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Nitric oxide (NO) is a versatile gaseous signaling molecule with broad therapeutic potential in cardio-
vascular regulation, immune modulation, oncology, antibiotics, and tissue regeneration. However, its clini-
cal application is severely constrained by physicochemical limitations, including poor aqueous solubility,
rapid degradation, and the lack of spatiotemporal control over its release. To address these challenges, a
diverse array of NO donors, ranging from spontaneous-release compounds to stimuli-responsive pro-
drugs, has been developed, each with distinct advantages and limitations. In this review, we classify repre-
sentative  NO donors into two major categories: unstable donors (e.g., N-diazeniumdiolates,
S-nitrosothiols, SIN-1) and stable donors (e.g., O®-protected diazeniumdiolates, protected SIN-1, nitro-
benzene derivatives, BNN6). Here, we highlight recent advances in the engineering of delivery platforms,
including polymeric nanoparticles, hydrogels, xerogels, liposomes, and various inorganic materials, which
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enable precise, stimuli-triggered NO release, improved stability, and tissue-specific targeting. By integrat-
ing NO donor chemistry with materials design, these platforms offer strong potential for controlled NO-
based therapies across a wide range of biomedical applications. We conclude by outlining future direc-
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1. Introduction

Nitric oxide (NO) is an essential endogenous signaling mole-
cule that plays key roles in vasodilation, neurotransmission,
and immune regulation in the cardiovascular, nervous, and
immune systems.' Motivated by its broad biological activity
and therapeutic potential, extensive efforts over the past
several decades have focused on developing NO-based thera-
peutics. Growing evidence supporting the effectiveness of NO
in various disease settings, including angina, pulmonary
hypertension, accelerated wound healing, infection control,
and cancer therapy, has established NO as a promising next-
generation biological therapeutic agent.®™® Nevertheless, the
direct use of NO as a pharmaceutical agent remains highly
challenging. First, as a gaseous molecule, NO has extremely
low aqueous solubility and is rapidly oxidized in the blood-
stream to form stable metabolites, making direct adminis-
tration impractical.'* ™ Second, NO has an exceptionally short
biological half-life and is cleared within seconds under physio-
logical conditions, which increases the likelihood of inacti-
vation before it reaches target tissues.>'*'® Third, achieving
precise spatiotemporal control over NO delivery remains chal-
lenging, thereby increasing the risk of undesired systemic side
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tions and key challenges in translating NO delivery systems into clinically viable therapeutics.

effects and toxicity.*®*® Collectively, these limitations severely

limit the clinical translation of NO-based therapies.

Over the past several decades, researchers have introduced
the concept of NO donors to address these challenges. NO
donors are small molecules or macromolecular compounds
that release NO in biological environments; early examples
include simple organic nitrates.*'*>' Over time, more
advanced NO donors such as N-diazeniumdiolates,
S-nitrosothiols, and sydnonimines were developed, further
expanding  the scope of NO-based therapeutic
applications.®**** However, these early donor systems shared
a major limitation: poor control over the location and timing
of NO release. Unstable NO donors, which release NO spon-
taneously, degrade at unpredictable rates under physiological
conditions and often produce an initial burst of NO that can
cause unintended cytotoxicity and disrupt normal physiologi-
cal balance.®?**® In contrast, stable NO donors were later
designed to improve storage stability and allow stimuli-respon-
sive release, but they frequently suffer from complex synthesis
and limited bioavailability.>®

In the past 10-15 years, significant progress has been made
in the development of delivery platform-based NO release strat-
egies to address these limitations. By incorporating NO donors
into delivery platforms such as polymeric nanoparticles, hydro-
gels, liposomes, micelles, 2D nanomaterials, and metal-
organic frameworks (MOFs), researchers have achieved more
precise spatiotemporal control of NO release while simul-
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Fig. 1 Schematic illustration of the conceptual framework of this review. The figure presents the physiological roles and biological significance of
NO, highlights the major challenges constraining its clinical application, illustrates the engineering strategies and diverse delivery platforms devel-
oped to overcome these limitations, and emphasizes the potential for advancing NO-based therapeutics toward clinical translation.

taneously enhancing storage stability. Importantly, these
advances represent more than incremental gains in NO deliv-
ery efficiency; rather, they fundamentally broaden the clinical
applicability of NO-based therapeutics.

In this review, we systematically examine the structural fea-
tures, limitations, and delivery strategies of the various NO
donors developed to date. Section 2 focuses on spontaneous-
release (“unstable”) NO donors, including
N-diazeniumdiolates, S-nitrosothiols, and SIN-1, while section
3 covers stimuli-responsive (“stable”) NO donors, including 0>-
protected diazeniumdiolates, protected SIN-1, nitrobenzene
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derivatives, and BNN6. For each category, we discuss their bio-
chemical properties, key limitations, and formulation strat-
egies based on polymers, nanoparticles, photoreactive
materials, and related technologies that have been developed
to address these challenges (Fig. 1). Through this review, we
aim to highlight the central role of delivery platform engineer-
ing in advancing NO-based therapeutics and to outline future
directions in this rapidly developing field. Representative
examples of engineered NO delivery platforms with varied
donors, materials, and activation mechanisms are presented
in Table 1. Importantly, the NO release kinetics discussed
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herein were quantified using standard methods such as the
Griess assay and chemiluminescence detection, enabling accu-
rate comparison across diverse systems.

2. Engineering of unstable NO donors

Unstable or spontaneous-release NO donors are defined here
as basic NO-releasing compounds that readily liberate NO
under physiological conditions without the need for enzymatic
activation or external stimuli. These donors have been widely
used in both fundamental and applied research due to their
straightforward synthesis and inherent ability to release NO
spontaneously. However, a major limitation of these systems is
the difficulty in achieving precise spatial and temporal control
over NO release. To address this challenge, recent efforts have
focused on preserving the core structures of these donors
while integrating them into diverse delivery platforms, includ-
ing polymers, nanoparticles, micelles, and related systems, in
order to fine-tune NO release kinetics and profiles. In the fol-
lowing sections, we highlight the prototypical unstable NO
donors, namely N-diazeniumdiolates, S-nitrosothiols, and
SIN-1, while emphasizing their biochemical characteristics,
key limitations, and the platform-based engineering strategies
developed to overcome these challenges (Fig. 2).

