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Nitric Oxide: Physiological Functions, Delivery, and
Biomedical Applications

Syed Muntazir Andrabi, Navatha Shree Sharma, Anik Karan, S. M. Shatil Shahriar,
Brent Cordon, Bing Ma, and Jingwei Xie*

Nitric oxide (NO) is a gaseous molecule that has a central role in signaling
pathways involved in numerous physiological processes (e.g., vasodilation,
neurotransmission, inflammation, apoptosis, and tumor growth). Due to its
gaseous form, NO has a short half-life, and its physiology role is
concentration dependent, often restricting its function to a target site.
Providing NO from an external source is beneficial in promoting cellular
functions and treatment of different pathological conditions. Hence, the
multifaceted role of NO in physiology and pathology has garnered massive
interest in developing strategies to deliver exogenous NO for the treatment of
various regenerative and biomedical complexities. NO-releasing platforms or
donors capable of delivering NO in a controlled and sustained manner to
target tissues or organs have advanced in the past few decades. This review
article discusses in detail the generation of NO via the enzymatic functions of
NO synthase as well as from NO donors and the multiple biological and
pathological processes that NO modulates. The methods for incorporating of
NO donors into diverse biomaterials including physical, chemical, or
supramolecular techniques are summarized. Then, these NO-releasing
platforms are highlighted in terms of advancing treatment strategies for
various medical problems.
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1. Introduction

Nitric oxide (NO) is a ubiquitous gaseous
molecule that is water soluble and can pass
freely across cell membranes. It has a free
radical structure making it notoriously nox-
ious and possesses an extra electron which
allows it to be highly reactive.[1] In the late
1900s, NO was reported as an endothelial-
derived relaxing factor produced by blood
vessels instrumental in vasodilation.[2] En-
dogenous NO serves as an important effec-
tor and signal transduction molecule in nu-
merous cellular processes involved in phys-
iological states such as vasodilation, im-
mune responses, neurotransmission, apop-
tosis, reproduction, regulation of gene tran-
scription, mRNA translation, and post-
translational modifications of proteins.[3]

These physiological functions of NO are
promoted at extremely low concentrations
ranging from pico-nanomolar.[4] NO dys-
regulation occurs due to decreased synthe-
sis, half-life in tissues, and potency lead-
ing to cardiovascular diseases and aging.

On the contrary, higher concentrations of NO promote oxidative
stress as its cellular properties and targets are different leading
to cytotoxicity. Under these circumstances, NO causes diseases
related to neurotransmission and cancer.[5] The role of NO in
cellular processes and signaling has been well elucidated, which
is mainly concentration dependent. As NO has a multifaceted
role in physiologic and pathologic scenarios, NO must be deliv-
ered to a target site in the right dose at the right time to exert
biological functions (Figure 1). However, NO gas is quite chal-
lenging to handle as it prevents oxidation to nitrogen dioxide by
readily excluding oxygen. Nevertheless, delivery of NO gas to the
lungs via inhalation has proven to be therapeutic in pulmonary
hypertension.[6] Apart from this specific application and given
the volatile nature of NO, a molecular carrier is often required
to steadily release it at a target site. Due to the enormous thera-
peutic potential of NO, research in the past two decades has been
focused on developing NO-releasing platforms and donors that
can precisely control the amount of NO released at target sites
while limiting cytotoxicity. NO donors not only store and release
NO but also improve NO pharmacokinetics. In this review arti-
cle, we first detailed the process of NO production and its sig-
naling, which is involved in numerous roles in human physiol-
ogy and diseases. We next discussed various NO donors, delivery
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Figure 1. Major physiological roles mediated by exogenously and endogenously produced NO. Figure created using BioRender.com.

systems, and their applications in the biomedical field. Finally,
we concluded and presented perspectives that can prompt future
research in the field of NO.

2. NO Production, Signaling, and Roles in Human
Physiology and Diseases

2.1. NO Production

Endogenous NO is enzymatically generated from l-arginine by a
distinct family of NO synthase (NOS). NOSs are oxidoreductase
homodimeric enzymes constitutively expressed by neuronal cells
(nNOS or NOS1), immune cells (inducible NOS, iNOS or NOS2)
as well as endothelial cells (eNOS or NOS3).[7] All isoforms
of NOS oxidize and cleave the guanidine group of l-arginine
to release NO and yield l-citrulline as a co-product. NOSs uti-
lize cofactors such as nicotinamide adenine dinucleotide phos-
phate (NADPH) as electron donors and require oxygen for the
catalysis of l-arginine.[8] The rate-limiting step in the NOS-
dependent release of NO is the availability of intracellular l-
arginine.[9] The level of intracellular arginine is regulated by
the action of arginosuccinate lyase, which converts citrulline
back to arginine, thereby maintaining the levels of l-arginine
within the cell.[10] NOS is composed of: i) an oxygenase domain
at the amino-terminal which contains the binding sites for l-
arginine and cofactor tetrahydrobiopterin (BH4), as well as a clus-
ter of ferric heme and ii) a reductase domain that binds electron
donors’ NADPH, flavin adenine dinucleotide (FAD), and flavin
mononucleotide (FMN). The oxygenase and reductase domains
are connected by a specific sequence that binds the Ca2+-activated
calmodulin complex.[7b,11] Once NOS is activated, electrons from
NADPH are transferred by the flavins in the reductase domain to
the heme group in the oxygenase domain of the other monomer.

This causes the binding of oxygen (O2) to the reduced heme iron
(Fe2+) resulting in the sequential conversion of l-arginine to HO-
l-arginine, then NO and l-citrulline.[12] The transfer of electrons
is enabled by the recruitment of the Ca2+-calmodulin complex.
High intracellular Ca2+ levels (with a half-maximal activity be-
tween 200 and 400 nm) are crucial for this complex to bind eNOS
and nNOS; while basal Ca2+ concentrations (below 40 nm) pro-
mote its binding in iNOS.[13] All NOS isoforms have a zinc thio-
late cluster formed by zinc coordination in a tetrahedral confor-
mation with two cysteine (C) motifs (CXXXXC) at the dimer in-
terface. Zinc in NOS is mainly for structural support rather than
catalytic function.[14] The zinc thiolate cluster is critical for the
binding of BH4 and l-arginine.[14,15] During the transfer of elec-
trons from the reductase domain to the oxygenase domain, BH4
is oxidized to either a trihydrobiopterin radical (BH3

•) or a trihy-
dropterin radical cation protonated at the N5 position (BH3

•H+).
This radical cation can be reduced to BH4 either by NOS which
utilizes the electron released by the flavins, or by reducing agents
such as ascorbic acid which are present in the cells.[7a,16] The NO
released by NOS can target numerous enzymes and proteins in
the cells. It mainly activates soluble guanylyl cyclase and gener-
ates cyclic guanosine monophosphate (cGMP).[17] Each isoform
is localized to a cellular-subcellular location which subsequently
dictates compartmentalized NO production and its downstream
effector signaling.

eNOS is a 133 kDa protein with 1203 amino acids encoded by
the NOS3 gene located on 7q35-7q36 of human chromosome 7.
It is expressed mainly in endothelial cells of the vascular endothe-
lium and endocardium as well as cardiomyocytes, platelets, and
erythrocytes.[18] Activation of eNOS is induced by shear stress and
strain. eNOS mRNA stabilization and protein expression are co-
operatively regulated by the transcriptional factors nuclear factor-
𝜅B (NF-𝜅B) and Krüppel-like factor 2 (KLF2).[19] Another factor
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that influences the expression and activation of eNOS is reactive
oxygen species. Specifically, hydrogen peroxide mediates eNOS
transcription by either receptor-mediated or physical stimulus
leading to the activation of p38 mitogen-activated protein kinase
(MAPK). Other factors that can regulate the eNOS expression
include epigenetic changes such as DNA methylation and poly-
morphisms that can influence its gene expression as well as nu-
merous microRNA that regulate eNOS post-transcriptionally.[19b]

eNOS activation is further fine-tuned by post-translational mod-
ifications such as phosphorylation, acetylation, S-nitrosylation,
and S-glutathionylation.[19b,20] In an inactive form, eNOS is acy-
lated on glycine, cysteine, and lysine residues which enables
its attachment to the transverse-tubule plasma membrane, sar-
colemma, and to a lesser extent to the Golgi apparatus in en-
dothelial cells and cardiac myocytes. eNOS interacts with the
scaffolding domain of caveolin 1 or 3 to remain in its inactive
state.[21] Upon ligand-receptor binding or agonist stimulation,
diacylation of eNOS causes its release from the membrane fol-
lowed by an increase in the intracellular calcium levels to dis-
rupt the eNOS-caveolin complex. Recruitment of heat shock pro-
tein 90 and RAC𝛼 serine/threonine protein kinase phosphory-
lates eNOS on serine residue 1177 (activation site) while protein
phosphatases, PP1 and PP2A23 and PP2B (calcineurin) dephos-
phorylate Threonine 495 to block the inhibitory site.[19b,22] Ac-
tive eNOS translocate into the cytosol where additional kinases
dictate its role in NO synthesis. Phosphorylation of eNOS at
serine 615 or 633 by 5ʹ-AMP-activated protein kinase (AMPK),
calcium/calmodulin-dependent protein kinase type II (CaMKII)
and cAMP-dependent protein kinase (PKA) and tyrosine 81 by
protooncogene tyrosine-protein kinase Src results in increased
NO production.[19b] On the other hand, phosphorylation of ser-
ine 114 by ERK1, ERK2, and protein kinase C and tyrosine 657
by protein-tyrosine kinase 2𝛽 (PYK2) is associated with a decrease
in NO synthesis.[23] S-nitrosylation of zinc tetrathiolate cluster at
cysteine 94 and 99 residues limits electro-transfer with the ho-
modimer leading to eNOS inhibition and agonist stimulation
of eNOS causes denitrosylation.[20c] eNOS uncoupling occurs in
pro-oxidative conditions due to S-glutathionylation.[20d]

nNOS is a 1434 amino acid-containing protein with a molec-
ular weight of 161 KDa encoded by the NOS1 gene present on
the 12q24.2 location on chromosome 12 in humans. It is highly
expressed in vascular smooth muscle cells (VMSC), synaptic
spines, sarcoplasmic reticulum of cardiomyocytes, cardiac neu-
rons, and ganglia.[21,22] nNOS share a structural similarity to the
other NOS except for the presence of a PDZ (post-synaptic den-
sity protein, discs-large, ZO-1) domain at its N-terminus. nNOS
utilizes the PDZ domain to interact with other PDZ-containing
proteins.[22d] Five splice variants of nNOS are reported to date:
nNOS𝛼, nNOS𝛽, nNOSμ, nNOS𝛾 , and nNOS1-2. Of these, only
nNOS𝛼 and nNOSμ have PDZ domain which by interaction
with other proteins, can restrict the localization of nNOS𝛼 and
nNOSμ to the plasma membrane connected via 𝛼-syntrophin in
myocytes.[23] nNOS𝛽 and nNOS𝛾 do not have a PDZ domain
and are present in the cytosol.[18b] Depending on the anchoring
of nNOS to the membrane or cytosolic proteins via PDZ-PDZ
or C-terminal-PDZ interaction, NO activity varies. nNOS activa-
tion is promoted by post-synaptic density protein-95 (PSD95) that
can couple N-methyl-d-aspartate receptor (NMDAR) with nNOS
leading to NO release.[24] Another adaptor protein, the carboxyl-

terminal PDZ ligand of neuronal NOS protein (CAPON) binds
to the N-terminal PDZ domain of nNOS to enhance nNOS activ-
ity. CAPON interacts with Dexras1 (a brain-enriched member of
the Ras family of small G proteins) which is selectively induced
by dexamethasone.[25] The interaction of nNOS and CAPON can
deliver released NO to Dexras1 to promote its S-nitrosylation at
cysteine 11 which is important in iron uptake by neurons.

Three nNOS phosphorylations have been reported to date.
Phosphorylation of Ser 852 in a CaMKII-dependent manner re-
duces the activity of nNOS by blocking the binding of calcium-
calmodulin. On the contrary, another phosphorylation of Ser
1417 in an AKT-dependent manner elevates the nNOS function
in cardiac cells and VMSCs.[19b,26] Phosphorylation of nNOS at
Ser1412 by AMPK is observed in murine HL-1 cardiomyocytes
which are exposed to oxidative stress.[27] The function of nNOS
is regulated by its compartmentalization to the myocardium
through modulating calcium fluxes in the intracellular or sar-
colemma space at the sarcoplasmic reticulum and plasma mem-
brane respectively.[28] The nNOS function is inhibited in all tis-
sues other than the myocardium by the interaction of endoge-
nous inhibitor, and protein inhibitor of nNOS (PIN).[29] It can
interfere with electron transfer from the reductase domain to the
oxygenase domain along with making the heme centers inacces-
sible to oxygen.

iNOS: Earlier studies on NO identified its pro-inflammatory
functions in macrophages but it is clear from recent studies
that NO is released and mediated by different cells involved in
anti-inflammation.[30] The dual inflammatory response of NO is
mainly based on the cells involved and the complex chemistry of
the NO functions. In inflammatory processes, NO is mainly re-
leased by the enzymatic function of iNOS which is not typically
expressed in resting cells and is induced by the inflammatory cy-
tokines or microbes.[30b,c] iNOS is a 1153 amino acid protein with
a molecular mass of 130 kDa. It is encoded by the NOS2 gene
located on human chromosome 17 at 17q11.2-q12. Expression of
iNOS occurs primarily in oxidative or inflammatory conditions in
various cells such as macrophages, VMSCs, fibroblasts, endothe-
lial cells, cardiomyocytes, leukocytes, and nerve cells.[19b,31] It is
located in the cytosol to produce NO. In comparison to eNOS and
nNOS, it is calcium-dependent, and its expression levels are tran-
scriptionally regulated.[32] iNOS remains highly stable at both the
mRNA and protein levels.[30a] Once assembled, it can function
100–1000 higher than that of eNOS and nNOS under basal lev-
els of intracellular calcium. With high activity, iNOS can generate
large amounts of NO for a longer duration (days) until either the
levels of substrates and cofactors decrease or the degradation of
the enzyme itself.[33] The sustained high release of NO will cause
the production of various reactive nitrogen oxide species (RNOS).
These RNOS can mediate a large spectrum of physiological and
pathological remodeling functions occurring in the cardiovascu-
lar system.[34] Hence, the release and function of iNOS need to be
regulated. In an inflammatory response, activated macrophages
are central effector cells. They can release pro-inflammatory cy-
tokines such as tumor necrosis factor (TNF-𝛼) and interleukin-
1𝛽 (IL-1𝛽) or immunomodulatory/anti-inflammatory cytokines
such as IL-4, IL-6, IL-10, and transforming growth factor 𝛽 (TGF-
𝛽). The levels of pro-inflammatory and anti-inflammatory cy-
tokines regulate the levels of NO. An increase in NO release
is promoted by the excessive production of pro-inflammatory
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cytokines while in the presence of anti-inflammatory cytokines,
the release of NO is suppressed by downregulating the expres-
sion of iNOS.[30c,35]

2.2. NO Signaling

NO is structurally simple as well as highly reactive and can read-
ily form various nitrogen oxides which result in a decrease in
its bioavailability. It has a very short half-life under physiological
conditions. It can only travel very limited distances before being
oxidized. Reaction products of NO such as nitrite, nitrate, and
derivative of S- or N-nitroso proteins and iron-nitrosyl complexes
are not only metabolic products but can be reduced to release
NO by the means of numerous reactions. These NO-containing
products not only function as reservoirs for NO but can also travel
to remote tissues via circulation to make NO available for recipi-
ent tissues.[36] Hence, the bioavailability of NO is dependent both
on free NO radicals and NO-releasing compounds. Additionally,
oxidizing agents present in the cytoplasm of cells can also limit
the intracellular bioactivity of NO by reducing the diffusion effi-
ciency of NO (which is normally within ≈100 μm from its origin).
The limited diffusion of NO combined with the NOS subcellular
localization confines NO functions to target proteins that are co-
localized with NOS within multiprotein signalosomes.[4]

NO signaling works via classical and non-classical mech-
anisms to promote cellular functions. The classical NO sig-
naling mechanism has a long range and the signal is trans-
mitted relatively long distances from the NO source.[37] The
classical mechanism of NO signaling is achieved through
the activation of guanylate cyclase. NO binds to the pros-
thetic heme group on the enzyme to activate its soluble form
which can, in turn, catalyze the conversion of guanosine 5′-
triphosphate (GTP) to 3′,5′-cyclic guanosine monophosphate
(cGMP). cGMP is the second messenger molecule and acti-
vates cGMP-dependent serine/threonine protein kinase (PKG)
which then modulates various cell processes including cardio-
protection (from both reactive hypertrophy and reperfusion in-
jury), inflammatory responses, phagocytic defense mechanisms,
inhibition of platelet aggregation, vasodilation, neurotransmis-
sion, and calcium homeostasis.[38] cGMP is hydrolyzed into an
inactive 5′-GMP metabolite by the phosphodiesterase enzyme. A
balance between the levels of soluble guanylate cyclase and in-
hibitory phosphodiesterase determines the levels of cGMP. The
rate of cGMP synthesis is 10-fold lower than its catabolic conver-
sion by PDE in most cells.[39]

The non-classical mechanism of NO signaling involves the co-
valent post-translational modification of biomolecules by NO and
its derivatives. S-nitrosylation of protein thiols, oxidative nitra-
tion, hydroxylation, and metal nitrosylation of transition metals
are the most common modifications promoted by NO.[40] Nitro-
sylation occurs by the covalent incorporation of an NO nitrosyl
moiety into another molecule. Nitrosylation at the thiol group of
cysteine is named S-nitrosylation, while nitrosylation of a tran-
sition metal is referred to as metal nitrosylation. S-nitrosylation
occurs at physiological pH and is a known mechanism to regu-
late protein conformational changes, and post-translational mod-
ifications such as phosphorylation, acetylation, ubiquitination,
methylation, disulfide bond formation, and hydroxylation.[40,41]

S-nitrosylation regulates cell processes such as transcription,
DNA repair, growth, differentiation, and apoptosis.[40,41b] In
metal nitrosylation, NO interacts with the metal center of a heme
molecule to activate or inhibit the function of proteins. For in-
stance, NO binds to the ferrous heme of soluble guanylate cy-
clase (sGC) causing a conformational change that activates it. On
the other hand, when NO binds to the heme of cytochrome C,
which is involved in the electron transport chain located within
the mitochondria, the function of cytochrome C is blocked.[42]

NO also has a higher binding affinity to ferrous hemoglobin than
oxygen or carbon dioxide. In ischemia-reperfusion where oxygen
levels are elevated, hemoglobin preferentially binds to NO which
displaces oxygen and confers protection to the tissues from oxy-
gen toxicity.[43] NO has protective effects at pico- and nanomo-
lar concentrations. However, it is cytotoxic at higher concentra-
tions. It can react with reactive oxygen species (ROS), specifically
superoxide, to form peroxynitrate causing peroxidation of lipids,
thiols, amines, fatty acids, nitrate tyrosine and hydroxylate gua-
nines at low pH. These conditions lead to oxidative/nitrosative
stress which causes the release of anti-inflammatory signals.[42b]

The non-canonical pathway is short-ranged and occurs at subcel-
lular locations close to the NO source.[44] The transnitrosylation
reaction is a process by which a nitrosylated protein (either at
the cysteine group (S-nitrosylation) or the metal center of a heme
group (metal nitrosylation)) transfers its nitrosyl moiety to an in-
teracting protein containing a cysteine thiol motif (I/L-X-C-X2-
D/E consensus).[45] This reaction occurs successively to increase
the transmission range of an NO signal from its source to its var-
ious subcellular target locations.[45,46]

NO can be inactivated by reacting with superoxide anion (O2
−•)

to form oxidant peroxynitrite (ONOO−) which is highly potent
to cells as it causes nitrosative and oxidative stress leading to
S-nitrosylation of biomolecules such as proteins, lipids, and
DNA as well as nitration.[47] It also causes DNA single-strand
breaks, resulting in the activation of poly-ADP-ribose polymerase
(PARP), which directs the fate of the cell (DNA repair or cell
death) based on the type and extent of the stimulus.[48]

2.3. Role in the Vascular System

One of the first physiological functions discovered for NO was its
ability to act as a vasodilator in the cardiovascular system. Since
this discovery, studies have revealed various roles of NO in many
different physiological and pathological functions, such as infec-
tion, inflammation, fetal and postnatal development, angiogen-
esis, hypertrophy, and programmed cell death (apoptosis). This
review article first discusses the diverse roles of NO in cardiovas-
cular functions.

The role of NO in the regulation of vascular tone was observed
nearly four decades ago.[49] The activation of eNOS, which is ex-
pressed by endothelial cells, is the initial step in the classical
signaling pathway leading to vasodilation. Inactive eNOS is nor-
mally bound to caveolin located in cell membrane invaginations
called caveolae.[50] eNOS activation occurs in a sequential man-
ner. It is activated by either the release of intracellular calcium
reserves from the endoplasmic reticulum (ER); or by the open-
ing of voltage-dependent Ca2+ channels, which allows extracel-
lular Ca2+ to enter the cell and increase the Ca2+ levels of the
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cytosol. Ca2+ binds calmodulin which undergoes conformational
changes to enable its binding to eNOS in the caveolae. eNOS
is then released leading to its activation.[51] Once in the cytosol,
eNOS converts l-arginine to NO. NO regulates vasorelaxation
through three different signaling pathways. i) It diffuses into
the adjacent vascular smooth muscle cells (VSMC) and activates
sGC to induce cGMP release. cGMP then activates PKG which
can block the calcium influx from the voltage-dependent calcium
channels as well as calcium release from the ER, the process of
which is normally mediated by inositol 1,4,5-trisphosphate recep-
tor (IP3R).[52] PKG also upregulates the calcium ATPase pump
(SERCA) present on the ER to enable the uptake of calcium from
the cytosol.[53] These actions cause the levels of intracellular Ca2+

to drop, which in turn inactivates calmodulin. The inactivation
of calmodulin deactivates myosin light chain kinase (MLCK).
Meanwhile, low calcium levels activate myosin light chain phos-
phatase (MLCP) resulting in the breakage of actin-myosin cross-
bridges. This event causes the VSMC to relax.[54] ii) Under hy-
poxic conditions NO-induced sGC produces cyclic inosine 3′,5′-
monophosphate (cIMP) instead of cGMP. cIMP activates Rho-
associated protein kinase (ROCK) which blocks MLCP thereby
promoting the contraction of VSMC.[55] iii) NO promotes ni-
trosothiol formation via S-nitrosylation which can induce long-
lasting relaxation of VSMC. S-nitrosylation elevates the function
of SERCA, this increases the uptake of cytoplasmic Ca2+ stores
into the ER.[53,56] Impairment of the NO-sGC-cGMP signaling
pathway is reported to prompt endothelial dysfunction leading
to hypertension, atherosclerosis, heart stroke, and failure.[57] Re-
search in this direction has revealed multiple processes that con-
tribute to aberrant vascular toning which includes lower NO gen-
eration due to reduced NOS function, accelerated degradation of
cGMP, and downregulation of signaling targets of cGMP.[56,58]

However, endothelial dysfunction is not solely a result of de-
creased NO production by eNOS, but rather a combination of
factors including reduced l-arginine availability, deregulated en-
zymatic function, and a high rate of NO degradation.[59] Hence,
futuristic studies should consider the bioavailability of NO and
its sources, as well as the various complex signaling pathways in
which it is involved when assessing the role of NO in vascular
wall toning.

2.4. Inhibition of Platelet Aggregation

The process of hemostasis involves the coordinated functions of
platelets, coagulation factors, and endothelial cells that line the
blood vessels. The vascular tone and hemostasis in the blood
vessels are maintained by the interactions between the vessel
wall, platelets, and platelet-derived signaling factors involved in
vaso-activation and aggregation. In a normal blood vessel, the
endothelial cells lining the vessel resist interaction with platelets
and coagulation factors to prevent thrombosis. A vessel wall
injury occurring either by endothelial denudation (superficial
injury) or plaque rupture (deep intimal injury) exposes collagen
and von Willebrand factor.[60] This leads to the initiation of a
series of events that promote the closure of the vessel wall injury.
The first step is the activation of the platelets to form a throm-
bus. Platelets are activated by tissue-factor-mediated thrombin
generation and exposed collagen, which promotes thrombus

formation and recruits additional platelets by releasing platelet-
derived factors such as ADP, thromboxane, and serotonin.[61]

Activated platelets show changes in shape, surface receptor
expression, attachment, and aggregation; these changes lead to
the formation of a thrombus. The activation and recruitment
of platelets to the site of injury are tightly regulated as hyper-
aggregation of platelets can contribute to increased thrombosis
and thereby impair cardiovascular functions. A balance between
pro- and anti-aggregation stimuli is maintained by tuning
platelet function to achieve normal hemostasis. Under physio-
logical conditions, anti-aggregatory factors limit the functions of
pro-aggregatory signals. In normal conditions, anti-aggregatory
autacoids produced by endothelial cells, such as NO and prosta-
cyclin prevent the attachment of platelets to the endothelial wall
lining. NO is reported to be a negative regulator of thrombosis
as it inhibits platelet activation and aggregation.[62] It is predomi-
nantly released from l-arginine by eNOS. Apart from endothelial
cells, platelets also release NO in small amounts by the enzymatic
action of eNOS (predominant) and iNOS.[63] Platelets produce
NO in resting and stimulated conditions. Platelet-derived NO
acts in a feedback mechanism to regulate platelet activation in
an autocrine manner.[64] Exogenous NO inhibits the expression
of platelet surface glycoproteins such as p-selectin and the inte-
grin glycoprotein IIB/IIIa complex both of which are normally
upregulated during platelet activation. NO (via cGMP released
by the sGC) can stimulate cGMP- dependent kinase to reduce
fibrinogen binding to glycoprotein IIb/IIIa, as well as modulate
responses mediated by phospholipase A2 and C to inhibit
platelet aggregation. Additionally, NO promotes the dissociation
of fibrinogen from glycoprotein IIb/IIIa by inhibiting the platelet
cytosolic Ca2+ in a cGMP- dependent manner and attenuating
phosphoinositol-3-kinase function.[60a-c] However, cardiovascu-
lar pathological conditions such as acute coronary syndrome,
diabetes, chronic heart failure, atrial fibrillation, coronary artery
spasm, and stable angina pectoris can cause an imbalance be-
tween pro- and antiaggregatory stimuli leading to hyper platelet
aggregation and activation.[60a] Evidence indicates resistance to
NO by sGC due to oxidation of its heme moiety under oxidative
stress.[19b,65] It should be noted that dysregulated NOS function
is often observed in most cardiovascular diseases, leading to a
decline in NO concentrations.[7a] It is noteworthy to investigate
whether these ailments are a result of decreased NO synthesis,
NO resistance, or a combination of both. Insights from such re-
search can facilitate the development of more effective treatment
strategies in the future.

