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Navigating the dichotomy of reactive oxygen,
nitrogen, and sulfur species: detection strategies
and therapeutic interventions

Prayasee Baruah, ' Dikshaa Padhi, Hariharan Moorthy, 28 Madhu Ramesh 2 and
Thimmaiah Govindaraju (2 *

Reactive oxygen, nitrogen and sulfur species (RONSS) collectively encompasses a variety of energetically
dynamic entities that emerge as inherent characteristics of aerobic life. This broad category includes reactive
oxygen species (ROS), reactive nitrogen species (RNS), and reactive sulfur species (RSS). A conundrum arises
from the indispensable role of RONSS in redox signalling, while its overproduction in the mitochondria
poses deleterious effects. This imbalance leads to biomolecular damage and contributes to
neurodegenerative disorders, cancer, cardiovascular diseases and infammation. Notably, the differential roles
of RONSS across various diseases can be strategically exploited for therapeutic interventions. Timely, precise,
and sensitive detection methods are indispensable for elucidating the spatiotemporal dynamics of RONSS
and evaluating disease pathogenesis and progression. By monitoring RONSS levels, we can discern early
markers of disease onset, enabling proactive intervention strategies for effective disease management.
Therapeutic interventions targeting oxidative/nitrosative stress in disease pathologies have proven to be
effective treatment routes in the mitigation of different diseases. This review aims to offer a comprehensive
overview of the functional implications and delicate balance of RONSS in disease conditions, and advances
made in detection strategies over the years while offering therapeutic strategies to tackle their adverse
effects. A special emphasis is focussed on neurodegenerative disorders and cancer with case studies using
RONSS-targeted chemical probes and prodrugs.

1. Introduction

Bioorganic Chemistry Laboratory, New Chemistry Unit, Jawaharlal Nehru Centre for

Advanced Scientific Research, Jakkur P.O., Bengaluru, Karnataka 560064, India.

E-mail: tgraju@jncasr.ac.in

Prayasee Baruah

338 | RSC Chem. Biol., 2025, 6, 338-357

The paradoxical dependency of aerobic organisms on oxygen is
an intriguing phenomenon because while essential for survival,
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an excess of oxygen can have catastrophic consequences. This
dichotomy of oxygen both nurtures and terminates life."
Reactive oxygen species (ROS) is a major class of reactive
species that includes a variety of chemical compounds resulting
from the partial reduction of oxygen.>* In addition to ROS, RNS
have also been extensively studied for their impact on redox
homeostasis. In the 20th century, the field of redox biology
primarily focused on metal ions, ROS, and RNS.>” Collectively,
RONSS exert a dichotomous influence on health and disease,
playing pivotal yet contradictory roles. In addition, alkyl (R),
alkoxy (RO), peroxyl (RO,) radicals, and carbonyl oxides
(R1R2COO) can engage in various unimolecular and bimolecular
chemical processes. However, research on these is still in
nascent stages and outside the scope of this review.

RONSS plays a pivotal role in maintaining optimal well-
being through cellular signalling and transduction, protein

Hariharan Moorthy received his BSc
in Chemistry (Hons) in 2017 and
MSc in Chemistry in 2019 from Sri
Sathya Sai Institute of Higher
Learning (SSSIHL), Puttaparthi,
Andhra Pradesh, India. He joined
JNCASR in 2019 for the PhD
programme under the supervision
of Prof T. Govindargju. His
research  interest includes the
development of multifunctional
therapeutic ~ macromolecules ~ for
targeting amyloid pathways, and
ferroptosis which has implications
in Alzheimer’s disease.

Hariharan Moorthy

Madhu Ramesh received his BVSc &
AH in 2015 from Veterinary College,
Bidar, Karnataka and MVSc in Bio-
chemistry from Indian Veterinary
Research Institute (IVRI), Bareilly,
Uttar Pradesh, India. He obtained
his PhD from JNCASR under the
supervision of Prof. T. Govindaraju
and is currently working as a post-
doctoral researcher. His research
interest includes understanding the
pathophysiology to identify novel
diagnostic and therapeutic targets
and developing diagnostic and
multifunctional therapeutic agents
for Alzheimer’s disease.