2.1. N-Diazeniumdiolates

N-Diazeniumdiolates, also known as NONOates (1-amino-sub-
stituted diazen-1-ium-1,2-diolates), are among the most promi-
nent classes of unstable NO donors. They are readily syn-
thesized by reacting secondary amines with NO gas under elev-
ated pressure (typically ~80 psi).>’*° Under physiological con-
ditions (~37 °C, pH 7.4), N-diazeniumdiolates decompose
spontaneously and consistently release two molecules of NO
per molecule of donor.>*?'** Despite the advantages of this
rapid and efficient NO generation, it also makes precise
control over the timing and rate of NO delivery in vivo challen-
ging. As a result, a substantial fraction of NO may dissipate
into the bloodstream before reaching the target site.
Conversely, excessive local NO concentrations may accumulate
and induce unintended cytotoxic effects. Furthermore,
N-diazeniumdiolates are highly sensitive to moisture and
temperature, which severely limits their shelf stability.>"***473¢
To mitigate these issues, numerous structurally modified
NONOates with tunable reactivity have been developed. For
example, PROLI/NO (a proline-based NONOate) exhibits an
extremely short half-life on the order of seconds at 37 °C,

R\ /0' //o

N—N*

N\ /

R N—-O" R
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whereas DETA/NO (a diethylenetriamine-based NONOate) dis-
plays a much longer half-life on the order of tens of hours.
Other analogues, such as DMAEP/NO (2-(dimethylamino)ethyl-
putreanine-based NONOate), show intermediate half-lives.
Together, these derivatives enable a broad range of controlled
NO release profiles.>”*°

Building on these principles, delivery platform-based strat-
egies have been widely employed to better control NO release
from N-diazeniumdiolates. In one representative approach,
polymers were functionalized with multiple NONOate groups
and formulated into both hydrogel and nanoparticle systems.
For instance, polyethylenimine (PEI) was reacted with high-
pressure NO gas to form a PEI-NONOate polymer, which was
subsequently crosslinked into hydrogels or incorporated into
poly(lactic-co-glycolic acid) (PLGA) nanoparticles. Because
N-diazeniumdiolate decomposition is acid-catalyzed and
follows first-order kinetics under physiological conditions,
parameters such as the hydrogel crosslink density or the
hydrophobicity of the PLGA matrix govern water diffusion and,
therefore, control the NO release rate. Using this platform, free
PEI-NONOate in solution released ~50% of its NO payload
within the first 30 minutes at pH 7.4 and was nearly comple-
tely depleted within 12 hours. In contrast, PLGA-PEI-NONOate
nanoparticles exhibited sustained NO release over 6 days with
no initial burst, extending the release duration by more than
an order of magnitude. This marked prolongation of NO
release not only minimized acute cytotoxicity in vitro but also
significantly enhanced biological performance in endothelial
cell adhesion, proliferation, and angiogenesis. These results
clearly demonstrate that rational polymer design can trans-
form a fastreleasing NONOate into a precisely controllable
and biocompatible NO delivery platform.*! In another strategy,
N-diazeniumdiolates were encapsulated within liposomes to
improve their stability and modulate their release behavior.
Small-molecule NO donors such as SPER/NO and DPTA/NO
were loaded into liposomes (~265 nm in diameter, composed
of dipalmitoylphosphatidylcholine and cholesterol at a 1:1
ratio) using a reverse-phase evaporation method.
Encapsulation within the alkaline liposomal core substantially
prolonged NO release, with the NO release half-life extended
by approximately 4- to 7-fold at pH 7.4 compared with free
(unencapsulated) donors. This effect is attributed to the basic
interior of the liposome, which slows diazeniumdiolate
decomposition. In contrast, under acidic conditions (pH 5.4),
proton influx into the liposome rapidly accelerates donor
breakdown, triggering a swift burst of NO release within the
vesicle. This pH-responsive behavior suggests that liposomal

H-C1

Fig. 2 Chemical structure of unstable NO donors. (A) N-Diazeniumdiolates, (B) S-nitrosothiols, (C) SIN-1.
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carriers can selectively promote NO release in acidic microen-
vironments, such as the tumor milieu. Consistent with this
observation, in vitro studies have shown that liposomal DPTA/
NO suppresses pancreatic cancer cell (PANC-1) viability at
much lower concentrations than the free donor,** highlighting
the therapeutic advantage of liposomal NO delivery for target-
ing diseased tissue. Despite the improved control afforded by
liposomal vesicles, NO release in these systems is still
indirectly influenced by environmental cues such as pH. As a
more robust alternative, solid-support platforms have been
developed to stably immobilize NO donors and provide finer
control over release. One notable example is a sol-gel-derived
xerogel system incorporating N-diazeniumdiolated silane pre-
cursors into a rigid silica-based matrix. Xerogels are porous,
dry silica networks formed by sol-gel processing followed by
solvent removal. In this approach, various diazeniumdiolate-
functionalized alkoxysilanes were co-condensed with phenyltri-
methoxysilane (PTMOS) to form NO-releasing xerogels.
Entrapment of the NO donor within the rigid siloxane scaffold
markedly reduced moisture exposure, thereby greatly enhancing
storage stability and improving the reproducibility of NO release.
These xerogels achieved high NO loading capacities (1.2 pmol
mg ") and sustained NO release for 20-90 hours under physio-
logical conditions, while also exhibiting minimal silica leaching
and low cytotoxicity. Notably, an N-diazeniumdiolate-containing
xerogel was applied as the outer membrane of glucose bio-
sensors, maintaining high glucose sensitivity (3.4 nA mM ) for
more than 7 days. This result demonstrates the feasibility of
xerogel-based platforms for long-term NO release in biomedical
devices, offering highly stable and localized NO delivery for
applications such as implanted sensors.**