2.5. Inflammation and Anti-inflammation

NO functions as a pro-inflammatory, as well as an anti-
inflammatory molecule, and its levels and site of release
are tightly regulated. Physiological levels of NO favor anti-
inflammation. During the onset of inflammation, circulating
neutrophils reach the inflamed site by moving across the en-
dothelium from the blood via chemotaxis. Following neutrophils,
monocytes also move to the site of injury. Then, due to the re-
lease of cytokines, monocytes differentiate into macrophages.
Macrophages then phagocytose damaged cells present at the site
of injury/inflammation. Pro-inflammatory cytokines induce the
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expression of iNOS in macrophages, neutrophils, and granulo-
cytes, as do endotoxins released by bacterial infections. Activated
iNOS promotes the release of large quantities of NO (a 1000-fold
increase) to fight inflammation.[30b] The released NO protects
blood vessels from endogenous injury and interferes with early
and late conduit vessel atherogenesis.[66] It delays endothelial cell
death by decreasing pro-inflammatory signals. It inhibits the ad-
hesion and migration of neutrophils and monocytes by decreas-
ing surface adhesion molecules such as p-selectin, CD11, and
CD18.[67] Depending on the location and cell type, NO produc-
tion favors either inflammation or anti-inflammation. Low levels
of NO released by eNOS stimulate pro-inflammatory cytokines
such as cyclooxygenase 2 and nuclear factor kappa B (NF𝜅B).[68]

Elevated levels of eNOS reduce oxidative stress, inflammation,
and renal damage which can occur during the process of re-
nal ischemia-reperfusion; while increased iNOS induces dam-
age and inflammation.[69] It is evident that levels of iNOS in-
crease during inflammation, asthma, infection, and stimulation
of the immune system.[70] Factors such as cyclooxygenase, tumor
necrosis factor 𝛼, interleukin-1𝛽, lipopolysaccharide, interferon-
𝛾 , as well as NF𝜅B, all play a role in elevating the function of
iNOS during inflammation.[71] Hence, downregulating the ex-
pression of iNOS using inhibitors, such as glucocorticoids, can
reduce inflammatory responses.[72] A study revealed that the fu-
magillin prodrug, released by Aspergillus fumigatus, can induce
endothelial NO production.[73] This, in turn, activates autophagy
through the AMP-activated protein kinase (AMPK)/mammalian
target of the rapamycin (mTOR) signaling pathway. Activation
of autophagic machinery suppressed NF-kB signaling thereby
downregulating cytokine release associated with inflammation.

While most studies have primarily focused on the immune
responses associated with iNOS-generated NO, it is worth not-
ing that nNOS and eNOS are also involved in NO release and
metabolism. However, the immunological role of these variants
still requires elucidation. Additionally, further in-depth studies
are needed to identify the NO signaling cascade, the mechanism
of NO action, and their specific targets. Such investigations will
provide valuable insights for the development of therapeutic ap-
proaches.

2.6. Oxidative Stress

The induction of oxidative stress is mainly associated with patho-
logical conditions such as ischemia-reperfusion injury, dilated
cardiomyopathy, atherothrombosis, vascular dysfunction, and
heart failure. It is critical to restore redox balance to treat these
conditions.[74] The redox potential of the tissues is normally reg-
ulated but changes drastically in pathological scenarios. When
oxygen accepts an electron, it becomes a ROS that is highly re-
active in the presence of free radicals containing one or more
unpaired electrons such as superoxide anion, hydroxyl radical,
hydrogen peroxide, lipid peroxide, and hypochlorous acid. Being
a free radical molecule, NO reacts with superoxide to form re-
active nitrogen species (RNS). Under physiological conditions,
cells protect themselves from ROS via an antioxidant release.
An imbalance between the oxidants and antioxidants leads to ox-
idative stress.[58,75] Additionally, the electrons from the electron
transport chain, present in mitochondria and necessary for en-

ergy production, are uncoupled during the electron transfer (nor-
mally completed via cytochrome c oxidase), leading to superox-
ide formation.[58] Uncoupling of eNOS occurs due to deficiencies
of substrates (l-arginine and oxygen) and BH4 co-factor causing
ROS production.[76] When the levels of superoxide increase, it
can react with itself to form H2O2 and O2 by spontaneous enzy-
matic dismutation reactions.[75,77] Additionally, H2O2 (via metal-
catalyzed Fenton reaction), forms highly reactive hydroxyl radi-
cals which are strong oxidizing agents and can react with amino
acids, carbohydrates, lipids, and nucleic acids to modify them.[78]

In the physiological system, NO prevents the formation of reac-
tive hydroxyl radicals by limiting the Fenton reaction. However,
hydroxyl radical-induced endothelial injury suppresses the pro-
duction and function of NO. This is because NO is oxidized to
nitrite and nitrate which cannot promote vasodilation.[79]

NO has pro-oxidative as well as anti-oxidative functions in lipid
peroxidation.[80] NO is inactivated by superoxide to release per-
oxynitrite, a highly potent oxidant.[80,81] In atherosclerosis, oxida-
tion of low-density lipoproteins (LDL) by peroxynitrite (released
by resident endothelial cells) promotes monocyte recruitment
and foam cell formation.[82] On the other hand, antioxidant ef-
fects of NO are observed at high concentrations, which leads to
the inhibition of LDL oxidation crucial in the initiation and prop-
agation of vascular lesions.[83] The net effect of NO on lipid perox-
idation is determined by the levels of NO and superoxide which
are simultaneously released by endothelial cells. An excess of NO
inhibits lipid peroxidation while either an excess of superoxide
or equimolar concentrations of NO and superoxide induces lipid
peroxidation.[80] Apart from inhibiting LDL oxidation, NO can
also scavenge ROS directly.[84]

2.7. Angiogenic Potential

NO plays multiple roles in modulating angiogenesis. It acts as
an endothelial cell survival factor as it not only functions to in-
hibit apoptosis but also promotes proliferation via increasing the
expression of vascular endothelial growth factor (VEGF) and fi-
broblast growth factor (FGF).[85] NO enhances the migration of
endothelial cells through the stimulation of podokinesis.[86] It
also promotes the expression of 𝛼v𝛽3 and degrades the extracellu-
lar matrix (ECM) by inducing the FGF to upregulate urokinase-
type plasminogen activator.[87] NO is also reported to mediate
tumor vascularization and blood flow.[88] eNOS from endothe-
lial cells plays a central role in angiogenesis. In the past few
decades, numerous studies have reported angiogenic and an-
tiangiogenic properties of NO. One possible explanation for this
discrepancy is that the concentration of NO and duration of
exposure determine its function.[88b] Signaling molecules such
as protein kinase C (PKC) phosphorylation, extracellular-signal-
regulated protein kinase (ERK), Jun, and activation of activator
protein 1 (AP1) are promoted by NO at low concentrations but
inhibited at higher concentrations.[89] NO modulates the func-
tions of angiogenic and physiological factors such as VEGF,
shear stress, estrogen, angiopoietin, sphingosine-1-phosphate,
and oxidative and metabolic stress. These modulators activate
the eNOS necessary for the release of NO. Specifically, VEGF-
mediated angiogenesis and vascular permeability function via
eNOS. VEGF promotes the upregulation of eNOS expression by
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increasing levels of mRNA and protein synthesis.[90] eNOS is
activated by its phosphorylation at Ser615, Tyr81, Ser633, and
Ser1177 via the functions of multiple kinases. VEGFR2 signal-
ing has a downstream effect in endothelial cells, namely the
activation of eNOS by phosphorylation at Ser1177 in an Akt-
dependent manner. Shear stress also activates eNOS via Akt and
PKA signaling.[88b] NO released by the enzymatic function of
eNOS activates sGC-cGMP-PKG downstream signaling to pro-
mote angiogenesis. NO also upregulates matrix metalloprotease
2 (MMP-2) in the endothelium, while simultaneously downregu-
lating tissue inhibitors of metalloprotease-1 and −2. In addition,
eNOS mediates prostaglandin E2 (PGE2) to activate the PI-3K/Akt
pathway to promote endothelial cell sprouting via NO/cGMP
signaling.[88b]

2.8. Modulation of Apoptosis

Apoptosis is programmed cell death in which cells are killed in
a highly regulated manner. Stimuli such as activation of death
receptors (e.g., Fas/TRAIL), as well as cellular stress from DNA
damage, infection, and inflammation lead to the release of cy-
tochrome C from mitochondria, thereby activating apoptotic ma-
chinery and signaling. NO can induce or inhibit the process of
apoptosis in a wide variety of cells based on the cell type and the
amount of NO present. The cytotoxicity of NO released by iNOS
and nNOS is primarily due to its ability to interact with super-
oxide to form peroxynitrite, thereby making NO proapoptotic.[91]

Peroxynitrite formation is determined by the ratio of NO to super-
oxide levels; the susceptibility of cells to peroxynitrite is depen-
dent on the levels of antioxidants present in the cell. Peroxynitrite
and elevated levels of NO cause DNA damage initiating apopto-
sis of cells (e.g., macrophages, islets of the pancreas, thymocytes,
and specific neurons) as DNA damage leads to the accumulation
of p53, a tumor suppressor protein that upregulates p21 to induce
cell cycle arrest.[91b] In addition, NO stimulates sGC to promote
apoptosis in VSMCs.

Despite the cytotoxic effector functions of NO, one study
showed an antiapoptotic role of NO in human B lympho-
cytes which enriched the understanding of NO’s functions in
apoptosis.[92] Further research revealed that NO inhibits apop-
tosis in different cell types (e.g., leukocytes, hepatocytes, tro-
phoblasts, and endothelial cells).[91a] NO regulates apoptotic sig-
naling at multiple stages. Nitrosylation of the active site of cas-
pases by NO results in inhibition of caspase’s activity.[93] NO
regulates death-inducing signaling complex (DISC) formation,
leading to reduced cleavage of Bid, thereby inhibiting the am-
plification of apoptotic signals through the mitochondria.[94] NO
also modulates the expression of death receptors in a cGMP-
dependent manner and alters the expression of acid sphin-
gomyelinase, which in turn reduces DISC formation.[95] Addi-
tionally, NO upregulates Bcl-2 and Bcl-XL to inhibit cytochrome
C release from mitochondria.[92]

2.9. Role of NO in the Heart

The stimulation of the 𝛽-adrenergic receptor by the sympathetic
nervous system is a potent physiological response mechanism

that regulates cardiac function. It plays a role in central nerve
functions, peripheral blood circulation, cardiac muscle contrac-
tion, metabolic regulation, and heart rate.[96] Acute 𝛽-adrenergic
stimulation controls cardiac output during stress or physical
exercise, commonly referred to as the “fight or flight” response.
Conversely, chronic 𝛽-adrenergic stimulation is crucial in both
physiological and pathological cardiac remodeling.[97] NO is
crucial for the 𝛽-adrenergic mediated functions of the heart.
In response to 𝛽-adrenergic stimulation, nNOS bound to
the ryanodine receptors in the sarcoplasmic reticulum (SR)
of cardiomyocytes, increases the NO levels in these cells.[98]

To further aid in 𝛽-adrenergic stimulation, NO signals the
release of calcium from the SR through S-nitrosylation of
calcium/calmodulin-dependent protein kinase II and the ryan-
odine receptor, leading to their activation. nNOS is critical in
the release of calcium from the SR.[99] Inhibition of nNOS by
peroxynitrite and superoxide reduces 𝛽-adrenergic stimulation
in cardiomyocytes and subsequently inhibits calcium release.[100]

Additionally, a decrease in NO accompanied by an increase in
superoxide levels, along with blocking phospholamban phos-
phorylation, causes uncoupling of nNOS.[101] Peroxynitrite alters
the cardiomyocyte action potentials, increases lipid peroxidation
which damages mitochondria, and suppresses cardiac muscle
function via the SERCA.[98] Elevated levels of peroxynitrite
promote calcium sequestration through SERCA and relax the
cardiomyocyte.[102] nNOS can also be cardio-protective during
exercise by increasing the consumption of oxygen.[98] eNOS
inhibits the 𝛽-adrenergic response by regulating the l-type cal-
cium channel which contributes to cardio-protection.[103] During
exercise, the ratio of eNOS dimer to monomer increases while
the formation rate of peroxynitrite decreases. Thus, decreased
peroxynitrite levels increase eNOS dimerization and activation
which protects the heart.[104] iNOS primarily functions in the
induction of inflammatory responses in the heart, as well as the
development of reactive hypertrophy. During exercise, the levels
of iNOS are low while in reactive hypertrophy elevated levels of
iNOS are promoted by various signaling mechanisms. Increases
in ROS, activation of PKB and ERK, and decreased PI3K levels
activate iNOS.[105] Elevated levels of NO increase mitochondrial
oxygen consumption, within the cells of the heart, mitochon-
drial respiration is regulated by angiotensin II which modulates
mitochondrial NOS.[106] Cardiomyocytes function by controlling
the diffusion and compartmentalization of NO. As NO is locally
released via the function of NOS, heme-centered proteins such
as myoglobin and cytoglobin expressed by cardiomyocytes
scavenge the released NO thereby regulating its diffusion in the
heart.[107]

2.10. NO as Neurotransmitter

Neurotransmission plays a fundamental role in transferring in-
formation between neurons and their target cells, regulating nu-
merous processes in the body.[108] It facilitates both excitatory and
inhibitory actions within the central nervous system, while also
controlling autonomic and motor responses in the body. Neuro-
transmission occurs at specific junctions called synapses, which
connect the presynaptic neuron to the postsynaptic target cell, en-
abling the relay of information. This intricate process involves the
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repeated exocytosis of synaptic vesicles containing neurotrans-
mitters from the presynaptic neurons, followed by endocytosis
of these vesicles into the postsynaptic terminal of the target cell.
Such a process drives cognitive functions, including learning and
memory, in the brain. NO is released by both pre-and postsynap-
tic nerve endings. NO functions as an anterograde neurotrans-
mitter at the presynaptic end of peripheral nitrergic nerves. It
starts with the arrival of an action potential at the presynaptic end-
ing which opens the voltage-gated calcium channels to release
calcium. The calcium then activates nNOS, which is important
in various neuronal functions. There are nitrergic interneurons
in the substantia gelatinosa of Rolando which regulate pain trans-
mission between the nociceptive primary and secondary neurons
in the spinal cord. nNOS controls functions of the nitrergic and
enteric neurons of the gastrointestinal system.[109] NO also ac-
tivates the N-methyl-d-aspartate receptors (NMDAR) to induce
filopodial growth of the presynaptic nerve endings as well as
regulate presynaptic plasticity in GABAergic and glutamatergic
neurons.[110]

NO functions as a retrograde neurotransmitter involved in
the activation of NMDAR of the postsynaptic hippocampal
glutamatergic synapses. NMDAR is activated by the stimula-
tion that comes from the binding of glutamate and glycine
along with the release of magnesium from the top of the
channel to allow the entry of sodium (Na+) and calcium to
depolarize the membrane of the postsynaptic ending. Cal-
cium activates Ca2+/CaM-dependent kinase II to phosphory-
late the glutamatergic 𝛼-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) receptor which increases the entry of
calcium. Increased calcium activates nNOS to release NO.
Calcium-activated CaM kinase IV promotes phosphorylation of
the transcription factor cAMP-response element binding pro-
tein (CREB) to transcribe gene expression related to learning
and memory.[111] NO is released from the post-synaptic termi-
nal and diffuses across the synaptic cleft to the presynaptic ter-
minal. NO then stimulates the release of vesicle-bound neuro-
transmitters from the presynaptic terminal in a GC-independent
manner. NO also stimulates auto-phosphorylating CaM kinases
within the presynaptic terminal to further induce sustained
signaling.[111a,112]

In addition, NO has a role in the activation of a transcription
factor called eukaryotic initiation factor 2𝛼 (eIF2𝛼) located in the
dendritic spines. This takes place through the binding of NO to
the heme group of heme-regulated eIF2𝛼 kinase (HRI).[113] The
HRI inhibits the translation of most mRNAs under conditions of
stress.[114] NO induces phosphorylation of eIF2𝛼 to promote the
translation of mRNAs that contain AUG (uAUG) in the 5′ un-
translated region (5′UTR) as well as poly-AUG mRNAs present
in the granules of the stress bodies at the base of the dendritic
spine.[111b]

2.11. Anti-infection Property

Endogenous release of NO is critical in defending against infec-
tion. NO possesses antibacterial, antifungal, and antiviral prop-
erties making it a formidable molecule in the treatment of infec-
tious diseases.

2.11.1. Antibacterial Function

The bactericidal role of NO is mainly mediated by the chemical
alteration of DNA. Enhanced oxidative stress and high NO levels
increase the likelihood of interactions between oxygen and NO.
These interactions increase ROS production leading to the for-
mation of RNOS which include ONOO– (peroxynitrite), NO2

•,
N2O3, and other species. were also These secondary reaction
products are responsible for the nitrosation, oxidation, and ni-
tration of biomolecules that NO itself cannot interact with or
alter.[115] NO damages the DNA of bacteria via three mechanisms:
direct DNA structural alteration by RNOS, blocking DNA repair,
and increasing the generation of genotoxic alkylating agents and
hydrogen peroxide.[116] RNOS specifically N2O3 promotes the
deamination of cytosine, adenine, and guanine residues present
in the DNA resulting in DNA breaks. RNOS also interacts with
and modifies proteins at cysteine, tyrosine, methionine, pheny-
lalanine, and tryptophan residues.[115a] The peroxynitrite free rad-
ical induces DNA breaks and mutations by removing purine and
pyrimidine bases and creating basic sites along with lipid per-
oxidation of liposomes.[116,117] DNA repair is also hindered by the
presence of NO. It inhibits the function of DNA alkyl transferases
by reacting with the -SH group of cysteine residues to form NO
adducts, which in turn inhibit the transfer of the alkyl group from
guanine to the protein.[118]

Nitrosylation of thiols is an important NO-mediated mech-
anism of cytotoxicity against microbes. Potent nitrosylators
such as S-nitrosothiols (RSNOs), N2O3, and dinitrosyl-thiol-iron
complexes are taken up readily by microbes. This alters mi-
crobial protein functions causing RSNOs-mediated inhibition
of Bacillus cereus spores.[119] NO binds to heme-containing
proteins such as guanylate cyclase, cytochrome P450, and NOS.
At low concentrations of RNOS, NO binds with the heme moiety
of these proteins to modulate their functions. At higher con-
centrations of RNOS, NO irreversibly binds to heme-containing
proteins thereby removing the heme group from the protein. NO
reduces Fe (III) complexes to promote hydroxyl radical formation
causing the release of iron from metalloenzymes, which in turn
results in the depletion of iron from bacteria.[120] NO enables
host defenses by not only combating microbes present in the
respiratory tract but also by protecting the host from oxidative
injury. For instance, NO protects against hydrogen peroxide-
mediated cytotoxicity in mammalian cells, while it enables the
cytotoxic functions of hydrogen peroxide in E. coli as microbes
are more sensitive to NO treatment. Bacterial iron-sulfur clusters
are central to many bacterial functions. Degradation of these
clusters by NO or RNOS causes the release of iron, which
catalyzes the formation of free radicals. These highly reactive
free radicals bind to DNA, leading to DNA breaks along with
cell membrane damage. The ability to penetrate the cell wall
and subsequent promotion of nitrosative and oxidative reactions
make NO a potent inhibitor of microbes. Microbial resistance to
NO therapy was tested against S. aureus, methicillin-resistant S.
aureus (MRSA), Staphylococcus epidermidis, E. coli, and Pseu-
domonas aeruginosa and no significant increase in the minimum
inhibitory concentration (MIC) was observed in these species.
The inability of resistance development is because of diverse
and multiple antimicrobial mechanisms exhibited by NO and
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may require several simultaneous mutations for microbial
survival.[115a]

2.11.2. Antiviral Properties

Like the antimicrobial function, NO can act as an antiviral agent
using different modes of action. These include inhibition of vi-
ral enzymes via nitrosylation, promotion of oxidative and ni-
trosative stress to damage viral DNA, regulation of viral transcrip-
tion factors that promote virulence, and activation of host defen-
sive pathways.[121] NO is cytotoxic against both DNA and RNA
viruses. NO reacts with oxygen, superoxide, and hydrogen per-
oxide to generate RNOS such as peroxynitrite, which can bind
thiol moieties on cysteine residues of viral and host proteins.[122]

NO enables host clearance via nitrosylation reactions on viral en-
zymes such as protease, reductase and reverse transcriptase. This
blocks viral replication, transcription, and infectivity of virions
such as human papillomavirus (HPV).[123] Peroxynitrite impairs
the viability of virions and has a modest inhibitory effect on vi-
ral replication in host cells.[124] However, peroxynitrite does not
discriminate between the host and viral DNA/RNA but with the
robust repair machinery in place, the host tolerates and repairs
the damage caused by peroxynitrite.[125] If the endogenous pro-
duction of NO is inadequate or inhibited, exogenous NO is re-
quired to attain an antiviral effect. For instance, in human rhi-
novirus infections, the endogenous levels of NO by iNOS are
limited by feedback inhibition via NF-𝜅B and interferon regula-
tory factor 1 (IRF-1) dependent transcription. But the exogenous
release of NO still provides an antiviral effect.[126] In addition,
antiviral agents such as acetylsalicylic acid, chebulagic acid, and
punicalagin suppress iNOS function via IKK-NF-𝜅B and P38-
MAPK signaling pathways.[121a,127] In some cases, viruses such
as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) use their membrane protein to suppress NF-𝜅B activity by
binding with the inhibitor of NF-𝜅B kinase subunit 𝛽, which
further implicates the need for an exogenous supply of NO via
therapeutics.[128]

2.11.3. Antifungal Activity

Most fungal infections are caused by pathogenic fungi and are
superficial and cutaneous, limited to hair, nails, and epidermis.
The most prevalent of these infections are dermatophytosis, can-
didiasis, and pityriasis versicolor. Candidiasis is caused by Can-
dida fungi, of which the most frequent is Candida albicans (C.
albicans). Most fungal infections are not life-threatening but fre-
quent occurrences can cause complications in immunocompro-
mised patients. The function of NO in fungal infections is mul-
tifaceted. NO production in C. albicans is enabled by a NOS-
like enzyme that can catalyze the conversion of l-arginine to NO
and citrulline.[129] NO protects the fungi from oxidative stress
and azoles. The low endogenous levels of NO in C. albicans act
in a feedback protection mechanism in response to oxidative
stress.[129a] In contrast, the exogenous release of NO kills C. al-
bicans via nitrosative stress.[129b] C. albicans were also resistant
to host NO, which may result from the increased expression of
either NOS inhibitors or the NO-scavenging protein CaHYB1 re-

leased by C. albicans.[130] Recent reports have shown that eNOS,
but not iNOS, is involved in fungal innate immunity.[131]

2.12. Osteofunction

Bone is mainly comprised of osteoblasts, osteocytes, and osteo-
clasts that work in a highly regulated manner to maintain bone
homeostasis. Osteoblasts, derived from mesenchymal stem cells,
are responsible for building bone by laying down the bone ma-
trix, which is crucial for maintaining bone architecture, strength,
and rigidity. On the other hand, osteoclasts originated from
hematopoietic stem cells found in bone marrow. These cells
break down bone to promote bone remodeling in healthy bones
and contribute to excessive bone loss in pathological conditions.
In addition to osteoblasts and osteoclasts, osteocytes play a vi-
tal role. These are differentiated osteoblasts that become embed-
ded in the bone matrix and release growth factors and signaling
molecules to regulate the functions of both osteoblasts and osteo-
clasts. NO is a key messenger in bone homeostasis and pathol-
ogy. Osteoblasts and osteoclasts produce NO to maintain bone
homeostasis in response to various stimuli, such as proinflam-
matory cytokines, mechanical stimulation, shear stress, estrogen,
thyroid hormone, and aging.[132] All of the NOS isoforms are ex-
pressed in bone cells and of these eNOS is the most predominant;
it is expressed in bone marrow mesenchymal cells (BM-MSCs),
osteoblasts, osteocytes, and osteoclasts. NO generated via eNOS
is stimulated by estrogen alone and is critical for the functioning
of osteoblasts.[133] nNOS is reported to regulate bone mass and
turnover in mice bone cell cultures.[134] iNOS is initially present
in fetal bone and its expression is decreased in adult bone. How-
ever, it is activated under inflammatory conditions.[135] Early re-
ports showed that arginosuccinate lysate (ASL) generates argi-
nine from arginosuccinate which provides a substrate for NOS
to produce NO in osteoblasts, while caveolin 1 inhibits NOS. NO
production can also be enhanced by the coordinated action of
ASL and cationic amino acid transporter 1, which transports argi-
nine across the cell membrane.[136] Intracellular NO induces aer-
obic glycolysis in pre and differentiated osteoblasts, while exoge-
nously released NO from osteoblasts and osteocytes prevent os-
teoclast attachment and function.[132b,136] NO has biphasic effects
on osteoblasts and osteoclasts. At low concentrations, NO pro-
motes IL-1-induced osteolytic function and stimulates osteoblast
growth and differentiation. However, higher levels of NO inhibit
osteoclast formation and osteogenesis, thereby promoting apop-
tosis in their respective progenitors.[132a]

2.13. NO in Cancer

NO exerts dichotomous effects in cancer initiation, progression,
and metastasis. At nano to picomolar concentrations, it regu-
lates various cellular processes including angiogenesis, apopto-
sis, cell cycle, invasion, and metastatic progression.[137] NO pro-
motes cell transformation by activating RNOS to mediate DNA
breaks and mutations while simultaneously inhibiting DNA
repair.[138] iNOS-induced NO causes GC to AT substitution mu-
tations in p53 a tumor suppressor gene leading to its inactiva-
tion. NO inhibits apoptosis by blocking caspase activity, increas-
ing Bcl-2 expression, inducing heat-shock proteins HSP70 and
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HSP32, suppressing the release of cytochrome C, and decreas-
ing cyclooxygenase-2 activation.[138] NO also promotes arteriolar
dilation which increases blood flow to the tumor, thereby induc-
ing the angiogenesis necessary for tumor progression. In addi-
tion, NO upregulates MMP-2 and MMP-9 and downregulates in-
hibitors of MMP, tissue inhibitor matrix metalloprotease (TIMP)
−2 and −3 to promote tumor invasion.[139]

Contrary to its tumor-promoting functions, NO also exhibits
tumoricidal properties when present at micromolar levels. NO
produced by macrophages, natural killer cells, endothelial cells,
and kuffer cells has a cytostatic/cytotoxic effect on tumor cells
via regulating the functions of aconitase and ribonucleotide
reductase.[140] NO suppresses tumor DNA synthesis via the sal-
vage pathway. Higher concentrations of NO become proapoptotic
by activating the caspase cascade via the release of cytochrome
C from mitochondria into the cytosol and by increasing p53
expression.[141] NO either promotes or inhibits tumor growth
based on its concentration, the type of cell present, redox poten-
tial, and exposure time in the tumor microenvironment. NO is
pro-tumorigenic at low concentrations and anti-tumorigenic at
higher concentrations (which are difficult to obtain within tumor
cells unless NO donors are utilized exogenously). For a compre-
hensive understanding of NO’s functions in cancer, please refer
to the relevant review articles.[142] Given its involvement in can-
cer biology, targeting aberrant NO signaling at various stages of
carcinogenesis holds significant potential. However, a thorough
understanding of the complex NO signaling in cancer is neces-
sary. Future studies involving NO alone or in combination with
anticancer drugs may unveil new venues for cancer treatment.