Madhu Ramesh

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Chemical Biology

phosphorylation, maintenance of ion channels, and biosynthesis
of thyroid hormones (THs) by the thyroid gland. RONSS has also
been utilized as part of therapeutic methods, especially in the
annihilation of cancer cells. When oxidants exceed an organism’s
antioxidant defences, it can cause damage to cellular organelles
(such as mitochondria) and biomolecules (like DNA, proteins, and
lipids). This can lead to the onset of various disease conditions,
including oxidative stress, inflammation, neurodegeneration, can-
cer, cardiovascular, liver, and kidney diseases (Fig. 1). Therefore,
detection and neutralisation of RONSS are of significance in
different pathological condtions.® ">

Detection strategies for RONSS are vital for identifying
oxidative and nitrosative stress in disease contexts, enabling
timely diagnosis and monitoring of disease progression. To
effectively sense or treat RONSS in various diseases, achieving
both sensitivity and specificity is essential. This requires stra-
tegies that target RONSS selectively while minimizing off-target
effects. One approach is to design RONSS-specific molecules,
such as fluorogenic/calorimetric probes, that activate fluores-
cence or colorimetric changes only in the presence of a specific
RONSS type (e.g., H,0,, HOCl, or ONOO™). This selectivity relies
on tailored chemical reactions that specifically recognize indi-
vidual RONSS, thereby reducing cross-reactivity. Additionally,
to enhance probe reliability, these molecules should be stable
under physiological conditions, resistant to environmental
factors such as pH variations, serum, and temperature, which
can otherwise lead to non-specific signals.">"* For therapeutic
applications, redox-active drugs can be designed to respond
only to pathological RONSS levels, sparing normal cells.
For instance, prodrugs activated by elevated concentrations of
specific RONSS in cancer cells can provide selective
cytotoxicity."® Nanotechnology further advances specificity by
using targeted nanocarriers conjugated with antibodies or
ligands that recognize disease-specific markers, allowing
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Fig. 1 Schematic shows the dichotomous role of RONSS in health and disease. RONSS: reactive oxygen, nitrogen and sulfur species, ROS: reactive
oxygen species, RNS: reactive nitrogen species, and RSS: reactive sulfur species (created with https://www.biorender.com/).

precise delivery of RONSS-sensitive probes or therapeutic agents
to affected tissues.'® Additionally, enzyme-mimicking nano-
zymes designed to scavenge RONSS offer selective neutralization
of RONSS in diseased tissues."” This approach combines diag-
nostic and therapeutic functions, providing potential for both
monitoring and mitigating RONSS-related damage. These
advancements enable more accurate, targeted approaches to
detecting and treating RONSS-associated diseases.

2. The RONSS cycle: homeostasis

RONSS are generated endogenously as part of normal cellular
physiology under pathological conditions or triggered by exter-
nal environmental stressors such as air pollution, smoking, and
pathogens. The mitochondrial respiratory chain is the primary
source of cellular ROS, generated during ATP generation through
normal oxygen metabolism.'® Oxygen readily accepts electrons
from cellular oxidative metabolism, generating ROS like super-
oxide anion (0,°7), hydroxyl (HO®), and hydrogen peroxide
(H,0,). Various processes like electron transport uncoupling
and enzyme system activities (e.g., cytochrome P450, xanthine
oxidoreductase, inflammatory enzymes), and accumulation of
unbound metal ions of Fe, Cu, and Mn can exacerbate ROS

340 | RSC Chem. Biol., 2025, 6, 338-357

production.'® NADPH Oxidase (NOX), certain membrane-bound
proteins and the endoplasmic reticulum (ER) are also involved in
the production of ROS. Nitric oxide (NO) is enzymatically pro-
duced by nitric oxide synthase (NOS) through a series of redox
reactions. The biosynthesis of NO is the primary source of RNS
production in biological systems through its rapid interaction
with various R0OS.2° For example, NO with 0,*  reacts at a
diffusion-controlled rate to form the peroxynitrite anion
(ONOO™) and its conjugated acid, peroxynitrous acid (ONOOH).
NO, is generated in an aqueous environment, through the
isomerization of ONOOH.

The primary source of RSS is the mitochondrial sulfide oxidation
pathway. At least four RSS are produced during the process of
mitochondrial sulfide oxidation: persulfide, glutathione (GSH),
thiosulfate, and sulfite. RSS are difficult to measure due to their
high reactivity and instability.> However, over the past decade,
there has been a renewed interest in the detection methods for H,S
and related RSS, largely attributed to the growing recognition of
their pivotal and intricate roles in the maintenance of health.*

In the body, defence against oxidative stress or excess ROS
involves the synergistic action of enzymatic and non-enzymatic
antioxidants. The endogenous enzymatic antioxidants include
superoxide dismutase (SOD), catalase (CAT), glutathione

© 2025 The Author(s). Published by the Royal Society of Chemistry
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peroxidase (GPX), and glutathione reductase (GR), which serve as
the first line of defence against RONSS.** Non-enzymatic hydro-
philic antioxidants include Nrf2-Keap 1 pathway, urate, ascor-
bate, GSH, and flavonoids, while lipophilic radical antioxidants
comprise tocopherol, carotenoid, and ubiquinol. Glutathione
S-transferases (GSTs), thioredoxin system, peroxiredoxins, and
the paraoxonase family (PON1, PON2, PON3) detoxify xenobio-
tics and counteract cellular toxins.** Antioxidant formulations
are also therapeutically used to combat oxidative stress asso-
ciated with different disorders.