2.2. S-Nitrosothiol

S-Nitrosothiols (RSNOs) are another important class of
unstable NO donors, characterized by an NO group covalently
bound to a sulfur atom. Endogenous RSNOs are formed
through the S-nitrosation of biomolecules’ cysteine residues,
including glutathione (GSH) and serum albumin.?>**~*> RSNO
compounds are capable of releasing NO under relatively mild
physiological conditions, and their release rates can be mark-
edly accelerated by specific stimuli. In particular, exposure to
light, transition metal ions (e.g,, Cu®, Fe**), or endogenous
reducing agents such as GSH and ascorbic acid can trigger
rapid RSNO decomposition and NO liberation.**>° While this
stimulus-responsive lability can be exploited for on-demand
NO delivery, it also renders RSNOs extremely sensitive to
environmental factors. In practice, they are highly susceptible
to photodegradation and thermal decomposition, making
strict temporal control of NO release difficult and severely lim-
iting their storage stability.**'">* Moreover, when adminis-
tered at high concentrations without appropriate control,
RSNO donors may induce cytotoxic effects due to excessive NO
generation, posing a risk of unintended tissue damage.*®>*~>¢
To overcome these limitations, a variety of structural and
materials engineering strategies have been developed. For
example, our group previously established NO delivery systems
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based on S-nitrosoglutathione (GSNO), and subsequent
studies have further refined this platform. Specifically, a temp-
erature-sensitive hydrogel was fabricated by chemically conju-
gating Pluronic® F127 with gelatin (F127-g-gelatin), enabling
sustained NO release from encapsulated GSNO under physio-
logical conditions (37 °C). Notably, we demonstrated that enzy-
matic degradation by matrix metalloproteinase-9 (MMP-9),
which is overexpressed in the tumor microenvironment, could
be exploited to further promote localized NO release at tumor
sites. This controlled NO release acted synergistically with
anti-CTLA-4 antibody (aCTLA-4 mAb)-mediated T cell acti-
vation to elicit potent antitumor immune responses.”’ An
alternative wound-dressing platform was reported in which
GSNO was encapsulated into poly(r-lactic acid) (PLA) micropar-
ticles to improve stability and modulate NO release within a
hybrid hydrogel-based dressing. Briefly, GSNO was dissolved
in water and loaded into PLA microparticles using a water-in-
oil-in-water (w/o/w) double-emulsion solvent evaporation
method. The resulting particles were then dispersed in a chito-
san/p-glycerophosphate temperature-sensitive hydrogel and
coated with a decellularized amniotic membrane. The GSNO-
loaded microparticles (average diameter ~40.7 pm, encapsula-
tion efficiency ~45.6%) extended the NO release duration by
more than two-fold under physiological conditions (37 °C, pH
7.4) compared with free GSNO. The hybrid structure main-
tained a steady NO release of 24-68 nM per mg over 7 days,
effectively suppressing the explosive initial burst observed with
free GSNO. Cell viability assays confirmed that the hybrid dres-
sing preserved over 85% viability in human dermal fibroblasts
(HDFs), and hemocompatibility tests showed a hemolysis rate
below 5%, indicating excellent biocompatibility.’®
Furthermore, a three-dimensional (3D) printing-based NO
delivery platform was developed by immobilizing RSNO within
a humidity-curable silicone matrix to enhance stability and
modulate release. In this approach, RSNOs, including SNAP
(S-nitroso-N-acetylpenicillamine) and GSNO, were admixed
with a silicone polymer (Momentive), and NO-releasing sili-
cone tubes were fabricated via direct ink writing (DIW) at
room temperature. The embedded RSNO crystals (10-50 pm in
size) prolonged NO release by approximately 4- to 7-fold (~29
days) under physiological conditions (37 °C) compared to the
free donors. This sustained release behavior was attributed to
the gradual dissolution of the RSNO crystals within the hydro-
phobic polymer matrix, enabling continuous NO generation.
Notably, incorporating 10 wt% of a low-viscosity polydimethyl-
siloxane (PDMS; Sylgard 184) led to the spontaneous for-
mation of a drug-free coating layer on the tube surface during
printing. This coating reduced the initial NO burst by approxi-
mately 21% and smoothed irregular release fluctuations. The
3D-printed RSNO-silicone platform also exhibited reduced bac-
terial adhesion on rough surfaces and a more stable NO
release profile. In vitro antimicrobial testing showed that
PDMS-coated, SNAP-loaded silicone tubes reduced Proteus mir-
abilis biofilm formation by 66% relative to drug-free controls
and by 92% compared with commercial polyurethane cath-
eters.”® In another study, the NO donor SNAP (S-nitroso-N-acet-
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ylpenicillamine) was encapsulated in a medical-grade CarboSil
polymer together with various transition metal nanoparticles
(Cu, Fe, Ni, Zn, Ag) to fabricate polymer-metal composite
(PMC) structures in both non-layered and layered configur-
ations. SNAP inherently releases NO under physiological con-
ditions (pH 7.4, 37 °C), and the embedded metal nano-
particles catalyze RSNO decomposition, markedly increasing
both the release rate and the total NO output. Notably, Cu-
and Fe-based composites exhibited a high initial NO flux. In
non-layered composites, direct contact between SNAP and the
metal nanoparticles induced burst-type NO release, whereas
layered composites provided a buffering effect that moderated
and prolonged NO release. The overall diffusion rate of SNAP
was also substantially higher in non-layered composites, which
further accelerated SNAP decomposition. Biocompatibility
studies showed that layered composites significantly improved
fibroblast viability compared with non-layered counterparts,
although SNAP-Zn and SNAP-Cu formulations still exhibited
measurable cytotoxicity. In antimicrobial assays, layered
SNAP-Cu composites achieved the greatest reduction in methi-
cillin-resistant = Staphylococcus aureus (MRSA) (~2.13 log
reduction), demonstrating a synergistic effect between NO
release and the intrinsic antimicrobial activity of copper.
Collectively, these findings indicate that metal-polymer
layered architectures can maximize NO release while preser-
ving excellent biocompatibility.®® In another study, an upcon-
version-ZIF-8 nanocomposite (UCZN) system was developed by
growing a porous zeolitic imidazolate framework-8 (ZIF-8)
shell on the surface of upconversion nanoparticles (UCNPs)
and loading it with S-nitrosocysteine (CysNO), an RSNO-type
NO donor. This nanoplatform converts tissue-penetrating
near-infrared (NIR) light into ultraviolet (UV) emission, which
selectively cleaves the S-NO bond in CysNO, thereby enabling
spatiotemporally precise, on-demand release of high local con-
centrations of NO. Unlike free CysNO, which readily decom-
poses under physiological temperature and pH, the UCZN
system minimizes premature NO leakage and exhibits excellent
storage stability in the absence of irradiation. However, upon
980 nm laser exposure, it triggers a rapid and robust NO burst
with clear on-off switching behavior. In a spinal cord injury
(SCI) animal model, this localized NO release attenuated
inflammation and reactive gliosis, suppressed neuronal apop-
tosis, and promoted axonal regeneration, ultimately leading to
significant recovery of motor function. This work exemplifies a
spatiotemporally controllable NO delivery strategy that over-
comes the intrinsic limitations of unstable free donors and
maximizes the multifaceted therapeutic potential of NO in
treating refractory neurological disorders.®*