2.14. NO Function in Reproduction

NO plays a crucial role in all stages of mammalian repro-
duction. Its expression varies at different stages of develop-
ment and maintenance in both female and male reproductive
systems.[143] In female reproduction, NO affects various pro-
cesses, including follicle development, regulation of menstru-
ation, oocyte maturation, ovulation, fertilization, embryogene-
sis, and maintenance of pregnancy until childbirth.[144] In male
reproduction, NO regulates sperm motility, hyperactivation, ca-
pacitation, and maturation.[144b,145] These functions are orches-
trated by the combined action of all three NOS enzymes ex-
pressed in reproducible organs, Leydig cells, Sertoli cells, sper-
matocytes, immature sperm head, smooth muscle, and en-
dothelial cells, generating NO and activating NO-sGC-cGMP
signaling.[143,144b] Specifically, NO promotes the synthesis and
secretion of follicle-stimulating hormone, progesterone, estro-
gen, luteinizing hormone, gonadotrophin, and prostaglandin
involved in reproduction.[143] During follicle development, NO
modulates estrogen levels and is believed to be a crucial player
in tissue remodeling during ovulation and luteinization.[146] It
also regulates follicle angiogenesis to ensure a continuous sup-
ply of nutrients and oxygen to the developing follicle.[147] Addi-
tionally, NO influences follicular atresia, the process of selecting
dominant follicles that mature during ovulation.[146] NO modu-
lates the estrus cycle by regulating the survival and apoptosis of
granulosa cells in the follicle after ovulation.[148] In oocyte mat-
uration, NO derived from iNOS controls the rupture of germi-

nal vesicles and release of the first polar body, promoting meio-
sis and oocyte maturation in mouse models.[149] Furthermore,
NO is speculated to improve sperm capacitation in a time-based
concentration-dependent manner.[150] Low levels of NO can pro-
mote sperm motility, while high levels can reduce it.[151]

Studies have demonstrated that the early stages of embryo
development are crucial processes susceptible to various stress
factors, including inflammation and angiogenesis.[152] NO plays
an essential role in repairing damage by promoting the expres-
sion of genes associated with the repair mechanism.[153] Ad-
ditionally, NO is involved in embryo implantation by regulat-
ing the balance between cAMP/cGMP. Normal embryo devel-
opment relies on NO to promote cGMP release, which modu-
lates the cAMP/cGMP ratios.[154] By exerting relaxation effects
on smooth muscle, inhibiting platelet aggregation, and reducing
inflammation, NO helps create a healthy uterine microenviron-
ment by influencing the functions of steroid hormones and cy-
tokine present in the endometrium and decidua.[155] Moreover, it
vasodilates umbilical arteries, facilitating uterine-placental blood
perfusion.[144a] Insufficient levels of NO can lead to fetal abnor-
malities. However, during the onset of delivery, NO levels decline
as NOS activity decreases in the uterus. Conversely, NO produc-
tion increases in the pelvis to facilitate the opening of the pelvis
during delivery.[156] While many functions of NO in reproduc-
tion have been extensively studied, numerous questions remain
unanswered. The mechanisms by which NO exerts its cellular-
level functions and induces physical changes in the body remain
unclear. Additionally, why NO levels remain low to enable sperm
motility is an intriguing question. Investigating the status and
function of NO in conditions such as infertility, preeclampsia,
rupture of uterine membrane, intrauterine growth restriction,
and ectopic pregnancy, which are critical issues in the field of
reproduction, would be worthwhile. For a detailed understand-
ing of NO in reproduction, refer to the review by Luo et al.[143]

Figure 1 illustrates the different physiological roles of NO.

3. NO Donors and Carriers

Despite its diverse physiological roles, the therapeutic applica-
tions of NO remain restricted due to its short half-life and in-
sufficient concentrations of NO available on-site. To overcome
these challenges, advanced strategies are being employed to de-
velop efficient NO-generating systems involving multiple types of
NO-releasing carriers/donors. NO donors can be classified into
several categories according to their nature and mechanism of
NO release (Figure 2). While all NO donors are considered phar-
macologically active in physiological environments, it is not nec-
essarily crucial for every donor to directly produce or generate
NO for targeted delivery.[4] Diazeniumdiolates (also referred to
as NONOates) and RSNOs are the two main classes commonly
used.[157] The NONOates and RSNOs are well-established NO
donors, with NONOates capable of spontaneously generating two
NO molecules from a single diazeniumdiolate residue. RSNO
serves as natural NO reservoirs and carriers within biological
systems.[158] These small NO donors have improved the NO sta-
bility, biodistribution, and delivery. However, they still face signif-
icant challenges such as toxicity, storage problems due to photo-
chemical and temperature instability, difficulty in regulating pro-
longed release, and resistance to certain compounds.[158a,159] To
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Figure 2. Schematic representation showing the structure of the several classes of NO donors categorized into specific groups. Reproduced with
permission.[173b] Copyright 2021, under Creative Commons Attribution License (CC BY).

overcome these issues, the use of macromolecular NO donors
has shown promise in improving stability, biodistribution, trans-
port across membranes, and circulation time, thereby establish-
ing a safer and more efficient NO therapy. The mode of action
and therapeutic efficacy may vary between donors based on their
type, structure, and function. Several approaches including func-
tionalization of materials, surface modification, and the use of
stimuli response advanced scaffolds have been explored and used
as promising NO donors (Table 1). These stimuli-responsive in-
telligent delivery vehicles release NO as a response to specific bi-
ological, chemical, and physical signals (e.g., enzymes, pH lev-
els, temperature, light, and heat). In addition to modifications
in the structure and functional groups, NO donors have been
designed in such a way that they can react with acids, thiols,
and glutathione to improve the stability and release profiles of
NO.[160] While new strategies for the development of promising
NO donors/carriers continue to emerge, several obstacles still
hinder the use of NO-based therapies in clinical settings. These
obstacles include concentration-dependent biological effects and
the stability of NO donors/carriers under physiological condi-
tions. As a result, researchers are motivated to provide their crit-
ical insights in designing and developing advanced NO donor
molecules for targeted and effective therapeutic applications.

3.1. NO Donating Polymeric Nanoparticles

The use of polymeric nanoparticles (NPs) as NO donors is highly
advantageous due to their exceptional encapsulation efficiency,

reliable release properties, and distinctive physicochemical char-
acteristics. NO-releasing polymeric NPs can be fabricated by in-
corporating or conjugating NO donor molecules into the poly-
mer core, or by modifying the surface of NPs. Due to their
nano-size, NP can readily penetrate target tissues, demonstrating
exceptional absorption, distribution, metabolism, and excretion
properties.[161] Natural, synthetic, semisynthetic, and a combina-
tion of natural and synthetic polymers have been used to fabricate
desired polymeric NPs for NO cargo delivery. To have a substan-
tial therapeutic effect, the choice of polymers, design, biodegrad-
ability, and non-toxicity are usually key factors taken into con-
sideration while developing polymeric NPs.[162] To increase half-
life, biodegradability, and loading efficiency, polymer-based NPs
(e.g., chitosan, dextran, polyethylene glycol (PEG), alginate, and
gelatin) have been developed for biomedical applications such as
anti-infection, antioxidant and anti-inflammatory activities.[163]

Also, by increasing both the bioavailability of NO and its stability
in circulation, polymers, such as PEG-based delivery platforms
(loaded with organic NO donors) improve the release and ther-
apeutic effect of NO.[163b] However, one of the concerns in this
study is the lack of validation regarding the biocompatibility of
these new formulations, which is crucial to ensure the absence
of toxic byproducts. Additionally, no specific applications or evi-
dence supporting the effectiveness of these formulations in the
mentioned areas of treatment were demonstrated, raising further
questions about their efficacy.

To exert a significant therapeutic effect and eliminate the
need for frequent dosage administration, NO should have a sus-
tained release from its donor for an extended period. Polymers
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such as poly (lactic-co-glycolic acid) (PLGA)/poly(glycolide-
lactide) (PGLA)-polyethyleneimine (PEI) based NPs are suitable
NO donors due to their enhanced biodistribution which is at-
tributed to their prolonged and sustainable release profiles. Jeong
et al. developed NP systems capable of releasing NO, aiming to
address the challenges associated with controlling NO release
due to its rapid diffusion properties and potential cytotoxicity.[164]

In their first study, the authors developed an NP system utiliz-
ing surface-modified silica NPs (Si NPs) coated with branched
polyethyleneimine (BPEI). This formulation enabled sustained
NO release while minimizing initial burst emissions. The result-
ing BPEI-coated NO-releasing Si NPs (BPEI-NO NPs) exhibited
multifunctional properties, including bactericidal efficacy and fa-
vorable cell viability for human cells. Additionally, improved oc-
ular wound recovery was observed in a mouse keratitis model.
In another study, the authors demonstrated the fabrication of
branched polyethyleneimine/alginate (BPEI/ALG) nano-blended
coatings and PLGA nanoparticle-based BPEI/NONOate for the
controlled release of gas molecules.[165] By introducing structural
heterogeneity to the coating through self-assembly, the system
achieved significant NO release.

The loading efficiency of NO donors into a polymeric sys-
tem can be modulated by the availability of functional groups,
hydrophobicity, biodegradability, and surface charge as well as
through the approach of loading and nanoparticle synthesis. Dif-
ferent molecular weights of PLGA were used to study the re-
lease of S-nitroso-N-acetylpenicillamine (SNAP) from NPs and
the subsequent generation of NO. NPs made of PLGA with a
molecular weight of 24–38K exhibited a substantial NO release
for ten days. While NPs made of PLGA with a molecular weight
of 38–54K showed a sustained NO release over one month. The
burst release of NO was observed upon exposure of this delivery
system to light irradiation. Hence, the NO emissions can be ma-
nipulated to take place over a few hours to a month, depending
on the treatment requirements. The PLGA NPs-based NO donor
remained stable at room temperature for a year, suggesting the
possibility of easy shipment and long-term storage capabilities of
these conjugates.[166]

In conjugation with NO donors, PEI can significantly enhance
therapeutic outcomes due to its enhanced permeability into the
cells. However, quick protonation of the amine groups on the
backbone of PEI, or rapid diffusion of PEI, leads to the burst re-
lease of NO donors from the conjugates. To resolve this prob-
lem, Nurhasni et al. chemically conjugated NO donors with the
secondary amine of PEI and then incorporated the conjugates
into PLGA NPs. PEI/NO donor-loaded PLGA NPs exhibited con-
trolled hydrolysis causing a prolonged release of NO for extended
periods and significantly enhanced bactericidal activity against
MRSA.[167] In another study, the NO-releasing PEI/NONOate-
doped PLGA NPs were synthesized and were able to maintain
their antibiofilm activity for a prolonged period. The results il-
lustrated that MRSA biofilms in diabetic mice wounds were
substantially destroyed by releasing NO from PEI/NONOate-
doped PLGA NPs. This resulted in the acceleration of wound
healing.[168] The antibacterial activity of NO primarily depends on
the concentration of NO at the site of the microbial biofilm. The
available NO released/generated in many pathological conditions
is ineffective in completely eradicating bacterial biofilms. But the
co-delivery of drugs/antibiotics/antimicrobial peptides and NO

donors for a synergistic effect can be a promising approach. Boyer
and coworkers developed a NONOate-gentamicin complex that
co-delivered NO donors and gentamicin to P. aeruginosa biofilms.
In this work, they synthesized gentamicin-conjugated PEGMA
NPs, and NO donors were subsequently conjugated to the pri-
mary and secondary amines of gentamicin. The combinational
therapy synergistically decreased bacterial cell viability and im-
proved biofilm eradication compared to gentamicin or NONOate
alone. In addition, the enhanced anti-tumor effect of NO in com-
bination with chemotherapeutic agents, such as doxorubicin, cis-
platin, etc. was observed due to their synergistic effect.[169]

3.2. NO Donating Dendrimers

Dendrimers are a highly branched class of polymers, synthe-
sized in a stepwise manner to contrive a specialized structure.
These well-defined and spherically shaped dendrimers are clas-
sified into Generation 1 (G1), Generation 2 (G2), Generation 3
(G3), and so on based on their branching.[170] Dendrimers con-
sist of distinct parts, such as the primary core, branch domain,
and terminal backbone of functional groups, and can reach up to
100 nm in diameter.[171] Their multifaceted functionality, due to
their dynamic multivalency, make dendrimers a suitable macro-
molecule for drug delivery.[172] Since regulating the branching
of dendrimers based on their synthesis procedure and genera-
tion is unfavorable, the surface functionalization of dendrimers
along with the desired number of NO groups can be achieved
via chemical conjugations. Hence, the dendrimers-based system
provides high NO storage and disseminates substantial amounts
of NO, thereby providing evidence of its ability to act as a poten-
tial platform for donating NO. In addition to the bio-mimicking
structure, they exhibit excellent polydispersity index (PDI) values,
drug-loading capacity, and controlled release properties.[173]

In 2008, Stasko et al. reported for the first time the poten-
tial of dendrimer-based scaffolds as NO delivering platforms.
They modified G3 and polypropylene imine by employing pri-
mary and secondary amine reactions to study the loading ef-
ficacy of N-diazeiumdiolate.[170] The authors further examined
the effect of functional groups, alkyl chains, and amide reac-
tions on the release of NO from the cargo. They concluded
that the conjugation of NONOate and secondary amine den-
drimers facilitated NO loading, accounting for 5.6 μmol mg−1.
The protonation of the donor at a pH of 7.4 led to the release
and generation of NO at a maximum level for 16 h. Based on
this concept, a series of NONOate-functionalized polypropylene
imine dendrimers were developed to study their bactericidal ac-
tions against pathogenic microorganisms, such as P. aeruginosa,
E. coli, S. aureus, and MRSA.[170] NO-releasing dendrimers sig-
nificantly decreased gram-positive and gram-negative bacteria
growth compared to non-NO-releasing dendrimers and exhib-
ited minimum cytotoxicity to fibroblasts. The bactericidal ac-
tions of these NO-releasing dendrimers are dependent on their
molecular weights and functionality. For instance, observation re-
vealed that dendrimers with higher molecular weight generate
significantly more NO (8-10 times) compared to smaller-sized
dendrimers. Similarly, the bactericidal action of styrene oxide
(SO) functionalized dendrimers was more effective than PEG
functionalized dendrimers.[171] The notable bactericidal activity
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observed in SO-functionalized dendrimers can be attributed to
their high cationic charge and the presence of multivalent benzyl
alcohol-like moieties derived from styrene. These properties dis-
rupt bacterial membrane through enhanced electrostatic interac-
tions and alteration of bacterial protein synthesis. Conversely, in
the case of PEG-modified dendrimers, the cationic charge is re-
duced due to PEG functionalization, leading to a significant de-
crease in electrostatic interaction between the dendrimers and
bacteria. Consequently, this reduction in electrostatic interaction
results in a lower antibacterial activity for PEG-modified den-
drimers. Hence, N-diazeiumdiolate/polypropylene imine conju-
gate reported by Stasko et al. could effectively combat severe in-
fections.

In a different study, Liu et al. observed that NO-donating
dendrimers, the surfaces of which were modified with hy-
drophilic and hydrophobic moieties in equal proportion showed
higher efficiency in eradicating biofilms.[174] Scientists also at-
tempted to examine the combinatory effect of the co-delivery
of NO and antibiotics in enhancing bactericidal activity. One
such study, using the synergistic approach of co-delivery of me-
thicillin and NO, elucidated a promising treatment approach
against gram-positive, gram-negative, and MRSA-induced bac-
terial infections.[174b] The study reported that a NONOate-
functionalized poly(amidoamine) and low molecular weight chi-
tosan conjugation was able to simultaneously deliver methicillin
and NO in a controlled release manner, which led to a signifi-
cant killing effect on bacteria and improved wound healing. Or-
nelas and co-workers reported a sustained release of NO by us-
ing dendritic structures and subsequently indicated their thera-
peutic role in inflammatory-associated pathologies.[175] Recently,
the same group fabricated a large and dynamic 108 termini-
bearing bifunctional dendrimer for NO and ursodeoxycholic acid
(UDCA) release (54 moieties for each). The NO and UDCA-
releasing bifunctional dendritic structure exhibited substantial
inhibition of IL-8 production demonstrating their synergistic
anti-inflammatory activity.[176]

3.3. NO Donating Liposomes

Liposomes represent special spherical vesicles made of natural
or synthetic lipids and cholesterols. They are comprised of a hy-
drophobic backbone and hydrophilic core which enables their
efficient loading and delivery of hydrophobic and hydrophilic
drugs. Their physicochemical properties vary according to their
composition and fabrication techniques. Liposomes are currently
used extensively as an NO carrier and delivery system for multi-
ple medical applications.[174a] The lipid bilayer structure prevents
the rapid decomposition of liposomes; to which the greater sta-
bility of the incorporated NO donors and prolonged release ki-
netics in physiological conditions are attributed. Since liposomes
are safe and biodegradable, their application as a NO donor does
not pose any related toxic effects. However, the use of liposomes
in cutaneous delivery is restricted by their hydrophobic outer
layer.[163a]

Many techniques, such as physical interaction, incubation, or
chemical conjugation, have been developed to attach or incorpo-
rate NO donors to liposomes. Liu et al. showed a liposome-based
sphingosine-1-phosphate (S1P)/JS-K (NO prodrug) delivery sys-

tem that was used for the local and targeted delivery of NO from
its donor against glioblastoma multiform (GBM), (one of the
primary invasive tumors of the central nervous system (CNS)).
This system promoted continuous NO delivery via glutathione
S-transferase (GST) overexpression, causing significant GBM
cell death.[177] The half-life of NO is relatively short, ranging from
a few seconds to several minutes, and can even extend to hours
depending on the type of donors used, such as NONOates, which
are exogenous and nucleophilic NO donors.[178] To prolong the
half-life and enhance the circulation time of NONOates to
achieve the desired therapeutic effect, they can be incorporated
into the hydrophilic core of liposomes. Further, the bioavailability
of NONOates is increased when incorporated into the liposome
core, as their outer hydrophobic shell controls the spontaneous
release of this water-soluble NO donor by inhibiting the passage
of protons through the phospholipid bilayers. A good example
encompasses the encapsulation of spermine diazeniumdiolate
into the temperature-sensitive structure of liposomes.[179] An-
other study showed that the half-life of NONOate was increased
when they were incorporated into a PEGylated liposome.[180]

Owing to its enhanced permeability and retention effects, an
elevated accumulation of NONOate-loaded PEGylated liposomes
was observed in tumor tissues in contrast to normal tissues. The
incorporation of NONOate into liposomes can serve as an ef-
fective therapeutic strategy for the target-specific delivery of NO
donors, in combination with chemo drugs or immunotherapeu-
tic, to promote anti-tumor effects. Suchyta et al. reported that NO
donor-incorporated liposomes significantly reduced the viability
of mammalian pancreatic cells.[181] NO-donating liposomes play
a multifaceted role as they can release NO for extended periods,
can be regulated in response to the pH, and are effective against
tumors.[182]

NO-based bioactive gas delivery properties can also be im-
proved by modulating the successful release of NO using lipo-
somes. Huang et al. developed a unique liposomal system that is
echogenic and capable of co-encapsulating and delivering argon
and NO gases simultaneously.[183] They showed a 50% sponta-
neous NO release from echogenic liposomal vesicles (NO-ELIP)
within 10 min of treatment, which was sustained for the next 8 h
of the study. In an in vivo study, the local administration of NO-
ELIP effectively inhibited intimal hyperplasia. Lipid-based sys-
tems mainly deliver low molecular weight NO donors either by
themselves or in combination with other therapeutic molecules.
The fabrication of cholesterol moieties in a lipid-based system
serves to encapsulate NO gas and can aid in the controlled re-
lease of NO for diverse biomedical applications. A more effective
role of cholesterol linkage in liposomes was later demonstrated
by Nakanishi et al. who showed that cholesterol enhances donor
affinity to carriers and enables liposome transport via the lipid
membrane and generation of NO.[184]

3.4. NO Donating Stimuli Sensitive Materials

Regarding drug delivery, smart materials or stimuli-responsive
materials have attracted considerable attention within the sci-
entific community. The establishment of spatiotemporally con-
trolled delivery systems and NO-releasing donors in this category
is no exception. Stimuli-responsive materials for NO release have
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elucidated a promising approach to overcome major limitations
associated with conventional delivery systems.[185]

Gu et al. demonstrated the efficacy of dual responsive self-
assembled NPs in controlled NO release and targeted antitumor
effects through in vitro and in vivo studies.[185d] The self-assembly
of NPs was achieved by utilizing disulfide and ester linkages
in the dimer of phenylsulfonylfuroxan (FZ), which serves as a
NO-generating prodrug. To enhance active tumor targeting, the
prodrug dimer (FZ-SS-FZ) NPs were surface-modified with folic
acid, resulting in a promising effect. These developed NPs exhibit
high NO payload capacity and significant NO release triggered
by the presence of high levels of GSH and esterase expression.
The NPs demonstrated tumor-targeting drug delivery, improved
drug loading efficiency, and stabilization of NO. However, further
improvements are needed for the system to minimize the need
for multiple doses and achieve prolonged NO release. In another
study, Duan et al. developed amphiphilic vesicles that exhibited a
sequential release of NO and gentamicin sulfate.[186] The NO re-
lease was mediated by the cleavage of N-NO bonds on exposure
to visible light while vesicle disintegration led to the release of
gentamicin sulfate. These vesicles could eradicate biofilms and
kill dispersed planktonic bacteria.

