [210]. Such efforts can be directed towards the devel-
opment of wound healing patches loaded with iNOS releasing nano-
materials. Use of stable nanomaterials that can activate the iNOS
pathway and induce the generation of NO in the biological system could
be a very promising area of future research. Some initial studies show
promising outcomes in this direction. For example, in one of the studies,
the incorporation of iNOS inducible europium hydroxide nanorods in
tissue engineering scaffolds showed pro-angiogenic properties as well as
enhanced cell growth in vitro and in vivo systems. It has shown great
potential in the fields of vascular disease therapy and tissue engineering
[211]. Similarly, Arancibia et al. used copper nanoparticles and Liu et al.
used gold nanoparticles with iNOS activity in vivo for their preliminary
experiments and got promising results [212-214].

To harness the full potential NO in diabetic wound healing, multiple
approaches along with NO delivery may be required. Recently drug
delivery biomaterials with intrinsic or innate anti-diabetic activity and
vasculoprotective effects have been identified [93,215]. The combined
formulation of such materials together with NO-donors might offer an
added benefit in the potential treatment of diabetic wounds. In addition,
the use of anti-inflammatory drugs (e.g., NSAIDs) with NO generation
potential may provide double benefit compared to the administration of
other NO-releasing agents [216]. Along with the approaches for the
effective delivery of NO through wound healing patches, gene manip-
ulation to enhance the NO generation in the viable cells of the wound
could be another promising approach to effectively utilize the potential
of NO in diabetic wound healing. For instance, an interesting gene
manipulation study showed that the systemic delivery of iNOS
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conjugated nanoparticles increased the nitrate levels in the blood [217].
Although this study was focused on cancer therapy, such approaches
pave a direction for the effective use of genetic engineering and nano-
technology to achieve the manipulation of molecular pathways regu-
lating NO generation for the treatment of diabetic wounds. Thus, despite
the huge progress in the field of biomaterials science in developing NO
generating biomaterials aiming at the rapid diabetic wound healing,
future studies should focus on the approaches aiming to reduce the
possible adverse effects, control the NO release and increase the stability
of NO-donors. This can be achieved wusing advanced
nanotechnology-based smart carriers, stimuli-responsive polymers,
novel designs as well as gene manipulation techniques before clinical
trials and the ultimate translation to the clinical settings for the man-
agement of unmet clinical challenges.

6. Conclusions

NO produced endogenously by endothelial cells under normal
physiological conditions stimulates cell proliferation, cell migration,
and differentiation of stem cells leading to enhanced vascularization and
faster healing of wounds. In the case of diabetic wounds, the endogenous
supply of NO is reduced or slowed down, and this insufficient supply of
NO could not meet the critical challenges such as microbial infections,
chronic inflammation, and nutrient deficiency to the growing cells
mainly due to lack of angiogenic activity. Topical application of NO
from exogenous sources such as NO-donors could fulfill these needs,
however, fast degradation rates of NO-donors prevent smooth and sus-
tained supply to impaired diabetic wounds. Thus, the use of hydrogels
and other polymers to protect and facilitate the controlled release of NO-
donors or NO is a promising approach in diabetic wound treatment.
Although there is already has been considerable progress made, still
future studies should focus on the approaches aiming to reduce the
possible adverse effects, control the NO release and increase the stability
of NO-donors.
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