2.3. SIN-1

3-Morpholinosydnonimine (SIN-1) is a prototypical sydnoni-
mine-class NO donor that non-enzymatically generates both
NO and the superoxide anion (O,”) simultaneously under
physiological conditions. Its precursor, molsidomine, has
been used for decades as a therapeutic agent for the treatment
of angina pectoris.®”®® As SIN-1 undergoes spontaneous

942 | Biomater. Sci,, 2026, 14, 936-951

View Article Online

Biomaterials Science

decomposition in aqueous solution, the released NO can par-
ticipate in normal signaling pathways; however, the concur-
rently generated superoxide readily reacts with NO to form per-
oxynitrite (ONOO™), a highly reactive species that induces
strong oxidative and nitrosative stress.*®®>”%”! Light exposure
(approximately 3500 lux) further accelerates NO release, high-
lighting the pronounced photosensitivity of SIN-1.”> Despite
its pharmacological relevance, SIN-1 suffers from poor storage
stability and rapid decomposition under physiological con-
ditions, which severely limits its utility as a controlled delivery
agent. These drawbacks create a substantial risk of unintended
premature NO release and excessive peroxynitrite formation,
potentially leading to toxic side effects.®”>”* To date, rela-
tively few studies have focused on directly modifying the
SIN-1 molecule itself to overcome these limitations. Instead,
recent efforts have focused on the design of hybrid NO donor
systems that exploit the reactivity of SIN-1 by incorporating the
sydnonimine moiety into larger, more stable molecular
frameworks.

For example, one study demonstrated that N-nitrosation of
SIN-1 to produce N-nitroso-3-morpholinosydnonimine altered
its decomposition pathway such that each molecule released
up to two equivalents of NO, while simultaneously reducing
peroxynitrite generation compared with unmodified SIN-1.
This result illustrates that subtle electronic modifications of
the sydnonimine scaffold can significantly enhance NO release
efficiency while mitigating secondary reactive oxygen species
(ROS) production.”” In another strategy, researchers addressed
the rapid decomposition of SIN-1 and excessive ROS gene-
ration not by modifying SIN-1 directly, but through a hybrid
molecular design. Specifically, a compound termed SA-2 was
created by combining a sydnonimine-based NO donor motif
with a nitroxide-based antioxidant module and subsequently
encapsulating it within poly(lactic-co-glycolic acid) (PLGA)
nanoparticles. This composite system provided protective
effects for endothelial cells and enhanced angiogenic activity
at substantially lower concentrations than free SIN-1, while
also enabling prolonged NO release and improved storage
stability. Through this combined structural and formulation
strategy, both the toxicity and instability inherent to SIN-1
were effectively mitigated. Although these approaches have not
fully resolved the fundamental limitations of SIN-1, they
demonstrate that electronic scaffold modification, hybrid
molecular design, and nanoparticle-based delivery can collec-
tively enable more controlled NO release and improved safety
for future sydnonimine-class NO donors.”®

3. Engineering of a stable NO donors

While unstable NO donors offer the advantages of spon-
taneous NO release and straightforward synthesis, their funda-
mental limitations, such as unpredictable decomposition kine-
tics, burst-type release, poor storage stability, and lack of
precise spatiotemporal control, which necessitate alternative
approaches. To overcome these inherent constraints and
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achieve on-demand, stimulus-triggered NO release with
enhanced stability and selectivity, a diverse array of stable,
stimuli-responsive NO donors has been developed. These
systems represent a complementary strategy that builds upon
the engineering principles established for unstable donors
while introducing new mechanisms for achieving precise
control over NO delivery in biological environments. In this
section, we examine key classes of stable NO donor platforms,
highlighting representative examples, their structural charac-
teristics, and the stimulus-dependent mechanisms governing
NO release. Notable examples include O*-protected diazenium-
diolates (such as JS-K and P-NO), protected SIN-1, nitro-
benzene derivatives, and BNN6 (Fig. 3).

3.1. O’-protected diazeniumdiolate

The O*-protection strategy was developed to overcome the
rapid spontaneous decomposition and premature NO release
inherent to unprotected NONOates. This approach involves
introducing electron-withdrawing protecting groups at the 0>
position of the NONOate core to suppress decomposition
under basal conditions. These protecting groups are selectively
removed in response to specific stimuli, including GSH, pH
changes, enzymatic activity, and reducing environments.
Following deprotection, the original NONOate structure is
restored, triggering NO release. This strategy serves a dual
purpose: it markedly enhances the storage stability of
NONOates while enabling stimulus-dependent, on-demand
NO release. Additionally, the hydrophobic nature of many 0
protecting groups allows the protected NONOates to be stably
incorporated into the hydrophobic cores of polymeric delivery
vehicles such as micelles and nanoparticles, thereby minimiz-
ing unintended NO leakage during circulation. Owing to these
advantages, O>-protection has become a central strategy in
drug delivery systems for achieving selective NONOate acti-
vation in biological environments. Representative examples,
including JS-K and P-NO, are discussed below.
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3.1.1. JS-K. JS-K (0?-(2,4-dinitrophenyl) 1-[(4-ethoxycarbo-
nyl)piperazin-1-yl|diazen-1-ium-1,2-diolate) is a prototypical
O*-protected NONOate bearing a 2,4-dinitrophenyl (DNP) pro-
tecting group at the 0> position. This DNP group enables selec-
tive activation under conditions of high cytosolic GSH
concentration.”””® The protecting group remains stable in
normal tissues but is rapidly removed in reducing environ-
ments with elevated GSH levels, such as the tumor cell cyto-
plasm, after which the regenerated NONOate undergoes burst-
type NO release.””””®® Owing to this redox-selective activation
mechanism, JS-K has been extensively investigated as a redox-
triggered NO donor with substantial tumor selectivity.”®”®
However, the hydrophobic DNP moiety renders JS-K extremely
poorly soluble in water, making direct administration
impractical.”””® To address this limitation, JS-K is typically
incorporated into hydrophobic-core delivery vehicles, includ-
ing polymeric micelles, nanoparticles, and liposomes.>*3%%°
These platforms not only improve JS-K solubility and storage
stability but also enhance its selective accumulation and acti-
vation within target tissues. In addition, delivery systems inte-
grating supplementary stimuli responsiveness, such as pH-sen-
sitive, enzymatic, or additional redox triggers, have further
expanded the applicability of O>-protected NONOate strategies.