Another study showcased the utilization of protoporphyrin
(PpIX)-based polymer nanoplatforms, which effectively inte-
grated both photothermal therapy (PTT) and NO delivery. This
novel approach raised intracellular temperatures and NO con-
centrations, resulting in the inhibition of cancer cells both in
vitro and in vivo.[187] This light-sensitive multifunctional thera-
peutic system also helps to resist the onset of multidrug resis-
tance. While the utilization of photo-responsive approaches has
shown promise in facilitating efficient NO release, it is crucial
to thoroughly evaluate certain notable concerns associated with
this approach. One limitation to consider is the restricted pene-
tration depth of laser-based PTT in deep tumor tissues.[188] This
could potentially hinder the effective release of NO if solely de-
pendent on photothermal stimulation, leading to suboptimal NO
release and limited therapeutic outcomes, particularly in larger
volumes of cancerous tissue. Another critical consideration is
the potential induction of heat shock proteins by tumor cells as
a response to thermal stimulation during PTT. These proteins
serve as a defense mechanism, enabling tumor cells to evade
apoptosis and potentially compromising the desired therapeu-
tic applications.[189] To achieve effective anticancer effects, NIR-
based strategies have demonstrated success in penetrating deep
tumor tissues and should be further explored. In one such study,
Chan and coworkers synthesized near-infrared radiation (NIR)-
light-responsive NO donors containing an aza-BODIPY dye ap-
pended with an aryl N-nitrosamine NO-donating moiety.[190] The
NO donor molecules (photoNOD-1 and photoNOD-2) demon-
strated the ability to release NO at the desired site in response to
NIR-light stimulation without requiring multiphoton activation.
In the presence of a stimulus, the efficacy of NIR-photoactivatable
photoNOD-1 in inhibiting tumor growth of murine breast can-
cer mice was significant. To enhance the potential therapeutic
efficacy of stimuli-responsive materials, alternative approaches
in NO-based combinatorial strategies can be explored. These ap-
proaches may involve the use of HSP inhibitors, nanocoating
for controlled light conversion, and the employment of suitable
in vivo models.[188,191] By incorporating HSP inhibitors, the de-

fensive mechanisms of tumor cells can be targeted, potentially
sensitizing them to NO-based therapies. Additionally, utilizing
nanocoating that enables precise control of light conversion can
enhance the specificity and efficiency of photothermal or photo-
responsive NO release. Furthermore, conducting studies in ap-
propriate in vivo models will provide valuable insights into the
effectiveness and feasibility of these advanced combinatorial ap-
proaches.

3.5. Other Carriers for NO Release

Silica NPs are one of the commonly used NO donors for local
delivery of NO. The simple and easy mode of synthesis, tunable
surface chemistry and size, sustained release, and non-toxic prop-
erties make silica NPs a potent potential NO delivery carrier.[192]

Silica NPs as small as 30 nm in diameter were synthesized
via amino silane template surfactant ion exchange reaction and
demonstrated the capability to enhance the payload of NO inside
the NPs and trigger their sustained release.[193] NO-releasing sil-
ica NPs can induce a significant bactericidal action that is tun-
able according to shape, particle size, and surface properties.[194]

NO-releasing silica nanospheres with diameters within the range
of 14–50 nm were more potent against both gram-positive and
gram-negative bacteria compared to larger ones.[194c] In another
study, a higher aspect ratio of silica NPs with smaller sizes was
also shown to contribute to anti-bacterial activities.[195] The NO-
releasing characteristics of silica NPs can be tuned via surface
modifications. In a similar study, the authors demonstrated the
surface modification of silica NPs with PEG, reduced the half-life
of the donors through their decomposition, which occurred due
to the large water absorption capacity of PEG, resulting in faster
degradation of the delivery vehicle. This type of NPs exhibited en-
hanced antibacterial properties because of an increase in NO flux
in the biological environment.[194c] Other than silica NPs, gold
(Au) NPs represent another promising option as NO donors.[196]

The unique physiochemical properties of AuNPs enable efficient
transport and release of desired drugs, making them highly ver-
satile for loading and continuous release of NO.[178,197] The syn-
thesis of AuNPs is straightforward, and their inert and non-toxic
core allows for safe utilization. Furthermore, AuNPs can be func-
tionalized in a tunable manner, adding to their versatility in drug
delivery. They can respond to various internal or external stim-
uli such as pH, GSH, and light, triggering the release of NO.[178]

The presence of AuNPs facilitates the formation of S–Au bonds,
which have lower dissociation energy compared to S–N bonds,
resulting in the release of NO.[198] Studies have demonstrated
that increasing the concentration of AuNPs enhances NO gen-
eration due to the larger surface area available.[198a] Surface graft-
ing of AuNPs using block copolymers can achieve slow and con-
trolled NO release, exhibiting significant antibiofilm activity.[197a]

Additionally, the development of a NIR-triggered NO nanogener-
ator (SNP@MOF@Au-Mal) demonstrated a synergistic antibac-
terial effect against P. aeruginosa infection when exposed to NIR
irradiation.[185b] Despite the continuous advancements in the de-
velopment of AuNPs for therapeutic applications, challenges per-
sist that limit their translational potential.

In addition to the existing NPs, a highly interconnected porous
structure with a large surface area and tunable physicochemical
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properties have made metal-organic frameworks (MOFs) a novel
NO donor carrier.[199] The properties of MOFs such as metal-
center or organic linkers can be tuned according to the demand.
The tunable pore size facilitates the loading of NO to MOFs. In
addition, chemical conjugation is another possible way to incor-
porate NO into MOFs. Several studies demonstrated that MOFs
could accomplish the controlled delivery of NO at a target site.
For example, one of the studies reported the prolonged release of
NO for 7 days using Cu-TDPAT-type MOFs.[200] However, the bio-
compatibility and biodegradability of MOFs are still under ques-
tion. To address these issues, Bloch et al. developed iron-II-based
MOFs which are dependent on the biocompatible profile of iron.
They demonstrated that the Fe2(dobdc) MOFs facilitated a burst
release of NO within the first 72 h; for the next 96 h, Fe2(dobdc)
exhibited slow-release properties. The sustained release of NO
was further improved to last for at least 10 days, which was as-
cribed to the strong binding of NO to the Fe-based MOF.[200,201]

However, these MOFs only released NO by reacting with or dis-
placing water molecules. Subsequently, one study showed that
the developed MOFs usually do not release NO under normal
conditions; however, upon light activation, they can release a sig-
nificant amount of NO from the MOFs.[202] This study illustrated
that photo-responsive donors can release NO in a controlled man-
ner in the cellular environment upon exposure to laser radiation.

However, the utilization of NO donors in conjunction with
metal-organic frameworks (MOFs) does present certain draw-
backs. A significant concern revolves around the potential tox-
icity of MOFs when exposed to physiological conditions. Addi-
tionally, there is a need for comprehensive validation of stimuli-
responsive parameters, taking into account factors such as in-
tensity, wavelength, and duration, and their impact on essen-
tial physiological parameters. Neglecting to address these factors
could raise apprehensions regarding the controlled and safe ad-
ministration of NO using MOFs. Furthermore, to fully evaluate
the feasibility and safety of employing NO donors with MOFs,
it is imperative for future research to thoroughly investigate and
discuss the concentration and biocompatibility of MOFs under
physiological conditions.

4. Biomedical Applications

The multifaceted roles of NO in the biological framework have
amassed great interest in the development of strategies to deliver
exogenous NO for biomedical applications. The use of systems
for NO delivery is instrumental in the strategies of accomplish-
ing controlled and sustained release of NO to different tissues
and organs. NO-delivery systems have shown promising results
in numerous biomedical applications such as wound healing, car-
diovascular homeostasis, ischemic therapy, and treatment of in-
fections and several types of cancer. The following section sum-
marizes the progress of various NO-delivery systems utilized in
the biomedical field.

4.1. Wound Healing and Skin Repair

Wound healing is a natural process and progresses in regulated
and sequential phases involving hemostasis, inflammation, pro-
liferation, and remodeling which requires the involvement of

numerous growth factors, cytokines, and cellular elements.[203]

NO plays several roles in wound healing. NO has been ob-
served to stimulate the growth and proliferation of fibroblasts,
keratinocytes, and endothelial cells.[173b,204] The sustained pres-
ence of NO during wound healing has been demonstrated to in-
crease fibroblast migration and collagen deposition in granula-
tion tissue.[205] NO also contributes to improved wound healing
by upregulating angiogenic factors, such as TGF-ß and VEGF,
which ensures adequate blood supply for healing. However, in
cases of impaired wound healing, inadequate NO synthases and
low levels of available NO lead to decreased collagen deposition,
unregulated inflammatory responses, tissue hypoxia, and pro-
longed healing time.[206] Therefore, a balanced level of NO is a
pre-requisite and can be maintained by supplementing it through
endogenous and exogenous pathways.

Many exogenous NO donors have been stabilized for longer
NO release profiles and have shown promising efficacy in wound
healing.[206a,207] In the case of non-obese, diabetic, and/or se-
vere combined immunodeficiency (NOD-SCID), wound heal-
ing has always been an utmost point of research interest. Con-
trolled NO release is important in dealing with such wounds
because a prolonged period of treatment is needed for effective
wound closure. Blecher et al. synthesized NO-enriched NPs (NO-
NPs) made of hydrogel-glass composite containing a mixture of
tetramethylorthosilicate, polyethylene glycol, glucose, chitosan,
and sodium nitrite.[206a] They tested the release profiles of NO
from the NO-NPs in wounds created in eNOS and iNOS knock-
out NOD-SCID mice. The NO-NPs showed release rates of NO
with ≈70 nm min−1 in the first 10 min, ≈180 nm min−1, and
≈215 nm min−1 in the next 100 and 200 min, respectively. In ad-
dition, the NO-NPs showed a NO release rate of ≈245 nm min−1

from 5 to 24 h. The group treated with NO-NPs achieved 29.4%
and 84% wound closure on day 5 and day 9 respectively. Whereas
the control group showed 12.5% and 55.5% wound closure
within the same periods. This study has shown a great prospect
for the sustained delivery of exogenous NO in the treatment of
wounds in mice with severe immune dysfunction (e.g., lack of
CD4+ and CD8+ T lymphocytes causing severely impaired fibrob-
last replication and collagen synthesis). The sustained NO deliv-
ery mainly promoted fibroblast migration, collagen deposition,
and enhanced angiogenesis which is significant during the pro-
liferative phase of wound healing. Pinto et al. showed the sig-
nificance of controlled NO release in tuning cellular functions
by using titanium-derived metal-organic frameworks (Ti-MOF)
as reservoirs of NO, which were named MIP-177.[207b] The study
showed the potential of these porous NO donating structures as
an ideal candidate for skin reparatory therapeutic agents. The
MIP-177 showed a maximum NO storage capacity of 9% w/w
which was achieved mainly through in situ adsorption. The use
of NO-loaded MIP-177 resulted in the transformation of oxyhe-
moglobin into methemoglobin, which was attributed to the re-
lease of NO. The wound closure was mainly tested in vitro by
examining the migration of HeLa cells and mitochondrial respi-
ration via measurement of the oxygen consumption by the cells
(Figure 3). The migration of HeLa cells showed 8% wound clo-
sure after being treated with 90 μm mL−1 NO-loaded MIP-177
while regular MIP-177 treated cells showed marginal wound clo-
sure in 48 h (Figure 3A). Figure 3B shows phase contrast im-
ages which indicate that a significantly higher number of cells
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Figure 3. The role of NO in cell migration and wound closure. A) MIP-177 and NO loaded MIP-177 effect on wound closure in in-vitro for 48 h. B)
Microscopic images showing the pre-migration stage without detection mask at time = 0 h and the migration of cells detected with a mask after 48 h.
The black circles indicate the presence of MIP-177 particles between the migrated cells. Reproduced with permission.[207b] Copyright 2020, John Wiley
and Sons Inc.

migrated into the defect of the NO-loaded MIP-177 treatment
group when compared with the MIP-177 group.

In another work, Zhang et al. loaded NO-containing Cu-MOF
NPs into PCL-Gel composite scaffolds (NO@HGP) and exam-
ined endothelial cell viability, proliferation, migration, and heal-
ing properties of NO@HGP in diabetic wounds.[208] The study
showed a prolonged release of NO from NO@HGP over the
course of 10 days and revealed the formation of more capillary
networks in the NO@HGP group when compared to control
groups. NO also promoted the expression of angiogenic factors,
leading to neovascularization needed for an adequate supply of
blood to the wound (Figure 4A-C). As shown in Figure 4D, the
digital images displayed efficient healing in the NO@HGP group
in contrast to the other control groups. Only around ≈15% of the
wound remained open after 7 days of treatment (Figure 4E). Fur-
ther, the study showed an increase in re-epithelization as well as
the formation of blood vessels in NO-treated groups when com-
pared to other groups as verified by the high expression of Col I,
PGDF, and TGF-ß in the NO@HGP treated wounds (Figure 4F-
J). The expression of Col I, PGDF, and TGF-ß was believed to con-
tribute to granulation tissue formation and tissue remodeling, by
increasing the expression of genes associated with the formation
of the ECM, including protease inhibitors and collagen.[209]

The major role of a sustained release of NO in the case of
wound healing is related to its role in tuning angiogenesis.
Rapid angiogenesis in the region of the wound is mostly advan-
tageous for fast healing because the rapid formation of vascular
structures leads to an enhanced oxygen supply, rapid collagen
deposition, and epithelization.[206b,210] The angiogenic growth
affects the proliferation and association of the endothelial cells
that form lumen-like structures for blood vessels in the region of
the wound.[211] NO-generating multifunctional HMP hydrogel
was fabricated by Tu et al. to promote accelerated healing in
an infected diabetic wound by exploiting its ROS scavenging
activity, anti-inflammatory role as well as ability to promote
angiogenesis.[212] The HMP hydrogel, containing a NO syn-
thesizing enzyme (pravastatin sodium), showed elevated NO
generation through eNOS activation and the amplification of
TGF-𝛽, VEGF, and total collagen content (Figure 4K-O). The
study further elucidates NO’s role in reducing the inflammatory

response, inducing vascular permeability, and increasing neo-
vascularization thereby promoting rapid wound healing. Zhang
et al. incorporated sodium nitrite into gelatin-siloxane NPs
(GS-NO NPs) for NO delivery. The effect of the sustained release
of NO from the GS-NO NPs was observed through the cellular
proliferation of human umbilical vascular endothelial cells (HU-
VECs), which is a standard model for in vitro endothelial prolif-
eration studies. GS-NO NPs at the concentration of 100 μg mL−1

showed a 41.7% increase in the HUVECs when compared to an
untreated negative control which was just 27.7% on day 7. The
cell viability was also observed to be 190% of the negative control.
An increased association of the HUVECs forming thicker wall-
like structures was observed. NO at low concentrations (10 nm to
1 mm) promotes the proliferation of HUVECs, induced by VEGF
and bFGF expression and subsequent activation of the MAPK
pathway.[211,213]

In skin regeneration, apart from the well-established role of
NO in cell growth and migration, angiogenesis, matrix deposi-
tion, and re-epithelization, NO exhibits a pivotal role in reduc-
ing inflammation and the remodeling of injured tissue. NO can
modulate inflammatory signals (e.g., TNF-𝛼) and immune cells
(e.g., dendritic cells) to induce a substantial anti-inflammatory
response.[214] Wan et al. fabricated a polyurethane (PU)/Gel com-
posite containing a keratin (K) based NO donor (SNO) and
demonstrated its potential application in wound repair.[215] The
study illustrated that in contrast to a control group, NO-releasing
PU/Gel/KSNO mats can decrease TNF-𝛼 levels thereby lower-
ing pro-inflammatory activity. In addition, the presence of im-
proved vascularization, as well as increased collagen deposition
and thickness of granulation tissue in the PU/Gel/KSNO group
indicated that NO has a significant role in accelerating skin tis-
sue repair and regeneration. In addition, one of the markers
of proper skin regeneration is generally considered to be scar-
less healing. This remains one of the major concerns associated
with the healing of deep injury wounds and demands advanced
and improved methodology for scarless healing. Recently, NO-
releasing sponges/hydrogels have displayed the ability to signifi-
cantly reduce scar formation in burned/diabetic wounds and en-
dow a therapeutic approach that may potentially result in scarless
skin repair.[212,216]
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Figure 4. Effect of NO-releasing scaffold on angiogenesis and wound healing. A) Representative images showing neovascularization and respective
CD31 expression (blood vessels stained in green). B) Presents quantitative data of the length of vessels and C) CD31 stained cells, respectively. D)
Digital images showing the effect on wound healing by different groups and E) Corresponds to wound remaining area at preset time points. F–J) Gene
expression of in vivo wound tissue samples on days 7 and 13 by western blotting analysis. Adapted with permission.[208] Copyright 2020, American
Chemical Society. Quantitative analysis of growth factors in new skin tissues of wound K) NO, a repair factor, L) Hydroxyproline, for collagen deposition,
M) CD31, N) TGF-𝛽, and O) VEGF. Reproduced with permission.[212] Copyright 2022, Elsevier Ltd.

4.2. Antibacterial Applications

The free radical NO is a potent antimicrobial agent. Exoge-
nous NO donors almost have a similar effect as endogenous
iNOS which helps in the production of large amounts of
NO for a longer period providing immune responses against
pathogens.[115a,217] The amount of NO generated (around 360 nm)
from RSNO at physiological concentrations is not enough to
exhibit antibacterial activity against bacteria like E. coli and S.

aureus.[218] Further, wounds associated with pathological con-
ditions (e.g., diabetes and immunodeficiency) are more prone
to severe microbial infections, and a higher concentration of
NO from exogenous sources is needed to exert a bactericidal
effect.[218] NO is a lipophilic molecule and can cross the bacte-
rial cell membrane quite easily.[219] High intracellular levels of
NO are the primary cause of nitrosative and oxidative stress. NO
oxidized to N2O3 creates nitrosative stress within and near the
bacterial membrane. On the other hand, peroxynitrite (ONOO-)
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which is a product of NO reacting with superoxide (endogenously
derived from bacterial cellular respiration) produces oxidative
stress.[219b,220] A successful bactericidal effect in wound regions
can be quickly achieved through a prolonged involvement of
NO, readily available through exogenous NO donors. Both gram-
positive and gram-negative bacteria, including MRSA, are sus-
ceptible to NO.[221]

Whenever any wound site is treated by using scaffold-based
tissue regeneration methods, it is always necessary that the
scaffold mimics the ECM which supports the regenerating tis-
sue. Another objective that needs to be kept in consideration
is the protection of the regenerating wound region from mi-
crobial infections. Ghalei et al. showed that NO the standard
biomolecule was used for targeted antimicrobial effects. The
NO was incorporated into polylactic acid (PLA)-Honey-S-Nitroso-
Nacetyl-penicillamine (PLA/HN/SNAP) electrospun scaffolds
which were also used as the ECM mimicking structure.[222] The
covalent conjugation of SNAP with PLA using different concen-
trations of honey enhanced the release profile and prolonged
the sustained release of NO from SNAP over a period of 48 h.
The anti-microbial activity of the PLA/HN/SNAP electrospun
scaffolds tested against E. coli and S. aureus revealed a signifi-
cant reduction in bacterial viability by 94.4% and 96.4%, respec-
tively. The sustained release of NO acted as a potent antimicrobial
agent and revealed enhanced cell viability in the PLA/HN/SNAP
nanofiber-treated group, demonstrating that PLA/SNAP-based
scaffolds could be an ideal candidates for wound regeneration.
NO donors containing NPs for extended NO release have been
of key interest due to their localized delivery efficacy. The larger
surface area provided by NPs in the infected site makes them
suitable for better in-contact delivery in wound regions that are
prone to bacterial infections. Hetrick et al. synthesized NO-
releasing silica NPs and 1-[2-(Carboxylate) pyrrolidine-1-ium-1,2-
diolate (PROLI/NO) for studying the effect of sustained release
of NO on P. aeruginosa.[219b] It was observed that NO delivered
from silica NPs could effectively kill P. aeruginosa better than NO
released from small molecule PROLI/NO, which was attributed
to the slower NO release from silica NPs (≈3.5 μmol mg−1) than
from PROLI/NO (≈21 μmol mg−1) after 4 h. The burst release
of NO from PROLI/NO also turned out to be more toxic towards
L929 mouse fibroblasts than was the gradual release of NO from
NO-releasing silica NPs. The burst release of NO saturates the
intracellular spaces causing extensive cytotoxicity in structural
cells; while a sustained and moderate release of NO is essential
to stop microbial growth. Martinez et al. also exploited the poten-
tial of the gradual release of NO from glass/hydrogel-based com-
posites (NO-NPs) made out of tetramethylorthosilicate, polyethy-
lene glycol, chitosan, glucose, and sodium nitrite.[223] Wounded
skin lesions of BALB/C mice were infected with 107 CFU mL−1

of MRSA and treated with NO-NPs, resulting in a significant de-
crease in the size of the eschar when compared to the untreated
group. The bacterial samples collected from the infected and un-
infected skin lesions demonstrate a significant decrease in bacte-
rial infection in the group treated with NO-NP compared to the
untreated and NP-treated groups. Tissue sections from the NO-
treated skin samples showed less inflammation with increased
fibrin deposition and no evidence of MRSA.

Not only polymeric scaffolds or NPs are used for conjugating
NO donors, but various hybrid or combinatory systems are

also used for exogenous NO delivery in intracellular spaces.
The attachment of S-nitroso compounds to various deliv-
ery vehicles and targeting the endogenous S-nitrosothiols in
human blood to produce NO are well-known strategies in
the field of antimicrobial studies. Cardozo et al. synthesized
S-nitroso-mercapto succinic acid alginate/chitosan (S-nitroso-
MSA alginate/chitosan) and S-nitroso-MSA-chitosan/sodium
tripolyphosphate NPs for the treatment of S. aureus and E. coli
and elucidated the prolonged release of NO and its prominent
antibacterial activity.[217] The main mechanism underlying
the antimicrobial activity was the conversion of RSNOs to
NO, which induces DNA damage through multiple pathways.
NO can directly interact with the DNA structure of bacteria,
inhibiting DNA repair mechanisms and impeding the gener-
ation of genotoxic products, thereby exerting its antimicrobial
effects.[115a,217] The production of NO from RSNOs can also be
catalyzed by the presence of metallic ions such as Cu+ which acts
as a catalyst to produce 2NO and RS-SR from 2RSNOs.[224] This
reactionproduces enough endogenous and exogenous NO for
antibacterial activity. Darder et al. used copper-containing metal-
organic conjugates as the source of copper, delivered through
cellulose-based sponges.[218] Copper high aspect ratio structures
(CuHARS) were crosslinked with cellulose nanofiber sponges
for the release of endogenous NO from RSNOs under simulated
conditions in vitro for anti-bacterial activity as well as in surgical
treatment regions. CuHARS releases Cu2+ which catalyzes the
decomposition of RSNOs to NO over a period of several hours
and shows promising inhibition of S. aureus and E. coli colony
formation.

Moreover, P. aeruginosa has always been a major cause of
nosocomial infections and has been very common in the in-
tensive healthcare units of hospitals. Nguyen et al. created a
hybrid antibiotic exogenous NO donating system to control in-
fections related to P. aeruginosa.[225] NONOate conjugated with
36 repeating units of monomer oligo(ethylene glycol) methyl-
ether-methacrylate with 3-vinyl benzaldehyde block polymer
(POEGMA-b-PVBA) were conjugated to gentamicin to form
gentamicin-conjugated POEGMA-b-PVBA NPs with NO (GEN-
NO NP). The combined release of gentamicin and NO was ob-
served over a period of 17 h using a concentration of 5 mg mL−1

at pH 7.4, 37˚C. In the presence of GEN-NO NPs with various
concentrations of the NO donor (5–50 μm), the biofilm viability of
P. aeruginosa was significantly reduced with less than 5% viabil-
ity in the case of the 50 μm concentration when compared to the
untreated cultures which had more than 80% viability after 6 h.
The combined therapy of antibiotics with exogenous NO donors
has great potential in preventing biofilm formation on clinical
surfaces or implants.

To improve the healing of infected wounds, a combined
approach was employed by Huang et al. which included
NO-containing graphene oxide (GO) nanocarriers and
GelMA/hyaluronic acid graft dopamine-based photo-responsive
hydrogel.[226] The loading of NO donor BNN6 was observed to
be higher in the GO-𝛽CD nanovehicle, and the GO-𝛽CD-BNN6
vehicle showed color change due to NO release when irradiated
with a NIR laser (Figure 5A,B). On exposure to NIR irradiation,
the NO-GO nanovehicle-embedded hydrogel exhibited slower
and sustained release of NO in comparison to the group without
NIR exposure (Figure 5C). The synergistic effect of the developed
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Figure 5. Photothermal effect and NO-based antibacterial activity. A) Loading ratio (%) of BNN6 (NO donor) in GO-based vehicles. B) NIR-based color
change of GO-𝛽CD in the absence and presence of BNN6. C) Release of NO with or without NIR irradiations. D-G) Agar plates show the antibacterial
activity of GO-𝛽CD-BNN6 and other groups along with their respective quantitative bacterial viability against S. aureus (D,E) and E. coli (F,G), respectively.
Reproduced with permission.[226] Copyright 2020, American Chemical Society.