For example, a recent study reported a pH- and GSH-dual-
responsive nanosystem incorporating JS-K to improve its
aqueous solubility and reduce non-selective toxicity. This
nanocarrier was designed to gradually disassemble in the
mildly acidic tumor microenvironment (pH = 6.5) and sub-
sequently activate JS-K upon exposure to elevated intracellular
GSH levels (~10 mM). Notably, this design amplifies the
characteristic GSH-dependent removal of JS-K’s DNP protect-
ing group and the subsequent activation of the 0>-NONOate at
the nanocarrier level. When encapsulated within a hydro-
phobic nanoparticle core, JS-K remains largely inactive in
normal tissues (neutral pH, low GSH). However, within the
acidic tumor environment, the nanoparticles destabilize and
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Fig. 3 Chemical structure of stable NO donors. (A) JS-K, (B) P-NO, (C) nitrobenzene, (D) BNN6.
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swell; following cellular internalization, GSH-mediated removal
of the DNP protecting group triggers a burst-type release of NO.
The released NO subsequently reacts with superoxide (O,™”) gen-
erated during photodynamic therapy (PDT) to form peroxynitrite,
thereby enhancing Type I PDT effects while simultaneously
depleting intracellular GSH. This dual action disrupts tumor
antioxidant defenses and establishes a synergistic therapeutic
mechanism. As a result, the pH/GSH dual-responsive JS-K nano-
system significantly enhanced NO generation and antitumor
efficacy compared with free JS-K, while markedly reducing non-
specific activation and systemic toxicity in normal tissues.®®

In another study, a dimeric JS-K derivative, termed Double
JS-K, was incorporated into PEG-based polymeric nano-
particles to modulate JS-K stability and release kinetics
through formulation design. Nanoparticles (hundreds of nano-
meters in diameter) were fabricated from polystyrene-block-
polyethylene glycol (PS-b-PEG) or poly(lactic acid)-block-poly-
ethylene glycol (PLA-b-PEG) copolymers. Double JS-K was
sequestered within the hydrophobic core, creating a steric
barrier against the surrounding aqueous environment and
GSH. As a result, free Double JS-K in phosphate-buffered
saline (PBS; pH 7.4) containing GSH (4 mM) exhibited a very
short half-life (~4.5 min), whereas nanoparticle-encapsulated
Double JS-K showed an extended half-life of ~40 min, repre-
senting more than a ninefold increase in effective NO donor
activity duration. This finding demonstrates that combining
JS-K-class O>-protected NONOates with self-assembled nano-
particles provides more than incremental improvements in
solubility and physical stability; it substantially prolongs both
GSH-triggered activation kinetics and NO release duration.®”
Furthermore, Kaur and colleagues developed a Pluronic P123-
based micellar formulation (P123/JS-K) to improve JS-K’s poor
aqueous solubility and enhance its stability, followed by a
detailed investigation of its intracellular distribution. Confocal
imaging and cellular fractionation analyses revealed that P123/
JS-K micelles exhibited increased cellular uptake and greater
accumulation within the cytoplasm and certain organelles
compared with free JS-K, indicating that delivery systems can
alter intracellular distribution and mechanisms of action.®® In
a subsequent study, the same group systematically evaluated
the effects of the Pluronic P123 formulation on the physico-
chemical properties and anticancer efficacy of JS-K. Compared
with free JS-K, P123/JS-K displayed significantly greater stabi-
lity in PBS, whole blood, plasma, and cell culture media, with
markedly slower degradation kinetics. Moreover, the P123 for-
mulation altered the serum protein-binding profile of JS-K,
helping to maintain effective drug concentrations in vivo.
Although P123/JS-K showed anticancer activity in HL-60 and
U937 cells comparable to that of free JS-K in vitro, it produced
substantially greater tumor regression in an HL-60 xenograft
NOD/SCID IL2Ry(null) mouse model. Overall, these findings
demonstrate that Pluronic P123 micelles simultaneously
enhance the solubility, stability, and pharmacokinetic behav-
ior of JS-K, thereby overcoming key pharmaceutical limitations
of O*-protected diazeniumdiolates through formulation engin-
eering alone, without requiring structural modification.®*
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3.1.2. P-NO. P-NO (0*-(2,4-dinitrophenyl)-1-[N-methyl-(2,3-
dihydroxypropyl)Jamino]-diazenium-1,2-diolate) is an O?-pro-
tected NONOate that incorporates a 2,4-dinitrophenyl (DNP)
protecting group at the O® position of a diazeniumdiolate
bearing a diol moiety. It is structurally designed to achieve
both high blood stability and selective intracellular acti-
vation.®® A defining feature of P-NO is its dual responsiveness
to GSH and pH. In our previous work, we demonstrated that
under endolysosomal conditions (pH 5.0, 50 pM GSH), the
DNP protecting group remains largely intact and NO release is
minimal. In contrast, rapid deprotection occurs under cytoso-
lic conditions (pH 7.4, 2 mM GSH), triggering a burst-type
release of NO. This distinct differential activation forms the
core mechanism underlying cytosol-selective NO delivery.
Additionally, P-NO selectively associates with phenylboronic
acid (PBA)-containing polymer blocks (POEGMA-h-PPBA)
through its diol moieties to form boronate ester linkages.
Through this interaction, P-NO self-assembles into core-shell
polymeric micelles (P-NO-PMs). These micelles exhibit excel-
lent blood stability, maintaining structural integrity in the
presence of serum proteins (HSA), extracellular GSH
(2-20 pM), and high glucose concentrations, with virtually no
unintended NO leakage under these conditions. In vivo,
P-NO-PMs accumulate in tumor tissue through the enhanced
permeability and retention (EPR) effect. After cellular internal-
ization, the micelles dissociate in response to endolysosomal
pH, releasing P-NO into the cytosol, where the elevated GSH
concentration induces deprotection. This process generates a
rapid NO burst that produces potent antitumor effects.
Overall, P-NO represents a platform-type NO donor based on
the O”-protected diazeniumdiolate strategy, enabling precise
coordination of blood stability, cytosol-selective activation, and
burst NO release. While it employs the same DNP-based pro-
tecting principle as JS-K, P-NO implements a more advanced
cytosol-targeted NO delivery strategy by integrating diol-PBA
interaction-mediated micellization with dual (pH/GSH)
responsiveness (Fig. 4).%°

3.2. Protected SIN-1

As discussed in section 2.3, the direct use of SIN-1 as an NO
delivery agent is severely limited by its rapid decomposition
and poor storage stability. To overcome these limitations,
several protected SIN-1 strategies have recently been developed,
in which SIN-1 is masked as a prodrug or engineered to be
regenerated in situ only in response to specific stimuli.

For example, a carbohydrate-based targeting approach was
designed to overcome the non-specific release and instability
of native SIN-1, leading to the development of glycosidase-acti-
vated NO donors. In this strategy, SIN-1 was covalently linked
to carbohydrates such as glucose, galactose, and
N-acetylneuraminic acid (sialic acid) via glycosyl carbamate lin-
kages, yielding stable prodrug forms (SIN-1-Glucose, SIN-1-
Galactose, and SIN-1-NANA). These conjugates significantly
enhanced the stability of SIN-1 and were designed to release
NO only in the presence of specific glycosidase enzymes.
Accordingly, SIN-1-Glucose exhibited approximately 240-fold
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Fig. 4 Schematic illustration of P-NO-PMs-mediated strategy for anticancer treatment. The figure depicts a dual stimuli-responsive polymeric
micelle system engineered for cytosol-selective NO delivery. An amphiphilic block copolymer (POEGMA-b-PPBA) coordinates with a protected NO
donor (P-NO) through phenylboronic acid—diol interaction to form nanoscale micelles that remain stable during blood circulation. Upon tumor cell
internalization and exposure to acidic endolysosomal conditions, the boronate ester linkage dissociates, liberating the protected donor into the
cytoplasm, where elevated GSH triggers rapid deprotection and burst NO release selectively within cancer cells. Reproduced with permission from
ref. 89. Used with permission of Royal Society of Chemistry, from A Cytosol-Selective Nitric Oxide Bomb as a New Paradigm of an Anticancer Drug,
Chem. Commun., 2019, 55(98), 14789-14792; permission conveyed through Copyright Clearance Center, Inc.

higher NO release in the presence of p-glucosidase than in its
absence, while SIN-1-Galactose showed an approximately 9.3-
fold increase in NO release in the presence of f-galactosidase.
These results indicate that such enzyme-responsive conjugates
hold promise for biological studies and for applications such
as antibody-directed enzyme prodrug therapy (ADEPT).°® Our
group further advanced this concept, developing a self-immo-
lative NO prodrug, SISIN-1, which releases NO under reductive
conditions. Briefly, 2,2'-dithiodipyridine was reacted with
2-mercaptoethanol to generate a precursor containing a
2-pyridyl disulfide (PDS) moiety. The hydroxyl group of this

This journal is © The Royal Society of Chemistry 2026

precursor was then activated using 4-nitrophenyl chlorofor-
mate and subsequently coupled with SIN-1 to form SISIN-1
through a carbamate linkage. This carbamate remains stable
under basal conditions. However, in the presence of reducing
agents such as GSH or dithiothreitol (DTT), the PDS disulfide
bond is cleaved to generate a free thiol. This thiol then under-
goes an intramolecular nucleophilic attack to form a five-mem-
bered cyclic intermediate, resulting in carbamate cleavage and
the release of free SIN-1. Through this self-immolative mecha-
nism, SIN-1 is effectively protected while its NO release is
tightly controlled. SISIN-1 is highly stable under physiological
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conditions (serum 50 g L™", cysteine ~50 pM) and under extra-
cellular redox environments ((GSH] = 20 pM). In contrast, it
rapidly releases NO at intracellular reductive GSH concen-
trations ([GSH] = 2 mM), enabling selective NO release in
cancer cells, where GSH levels are typically elevated. Moreover,
because the PDS moiety is an efficient leaving group, SISIN-1
can undergo thiol-exchange reactions with thiol-containing
biomolecules. To further extend its in vivo half-life and achieve
targeted delivery to lymph nodes, key tissues associated with
tumor metastasis, we covalently conjugated SISIN-1 to bovine
serum albumin (BSA), generating AL-SISIN-1. AL-SISIN-1 exhi-
bits an average hydrodynamic diameter of approximately
10.6 nm, a size favorable for passive lymphatic drainage and
efficient lymph node accumulation. Additionally, it is actively
taken up by cancer cells in lymph nodes through interactions
with secreted protein acidic and rich in cysteine (SPARC) and
gp60 receptors, further enhancing its lymphatic localization.
Similar to SISIN-1, AL-SISIN-1 selectively releases NO under
reductive conditions, such as the elevated GSH concentrations
(~2 mM) present in tumor-metastasized lymph nodes, by acti-
vating the self-immolative mechanism of SISIN-1. As a result,
AL-SISIN-1 exhibits low systemic toxicity and significant antitu-
mor efficacy in lymph node metastatic cancer models, high-
lighting its potential as an NO-based targeted therapeutic plat-
form for immune-oncology applications (Fig. 5).”!

3.3. Nitrobenzene

Nitrobenzene derivatives are photoactivated NO donors that
release NO upon light irradiation. Their design typically incor-
porates bulky ortho substituents (e.g., CF;, methyl, or aryl
groups) that twist the nitro moiety, thereby promoting a nitro-
to-nitrite photorearrangement pathway.”>> This structural
feature provides two major advantages: high thermal stability
under physiological conditions and precise, light-controlled
(on/off) regulation of NO release.