NO-containing system demonstrated a potent bactericidal ef-
fect against both S. aureus and E. coli in the presence of NIR
irradiation. The NIR and NO-GO-based antibacterial activity in
S. aureus and E. coli was found to be promising, as no bacterial
colonies were observed, which is clear from digital images of
the agar plates. Inhibitory activity against S. aureus and E. coli
was estimated to be ≈97.6% and ≈95.5% respectively, with the
highest effect occurring in the Gel/GO-𝛽CD-BNN6 + NIR group
when compared to the other groups (Figure 5D-G). Another re-
cent study reported antibacterial GO-doped dual-mode hydrogel,
incorporated with biomimetic bacteriophage-like particles.[227]

The biomimetic phage microparticles were synthesized from
Lactobacillus casei and combined with RSNOs which served as
the NO donor. The study revealed excellent antibacterial activity
(≈99.84%) in the dual-mode antibacterial hydrogel (DMAH)
group as compared to the other groups in the study (Figure 6A).
The DMAH group was able to effectively eradicate MRSA, and
its anti-inflammatory properties promoted rapid healing in
infected wounds with a wound closure of ≈97.8% after day 15
(Figure 6B-D).[212]

NIR irradiation and photoconversion of dopamine to poly-
dopamine have been one of the recent advancements in biofilm
eradication, but the efficacy of the antimicrobial effect is still
a challenge.[228] Lei et al. demonstrated a remarkable bacte-
ricidal effect of the developed nanocoating based on poly-
dopamine (PDA) under NIR irradiation.[229] The bactericidal ef-
fect of the PDA-based nanocoating was found to be indepen-
dent of the bacterial genus, indicating its broad-spectrum an-
timicrobial activity. N-diaziniumdiolate (NONOate) conjugated
with various polymeric NPs has been an effective source for
the release of NO which provides bactericidal properties ef-
fective against both gram-positive and gram-negative bacte-
ria like S. aureus and E. coli.[159] Yu et al. prepared PDA-
coated Fe2O3 NPs and conjugated them with poly-(amidoamine)
and NONOate as an integrated photothermal nanocompos-
ite and studied the effect of exogenous NO released on pop-
ulations of E. coli and S. aureus.[228b] The synergistic effect
of laser irradiation on the Fe2O3@PDA@PANAM-NONOate
was studied along with the effect of increasing the dosage
of the Fe2O3@PDA@PANAM-NONOate (Figure 7). The study
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Figure 6. In-vivo antibacterial and wound healing efficacy of DMAH. A) Antibacterial activity against MRSA on day 2. B) Digital images display wound
healing at desired time points after treatment with respective groups and C) Presents the quantification of wound closure on days 2, 5, 10, and 15. D)
H&E staining of skin tissue from the wound showing wound healing and neutrophil infiltration (green circles and arrows). All Scale bars are 20 μm.
Adapted with permission.[227] Copyright 2022, John Wiley and Sons Inc.

highlighted a NO dose-dependent bactericidal activity in both E.
coli and S. aureus, with exposure to laser irradiation compared to
those without laser exposure (Figure 7A,B). The antibacterial ef-
fect was determined by counting the colonies using agar plates.
All the groups without laser irradiation showed the presence of
bacterial colonies; albeit the number of colonies was lesser in
the groups treated with Fe2O3@PDA@PANAM-NONOate NPs
alone when compared to the control group, which demonstrates
a weak anti-bacterial effect (Figure 7C). However, significant an-
tibacterial activity against both E. coli and S. aureus was observed
in the groups when treated with both NO and laser irradiation.
It was also ascertained that bactericidal activity increased with
increased dosages of Fe2O3@PDA@PANAM-NONOate in the
presence of laser irradiation (Figure 7D). The bactericidal effect
was attributed to the heat generated by the laser irradiation, ex-
posure to which had a significant effect on the destruction of the
bacterial cell walls. Another observed advantage of these exoge-
nous NO-carrying polymeric NPs was the presence of a larger sur-
face area which facilitated interactions with the bacteria colonies.
They were also able to reach the colonies more quickly and attach
to the bacterial cell walls. Most of the NO donors which served
as the exogenous sources of NO have proven themselves to be
better delivery vehicles for targeted NO release when compared

to the direct use of NO donors (RSNO or NONOate). However,
the study did not provide any experimental data to evaluate the
effect of NO donor concentrations on bactericidal activity in the
absence of laser irradiation, which is a limitation of the study.

4.3. Cardiovascular Homeostasis and Inhibition of Platelet
Aggregation

NO mediates multiple physiological and pathophysiological pro-
cesses in the cardiovascular system through various mechanisms
such as antiplatelet activity, vasodilation, antioxidant activity, anti-
adhesion, and antiproliferative effects.[63a,230] Endothelial dys-
function and impaired endogenous platelet inhibition are both
part of the cardiovascular phenotype of congestive heart failure
(CHF) and usually contribute to increased risk for thromboem-
bolic complications which lead to platelet activation.[231] Further,
reduced NO activity along with increased levels of ROS results
in impaired systemic and coronary perfusion, which needs to
be compensated through exogenous boosting of NO-releasing
pathways.[232]

Various types of NO donors, like glyceryl trinitrate (GTN),
sodium nitroprusside (SNP), diethylamine diazeniumdiolate
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Figure 7. Concentration-dependent antimicrobial activity of NO under laser irradiation. A,B) Bacterial viability of E. coli and S. aureus respectively, treated
with Fe3O4@PDA@PAMAM-G3 and Fe3O4@PDA@PAMAM@NONOate under different laser irradiation conditions. C) Bacterial colonies formation
of E. coli and S. aureus under different treatments. D) Bacterial colonies formation of E. coli and S. aureus treated with different concentrations of
Fe3O4@PDA@PAMAM@NONOate. Reproduced with permission.[228b] Copyright 2018, John Wiley and Sons Inc.
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Figure 8. Effect of NO-releasing scaffolds on platelet adhesion and activation. A) Activated platelets in red (CD62p stain) and corresponding SEM images
in PCL/PCL-MOFs-GSNO. B) Quantitative estimation of platelet adhesion. C) Digital image presenting ex-vivo AV shunt model. D,E) Thrombus formation
(mg) and adhered platelet count in PCL/PCL-MOFs-GSNO scaffolds, respectively. Scale bar: 20 μm. Reproduced with permission.[234] Copyright 2021,
Elsevier Inc.

(DEA/NO), and RSNOs, RIG200 are currently being explored as
possible mechanisms to achieve a sustained release of NO in
cardiovascular systems.[233] Flierl et al. demonstrated low adhe-
sion of activated platelets to fibrinogen in the presence of pen-
taerythritol tetranitrate (PETN; NO donor) by 50% compared to
the control (untreated fibrinogen samples).[231] PETN was shown
to minimize thromboembolic complications in CHF by interact-
ing with platelet NADPH oxidases and platelet mitochondrial
redox reactions to lower the amount of ROS. In recent years,
MOFs such as Cu-MOFs have been elucidated as another excel-
lent source of catalyzing RSNOs endogenously to produce NO for
cardiovascular applications.[234] By slowing down the rate of spon-
taneous NO exposure and catalysis, a sustained and extended
rate of NO release can be achieved. Zhang et al. embedded Cu-
MOFs in PCL fibers using electrospinning to stabilize MOFs, al-
lowing for a slow rate of NO catalysis, and thereby enhancing
NO release for a prolonged period. The sustained NO release
prevented platelet adhesion and inhibited platelet activation in
PCL/Cu-MOFs with NO donors compared to the groups with-
out NO donors (Figure 8A,B). The insight into the platelet in-
hibitory role of NO was further validated in a rat model that
used an ex-vivo arteriovenous (AV) shunt and demonstrated a de-

crease in clot formation as well as reduced adhesion of platelets in
NO-producing groups (Figure 8C-E), respectively. However, en-
dogenous NO scavengers like ferro hemoglobin (Fe(II)Hb) and
selective guanylate cyclase inhibitor, H-(1,2,4) oxadiazole (4,3-a)
quinoxaline-1-one (ODQ) are also present which may interfere
with sGC activation, thereby affecting proper NO binding. So,
the effect of different NO donors in the presence of these scav-
engers needs to be properly exploited to better understand the
aggregation effect of the activated platelets.[233a] Sogo et al. re-
ported not only the platelet inhibitory effect of each NO donor
(e.g., GTN, SNP, GSNO, DEA/NO, and RIG200) but also the ef-
fect of endogenous NO scavengers on the attachment of activated
platelets to a collagen treated surface. Fe(II)Hb and ODQ inhib-
ited the effect of the NO donors. With increasing concentrations
of the NO donors (e.g., SNP, GSNO, RIG200, and DEA/NO), the
platelet aggregation decreased rapidly even in the presence of the
NO scavengers.

NO, a well-known vasodilator, is endogenously synthesized
via endothelial NO synthase (eNOS) and induces smooth mus-
cle relaxation to expand arteries, which serves a critical role in
cardiovascular homeostasis and inflammatory responses.[190,235]

Various pathological conditions such as diabetes, coronary artery
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disease (CAD) and CHF usually disrupt normal cardiovascular
homeostasis, leading to an increased mortality risk in patients
with these conditions.[236] Vascular grafts, stents, or other cardio-
vascular implants containing exogenous NO donors are currently
being developed to fully harness the therapeutic potential of NO’s
effects on the cardiovascular system.[237]

Cardiovascular implants, such as vascular grafts, valve replace-
ments, and stents constitute most foreign implants that are
responsible for the activation of platelets and immune-related
responses. The subsequent aggregation of platelets in the re-
gion of an implant can lead to severe cardiovascular conditions
like angina pectoris, coronary artery disease, and myocardial
infarction.[230b,238] Moreover, one of the major implications in
platelet aggregation is the restenosis of a stented segment of an
artery after the completion of angioplasty. The restenosis of the
stented segment occurs primarily due to the excessive aggrega-
tion of platelets on the surfaces of the stent.[238b,239] One of the
ways to address the problems caused by platelet aggregation is
to control the behavior of platelet movement. Most of the pre-
viously mentioned implant materials are often coated with NO
donors, NO released from these donors reduces the tendency of
platelets to aggregate when exposed to the implants. Both hy-
drophilic (e.g., PEG and hyaluronic acid (HA)) and hydrophobic
(e.g., PCL, PLGA, and PU) materials, along with NO donors are
used to coat stents.[230b,240] Acharya et al. coated steel stent sur-
faces with PEG, PCL, and PLGA containing GSNO to validate the
NO release profiles of these polymeric coatings, and the effect of
NO on platelet adhesion. The study showed that GSNO can act
as a regulatory agent for maintaining blood flow, blood pressure,
and thrombus formation in a stented artery.[240]

To address the problems of thrombosis and restenosis, Lyu
et al. fabricated a dual functional endothelial mimicking car-
diovascular stent. The plasma polymeric allylamine (PPAm)
stents coated with HA and NO generating Cu2+- 1,4,7,10-
tetraazacyclododecane-N, N′, N″, N″′-tetraacetic acid (DOTA) in a
layer-by-layer fashion were evaluated for thrombosis, NO release,
cell-vessel properties in-vitro and in-vivo.[241] The PPAm stent
coated with HA and Cu2+-DOTA not only protected the stent sur-
face from platelet adhesion but also significantly reduced throm-
bus formation and improved blood flow (Figure 9A,B). Proper
endothelialization is a prerequisite at the site of stent surfaces
and vascular lesions. Glycocalyx agents and NO are known to be
the key contributors to this process. The inhibition of smooth
muscle cell growth on stent surfaces is desirable and helps to
decrease the chances of restenosis, while higher endothelial cell
growth and migration are desired for appropriate endothelializa-
tion. The HA scaffolds containing glycocalyx with NO-releasing
properties showed substantial inhibition of smooth muscle cells
as well as enhanced endothelial cell adhesion and migration,
specifically in HA@DOTA-Cu (Figures 9C,D). The dual func-
tional HA@DOTA-Cu vascular stent in-vivo exhibited excellent
migration and integration of endothelial cells within one week
(Figure 9E) and demonstrated minimal neointimal hyperplasia
after 4 and 12 weeks which is predominantly associated with
smooth muscle cell proliferation and migration (Figure 9F). In
addition, smaller diameter prosthetics used in bypass surgeries,
like vascular grafts, are prone to platelet aggregation and throm-
bus formation, which is a significant cause of reduced blood flow
through and the eventual clogging of prosthetic grafts.[242] Fleser

et al. also employed a common strategy with the incorporation of
NO donors into graft materials for controlling platelet aggrega-
tion and thrombus formation in the local regions of the prosthetic
application. The polyvinyl chloride (PVC) coated grafts contain-
ing NO showed negligible thrombus formation when compared
to the PVC-coated and uncoated control grafts, indicating a sub-
stantial inhibitory effect on platelet adhesion to the graft surface.
NO has a very short half-life and is continuously scavenged by
oxygen and hemoglobin in red blood cells, which averts the cy-
totoxic effects of any accumulated NO in the local region. The
application of NO is not limited to only reducing platelet adhe-
sion. NO also reduces the proliferation and migration of smooth
muscle cells and inhibits leukocyte adhesion, which are impor-
tant factors in the intimal hyperplastic response.[242,243]

4.4. Tumor Targeting

Tumor angiogenesis is an important factor that is commonly con-
sidered to be a negative prognostic indicator. This is because an-
giogenesis increases the blood supply and subsequent delivery
of nutrients to the tumor, which facilitates tumor growth.[244]

Many strategies have been applied to cut down or reduce the
blood supply in tumors, such as targeting inhibitory pathways
for VEGF which results in the depletion of vascular struc-
tures and a decreased blood supply to tumors.[245] However, re-
cent studies revealed that strategies to reduce the blood sup-
ply to tumors result in drug resistance, tumor hypoxia, and
metastasis.[244b,245,246] Counterintuitively, improved blood flow in
tumor-specific regions through angiogenesis and blood vessel di-
lation showed better drug delivery as well as improved therapeu-
tic outcomes.[244b,247] The reports showed that increased blood
flow in hypoxic regions of tumors increases the susceptibility of
those cells to radiotherapy treatments.[159,248] The potential role
of NO as part of tumor treatments has recently been studied
due to its selective cytotoxic effects on tumor-specific cells. But
as with previously mentioned therapeutic applications of NO,
one of the major hurdles to overcome is the short half-life of
endogenously generated NO. To circumvent this issue, targeted
NO donors are used to specifically induce an anti-tumor effect
through its pro-apoptotic cytotoxicity. The formation of toxic and
mutagenic superoxide species, like ONOO− and N2O3, at the site
of a tumor induces a pro-apoptotic effect through DNA damage,
gene mutation, protein inactivation, and inhibition of DNA re-
pair mechanisms.[138,159,249] The efficacies of anti-cancer drugs
(e.g., Paclitaxel (PTX) and Doxorubicin) have been studied as part
of cancer treatments, and in some cases, drug resistance has
been observed. Therefore, to improve the cytotoxic effects that
these drugs have on cancer cells, as well as to decrease the oc-
currence of drug resistance, NO donor-based systems were co-
administered with these drugs. Recent studies showed that these
types of NO combined systems exhibit improved levels of efficacy,
decreased levels of multidrug resistance, and decrease in cancer
metastasis.[244b,250]

Yin et al. prepared an anti-cancer drug model based on the
usage of PTX along with a NO donor stabilized polymeric sys-
tem involving d-𝛼-tocopherol polyethylene 1000 glycol succinate
(TPGS), TPGS-TN.[244b] The TPGS-NO3 that dissociated from
TSP-TN promoted the drug delivery of PTX and inhibited tumor
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Figure 9. NO containing stent-cell interaction and in-vivo implantation. A,B) Digital images of the vascular stent in cross-sectional view after exposure
to blood flow for 2 h and thrombus formation on corresponding foils, respectively. C,D) Effect of developed HA@DOTA-Cu and other vascular grafts
on smooth muscle cell migration and HUVECs, respectively. E) Fluorescent images show cell integration on vascular stent of 316L SS (control) and
HA@DOTA-Cu after implantation. F) Histomorphometric analysis of implanted stents in-vivo. Reproduced under Creative Commons Attribution License
(CC BY).[241] Copyright 2021, The Authors. Published by Wiley-VCH.
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Figure 10. Schematic illustration of the enhanced tumor therapy with reversed multidrug resistance (MDR) tumor cells and inhibited metastasis by drug
co-delivery and in situ vascular-promoting strategy. The compounds under test are d-𝛼-tocopherol polyethylene 1000 glycol succinate (TPGS), TPGS-
paclitaxel (TPGS-SS-PTX or TSP), TPGS derived NO donor (TPGS-NO3 or TN), and micellar TPGS-SS-PTX and TPGS-NO3 (TSP-TN). TSP-TN not only
caused vasodilation and angiogenesis reducing leaky vasculature but also induced apoptosis in MDR tumor cells. Reproduced with permission.[244b]

Copyright 2017, Elsevier Inc.

growth by increasing vessel dilation in the tumor tissue. The
synergistic antitumor effect of PTX and NO can potentially in-
crease angiogenesis and vessel dilation for several anticancer
therapies without causing drug resistance in the involved path-
way (Figure 10). The anti-tumor effect of different concentrations
of TSP-TN was compared to Taxol and TSP as a part of an in
vivo study involving drug-resistant MCF-7/ADR tumor-bearing
mice. (Figure 11).[244b] The volume and weight of the tumors
decreased significantly in the cases involving different concen-
trations of TSP-TN, but no significant change was observed in
the cases of the control, Taxol, and TSP groups (Figure 11A,B).
Further, the body weight of the mice treated with TSP-TN re-
mained almost the same as that of the mice in the control
group, which demonstrated the tumor-specific activity of TSP-
TN (Figure 11C). The dose-dependent anti-tumor effect of TSP-
TN showed to induce massive amounts of apoptosis of the tu-
mor cells in contrast to the control, Taxol, TSP, and TSN groups
(Figure 11D,E). The immune-fluorescent images indicated an in-
crease in the signaling of apoptotic cells and blood vessels in TSP-
TN groups, and low or no signaling was observed in the other
groups (Figure 11E). NO can also restrict tumor metastasis when

evaluated in the B16F10 metastatic tumor model, confirmed by
the decreased number and diameter of nodules (Figure 11F–H).
The substantial tumor-inhibiting effect was further asserted by
H and E staining of metastatic lung sections (Figure 11I). The
application of exogenous NO donors along with photothermal
chemotherapy is a novel approach to cancer therapy reported
by Du et al. The study used a d-𝛼-tocopherol polyethylene 1000
glycol succinate-galactose-based system for loading NO donors
with Doxorubicin (NO-DOX@PDA-TPGS-Gal) and tested them
against drug-resistant hepatocellular carcinoma (HCC) induced
subcutaneously in BALB/c mice.[250] When the NPs were applied
to the tumor and exposed to NIR, they responded by generating
heat within the tumor and releasing NO in micromolar quanti-
ties. When tested in vivo, the combined approach of using NO-
DOX@PDA-TPGS-Gal along with NIR exhibited the potential to
completely suppress tumor growth and reduce the tumor size
over a period of 21 days.

NO, in micromolar concentrations, can induce apoptosis and
assist in providing effective anticancer treatment.[178] Polymeric
nano delivery systems consisting of poly-(6-O methacryloyl-
d-galactose) based NONOate-multiarm can generate NO in
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Figure 11. In vivo antitumor efficacy against MDR tumors. A) Change in tumor (MCF-7/ADR) volume profile, B) Tumor weight, C) Relative body weight,
and D) Tunnel assay to evaluate apoptosis of tumor cells in mice *p < 0.05, **p < 0.01, and ***p < 0.001 versus TSP. E) Blood vessels (𝛼-CD31 antibody
stained as red and DAPI (blue) for nuclei) and tumor apoptosis (TUNEL staining as green) presented by immune-fluorescent images. F) Digital images of
dissected lungs in B16F10 metastatic model. G,H) Number and diameter of nodules in metastatic lungs. *p < 0.05, **p < 0.01, and ***p < 0.001 versus
saline. #p < 0.05, ##p < 0.01, and ###p < 0.001 versus Taxol. I) H&E images of metastatic lung sections. Reproduced with permission.[244b] Copyright
2017, Elsevier Inc.

micromolar concentrations to achieve desired therapeutic
effects.[251] In tumor-bearing nude mice, in contrast to NO-
donor prodrug JS-K (O2-(2, 4-Dinitrophenyl) 1-[(4- ethoxycar-
bonyl) piperazin-1-yl] diazen-1ium-1, 2-diolate) treated mice,
the tumor inhibition and mouse survival rate was substantial
in the group treated with the NONOate-multiarm containing
nano delivery system. Such systems have shown the capability
of increasing the half-life of NO by up to 9.2 h, as revealed by
kinetic measurements in an in-vitro system.[251] However, in
the case of intracranial tumors, delivery of NO and other drugs
across the blood-brain barrier (BBB) has always been a major
challenge. Although there are a few studies that demonstrate
efficient delivery of NO across the BBB, in the case of target-
ing and treating intracranial tumors, without adequate tissue
penetration it is unfeasible to employ an external stimulus with
the precision necessary. In recent years, the diagnostic and
therapeutic advantages of implantable optoelectronic devices
have attracted the focus of the scientific community because of

their potential to serve as powerful medical tools. For example,
a carmustine-delivering implantable device for the treatment
of neuroglioma has been clinically approved in the form of a
carmustine wafer implant (Gliadel wafer) for the controlled
and prolonged release of carmustine.[252] Yao et al. developed
an integrated implantable NO-generating device for treating
intracranial neuroglioma that can self-power and regulate the
release of NO wirelessly.[253] The self-powering ability of the
integrated system is comprised of a triboelectric nanogenerator
(TENG) and an s-nitroso glutathione donor encapsulated de-
vice for NO generation, which is controlled wirelessly through
patients’ smartphones. The TENG generates electrical energy
from the patients’ movement, through biomechanical energy
conversion, and provides a sustainable power source for the
localized release of NO. The efficient therapeutic potential of
the self-powered integrated system was successfully validated
in in-vitro and in-vivo breast tumors and intracranial tumors as
proof of concept.
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Figure 12. NO delivery for tissue repair and regeneration.

4.5. NO in Other Tissue Engineering and Regenerative Medicine
Applications

Due to its remarkable multifaceted therapeutic applications, NO
has shown great potential in tissue engineering and regenera-
tive medicine (Figure 12). Many reports have revealed the signif-
icant roles of NO in skin repair and cardiovascular regeneration.
Studies have also exploited the contributions of NO in other re-
generative applications (e.g., peripheral nerve regeneration, liver
regeneration, endothelium regeneration, bone regeneration, and
muscle regeneration).[254]

Peripheral nerve injury (PNI), an intricate histopathological
process, is a grave clinical concern that leads to axonal degen-
eration or demyelination and subsequent muscle weakness and
loss of motor/sensory functions. The recovery of nerve function
is challenging due to the slower regenerative capability of pe-
ripheral nerves, and regenerative outcomes are comparatively
poor.[255] To date, a few reports have suggested that peripheral
nerve regeneration and degeneration are modulated by NO
release produced by iNOS and nNOS.[256] The NO released by
these critical factors plays a key role in peripheral nerve repair
and regeneration.[257] The NO released due to the upregulation

of iNOS in PNI causes local vasodilation and increased blood
flow to the nerve which may help in the removal of myelin
and axonal debris.[256] The substantial effect of NO on nerve
regeneration was reported earlier in an iNOS-lacking mouse
model.[254b] The study showed slow myelin degeneration and
in turn delayed myelin fiber regeneration, as well as the pro-
motion of delayed neuropathic pain. In PNI, to promote axonal
regeneration, regulating NO concentrations during the neural
regeneration process is highly recommended. Lee et al. recently
reported improved functional recovery in NO-treated animals
through the mechanism of boosted axonal regeneration. The
study developed NO-silica NPs (NO-SN) incorporated in fibrin
glue and validated its potential therapeutic role in enhancing
revascularization and nerve regeneration in an acute periph-
eral nerve crush injury model (Figure 13A–C). High vascular
density was observed in NO-SN treated group after 3 days
of nerve crush injury as compared to the untreated group
(Figure 13A). Overall, increased sciatic nerve functional recovery
and fast nerve regeneration after 2 and 3 weeks respectively
was observed in the NO-treated group than in the control
group, indicating an early functional recovery in the early phase
(Figure 13B,C).[256]
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Figure 13. NO promotes the regeneration of nerves, muscle, and bone. A–C) Quantitative data showing enhanced revascularization, motor functioning,
and nerve regeneration respectively, with NO-SN in nerve crush injury rat model. Reproduced with permission under Creative Commons Attribution
License (CC BY).[256] Copyright 2021, The Authors. Published by Wolters Kluwer. D) H&E staining of muscle sections from the gastrocnemius injury site
showed inflammatory and more fibrotic tissue formation in L-NAME treated group (iNOS inhibitor) after 24 h compared to sham and trauma groups.
E,F) Increased collagen deposition in L-NAME treated group after 7 days as compared to other groups showed by Sirius red staining alone (E) and under
polarized light (F). Reproduced with permission.[259a] Copyright 2010, Elsevier Inc. Panels (G,H) show the scheme of Osteoporosis treatment using
NIR-regulated UCPA-BNN gas therapy in the OVX model. Panel (I) shows the microarchitecture of trabecular bone using micro-CT for the third lumbar
vertebral body and the distal femur of each group. Panels (J) and (K) represent the quantitative data of architectural parameters of BMD (bone mineral
density) and Tb. N (trabecular number) respectively, in OVX mice. Reprinted with permission.[266] Copyright 2021, American Chemical Society.

Muscle regeneration and function are severely affected by
post-traumatic muscle injuries due to improper and slow heal-
ing. Additionally, this type of improper healing is usually as-
sociated with scar tissue formation and increased chances of
recurrent injuries.[258] For successful muscle repair and func-
tional recovery, activation of quiescent satellite cells, infiltra-
tion of inflammatory cells, and maintenance of the balance
between the processes of regeneration and fibrosis are all
prerequisites.[254f,259] The regeneration and homeostasis of adult
skeletal muscle are improved by NO signaling which promotes
satellite cell activation, proliferation, migration, angiogenesis,
and endorses macrophage activity.[174a,260] Rigamonti et al. were
the first to elucidate that during a muscle injury, elevated iNOS
expression is associated with macrophages and promotes mus-

cle regeneration.[254f] Recently, in another study, SIN-1 (an NO
donor) triggered myoblast differentiation, thereby promoting
myogenesis. The authors inferred that elevated NO levels had
substantial contributions to the process of skeletal muscle regen-
eration and were believed to be its central modulator.[261] Further,
in a crush muscle injury model, early phase NO production was
found to be a key factor in the repair of skeletal muscle.[259a] In
the early phases of crush muscle injury, blocking of NO produc-
tion in L-NAME (NOS inhibitor)-treated group resulted in inflam-
mation and edema after 24 h and poor muscle regeneration and
formation of more fibrotic scar post 7 days trauma in contrast to
the sham group (Figure 13D–F).

Endothelium regeneration has a critical role in improving vas-
cularization and perfusion during healing and the process of
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tissue regeneration. In the case of pathological diseases that
mainly cause severe disruption of the endothelium of vessels,
different types of grafts or implants are used to mimic the na-
tive vessel or to regenerate the vascular tissue and recapitulate
its biological functions.[262] However, challenges like tissue inte-
gration, low vessel patency, risk of infections, clotting, etc. per-
sist and limit their translational potential.[263] Hence, it is impor-
tant to consider the structure, components, and functions of ves-
sels, in addition to the choice of materials used when designing
and fabricating advanced grafts.[262,263] As discussed earlier, NO is
endogenously released by endothelial cells, which line the inner
wall of the vessels, to maintain vascular health. NO boosts migra-
tion of endothelial cells, promotes angiogenesis, regulates vas-
cular patency, and improves vascular tissue regeneration. Duo
et al. demonstrated the potential application of NO-generating
PCL/sulfonated keratin mats in vascular tissue regeneration by
showing improved cell viability, low platelet adhesion, and en-
hanced re-endothelialization.[264]

Apart from that, many researchers have explored the role of
endogenous and exogenous NO in bone regeneration, demon-
strating that NO has a remarkable contribution to osteogenesis-
related physiological and pathological conditions.[254e,265] In addi-
tion, multiple studies suggested that NO modulates bone cell dif-
ferentiation, proliferation, and survival during bone metabolism.
It also displays the ability to contribute considerably to the pro-
cess of bone healing in cases of fractures when used in combina-
tion with bone morphogenic protein.[254e,265] In a recent study, the
targeted release of NO from a BNN precursor using NIR-sensitive
upconversion nanoparticles (UCNP) coated mesoporous silica
NPs was used for targeted bone formation (Figure 13G,H). In
contrast to control groups, the effect of NO release from the
UCPA-BNN + NIR group on osteoporosis in ovariectomized-
induced mice potentially showed substantial osteogenesis and
improved recovery in bone mass as observed from micro CT, fol-
lowed by its quantitative analysis (Figure 13I–K).[266] The poten-
tial ability to avoid or even reverse osteoporosis is primarily due
to the effective and targeted release of NO.

Other studies have reported a significant contribution from
NO in pulp-dentin regeneration, tendon regeneration, and liver
regeneration.[173b,254c,267] However, advanced and comprehensive
research in this direction is necessary to further explore the role
of NO in these tissue engineering applications.

5. Conclusions and Perspectives

In summary, we have reviewed the remarkable roles of NO in bi-
ological systems and the use of NO as a therapeutic agent in dif-
ferent biomedical applications. We have also highlighted the use
of distinct NO donors/carriers for efficiently generating NO or
sustained and prolonged release of NO at target sites. In the last
decade, the therapeutic roles of NO have gained considerable at-
tention from the scientific community, specifically regarding the
exogenous delivery of NO using NO donors/carriers. However,
these NO donors/carriers are associated with major challenges,
such as the regulation of NO payloads, short half-lives, toxicity,
duration of NO release, etc. Addressing these issues requires a
thorough physicochemical characterization and effective ways to
establish a stable system for their actual use in controlled NO
delivery at targeted sites. This presentation focused on substan-

tiating state-of-the-art advancements and strategies in overcom-
ing the challenges associated with the biological administration
of NO, including a review of the fundamental biological roles of
NO, and diverse approaches that have been employed in the de-
sign and development of desired NO donors/carriers for distinc-
tive biomedical applications.

The NO released from different types of polymeric particles,
liposomes, and other polymeric implantable donors/carriers has
proved effective in accomplishing the potential therapeutic ef-
fects of NO in various pathological conditions. However, further
advancement in the design and synthesis of NO-releasing sys-
tems is required to properly regulate the concentration, delivery,
and toxicity of NO. To these ends, multifunctional nano/micro
or MOF-based NO delivery vehicles can facilitate the therapeu-
tic applications of NO. The development of stimuli-responsive
and functionalized nanomaterial for NO delivery would provide a
promising platform for achieving significant bactericidal effects,
enhancement of chemotherapeutic effects in treating tumors,
and numerous other NO-based biomedical modulatory effects. A
new and emerging approach for the efficient application of NO
effects involves the possibility of on-site NO generation in a con-
trolled manner. Moreover, many studies have demonstrated the
critical role of NO in tissue repair and regeneration. However, the
potential therapeutic application of NO in this domain is still pri-
marily unexplored. Even though a plethora of studies have eluci-
dated the effective role of NO in different pathological conditions,
the focus needs to shift to evaluating the stability, biodistribution,
and toxicity of NO over extended periods as part of in-vivo studies,
which may aid in its translational applications.[163c]

Acknowledgements
S.M.A. and N.S.S. contributed equally to this work. This work was sup-
ported by grants from the National Institute of General Medical Sciences
(NIGMS) and the National Institute of Dental and Craniofacial Research
(NIDCR) at the National Institute of Health (NIH) under Award Num-
bers R01GM138552, R01DE031272, and P30GM127200, Congressionally
Directed Medical Research Programs (CDMRP)/Peer Reviewed Medical
Research Program (PRMRP) FY19 W81XWH2010207, Nebraska Research
Initiative pilot grant, NE LB606, and startup funds from the University of
Nebraska Medical Center.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
biomedical applications, delivery, donors, nitric oxide, physiological func-
tions

Received: June 30, 2023
Published online: August 26, 2023

[1] a) S. H. Snyder, D. S. Bredt, Sci. Am. 1992, 266, 68; b) D. S. Bredt,
Free Radic. Res. 1999, 31, 577.

[2] a) L. J. Ignarro, J Card Surg 2002, 17, 301; b) R. M. Palmer, A. G.
Ferrige, S. Moncada, Nature 1987, 327, 524.

Adv. Sci. 2023, 10, 2303259 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2303259 (31 of 38)



www.advancedsciencenews.com www.advancedscience.com

[3] T. J. O’Dell, R. D. Hawkins, E. R. Kandel, O. Arancio, Proc. Natl. Acad.
Sci. USA 1991, 88, 11285.

[4] M. R. Miller, I. L. Megson, Br. J. Pharmacol. 2007, 151, 305.
[5] A. J. Gow, C. R. Farkouh, D. A. Munson, M. A. Posencheg, H.

Ischiropoulos, Am. J. Physiol. Lung Cell Mol. Physiol. 2004, 287, L262.
[6] M. J. Griffiths, T. W. Evans, N. Engl. J. Med. 2005, 353, 2683.
[7] a) U. Forstermann, W. C. Sessa, Eur. Heart J. 2012, 33, 829; b) W. K.

Alderton, C. E. Cooper, R. G. Knowles, Biochem. J. 2001, 357, 593; c)
O. M. Emine Atakisi, Nitric Oxide Synthase – Simple Enzyme-Complex
Roles.

[8] a) C. Giroud, M. Moreau, T. A. Mattioli, V. Balland, J. L. Boucher, Y.
Xu-Li, D. J. Stuehr, J. Santolini, J. Biol. Chem. 2010, 285, 7233; b) S.
Moncada, A. Higgs, N. Engl. J. Med. 1993, 329, 2002.

[9] M. Mori, T. Gotoh, J. Nutr. 2004, 134, 2820S.
[10] a) R. J. Haines, L. C. Pendleton, D. C. Eichler, Int J Biochem. Mol.

Biol. 2011, 2, 8; b) D. J. Stuehr, M. M. Haque, Br. J. Pharmacol. 2019,
176, 177.

[11] B. R. Crane, A. S. Arvai, D. K. Ghosh, C. Wu, E. D. Getzoff, D. J.
Stuehr, J. A. Tainer, Science 1998, 279, 2121.

[12] a) M. A. Noble, A. W. Munro, S. L. Rivers, L. Robledo, S. N. Daff, L. J.
Yellowlees, T. Shimizu, I. Sagami, J. G. Guillemette, S. K. Chapman,
Biochemistry 1999, 38, 16413; b) D. Stuehr, S. Pou, G. M. Rosen, J.
Biol. Chem. 2001, 276, 14533.

[13] a) H. J. Cho, Q. W. Xie, J. Calaycay, R. A. Mumford, K. M. Swiderek,
T. D. Lee, C. Nathan, J. Exp. Med. 1992, 176, 599; b) B. Hemmens,
B. Mayer, Methods Mol. Biol. 1998, 100, 1.

[14] B. Hemmens, W. Goessler, K. Schmidt, B. Mayer, J. Biol. Chem.
2000, 275, 35786.

[15] H. Li, C. S. Raman, C. B. Glaser, E. Blasko, T. A. Young, J. F.
Parkinson, M. Whitlow, T. L. Poulos, J. Biol. Chem. 1999, 274, 21276.

[16] E. R. Werner, A. C. Gorren, R. Heller, G. Werner-Felmayer, B. Mayer,
Exp. Biol. Med. (Maywood) 2003, 228, 1291.

[17] U. Forstermann, A. Mulsch, E. Bohme, R. Busse, Circ. Res. 1986, 58,
531.

[18] a) J. L. Balligand, L. Kobzik, X. Han, D. M. Kaye, L. Belhassen,
D. S. O’Hara, R. A. Kelly, T. W. Smith, T. Michel, J. Biol. Chem.
1995, 270, 14582; b) M. G. Petroff, S. H. Kim, S. Pepe, C. Dessy,
E. Marban, J. L. Balligand, S. J. Sollott, Nat. Cell Biol. 2001, 3, 867;
c) T. Wallerath, I. Gath, W. E. Aulitzky, J. S. Pollock, H. Kleinert, U.
Forstermann, Thromb Haemost 1997, 77, 163; d) M. M. Cortese-
Krott, A. Rodriguez-Mateos, R. Sansone, G. G. Kuhnle, S. Thasian-
Sivarajah, T. Krenz, P. Horn, C. Krisp, D. Wolters, C. Heiss, K. D.
Kroncke, N. Hogg, M. Feelisch, M. Kelm, Blood 2012, 120, 4229.

[19] a) J. L. Balligand, O. Feron, C. Dessy, Physiol. Rev. 2009, 89, 481; b)
C. Farah, L. Y. M. Michel, J. L. Balligand, Nat Rev Cardiol 2018, 15,
292.

[20] a) B. Fisslthaler, A. E. Loot, A. Mohamed, R. Busse, I. Fleming, Circ.
Res. 2008, 102, 1520; b) I. Mattagajasingh, C. S. Kim, A. Naqvi, T.
Yamamori, T. A. Hoffman, S. B. Jung, J. DeRicco, K. Kasuno, K. Irani,
Proc. Natl. Acad. Sci. USA 2007, 104, 14855; c) P. A. Erwin, A. J. Lin,
D. E. Golan, T. Michel, J. Biol. Chem. 2005, 280, 19888; d) C. A. Chen,
T. Y. Wang, S. Varadharaj, L. A. Reyes, C. Hemann, M. A. Talukder,
Y. R. Chen, L. J. Druhan, J. L. Zweier, Nature 2010, 468, 1115.

[21] a) D. C. Yeh, J. A. Duncan, S. Yamashita, T. Michel, J. Biol. Chem.
1999, 274, 33148; b) O. Feron, L. Belhassen, L. Kobzik, T. W. Smith,
R. A. Kelly, T. Michel, J. Biol. Chem. 1996, 271, 22810.

[22] a) G. Garcia-Cardena, R. Fan, V. Shah, R. Sorrentino, G. Cirino, A.
Papapetropoulos, W. C. Sessa, Nature 1998, 392, 821; b) D. Fulton, J.
P. Gratton, T. J. McCabe, J. Fontana, Y. Fujio, K. Walsh, T. F. Franke, A.
Papapetropoulos, W. C. Sessa, Nature 1999, 399, 597; c) I. Fleming,
B. Fisslthaler, S. Dimmeler, B. E. Kemp, R. Busse, Circ. Res. 2001,
88, E68; d) C. Kupatt, C. Dessy, R. Hinkel, P. Raake, G. Daneau,
C. Bouzin, P. Boekstegers, O. Feron, Arterioscler Thromb Vasc. Biol.
2004, 24, 1435.

[23] S. I. Bibli, Z. Zhou, S. Zukunft, B. Fisslthaler, I. Andreadou, C. Szabo,
P. Brouckaert, I. Fleming, A. Papapetropoulos, Cardiovasc. Res. 2017,
113, 926.

[24] Y. Lin, V. A. Skeberdis, A. Francesconi, M. V. Bennett, R. S. Zukin, J.
Neurosci. 2004, 24, 10138.

[25] a) M. Fang, S. R. Jaffrey, A. Sawa, K. Ye, X. Luo, S. H. Snyder, Neuron
2000, 28, 183; b) J. W. Seok, D. Kim, B. K. Yoon, Y. Lee, H. J. Kim, N.
Hwang, S. Fang, H. J. Kim, J. W. Kim, Metabolism 2020, 108, 154250.

[26] a) S. Adak, J. Santolini, S. Tikunova, Q. Wang, J. D. Johnson, D. J.
Stuehr, J. Biol. Chem. 2001, 276, 1244; b) D. M. Trappanese, Y. Liu,
R. C. McCormick, A. Cannavo, G. Nanayakkara, M. M. Baskharoun,
H. Jarrett, F. J. Woitek, D. M. Tillson, A. R. Dillon, F. A. Recchia, J.
L. Balligand, S. R. Houser, W. J. Koch, L. J. Dell’Italia, E. J. Tsai, Ba-
sic Res. Cardiol. 2015, 110, 456; c) O. Lekontseva, S. Chakrabarti, Y.
Jiang, C. C. Cheung, S. T. Davidge, J. Pharmacol. Exp. Ther. 2011, 339,
367.

[27] R. Kar, D. L. Kellogg, 3rd, L. J. Roman, Biochem. Biophys. Res. Com-
mun. 2015, 459, 393.

[28] Y. H. Zhang, B. Casadei, J. Mol. Cell. Cardiol. 2012, 52, 341.
[29] a) S. R. Jaffrey, S. H. Snyder, Science 1996, 274, 774; b) B. Hemmens,

S. Woschitz, E. Pitters, B. Klosch, C. Volker, K. Schmidt, B. Mayer,
FEBS Lett. 1998, 430, 397; c) Y. Xia, C. O. Berlowitz, J. L. Zweier,
Biochim. Biophys. Acta. 2006, 1760, 1445.

[30] a) R. Zamora, Y. Vodovotz, T. R. Billiar, Mol. Med. 2000, 6, 347;
b) J. N. Sharma, A. Al-Omran, S. S. Parvathy, Inflammopharma-
cology 2007, 15, 252; c) Y. Kobayashi, J. Leukoc Biol. 2010, 88,
1157.

[31] a) J. N. Wilcox, R. R. Subramanian, C. L. Sundell, W. R. Tracey, J.
S. Pollock, D. G. Harrison, P. A. Marsden, Arterioscler Thromb Vasc.
Biol. 1997, 17, 2479; b) J. L. Balligand, D. Ungureanu-Longrois, W.
W. Simmons, D. Pimental, T. A. Malinski, M. Kapturczak, Z. Taha,
C. J. Lowenstein, A. J. Davidoff, R. A. Kelly, et al., J. Biol. Chem.
1994, 269, 27580; c) X. Yu, K. I. Hirono, F. Ichida, K. Uese, C. Rui,
S. Watanabe, K. Watanabe, I. Hashimoto, T. Kumada, E. Okada, M.
Terai, A. Suzuki, T. Miyawaki, Pediatr Res 2004, 55, 688.

[32] A. Pautz, J. Art, S. Hahn, S. Nowag, C. Voss, H. Kleinert, Nitric Oxide
2010, 23, 75.

[33] M. A. Cinelli, H. T. Do, G. P. Miley, R. B. Silverman, Med. Res. Rev.
2020, 40, 158.

[34] a) G. A. Haywood, P. S. Tsao, H. E. von der Leyen, M. J. Mann, P. J.
Keeling, P. T. Trindade, N. P. Lewis, C. D. Byrne, P. R. Rickenbacher,
N. H. Bishopric, J. P. Cooke, W. J. McKenna, M. B. Fowler, Circula-
tion 1996, 93, 1087; b) D. Pimentel, D. J. Haeussler, R. Matsui, J.
R. Burgoyne, R. A. Cohen, M. M. Bachschmid, Antioxid Redox Signal
2012, 16, 524; c) S. Di Meo, T. T. Reed, P. Venditti, V. M. Victor, Oxid
Med. Cell Longev 2016, 2016, 1245049.

[35] P. Tripathi, P. Tripathi, L. Kashyap, V. Singh, FEMS Immunol. Med.
Microbiol. 2007, 51, 443.

[36] J. O. Lundberg, J. Am. Coll. Cardiol. 2006, 47, 580.
[37] a) A. Martinez-Ruiz, I. M. Araujo, A. Izquierdo-Alvarez, P.

Hernansanz-Agustin, S. Lamas, J. M. Serrador, Antioxid Redox Sig-
nal 2013, 19, 1220; b) X. F. Figueroa, M. A. Lillo, P. S. Gaete, M. A.
Riquelme, J. C. Saez, Neuropharmacology 2013, 75, 471.

[38] a) T. Munzel, R. Feil, A. Mulsch, S. M. Lohmann, F. Hofmann,
U. Walter, Circulation 2003, 108, 2172; b) J. W. Denninger, M. A.
Marletta, Biochim. Biophys. Acta 1999, 1411, 334; c) L. Liaudet, F. G.
Soriano, C. Szabo, Crit. Care Med. 2000, 28, N37; d) D. D. Thomas,
L. A. Ridnour, J. S. Isenberg, W. Flores-Santana, C. H. Switzer, S.
Donzelli, P. Hussain, C. Vecoli, N. Paolocci, S. Ambs, C. A. Colton,
C. C. Harris, D. D. Roberts, D. A. Wink, Free Radical Biol. Med. 2008,
45, 18; e) M. A. Marletta, Biochemistry 2021, 60, 3491.

[39] W. K. Sonnenburg, J. A. Beavo, Adv. Pharmacol. 1994, 26, 87.
[40] V. Fernando, X. Zheng, Y. Walia, V. Sharma, J. Letson, S. Furuta, An-

tioxidants (Basel) 2019, 8.

Adv. Sci. 2023, 10, 2303259 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2303259 (32 of 38)



www.advancedsciencenews.com www.advancedscience.com

[41] a) J. S. Stamler, O. Jaraki, J. Osborne, D. I. Simon, J. Keaney, J.
Vita, D. Singel, C. R. Valeri, J. Loscalzo, Proc. Natl. Acad. Sci. USA
1992, 89, 7674; b) D. T. Hess, J. S. Stamler, J. Biol. Chem. 2012, 287,
4411; c) B. Selvakumar, M. A. Jenkins, N. K. Hussain, R. L. Huganir,
S. F. Traynelis, S. H. Snyder, Proc. Natl. Acad. Sci. USA 2013, 110,
1077.

[42] a) F. Murad, Adv. Pharmacol. 1994, 26, 19; b) P. Sarti, E. Forte, D.
Mastronicola, A. Giuffre, M. Arese, Biochim. Biophys. Acta 2012,
1817, 610.

[43] A. Fago, A. L. Crumbliss, M. P. Hendrich, L. L. Pearce, J. Peterson,
R. Henkens, C. Bonaventura, Biochim. Biophys. Acta 2013, 1834,
1894.

[44] B. A. Freeman, P. R. Baker, F. J. Schopfer, S. R. Woodcock, A.
Napolitano, M. d’Ischia, J. Biol. Chem. 2008, 283, 15515.

[45] a) T. Nakamura, S. A. Lipton, Antioxid Redox Signal 2013, 18, 239; b)
J. Jia, A. Arif, F. Terenzi, B. Willard, E. F. Plow, S. L. Hazen, P. L. Fox,
Cell 2014, 159, 623.

[46] K. A. Broniowska, N. Hogg, Antioxid Redox Signal 2012, 17, 969.
[47] a) R. B. Mikkelsen, P. Wardman, Oncogene 2003, 22, 5734; b) J. H.

Lee, E. S. Yang, J. W. Park, J. Biol. Chem. 2003, 278, 51360.
[48] a) L. A. Ridnour, D. D. Thomas, D. Mancardi, M. G. Espey, K. M.

Miranda, N. Paolocci, M. Feelisch, J. Fukuto, D. A. Wink, Biol. Chem.
2004, 385, 18439435; b) X. Luo, W. L. Kraus, Genes Dev. 2012, 26,
417.

[49] R. F. Furchgott, J. V. Zawadzki, Nature 1980, 288, 373.
[50] a) M. Bucci, J. P. Gratton, R. D. Rudic, L. Acevedo, F. Roviezzo, G.

Cirino, W. C. Sessa, Nat. Med. 2000, 6, 1362; b) J. Rao, H. Pan Bei,
Y. Yang, Y. Liu, H. Lin, X. Zhao, Front Bioeng Biotechnol 2020, 8, 578.

[51] A. Sandoo, J. J. van Zanten, G. S. Metsios, D. Carroll, G. D. Kitas,
Open Cardiovasc Med. J. 2010, 4, 302.

[52] J. Ledoux, M. E. Werner, J. E. Brayden, M. T. Nelson, Physiology
(Bethesda) 2006, 21, 69.

[53] T. Adachi, R. M. Weisbrod, D. R. Pimentel, J. Ying, V. S. Sharov, C.
Schoneich, R. A. Cohen, Nat. Med. 2004, 10, 1200.

[54] M. R. Lee, L. Li, T. Kitazawa, J. Biol. Chem. 1997, 272, 5063.
[55] Y. Gao, Z. Chen, S. W. Leung, P. M. Vanhoutte, J. Cardiovasc. Phar-

macol. 2015, 65, 545.
[56] Y. Zhao, P. M. Vanhoutte, S. W. Leung, J. Pharmacol. Sci. 2015, 129,

83.
[57] a) F. Z. Monica, K. Bian, F. Murad, Adv. Pharmacol. 2016, 77, 1; b) J.

R. Kraehling, W. C. Sessa, Circ. Res. 2017, 120, 1174; c) G. Numata,
E. Takimoto, Front Pharmacol. 2022, 13, 792798.

[58] J. Tejero, S. Shiva, M. T. Gladwin, Physiol. Rev. 2019, 99, 311.
[59] A. Janaszak-Jasiecka, A. Ploska, J. M. Wieronska, L. W. Dobrucki, L.

Kalinowski, Cell Mol. Biol. Lett. 2023, 28, 21.
[60] a) Y. Y. Chirkov, T. H. Nguyen, J. D. Horowitz, Int. J. Mol. Sci. 2022,

23; b) S. Gambaryan, D. Tsikas, Amino Acids 2015, 47, 1779; c) J.
E. Freedman, J. Loscalzo, J. Thromb Haemost 2003, 1, 1183; d) J.
Etulain, M. Schattner, Glycobiology 2014, 24, 1252.

[61] a) M. T. Santos, J. Valles, A. J. Marcus, L. B. Safier, M. J. Broekman,
N. Islam, H. L. Ullman, A. M. Eiroa, J. Aznar, J. Clin. Invest. 1991,
87, 571; b) A. Rana, E. Westein, B. Niego, C. E. Hagemeyer, Front
Cardiovasc. Med. 2019, 6, 141; c) L. K. Jennings, Thromb Haemost
2009, 102, 248.

[62] N. E. Procter, C. R. Chong, A. L. Sverdlov, W. P. Chan, Y. Y. Chirkov,
J. D. Horowitz, Semin Thromb Hemost 2014, 40, 660.

[63] a) E. Gkaliagkousi, J. Ritter, A. Ferro, Circ. Res. 2007, 101, 654; b) M.
W. Radomski, R. M. Palmer, S. Moncada, Proc. Natl. Acad. Sci. USA
1990, 87, 5193.

[64] M. W. Radomski, R. M. Palmer, S. Moncada, Br. J. Pharmacol. 1990,
101, 325.

[65] J. Gawrys, D. Gajecki, E. Szahidewicz-Krupska, A. Doroszko, Oxid
Med. Cell Longev 2020, 2020, 1015908.

[66] M. R. Hayden, S. C. Tyagi, Cardiovasc. Diabetol. 2003, 2, 2.

[67] F. Kim, M. Pham, E. Maloney, N. O. Rizzo, G. J. Morton, B. E. Wisse,
E. A. Kirk, A. Chait, M. W. Schwartz, Arterioscler Thromb Vasc Biol
2008, 28, 1982.

[68] L. Connelly, A. T. Jacobs, M. Palacios-Callender, S. Moncada, A. J.
Hobbs, J. Biol. Chem. 2003, 278, 26480.

[69] H. Chen, B. Xing, X. Liu, B. Zhan, J. Zhou, H. Zhu, Z. Chen, J. Surg.
Res. 2008, 149, 287.

[70] A. Rossi, P. Kapahi, G. Natoli, T. Takahashi, Y. Chen, M. Karin, M. G.
Santoro, Nature 2000, 403, 103.