For example, a lipid nanovesicle system (Ves-NTA) was
developed by incorporating a 4-nitro-3-(trifluoromethyl)aniline
(NTA) derivative into lipid bilayers. In this design, DPPC lipids
and the amphiphilic NTA derivative co-assemble into
~100-150 nm vesicles via the film hydration method, preser-
ving the twisted nitrobenzene conformation induced by the
ortho-CF; substituent. Upon 410 nm blue-light irradiation, the
NTA units within these vesicles undergo nitro-to-nitrite photo-
rearrangement and release NO. The lipid-embedded Ves-NTA
system enables NO release in aqueous environments and
allows precise tuning of NO output by adjusting the nano-
vesicle concentration, with fully reversible on/off control by
light. Compared with the free NTA derivative in solution, Ves-
NTA exhibited slower NO release (half-life ~22.0 to
~38.5 minutes) and maintained higher Neuro-2A cell viability
during light irradiation, thereby alleviating the solubility,
stability, and cytotoxicity limitations associated with conven-
tional nitrobenzene donors.*®

A major limitation of classical nitrobenzene donors is their
dependence on UV light (315-420 nm) for activation, which
can cause phototoxicity in healthy tissues and restrict their
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clinical applicability.”>®” Therefore, recent efforts have
focused on integrating nitrobenzene motifs into delivery
systems to improve light responsiveness and biocompatibility.
An important advance addressed the UV activation limitation
by shifting the excitation wavelength into the visible range. A
mitochondrial-targeted nitrobenzene donor (Rol-DNB-mor/pyr)
was developed by conjugating a nitrobenzene moiety with a
mitochondrial targeting signal. This compound releases NO
upon exposure to 530-590 nm visible light (e.g., 562 nm), effec-
tively overcoming the UV dependence. Electron spin resonance
spectroscopy, fluorescence assays, and live-cell imaging veri-
fied light-triggered NO generation within mitochondria and
demonstrated selective regulation of mitochondrial fission.
This strategy partially mitigates the phototoxicity concerns
associated with traditional nitrobenzene donors while
enabling highly precise control over intracellular NO signaling,
with promising potential for mitochondrial-targeted thera-
peutic applications.®®

3.4. BNNG6

BNN6 (N,N'-di-sec-butyl-N,N"-dinitroso-1,4-phenylenediamine)
is a bis-nitroso, photoresponsive NO donor that releases NO
upon UV irradiation, typically at 365 nm. More recently, its
activation profile has been expanded to include alternative
stimuli, such as ultrasound.’®*®® The bis-nitroso scaffold
confers excellent thermal stability under physiological con-
ditions; however, its primary dependence on UV light remains
a major limitation for deep-tissue applications and precise
in vivo NO modulation.’® To overcome this challenge, a variety
of engineering strategies have been developed to integrate
BNNG6 into diverse material platforms. These designs aim to
shift the activation wavelength, most notably into the NIR
region, and to enhance spatiotemporal control over NO release
through stimulus-responsive on/off regulation,®®'0%1037103
Through these combined molecular and materials-engineering
approaches, BNN6 has been progressively developed into a ver-
satile NO donor platform capable of multi-stimuli-responsive
and externally controllable therapeutic delivery.

For example, one study reported a NIR-responsive “sand-
wich” nanomedicine constructed by self-assembling graphene
oxide (GO) nanosheets with BNN6 via n-n stacking. In the
GO-BNN6 construct, hydrophobic BNN6 is intercalated
between GO layers, which improves its aqueous dispersibility
and stability, while GO absorbs 808 nm NIR light and transfers
energy (electrons or heat) to BNN6. As a result, BNN6, which is
normally activated only by UV light, can be decomposed under
808 nm irradiation to release NO. The GO-BNN6 hybrid exhibi-
ted an exceptionally high loading capacity (~1.2 mg BNN6 per
mg GO) and enabled tunable NO release. Both the release rate
and total NO output could be precisely controlled by adjusting
the NIR power density and irradiation time. In 143B cancer
cells, GO-BNN6 functioned as a photo-triggered gas thera-
peutic, producing NIR on/off-dependent intracellular NO gene-
ration and inducing significant cell death.®

In another photothermal approach, BNN6 was loaded into
polydopamine (pDA)-coated magnetic Fe;O, nanoparticles to

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Schematic illustration of redox-activated SISIN-1 prodrug and lymph node delivery for anti-metastasis. (a) SISIN-1 structure and mechanism:
thiol conjugation, reductive disassembly, SIN-1/NO release. [R] = reduction. The self-immolative NO prodrug (SISIN-1) remains stable under extra-

cellular conditions. Upon cellular internalization, elevated GSH cleaves th

e disulfide bond and triggers intramolecular cyclization, liberating the

SIN-1 NO donor. (b) AL-SISIN-1 lymphatic drainage: subcutaneous injection, lymph node accumulation, selective tumor cytotoxicity. Albumin conju-
gation enables efficient lymphatic drainage to tumor-draining lymph nodes and selective uptake by metastatic cancer cells. Within the intracellular
reducing environment, AL-SISIN-1 releases SIN-1 to exert potent tumor-specific cytotoxicity while maintaining excellent systemic safety.
Reproduced with permission from ref. 91. Used with permission of John Wiley & Sons, from Lymph-Directed Self-Immolative Nitric Oxide Prodrug

for Inhibition of Intractable Metastatic Cancer, Adv. Sci., 2022, 9(8), 2101935

generate an NIR-triggered NO release system. The pDA shell
strongly absorbs 808 nm light and generates localized heat,
which accelerates the decomposition of the encapsulated
BNN6 and promotes NO release. Simultaneously, the Fe;O,
magnetic core enables external magnetic targeting. This dual-
stimuli (photothermal and magnetic) platform provides finely
tunable NO release under NIR on/off control and exhibits
potent antibacterial and biofilm-disrupting activity due to the
synergistic effects of hyperthermia and NO.'°® Moreover, a
two-dimensional bismuth titanate nanosheet (BiTiS;)-
BNN6 hybrid has been developed as an on-demand NIR-trig-
gered NO generator. BiTiS; nanosheets possess strong NIR

This journal is © The Royal Society of Chemistry 2026

; permission conveyed through Copyright Clearance Center, Inc.

absorption and excellent photothermal and photoelectronic
conversion efficiency. Under 808 nm irradiation, the generated
heat and photoelectrons efficiently trigger BNN6 decompo-
sition, resulting in rapid, high-yield NO release. The unique
two-dimensional BiTiS; architecture enhances interfacial elec-
tron transfer to BNN6, enabling faster and more efficient NO
liberation than that observed with GO-BNN6. This platform
achieved robust anti-tumor efficacy in vivo under NIR-driven
combined NO and photothermal therapy.'®”