[71] J. D. Luo, A. F. Chen, Acta Pharmacol. Sin. 2005, 26, 259.
[72] a) M. C. McDonald, M. Izumi, S. Cuzzocrea, C. Thiemermann,

J. Physiol. Pharmacol. 2002, 53, 555; b) S. Papi, F. Ahmadizar,
Hasanvand, A., Immunopathol Persa 2019, 5, e08.

[73] H.-F. Zhou, H. Yan, Y. Hu, L. E. Springer, X. Yang, S. A. Wickline, D.
Pan, G. M. Lanza, C. T. N. Pham, ACS Nano 2014, 8, 7305.

[74] D. Shao, S. Oka, C. D. Brady, J. Haendeler, P. Eaton, J. Sadoshima,
J. Mol. Cell. Cardiol. 2012, 52, 550.

[75] R. Radi, Proc Natl Acad Sci USA 2018, 115, 5839.
[76] E. Lubos, D. E. Handy, J. Loscalzo, Front Biosci 2008, 13, 5323.
[77] U. Forstermann, N. Xia, H. Li, Circ. Res. 2017, 120, 713.
[78] B. Halliwell, Br. J. Exp. Pathol. 1989, 70, 737.
[79] T. Rassaf, P. Kleinbongard, M. Preik, A. Dejam, P. Gharini, T. Lauer,

J. Erckenbrecht, A. Duschin, R. Schulz, G. Heusch, M. Feelisch, M.
Kelm, Circ. Res. 2002, 91, 470.

[80] F. Violi, R. Marino, M. T. Milite, L. Loffredo, Diabetes Metab Res. Rev.
1999, 15, 283.

[81] J. S. Beckman, W. H. Koppenol, Am. J. Physiol. 1996, 271, C1424.
[82] J. L. Witztum, Lancet 1994, 344, 793.
[83] T. Malinski, F. Bailey, Z. G. Zhang, M. Chopp, J Cereb Blood Flow

Metab 1993, 13, 355.
[84] a) D. A. Wink, K. M. Miranda, M. G. Espey, R. M. Pluta, S. J. Hewett,

C. Colton, M. Vitek, M. Feelisch, M. B. Grisham, Antioxid. Redox Sig-
naling 2001, 3, 203; b) H. Jeong, D. Choi, J. Tanum, Y. Oh, K. Park, J.
Hong, Chem. Mater. 2020, 32, 9787.

[85] a) S. Dimmeler, C. Hermann, J. Galle, A. M. Zeiher, Arterioscler
Thromb Vasc. Biol. 1999, 19, 656; b) J. Dulak, A. Jozkowicz,
A. Dembinska-Kiec, I. Guevara, A. Zdzienicka, D. Zmudzinska-
Grochot, I. Florek, A. Wojtowicz, A. Szuba, J. P. Cooke, Arterioscler
Thromb Vasc. Biol. 2000, 20, 659; c) J. P. Cooke, D. W. Losordo, Cir-
culation 2002, 105, 2133.

[86] E. Noiri, E. Lee, J. Testa, J. Quigley, D. Colflesh, C. R. Keese, I.
Giaever, M. S. Goligorsky, Am. J. Physiol. 1998, 274, C236.

[87] M. Ziche, A. Parenti, F. Ledda, P. Dell’Era, H. J. Granger, C. A. Maggi,
M. Presta, Circ. Res. 1997, 80, 845.

[88] a) H. Maeda, Y. Noguchi, K. Sato, T. Akaike, Jpn J Cancer Res 1994,
85, 331; b) L. D. Morbidelli, S. M. Ziche, in Therapeutic Application of
Nitric Oxide in Cancer and Inflammatory Disorders (Eds: L. Morbidelli,
B. Bonavida, J. Muntané), Academic Press, Cambridge, MA 2023; c)
G. M. Tozer, V. E. Prise, D. J. Chaplin, Cancer Res. 1997, 57, 948.

[89] M. K. Jones, K. Tsugawa, A. S. Tarnawski, D. Baatar, Biochem. Bio-
phys. Res. Commun. 2004, 318, 520.

[90] a) D. G. Duda, D. Fukumura, R. K. Jain, Trends Mol. Med. 2004, 10,
143; b) J. Kroll, J. Waltenberger, Biochem. Biophys. Res. Commun.
1998, 252, 743.

[91] a) Y. M. Kim, C. A. Bombeck, T. R. Billiar, Circ. Res. 1999, 84, 253; b)
B. Brune, Cell Death Differ. 2003, 10, 864.

[92] J. B. Mannick, K. Asano, K. Izumi, E. Kieff, J. S. Stamler, Cell 1994,
79, 1137.

[93] J. Li, T. R. Billiar, R. V. Talanian, Y. M. Kim, Biochem. Biophys. Res.
Commun. 1997, 240, 419.

[94] A. K. Iyer, Y. Rojanasakul, N. Azad, Nitric Oxide 2014, 42, 9.
[95] R. Barsacchi, C. Perrotta, P. Sestili, O. Cantoni, S. Moncada, E.

Clementi, Cell Death Differ. 2002, 9, 1248.
[96] A. Y. Woo, R. P. Xiao, Acta Pharmacol. Sin. 2012, 33, 335.

Adv. Sci. 2023, 10, 2303259 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2303259 (33 of 38)



www.advancedsciencenews.com www.advancedscience.com

[97] A. El-Armouche, T. Eschenhagen, Heart Fail Rev. 2009, 14, 225.
[98] K. Ghimire, H. M. Altmann, A. C. Straub, J. S. Isenberg, Am. J. Phys-

iol. Cell Physiol. 2017, 312, C254.
[99] a) D. A. Gutierrez, M. Fernandez-Tenorio, J. Ogrodnik, E. Niggli, Car-

diovasc. Res. 2013, 100, 392; b) D. R. Gonzalez, F. Beigi, A. V. Treuer,
J. M. Hare, Proc. Natl. Acad. Sci. USA 2007, 104, 20612; c) J. Curran,
L. Tang, S. R. Roof, S. Velmurugan, A. Millard, S. Shonts, H. Wang,
D. Santiago, U. Ahmad, M. Perryman, D. M. Bers, P. J. Mohler, M.
T. Ziolo, T. R. Shannon, PLoS One 2014, 9, e87495.

[100] E. Dries, D. J. Santiago, D. M. Johnson, G. Gilbert, P. Holemans, S.
M. Korte, H. L. Roderick, K. R. Sipido, J. Physiol. 2016, 594, 5923.

[101] a) M. J. Kohr, H. Wang, D. G. Wheeler, M. Velayutham, J. L. Zweier,
M. T. Ziolo, Cardiovasc. Res. 2008, 77, 353; b) G. A. Silberman, T.
H. Fan, H. Liu, Z. Jiao, H. D. Xiao, J. D. Lovelock, B. M. Boulden,
J. Widder, S. Fredd, K. E. Bernstein, B. M. Wolska, S. Dikalov, D. G.
Harrison, S. C. Dudley, Jr., Circulation 2010, 121, 519.

[102] P. Bencsik, K. Kupai, Z. Giricz, A. Gorbe, I. Huliak, S. Furst, L. Dux,
T. Csont, G. Jancso, P. Ferdinandy, Br. J. Pharmacol. 2008, 153, 488.

[103] H. Wang, M. J. Kohr, D. G. Wheeler, M. T. Ziolo, Am. J. Physiol Heart
Circ. Physiol. 2008, 294, H1473.

[104] C. Farah, A. Kleindienst, G. Bolea, G. Meyer, S. Gayrard, B. Geny,
P. Obert, O. Cazorla, S. Tanguy, C. Reboul, Basic Res. Cardiol. 2013,
108, 389.

[105] a) P. Zhang, X. Xu, X. Hu, E. D. van Deel, G. Zhu, Y. Chen,
Circ. Res. 2007, 100, 1089; b) B. Ndongson-Dongmo, R. Heller, D.
Hoyer, M. Brodhun, M. Bauer, J. Winning, E. Hirsch, R. Wetzker, P.
Schlattmann, R. Bauer, Cardiovasc. Res. 2015, 108, 243.

[106] a) C. Z. Jin, J. H. Jang, Y. Wang, J. G. Kim, Y. M. Bae, J. Shi, C. R.
Che, S. J. Kim, Y. H. Zhang, J. Mol. Cell. Cardiol. 2012, 52, 1274; b)
D. J. Hamilton, A. Zhang, S. Li, T. N. Cao, J. A. Smith, I. Vedula, A.
M. Cordero-Reyes, K. A. Youker, G. Torre-Amione, A. A. Gupte, Am.
J. Physiol. Heart. Circ. Physiol. 2016, 310, H667.

[107] a) K. E. Halligan, F. L. Jourd’heuil, D. Jourd’heuil, J. Biol. Chem. 2009,
284, 8539; b) B. J. Smagghe, J. T. Trent, 3rd, M. S. Hargrove, PLoS
One 2008, 3, e2039.

[108] Z. M. Sheffler, V. Reddy, L. S. Pillarisetty, In StatPearls, StatPearls
Publishing, Treasure Island (FL) 2023, 30969716.

[109] a) K. M. Sanders, Adv. Exp. Med. Biol. 2016, 891, 21; b) M. A.
Freire, J. S. Guimaraes, W. G. Leal, A. Pereira, Front Neurosci 2009, 3,
175.

[110] a) I. Nikonenko, P. Jourdain, D. Muller, J. Neurosci. 2003, 23, 8498;
b) N. Hardingham, J. Dachtler, K. Fox, Front Cell Neurosci 2013, 7,
190.

[111] a) E. Miyamoto, J. Pharmacol. Sci. 2006, 100, 433; b) P. Picon-Pages,
J. Garcia-Buendia, F. J. Munoz, Biochim. Biophys. Acta Mol. Basis Dis.
2019, 1865, 1949.

[112] M. K. Meffert, B. A. Premack, H. Schulman, Neuron 1994, 12, 1235.
[113] S. Uma, B. G. Yun, R. L. Matts, J. Biol. Chem. 2001, 276, 14875.
[114] I. L.-R. G. C. Kohler, A. Radiske, R. H. Lima, M. D. Rosen, F. J. Munoz,

M. Cammarota, Hippocampus 2013, 23, 431.
[115] a) D. O. Schairer, J. S. Chouake, J. D. Nosanchuk, A. J. Friedman,

Virulence 2012, 3, 271; b) D. A. Wink, K. S. Kasprzak, C. M. Maragos,
R. K. Elespuru, M. Misra, T. M. Dunams, T. A. Cebula, W. H. Koch,
A. W. Andrews, J. S. Allen, et al., Science 1991, 254, 1001.

[116] M. J. Juedes, G. N. Wogan, Mutat. Res. 1996, 349, 51.
[117] S. M. Deupree, M. H. Schoenfisch, Acta Biomater. 2009, 5, 1405.
[118] F. C. Fang, Nat. Rev. Microbiol. 2004, 2, 820.
[119] S. L. Morris, J. N. Hansen, J. Bacteriol. 1981, 148, 465.
[120] a) D. A. Wink, J. B. Mitchell, Free Radical Biol. Med. 1998, 25, 434; b)

Y. M. Kim, H. A. Bergonia, C. Muller, B. R. Pitt, W. D. Watkins, J. R.
Lancaster, Jr., Adv. Pharmacol. 1995, 34, 277.

[121] a) M. R. A. Garren, M. Ashcraft, Y. Qian, M. Douglass, E. J. Brisbois,
H. Handa, Appl. Mater. Today 2021, 100887; b) F. Lisi, A. N. Zelikin,
R. Chandrawati, Adv. Sci. (Weinh) 2021, 8, 2003895.

[122] M. Colasanti, T. Persichini, G. Venturini, P. Ascenzi, IUBMB Life
1999, 48, 25.

[123] L. Wei, P. E. Gravitt, H. Song, A. M. Maldonado, M. A. Ozbun, Cancer
Res. 2009, 69, 4878.

[124] J. Klingstrom, S. Akerstrom, J. Hardestam, M. Stoltz, M. Simon, K.
I. Falk, A. Mirazimi, M. Rottenberg, A. Lundkvist, Eur. J. Immunol.
2006, 36, 2649.

[125] E. L. Ryan, R. Hollingworth, R. J. Grand, Biomolecules 2016, 6, 2.
[126] R. Koetzler, R. S. Zaheer, S. Wiehler, N. S. Holden, M. A. Giembycz,

D. Proud, J. Allergy Clin. Immunol. 2009, 123, 201.
[127] C. P. Rios-Ibarra, S. Lozano-Sepulveda, L. Munoz-Espinosa, A. R.

Rincon-Sanchez, C. Cordova-Fletes, A. M. Rivas-Estilla, Arch. Virol.
2014, 159, 3321.

[128] a) X. Fang, J. Gao, H. Zheng, B. Li, L. Kong, Y. Zhang, W. Wang, Y.
Zeng, L. Ye, J. Med. Virol. 2007, 79, 1431; b) F. Sodano, E. Gazzano,
R. Fruttero, L. Lazzarato, Molecules 2022, 27.

[129] a) D. D. Li, C. C. Yang, P. Liu, Y. Wang, Y. Sun, Indian J. Microbiol.
2016, 56, 214; b) N. Tuteja, M. Chandra, R. Tuteja, M. K. Misra, J
Biomed Biotechnol 2004, 2004, 227.

[130] J. R. Collette, H. Zhou, M. C. Lorenz, PLoS One 2014, 9, e96203.
[131] D. H. Navarathna, M. S. Lionakis, D. D. Roberts, PLoS One 2019,

14, e0223919.
[132] a) H. Liu, C. J. Rosen, J. Clin. Invest. 2021, 131; b) H. Jiang, P. Ji, X.

Shang, Y. Zhou, Molecules 2023, 28.
[133] F. Grassi, X. Fan, J. Rahnert, M. N. Weitzmann, R. Pacifici, M. S.

Nanes, J. Rubin, Endocrinology 2006, 147, 4392.
[134] R. J. van’t Hof, J. Macphee, H. Libouban, M. H. Helfrich, S. H.

Ralston, Endocrinology 2004, 145, 5068.
[135] S. P. Nichols, W. L. Storm, A. Koh, M. H. Schoenfisch, Adv. Drug

Deliv. Rev. 2012, 64, 1177.
[136] Z. Jin, J. Kho, B. Dawson, M. M. Jiang, Y. Chen, S. Ali, L. C. Burrage,

M. Grover, D. J. Palmer, D. L. Turner, P. Ng, S. C. Nagamani, B. Lee,
J. Clin. Invest. 2021, 131.

[137] L. Ying, L. J. Hofseth, Cancer Res. 2007, 67, 1407.
[138] S. K. Choudhari, M. Chaudhary, S. Bagde, A. R. Gadbail, V. Joshi,

World J Surg Oncol 2013, 11, 118.
[139] P. K. Lala, A. Orucevic, Cancer Metastasis Rev. 1998, 17, 91.
[140] M. Lechner, P. Lirk, J. Rieder, Semin. Cancer Biol. 2005, 15, 277.
[141] B. M. Choi, H. O. Pae, S. I. Jang, Y. M. Kim, H. T. Chung, J Biochem

Mol Biol 2002, 35, 116.
[142] a) J. Mintz, A. Vedenko, O. Rosete, K. Shah, G. Goldstein, J. M.

Hare, R. Ramasamy, H. Arora, Vaccines 2021, 9, 94; b) F. H. Khan, E.
Dervan, D. D. Bhattacharyya, J. D. McAuliffe, K. M. Miranda, S. A.
Glynn, Int. J. Molecular Sci. 2020, 21, 9393.

[143] Y. Luo, Y. Zhu, W. Basang, X. Wang, C. Li, X. Zhou, Front. Endocrinol
(Lausanne) 2021, 12, 752410.

[144] a) S. Zullino, F. Buzzella, T. Simoncini, Vascul Pharmacol 2018, 110,
71; b) S. Dutta, P. Sengupta, Malays J. Med. Sci. 2022, 29, 18.

[145] M. B. Herrero, E. de Lamirande, C. Gagnon, Curr. Pharm. Des. 2003,
9, 419.

[146] G. Basini, F. Grasselli, Reproduction 2015, 150, R1.
[147] J. Li, W. Zhang, S. Zhu, F. Shi, Animals 2020, 10.
[148] Q. Chen, T. Yano, H. Matsumi, Y. Osuga, N. Yano, J. Xu, O. Wada,

K. Koga, T. Fujiwara, K. Kugu, Y. Taketani, Endocrinology 2005, 146,
808.

[149] a) A. Jablonka-Shariff, L. M. Olson, Endocrinology 1997, 138, 460; b)
A. Tripathi, K. V. Kumar, S. K. Chaube, J. Cell Physiol. 2010, 223, 592.

[150] J. Wang, Q. He, X. Yan, Y. Cai, J. Chen, Biol. Res. 2014, 47, 44.
[151] S. A. Banihani, R. M. Shatnawi, Andrologia 2020, 52, e13776.
[152] F. D. Staicu, A. Canha-Gouveia, C. Soriano-Ubeda, J. C. Martinez-

Soto, E. Adoamnei, J. E. Chavarro, C. Matas, Front Cell Dev. Biol.
2021, 9, 647002.

[153] P. Abaffy, S. Tomankova, R. Naraine, M. Kubista, R. Sindelka, BMC
Genomics 2019, 20, 815.

Adv. Sci. 2023, 10, 2303259 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2303259 (34 of 38)



www.advancedsciencenews.com www.advancedscience.com

[154] N. A. Danilovich, A. Bartke, T. A. Winters, Biol. Reprod. 2000, 62, 103.
[155] a) S. Biswas, S. N. Kabir, A. K. Pal, J. Reprod Fertil 1998, 114, 157; b)

K. Chwalisz, R. E. Garfield, Hum Reprod 2000, 15, 96.
[156] S. Dinara, K. Sengoku, K. Tamate, M. Horikawa, M. Ishikawa, Hum

Reprod 2001, 16, 1976.
[157] a) S. Paul, S. Pan, A. Mukherjee, P. De, Mol. Pharmaceutics 2021, 18,

3181; b) L. C. Xu, C. A. Siedlecki, in Advances in Polyurethane Bioma-
terials (Eds: S. L. Cooper, J. Guan), Woodhead Publishing, 2016.

[158] a) S. Liu, G. Li, D. Ma, Adv. Therapeutics 2022, 5, 2100227; b) M. C.
Jen, M. C. Serrano, R. van Lith, G. A. Ameer, Adv. Funct. Mater. 2012,
22, 239.

[159] A. B. Seabra, G. Z. Justo, P. S. Haddad, Biotechnol. Adv. 2015, 33,
1370.

[160] a) A. Igrunkova, A. Fayzullin, S. Churbanov, P. Shevchenko, N.
Serejnikova, N. Chepelova, D. Pahomov, E. Blinova, K. Mikaelyan,
V. Zaborova, K. Gurevich, A. Urakov, A. Vanin, P. Timashev, A.
Shekhter, Drug Des. Devel Ther 2022, 16, 349; b) A. Keszler, Y. Zhang,
N. Hogg, Free Radical Biol. Med. 2010, 48, 55.

[161] F. Rong, Y. Tang, T. Wang, T. Feng, J. Song, P. Li, W. Huang, Antioxi-
dants (Basel) 2019, 8, 556.

[162] C. Gutierrez Cisneros, V. Bloemen, A. Mignon, Polymers (Basel)
2021, 13, 760.

[163] a) J. C. Pieretti, A. B. Seabra, in Nanotechnology in Skin, Soft Tis-
sue, and Bone Infections (Ed: M. Rai), Springer International Pub-
lishing, Cham 2020, Chapter 1; b) J. S. Suk, Q. Xu, N. Kim, J. Hanes,
L. M. Ensign, Adv. Drug Deliv. Rev. 2016, 99, 28; c) S. M. Andrabi,
S. Majumder, K. C. Gupta, A. Kumar, Colloids Surf., B 2020, 195,
111263; d) F. V. Cabral, M. T. Pelegrino, A. B. Seabra, M. S. Ribeiro,
Nitric Oxide 2021, 113–114, 31.

[164] H. Jeong, J.-H. Park, J. H. Shin, J.-C. Yoo, C. Y. Park, J. Hong, Chem.
Mater. 2018, 30, 8528.

[165] a) H. Jeong, K. Park, J.-C. Yoo, J. Hong, RSC Adv. 2018, 8, 38792; b)
Y. Oh, H. Jeong, S. Lim, J. Hong, Biomacromolecules 2020, 21, 4972.

[166] G. Lautner, M. E. Meyerhoff, S. P. Schwendeman, J. Controlled Re-
lease 2016, 225, 133.

[167] H. Nurhasni, J. Cao, M. Choi, I. Kim, B. L. Lee, Y. Jung, J. W. Yoo, Int.
J. Nanomed. 2015, 10, 3065.

[168] N. Hasan, J. Cao, J. Lee, M. Naeem, S. P. Hlaing, J. Kim, Y. Jung,
B. L. Lee, J. W. Yoo, Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 103,
109741.

[169] a) H. T. Duong, Z. M. Kamarudin, R. B. Erlich, Y. Li, M. W. Jones, M.
Kavallaris, C. Boyer, T. P. Davis, Chem. Commun. 2013, 49, 4190; b)
J. Zhang, H. Song, S. Ji, X. Wang, P. Huang, C. Zhang, W. Wang, D.
Kong, Nanoscale 2018, 10, 4179.

[170] N. A. Stasko, T. H. Fischer, M. H. Schoenfisch, Biomacromolecules
2008, 9, 834.

[171] B. Sun, D. L. Slomberg, S. L. Chudasama, Y. Lu, M. H. Schoenfisch,
Biomacromolecules 2012, 13, 3343.

[172] A. M. Garzon-Porras, D. L. Bertuzzi, K. Lucas, C. Ornelas, ACS Bio-
mater. Sci. Eng. 2022, 8, 5171.

[173] a) C. J. Backlund, B. V. Worley, M. H. Schoenfisch, Acta Biomater.
2016, 29, 198; b) A. T. Anastasio, A. Paniagua, C. Diamond, H. R.
Ferlauto, J. S. Fernandez-Moure, Front Bioeng Biotechnol 2020, 8,
592008; c) T. A. Johnson, N. A. Stasko, J. L. Matthews, W. E. Cascio,
E. L. Holmuhamedov, C. B. Johnson, M. H. Schoenfisch, Nitric Ox-
ide 2010, 22, 30.

[174] a) L. Yang, E. S. Feura, M. J. R. Ahonen, M. H. Schoenfisch, Adv.
Healthcare Mater. 2018, 7, 1800155; b) S. Liu, X. Cai, W. Xue, D. Ma,
W. Zhang, Carbohydr. Polym. 2020, 234, 115928.

[175] A. M. Garzón-Porras, D. L. Bertuzzi, K. Lucas, L. C. E. da Silva, M.
G. de Oliveira, C. Ornelas, ACS Appl. Polym. Mater. 2020, 2, 2027.

[176] A. M. Garzon-Porras, D. L. Bertuzzi, K. Lucas, C. Ornelas, ACS Bio-
mater. Sci. Eng. 2022.

[177] Y. Liu, X. Wang, J. Li, J. Tang, B. Li, Y. Zhang, N. Gu, F. Yang, Adv.
Mater. 2021, 33, 2101701.

[178] T. Yang, A. N. Zelikin, R. Chandrawati, Adv. Sci. (Weinh) 2018, 5,
1701043.

[179] L. A. Tai, Y. C. Wang, C. S. Yang, Nitric Oxide 2010, 23, 60.
[180] T. Yoshikawa, Y. Mori, H. Feng, K. Q. Phan, A. Kishimura, J. H. Kang,

T. Mori, Y. Katayama, Int. J. Pharm. 2019, 565, 481.
[181] D. J. Suchyta, M. H. Schoenfisch, Mol. Pharmaceutics 2015, 12, 3569.
[182] a) D. J. Suchyta, M. H. Schoenfisch, ACS Biomater Sci Eng 2017, 3,

2136; b) D. J. Suchyta, M. H. Schoenfisch, RSC Adv. 2017, 7, 53236.
[183] S. L. Huang, P. H. Kee, H. Kim, M. R. Moody, S. M. Chrzanowski, R.

C. Macdonald, D. D. McPherson, J. Am. Coll. Cardiol. 2009, 54, 652.
[184] K. Nakanishi, T. Koshiyama, S. Iba, M. Ohba, Dalton Trans. 2015, 44,

14200.
[185] a) G. Lautner, B. Stringer, E. J. Brisbois, M. E. Meyerhoff, S. P.

Schwendeman, Nitric Oxide 2019, 86, 31; b) Y. Wu, G. Deng, K.
Jiang, H. Wang, Z. Song, H. Han, Biomaterials 2021, 268, 120588; c)
G. Lautner, S. P. Schwendeman, M. E. Meyerhoff, Google Patents,
2022; d) G. Gu, C. Chen, S. Zhang, B. Yin, J. Wang, ACS Appl. Mater.
Interfaces 2021, 13, 50682.

[186] Y. Duan, M. Zhang, Z. Shen, M. Zhang, B. Zheng, S. Cheng, J. Hu,
Macromol. Rapid Commun. 2021, 42, 2000759.

[187] X. Huang, F. Xu, H. Hou, J. Hou, Y. Wang, S. Zhou, Nano Res. 2019,
12, 1361.

[188] H. Sun, Q. Zhang, J. Li, S. Peng, X. Wang, R. Cai, Nano Today 2021,
37, 101073.

[189] X. L. Ding, M. D. Liu, Q. Cheng, W. H. Guo, M. T. Niu, Q. X. Huang,
X. Zeng, X. Z. Zhang, Biomaterials 2022, 281, 121369.

[190] D. Zhu, J. Hou, M. Qian, D. Jin, T. Hao, Y. Pan, H. Wang, S. Wu, S.
Liu, F. Wang, L. Wu, Y. Zhong, Z. Yang, Y. Che, J. Shen, D. Kong, M.
Yin, Q. Zhao, Nat. Commun. 2021, 12, 4501.

[191] T. Liao, Z. Chen, Y. Kuang, Z. Ren, W. Yu, W. Rao, L. Li, Y. Liu, Z. Xu,
B. Jiang, C. Li, Acta Biomater 2023, 159, 312.

[192] a) Y. Piao, A. Burns, J. Kim, U. Wiesner, T. Hyeon, Adv. Funct. Mater.
2008, 18, 3745; b) L. Tang, J. Cheng, Nano Today 2013, 8, 290; c) J.
L. Vivero-Escoto, I. I. Slowing, B. G. Trewyn, V. S. Lin, Small 2010, 6,
1952.

[193] R. J. Soto, L. Yang, M. H. Schoenfisch, ACS Appl. Mater. Interfaces
2016, 8, 2220.

[194] a) Y. Lu, D. L. Slomberg, A. Shah, M. H. Schoenfisch, Biomacro-
molecules 2013, 14, 3589; b) W. H. Poh, S. A. Rice, Molecules 2022,
27, 674; c) D. L. Slomberg, Y. Lu, A. D. Broadnax, R. A. Hunter,
A. W. Carpenter, M. H. Schoenfisch, ACS Appl. Mater. Interfaces
2013, 5, 9322; d) A. W. Carpenter, D. L. Slomberg, K. S. Rao, M.
H. Schoenfisch, ACS Nano 2011, 5, 7235.

[195] A. W. Carpenter, B. V. Worley, D. L. Slomberg, M. H. Schoenfisch,
Biomacromolecules 2012, 13, 3334.

[196] a) D. Pissuwan, T. Niidome, M. B. Cortie, J. Controlled Release 2011,
149, 65; b) P. Ghosh, G. Han, M. De, C. K. Kim, V. M. Rotello, Adv.
Drug Delivery Rev. 2008, 60, 1307; c) R. Chandrawati, M. M. Stevens,
Chem. Commun. (Camb.) 2014, 50, 5431; d) Y. Tang, T. Wang, J. Feng,
F. Rong, K. Wang, P. Li, W. Huang, ACS Appl. Mater. Interfaces 2021,
13, 50668.

[197] a) P. Taladriz-Blanco, V. Pastoriza-Santos, J. Pérez-Juste, P. Hervés,
Langmuir 2013, 29, 8061; b) L. Wang, X. Xin, P. Li, J. Dou, X. Han, J.
Shen, J. Yuan, Colloids Surf B Biointerfaces 2021, 205, 111855.

[198] a) J. C. Love, L. A. Estroff, J. K. Kriebel, R. G. Nuzzo, G. M.
Whitesides, Chem. Rev. 2005, 105, 1103; b) T. Yang, A. N. Zelikin,
R. Chandrawati, Small 2020, 16, 1907635.

[199] a) Y. B. Huang, J. Liang, X. S. Wang, R. Cao, Chem. Soc. Rev. 2017, 46,
126; b) Y. Cui, B. Li, H. He, W. Zhou, B. Chen, G. Qian, Acc. Chem.
Res. 2016, 49, 483; c) C. He, D. Liu, W. Lin, Chem. Rev. 2015, 115,
11079.

Adv. Sci. 2023, 10, 2303259 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2303259 (35 of 38)



www.advancedsciencenews.com www.advancedscience.com

[200] A. Lowe, P. Chittajallu, Q. Gong, J. Li, K. J. Balkus, Microporous Meso-
porous Mater. 2013, 181, 17.

[201] E. D. Bloch, W. L. Queen, S. Chavan, P. S. Wheatley, J. M. Zadrozny,
R. Morris, C. M. Brown, C. Lamberti, S. Bordiga, J. R. Long, J. Am.
Chem. Soc. 2015, 137, 3466.

[202] S. Diring, D. O. Wang, C. Kim, M. Kondo, Y. Chen, S. Kitagawa, K.
Kamei, S. Furukawa, Nat. Commun. 2013, 4, 2684.

[203] S. M. Andrabi, P. Singh, S. Majumder, A. Kumar, Chem. Eng. J. 2021,
423, 130219.

[204] P. Singh, A. Prasad, S. M. Andrabi, A. Kumar, Eur. Polym. J. 2021,
150, 110395.

[205] P. Singh, S. M. Andrabi, U. Tariq, S. Gupta, S. Shaikh, A. Kumar,
Chem. Eng. J. 2023, 457, 141359.

[206] a) K. Blecher, L. R. Martinez, C. Tuckman-Vernon, P. Nacharaju,
D. Schairer, J. Chouake, J. M. Friedman, A. Alfieri, C. Guha, J. D.
Nosanchuk, A. J. Friedman, Nanomedicine 2012, 8, 1364; b) M. J.
Malone-Povolny, S. E. Maloney, M. H. Schoenfisch, Adv. Healthcare
Mater. 2019, 8, 1801210.

[207] a) G. Han, L. N. Nguyen, C. Macherla, Y. Chi, J. M. Friedman, J. D.
Nosanchuk, L. R. Martinez, Am. J. Pathol. 2012, 180, 1465; b) R. V.
Pinto, S. Wang, S. R. Tavares, J. Pires, F. Antunes, A. Vimont, G. Clet,
M. Daturi, G. Maurin, C. Serre, M. L. Pinto, Angew Chem Int Ed Engl
2020, 59, 5135.

[208] P. Zhang, Y. Li, Y. Tang, H. Shen, J. Li, Z. Yi, Q. Ke, H. Xu, ACS Appl.
Mater. Interfaces 2020, 12, 18319.

[209] S. Tsunawaki, M. Sporn, A. Ding, C. Nathan, Nature 1988, 334, 260.
[210] D. M. Castilla, Z. J. Liu, O. C. Velazquez, Adv Wound Care (New

Rochelle) 2012, 1, 225.
[211] Q. Y. Zhang, Z. Y. Wang, F. Wen, L. Ren, J. Li, S. H. Teoh, E. S. Thian,

J. Biomed. Mater. Res., Part A 2015, 103, 929.
[212] C. Tu, H. Lu, T. Zhou, W. Zhang, L. Deng, W. Cao, Z. Yang, Z. Wang,

X. Wu, J. Ding, F. Xu, C. Gao, Biomaterials 2022, 286, 121597.
[213] Z. Wang, H. Yang, S. D. Tachado, J. E. Capo-Aponte, V. N. Bildin,

H. Koziel, P. S. Reinach, Invest. Ophthalmol. Visual Sci. 2006, 47,
5267.

[214] C. Ripamonti, A. Papagna, C. Storini, D. Miglietta, M. Foti, J Leukoc
Biol 2017, 102, 1421.

[215] X. Wan, S. Liu, X. Xin, P. Li, J. Dou, X. Han, I.-K. Kang, J. Yuan, B. Chi,
J. Shen, Chem. Eng. J. 2020, 400, 125964.

[216] Z. Li, X. Huang, L. Lin, Y. Jiao, C. Zhou, Z. Liu, Chem. Eng. J. 2021,
419, 129488.

[217] V. F. Cardozo, C. A. Lancheros, A. M. Narciso, E. C. Valereto, R. K.
Kobayashi, A. B. Seabra, G. Nakazato, Int. J. Pharm. 2014, 473, 20.

[218] M. Darder, A. Karan, G. D. Real, M. A. DeCoster, Mater. Sci. Eng. C
Mater. Biol. Appl. 2020, 108, 110369.

[219] a) F. C. Fang, J. Clin. Invest. 1997, 99, 2818; b) E. M. Hetrick, J. H.
Shin, N. A. Stasko, C. B. Johnson, D. A. Wespe, E. Holmuhamedov,
M. H. Schoenfisch, ACS Nano 2008, 2, 235.

[220] I. Fridovich, Photochem. Photobiol. 1978, 28, 733.
[221] A. Ghaffari, C. C. Miller, B. McMullin, A. Ghahary, Nitric Oxide 2006,

14, 21.
[222] S. Ghalei, J. Li, M. Douglass, M. Garren, H. Handa, ACS Biomater

Sci Eng 2021, 7, 517.
[223] L. R. Martinez, G. Han, M. Chacko, M. R. Mihu, M. Jacobson, P.

Gialanella, A. J. Friedman, J. D. Nosanchuk, J. M. Friedman, J. Invest.
Dermatol. 2009, 129, 2463.

[224] B. K. Oh, M. E. Meyerhoff, J. Am. Chem. Soc. 2003, 125, 9552.
[225] T. K. Nguyen, R. Selvanayagam, K. K. K. Ho, R. Chen, S. K. Kutty, S.

A. Rice, N. Kumar, N. Barraud, H. T. T. Duong, C. Boyer, Chem. Sci.
2016, 7, 1016.

[226] S. Huang, H. Liu, K. Liao, Q. Hu, R. Guo, K. Deng, ACS Appl. Mater.
Interfaces 2020, 12, 28952.

[227] C. Gong, W. Guan, X. Liu, Y. Zheng, Z. Li, Y. Zhang, S. Zhu, H. Jiang,
Z. Cui, S. Wu, Adv. Mater. 2022, 34, 2206134.

[228] a) Y. Li, C. Jiang, D. Zhang, Y. Wang, X. Ren, K. Ai, X. Chen, L. Lu,
Acta Biomater. 2017, 47, 124; b) S. Yu, G. Li, R. Liu, D. Ma, W. Xue,
Adv. Funct. Mater. 2018, 28, 1707440.

[229] W. Lei, K. Ren, T. Chen, X. Chen, B. Li, H. Chang, J. Ji, Adv. Mater.
Interfaces 2016, 3, 1600767.

[230] a) L. J. Ignarro, C. Napoli, J. Loscalzo, Circ. Res. 2002, 90, 21; b) Q.
Ma, X. Shi, X. Tan, R. Wang, K. Xiong, M. F. Maitz, Y. Cui, Z. Hu, Q.
Tu, N. Huang, L. Shen, Z. Yang, Bioact Mater 2021, 6, 4786; c) G. Jin,
Z. Gao, Y. Liu, J. Zhao, H. Ou, F. Xu, D. Ding, Adv. Healthcare Mater.
2021, 10, 2001550; d) C. J. White, J. M. Schwartz, N. Lehnert, M. E.
Meyerhoff, Bioelectrochemistry 2023, 152, 108448.

[231] U. Flierl, D. Fraccarollo, J. D. Widder, J. Micka, J. Neuser, J.
Bauersachs, A. Schafer, PLoS One 2015, 10, e0123621.

[232] P. Andrews Neil, M. Husain, N. Dakak, A. Quyyumi Arshed, J. Am.
Coll. Cardiol. 2001, 37, 510.

[233] a) N. Sogo, K. S. Magid, C. A. Shaw, D. J. Webb, I. L. Megson,
Biochem. Biophys. Res. Commun. 2000, 279, 412; b) M. He, D. Wang,
Y. Xu, F. Jiang, J. Zheng, Y. Feng, J. Cao, X. Zhou, Pharmaceutics
2022, 14; c) Q. Zhang, S. J. Stachelek, V. V. Inamdar, I. Alferiev, C.
Nagaswami, J. W. Weisel, J. H. Hwang, M. E. Meyerhoff, Colloids Surf
B Biointerfaces 2020, 192, 111060.

[234] X. Zhang, Y. Wang, J. Liu, J. Shi, D. Mao, A. C. Midgley, X. Leng, D.
Kong, Z. Wang, B. Liu, S. Wang, Chem. Eng. J. 2021, 421, 129577.

[235] a) T. Murohara, B. Witzenbichler, I. Spyridopoulos, T. Asahara, B.
Ding, A. Sullivan, D. W. Losordo, J. M. Isner, Arterioscler Thromb Vasc
Biol 1999, 19, 1156; b) J. O. Lundberg, E. Weitzberg, Cell 2022, 185,
2853.

[236] a) S. D. Katz, K. Hryniewicz, I. Hriljac, K. Balidemaj, C. Dimayuga,
A. Hudaihed, A. Yasskiy, Circulation 2005, 111, 310; b) A. Daiber, N.
Xia, S. Steven, M. Oelze, A. Hanf, S. Kroller-Schon, T. Munzel, H. Li,
Int. J. Mol. Sci. 2019, 20, 187.

[237] N. Naghavi, A. de Mel, O. S. Alavijeh, B. G. Cousins, A. M. Seifalian,
Small 2013, 9, 22.

[238] a) S. Willoughby, A. Holmes, J. Loscalzo, J Cardiovasc Nurs 2002, 1,
273; b) N. Lyu, Z. Du, H. Qiu, P. Gao, Q. Yao, K. Xiong, Q. Tu, X.
Li, B. Chen, M. Wang, G. Pan, N. Huang, Z. Yang, Adv. Sci. 2020, 7,
2002330.

[239] G. Dangas, F. Kuepper, Circulation 2002, 105, 2586.
[240] G. Acharya, C. H. Lee, Y. Lee, PLoS One 2012, 7, e43100.
[241] N. Lyu, Z. Du, H. Qiu, P. Gao, Q. Yao, K. Xiong, Q. Tu, X. Li, B.

Chen, M. Wang, G. Pan, N. Huang, Z. Yang, Adv. Sci. (Weinh) 2020,
7, 2002330.

[242] P. S. Fleser, V. K. Nuthakki, L. E. Malinzak, R. E. Callahan, M. L.
Seymour, M. M. Reynolds, S. I. Merz, M. E. Meyerhoff, P. J. Bendick,
G. B. Zelenock, C. J. Shanley, J. Vasc. Surg. Venous Lymphat Disord
2004, 40, 803.

[243] J. H. Yoon, C. J. Wu, J. Homme, R. J. Tuch, R. G. Wolff, E. J. Topol, A.
M. Lincoff, Yonsei Med. J. 2002, 43, 242.

[244] a) G. Bergers, L. E. Benjamin, Nat. Rev. Cancer 2003, 3, 401; b) M.
Yin, S. Tan, Y. Bao, Z. Zhang, J. Controlled Release 2017, 258, 108.

[245] P. Carmeliet, R. K. Jain, Nature 2000, 407, 249.
[246] a) J. M. Ebos, C. R. Lee, W. Cruz-Munoz, G. A. Bjarnason, J. G.

Christensen, R. S. Kerbel, Cancer Cell 2009, 15, 232; b) H. X. Chen, J.
N. Cleck, Nat. Rev. Clin. Oncol. 2009, 6, 465; c) L. Qin, H. Gao, Asian
J. Pharm. Sci. 2019, 14, 380.

[247] a) P. P. Wong, F. Demircioglu, E. Ghazaly, W. Alrawashdeh, M. R.
Stratford, C. L. Scudamore, B. Cereser, T. Crnogorac-Jurcevic, S.
McDonald, G. Elia, T. Hagemann, H. M. Kocher, K. M. Hodivala-
Dilke, Cancer Cell 2015, 27, 123; b) E. Bridges, A. L. Harris, Cancer
Cell 2015, 27, 7.

[248] P. Sonveaux, B. F. Jordan, B. Gallez, O. Feron, Eur. J. Cancer 2009,
45, 1352.

[249] S. Korde, G. Sridharan, A. Gadbail, V. Poornima, Oral Oncol 2012,
48, 475.

Adv. Sci. 2023, 10, 2303259 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2303259 (36 of 38)



www.advancedsciencenews.com www.advancedscience.com

[250] Z. Du, Y. Mao, P. Zhang, J. Hu, J. Fu, Q. You, J. Yin, ACS Appl. Mater.
Interfaces 2021, 13, 35518.

[251] S. Duan, S. Cai, Q. Yang, M. L. Forrest, Biomaterials 2012, 33, 3243.
[252] T. Shapira-Furman, R. Serra, N. Gorelick, M. Doglioli, V. Tagliaferri,

A. Cecia, M. Peters, A. Kumar, Y. Rottenberg, R. Langer, H. Brem, B.
Tyler, A. J. Domb, J Control Release 2019, 295, 93.

[253] S. Yao, M. Zheng, Z. Wang, Y. Zhao, S. Wang, Z. Liu, Z. Li, Y. Guan,
Z. L. Wang, L. Li, Adv. Mater. 2022, 2205881.

[254] a) S. Frank, H. Kampfer, C. Wetzler, J. Pfeilschifter, Kidney Int. 2002,
61, 882; b) D. Levy, P. Kubes, D. W. Zochodne, J Neuropathol. Exp.
Neurol. 2001, 60, 411; c) R. M. Rai, F. Y. Lee, A. Rosen, S. Q. Yang,
H. Z. Lin, A. Koteish, F. Y. Liew, C. Zaragoza, C. Lowenstein, A. M.
Diehl, Proc. Natl. Acad. Sci. USA 1998, 95, 13829; d) F. Kabirian, P.
Brouki Milan, A. Zamanian, R. Heying, M. Mozafari, Acta Biomater.
2019, 92, 82; e) J. E. Won, W. J. Kim, J. S. Shim, J. J. Ryu, Macromol.
Biosci. 2022, 22, 2200162; f) E. Rigamonti, T. Touvier, E. Clementi, A.
A. Manfredi, S. Brunelli, P. Rovere-Querini, J. Immunol. 2013, 190,
1767; g) A. C. Midgley, Y. Wei, Z. Li, D. Kong, Q. Zhao, Adv. Mater.
2020, 32, 1805818; h) J. Park, K. Jin, A. Sahasrabudhe, P. H. Chiang, J.
H. Maalouf, F. Koehler, D. Rosenfeld, S. Rao, T. Tanaka, T. Khudiyev,
Z. J. Schiffer, Y. Fink, O. Yizhar, K. Manthiram, P. Anikeeva, Nat.
Nanotechnol. 2020, 15, 690.

[255] J. Tao Li, C. Somasundaram, K. Bian, W. Xiong, F. Mahmooduddin,
R. K. Nath, F. Murad, Eplasty 2010, 10, e42.

[256] J. I. Lee, J. H. Park, Y. R. Kim, K. Gwon, H. W. Hwang, G. Jung, J. Y.
Lee, J. Y. Sun, J. W. Park, J. H. Shin, M. R. Ok, Neural Regener. Res.
2022, 17, 1975.

[257] S. Panthi, K. Gautam, Inflamm. Regen. 2017, 37, 20.
[258] a) E. E. Howard, S. M. Pasiakos, C. N. Blesso, M. A. Fussell, N. R.

Rodriguez, Front Physiol 2020, 11, 87; b) L. I. Filippin, A. J. Moreira,
N. P. Marroni, R. M. Xavier, Nitric Oxide 2009, 21, 157.

[259] a) L. I. Filippin, M. J. Cuevas, E. Lima, N. P. Marroni, J. Gonzalez-
Gallego, R. M. Xavier, Nitric Oxide 2011, 24, 43; b) J. E. Anderson,
Eur. J. Appl. Physiol. 2022, 122, 273; c) L. Forcina, M. Cosentino, A.
Musaro, Cells 2020, 9, 1297.

[260] N. Daneshvar, R. Tatsumi, J. Peeler, J. E. Anderson, Am. J. Physiol.
Cell Physiol. 2020, 319, C116.

[261] N. C. Sibisi, C. Snyman, K. H. Myburgh, C. U. Niesler, Biochimie
2022, 196, 216.

[262] W. G. Chang, L. E. Niklason, NPJ Regen Med. 2017, 2.
[263] H. G. Song, R. T. Rumma, C. K. Ozaki, E. R. Edelman, C. S. Chen,

Cell Stem Cell 2018, 22, 340.
[264] J. Dou, Y. Wang, X. Jin, P. Li, L. Wang, J. Yuan, J. Shen, Mater Sci. Eng.

C Mater. Biol. Appl. 2020, 107, 110246.
[265] C. Differ, F. Klatte-Schulz, N. Bormann, S. Minkwitz, P. Knaus, B.

Wildemann, Cells 2019, 8, 1273.
[266] J. Ye, J. Jiang, Z. Zhou, Z. Weng, Y. Xu, L. Liu, W. Zhang, Y. Yang, J.

Luo, X. Wang, ACS Nano 2021, 15, 13692.
[267] a) C. Y. Moon, O. H. Nam, M. Kim, H. S. Lee, S. N. Kaushik, D. A.

Cruz Walma, H. W. Jun, K. Cheon, S. C. Choi, PLoS One 2018, 13,
e0205534; b) J. Chen, D. Sheng, T. Ying, H. Zhao, J. Zhang, Y. Li, H.
Xu, S. Chen, Nanomicro Lett. 2020, 13, 23; c) Y. Iwakiri, M. Y. Kim,
Trends Pharmacol. Sci. 2015, 36, 524.

[268] Y.-J. Lin, C.-C. Chen, N.-W. Chi, T. Nguyen, H.-Y. Lu, D. Nguyen, P.-L.
Lai, H.-W. Sung, Adv. Mater. 2018, 30, 1705605.

[269] A. J. Friedman, K. Blecher, D. Schairer, C. Tuckman-Vernon, P.
Nacharaju, D. Sanchez, P. Gialanella, L. R. Martinez, J. M. Friedman,
J. D. Nosanchuk, Nitric Oxide 2011, 25, 381.

[270] M. R. Mihu, U. Sandkovsky, G. Han, J. M. Friedman, J. D.
Nosanchuk, L. R. Martinez, Virulence 2010, 1, 62.

[271] Y.-J. Chen, S.-C. Wu, H.-C. Wang, T.-H. Wu, S.-S. F. Yuan, T.-T. Lu,
W.-F. Liaw, Y.-M. Wang, Mol. Pharmaceutics 2019, 16, 4241.

[272] J. Pant, J. Sundaram, M. J. Goudie, D. T. Nguyen, H. Handa, J.
Biomed. Mater. Res., Part B 2019, 107, 1068.

[273] A. B. Shekhter, T. G. Rudenko, L. P. Istranov, A. E. Guller, R. R.
Borodulin, A. F. Vanin, Eur. J. Pharm. Sci. 2015, 78, 8.

[274] J. O. Kim, J.-K. Noh, R. K. Thapa, N. Hasan, M. Choi, J. H. Kim, J.-H.
Lee, S. K. Ku, J.-W. Yoo, Int. J. Biol. Macromol. 2015, 79, 217.

[275] M. Choi, N. Hasan, J. Cao, J. Lee, S. P. Hlaing, J.-W. Yoo, Int. J. Biol.
Macromol. 2020, 142, 680.

[276] W. L. Storm, J. Youn, K. P. Reighard, B. V. Worley, H. M. Lodaya, J.
H. Shin, M. H. Schoenfisch, Acta Biomater. 2014, 10, 3442.

[277] H. Zhu, X. Wei, K. Bian, F. Murad, J Burn Care Res 2008, 29,
804.

[278] A. D. Ormerod, A. A. J. Shah, H. Li, N. B. Benjamin, G. P. Ferguson,
C. Leifert, BMC Res. Notes 2011, 4, 458.

[279] Z. Zhao, H. Li, X. Tao, Y. Xie, L. Yang, Z.-W. Mao, W. Xia, Chemistry
2021, 27, 5453.

Syed Muntazir Andrabi is a postdoctoral research fellow in the Xie Lab at the University of Nebraska
Medical Center (UNMC). Before joining the UNMC, during his tenure as a research associate and
graduate student at the Indian Institute of Technology Kanpur, India, he worked on the design, devel-
opment, and characterization of functionalized biomaterials as multifaceted 3D/2D scaffolds and
nano/micro-carriers for drug delivery and tissue engineering applications. His research interest fo-
cuses on developing intelligent and multifunctional biomaterials, microneedles, and nanocompos-
ites for improved biomedical and therapeutic applications.

Adv. Sci. 2023, 10, 2303259 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2303259 (37 of 38)



www.advancedsciencenews.com www.advancedscience.com

Navatha Shree Sharma received her Ph.D. from the Department of Pathology and Microbiology at
UNMC in prostate cancer bone metastasis under the supervision of Dr. Kaustubh Datta. She currently
works as a Postdoctoral Research Associate in the Xie Lab at UNMC. Her research interests include 3D
in vitro disease modeling and biomaterial development for biomedical applications.

Anik Karan completed his B.E. from West Bengal University of Technology in Kolkata, West Bengal,
India, majoring in electronics and instrumentation engineering. He completed his M.S. and Ph.D. in
biomedical engineering from Cellular Neuroscience Laboratory, Louisiana Tech University, under the
supervision of Dr. Mark DeCoster. He joined Nano-Assembly Laboratory at Louisiana Tech University
as a research associate for L’Oreal under Dr. Yuri Lvov. He was a Postdoctoral Research Associate
in the Xie Lab at UNMC. He is currently working as a Research Scientist at Cl Lab LLC. His research
interests include nano/microfabrication, biomaterials, drug delivery, and animal modeling.

Jingwei Xie received his B.S. and M.S. from the Nanjing University of Technology, China, and his Ph.D.
from the National University of Singapore (2007). He worked as a Postdoctoral Fellow in the Xia
group at Washington University in St. Louis. He is currently a Professor in the Department of Surgery-
Transplant and Mary & Dick Holland Regenerative Medicine Program at UNMC. He is also an adjunct
faculty in the Department of Mechanical and Materials Engineering at the University of Nebraska-
Lincoln. His research interests include biomaterials, drug delivery, nanomedicine, tissue engineering,
regenerative medicine, wound infection and healing, and hemostasis.

Adv. Sci. 2023, 10, 2303259 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2303259 (38 of 38)