The application scope of BNN6 continues to expand. For
instance, encapsulation of BNN6 within MOF nanoplatforms,
often combined with photothermal agents, enables NIR-trig-
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gered combination therapies that integrate photothermal treat-
ment with NO gas therapy.'®® Incorporation of BNN6 into
TRPV1-signaling nanocarriers has enabled light-controllable
gaseous signaling in neurological disease models."*
Furthermore, encapsulation of BNN6 nanoparticles within
three-dimensional hydrogel matrices provides localized, sus-
tained NO release for tissue engineering and wound healing
applications.'*°

More recently, the ultrasound responsiveness of BNN6 has
been established as a new modality of stimulus-dependent NO
control and has been exploited for the development of high-
intensity focused ultrasound (HIFU)-responsive NO delivery
systems. The BTNP-pDA-BNN6 system was constructed by
coating barium titanate nanoparticles (BTNPs) with pDA, fol-
lowed by physical loading of BNN6 onto the nanoparticle
surface. Upon HIFU irradiation, mechanical deformation
induced by the piezoelectric effect activates NO release from
BNNGS6, resulting in more than a 10-fold enhancement in NO
generation compared to unexposed controls. In a Parkinson’s
disease mouse model, systemic nanoparticle administration
followed by daily HIFU treatment led to substantial improve-
ments in motor coordination and locomotor activity,
accompanied by neuroprotection of dopaminergic neurons
and partial restoration of cognitive function.'®®

4. Conclusion

NO-based therapeutics have attracted substantial interest due
to the wide-ranging physiological functions and considerable
therapeutic potential of NO. However, its gaseous nature, extre-
mely short half-life, and the difficulty of precisely controlling
its release in time and space have long constrained its direct
clinical application. As reviewed herein, the integration of NO
donor molecules with engineered delivery platforms has
gained increasing attention as a powerful strategy to overcome
these limitations. By combining diverse materials such as poly-
mers, nanocarriers, and stimuli-responsive scaffolds with NO
donors, researchers have achieved unprecedented control over
NO release kinetics and targeting, greatly expanding the thera-
peutic feasibility of NO.

Within the spontaneous-release (unstable) donor category,
we discussed N-diazeniumdiolates, RSNOs, and SIN-1, all of
which readily liberate NO under physiological conditions.
These donors are easy to synthesize and provide immediate
NO release, but they inherently suffer from poor spatiotem-
poral control. Importantly, recent studies have demonstrated
that incorporating these donors into engineered carriers can
fundamentally transform their performance. For example,
encapsulation of N-diazeniumdiolates within PLGA nano-
particles extended NO release duration by more than 12-fold
compared with free donors; loading GSNO into MMP-9-
degradable hydrogels enabled tumor-selective NO release;
and 3D-printed RSNO-based materials markedly enhanced
antimicrobial efficacy. Collectively, these examples clearly
show that, even without altering donor chemistry, rational
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platform engineering can dramatically refine NO delivery
behavior.

In contrast, the stimuli-responsive (stable) NO donors
reviewed herein, including O*-protected diazeniumdiolates
(e.g., JS-K, P-NO), protected SIN-1 prodrugs, nitrobenzene
derivatives, and BNN6, remain largely inert until activated by
specific triggers. For instance, JS-K and P-NO exploit the elev-
ated GSH levels and acidic pH of tumor microenvironments,
while protected SIN-1 prodrugs enable selective cytosolic NO
release under reductive conditions. In parallel, nitrobenzene-
based donors have progressed from UV-dependent systems to
visible- and NIR-responsive platforms, and BNN6 has been
hybridized with various nanocomposites to enable efficient
NIR photothermal or ultrasound-triggered NO release.
Together, these stable donor platforms represent true on-
demand NO delivery systems that offer precise external
control, thereby improving both therapeutic efficacy and
safety.

Overall, a key insight from this review is that NO delivery
performance is governed not only by donor molecule design
but, critically, by delivery platform engineering. From simple
polymer encapsulation to sophisticated nanomaterials respon-
sive to pH, redox conditions, enzymes, light, and even acoustic
stimulation, and including hybrid systems incorporating two-
dimensional nanomaterials and MOFs, platform design is
essential for translating NO therapeutics toward clinical viabi-
lity. These engineering strategies consistently converge on four
core objectives: precise control over the timing, location, and
rate of NO release; enhanced storage and in vivo stability; mini-
mization of premature NO leakage in non-target tissues; and
selective activation at disease sites. Looking forward, research
on NO-based drug delivery is expected to progress along
several major directions. First, the development of systems
responsive to multiple disease-associated cues (e.g., pH, redox
status, and enzyme activity) will further enhance selectivity in
pathological microenvironments. Second, expanding NIR- and
ultrasound-responsive NO donors to overcome the limited
tissue penetration of UV and visible light will enable effective
NO delivery to deep-seated targets such as solid tumors and
chronic infection sites. Third, integrating real-time tracking
modalities (e.g., fluorescence, MRI, and PET) into NO delivery
platforms will facilitate in vivo monitoring of delivery efficiency
and therapeutic response. Fourth, advancing co-delivery strat-
egies that combine NO donors with chemotherapeutics, immu-
nomodulators, antioxidants, or other agents within a single
platform will enable synergistic therapeutic effects. Finally,
greater emphasis on clinical translation, including GMP-com-
pliant manufacturing, comprehensive biocompatibility and
safety evaluation, and rational clinical trial design, will be
essential for moving NO therapeutics from preclinical proof-of-
concept toward clinical practice.

In conclusion, although NO possesses remarkable biologi-
cal and therapeutic potential, its direct clinical use is intrinsi-
cally constrained by its physicochemical properties. The
studies reviewed here clearly demonstrate that rational NO
donor design, combined with advanced delivery platform

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5bm01825k

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 12 January 2026. Downloaded on 6/21/2026 10:20:58 PM.

(cc)

Biomaterials Science

engineering, can systematically overcome these barriers.
Ultimately, the successful translation of NO-based therapeutics
will depend on close interdisciplinary collaboration across
molecular biology, nanotechnology, materials science, and bio-
medical engineering. With continued progress in novel stimu-
lus-response mechanisms, improved biocompatibility, and
regulatory preparedness, NO delivery platforms are well-posi-
tioned to become transformative therapeutic modalities for a
broad range of applications, including cardiovascular disease,
infection control, cancer therapy, and tissue regeneration.
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