3. RONSS in healthy organism

There has been a growing appreciation of the role of ROS as
mediators of intracellular signalling and regulation of numerous
physiological and biological responses, such as growth factor
signalling, cell division, differentiation, and adaptive responses
necessary to maintain the living system.?® ROS is known to interact
with various proteins and regulate cell proliferation and apoptosis,
via oxidation of redox-active residues such as tyrosine, histidine or
cysteine, thus creating intra- or inter-protein bridges and modulat-
ing protein functions. The first-degree oxidation of cysteine resi-
dues catalysed by H,O, within proteins serves as a reversible signal
transduction mechanism in living cells.”® ROS inhibit phospha-
tases, while simultaneously activating an extensive range of apop-
totic protein kinases belonging to the Src family, small G proteins,
the Ras family, c-Jun, and the p38 mitogen-activated protein kinase
(MAPK) pathways.”” Furthermore, ROS are known to transmit
cytoplasmic signals to the nucleus by influencing the activities of
transcription factors that regulate gene expression. In counter-
response to oxidative stress, cancer cells induce the transcription
of antioxidant enzymes to regulate intracellular ROS levels.
Conversely, ROS have also been investigated for their
therapeutic potential, especially in cancer management. High
levels of ROS target cancer cells through the initiation of pro-
grammed cell death (PCD), facilitated by a group of proteases
known as caspases, which are cysteine-dependent and aspartate-
directed, culminating in the formation of apoptotic bodies. Mono-
clonal antibodies such as rituximab are used for the treatment of B
cell lymphomas whose mechanism of action involves the suppres-
sion of BCL2 and p38MAPK signalling pathways, which in turn
increases ROS levels and triggers apoptosis (Fig. 2).”® The applica-
tion of ROS as therapeutics is also extended to neurodegenerative
diseases. The photodynamic therapy (PDT) is a strategy targeting
diseases through controlled and localized ROS generation. In a
report, photooxygenation of amyloid B (AB) was achieved using
peptide-based porphyrin supramolecular self-assembly (PKNPs)
for Alzheimer’s disease (AD) treatment.”® The APB-responsive
structural transformation of PKNPs was designed for selective
photooxygenation of AB enabling controlled ROS production.
PKNPs as activatable photosensitizers offer targeted therapy with
enhanced blood-brain barrier (BBB) permeability and AB-driven
disassembly. Smart peptide-based metallo-nanodrugs were utilized
for effective PDT with a high ROS generation capacity, making it a
next-generation smart nanomedicine for cancer therapy.** Hypoxia

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Role of RONSS in the etiology of cancer. Upsurge in RONSS causes
upregulation of cytokines and growth factors and downregulation of
tumor suppressor genes, resulting in excessive cell proliferation while
excessive RONSS can also be used therapeutically to annihilate cancer
cells (created with https://www.biorender.com/).

has been observed in both cancer and neurodegeneration and
thus development of probes for its detection is an emerging field.**
Oxygen therapy has also been reported to act on many pathological
aspects of AD such as AP metabolism, tau phosphorylation,
neuroinflammation and neuronal apoptosis.*> These advance-
ments showcase the potential of controllable and localized ROS
generation in various therapeutic applications.

RNS such as NO, nitrite (NO, ), nitrate (NO; ) and
3-nitrotyrosine and others are involved in cellular signalling,
immune response, and vasodilation. Additionally, NO is instru-
mental in the immune system response mechanism to
infections.** In the nervous system, NO functions as a neuro-
transmitter and is involved in the transmission of signals
between neurons. Furthermore, ONOO™ may exhibit antimi-
crobial properties and contribute to the immune response
against pathogens.* A balanced synergy exists in the produc-
tion of RNS, which is attributed to immune responses against
the activation of macrophages in tumor cells, or to proinflam-
matory cytokines.

Unlike ROS and RNS which are often associated with oxida-
tive stress and cellular damage, RSS have predominantly been
recognized for their beneficial roles, particularly their antioxidant
properties. Studies have shown a significant correlation between
the expression of trans-sulfuration enzymes, namely cystathionine
B-synthase (CBS) and cystathionine y-lyase (CSE), which are integral
to the endogenous production of H,S, and lifespan.*® Cysteine
persulfidation serves as a protective mechanism against overoxida-
tion induced by excessive ROS, and this process is conserved across
various species, including mice and humans. H,S is an essential
signaling molecule in cellular processes and regulates numerous
physiological functions such as blood vessel dilation, inflammation
regulation, and neurotransmission.*® H,S influences protein func-
tion through a process known as sulfhydration, where it modifies
cysteine residues in target proteins. While genetic studies suggest a
potential relationship between RSS and senescence, the reason why
reduced levels of RSS trigger cellular senescence remains unclear.®”
The chemistry and biological understanding of H,S is still in its
nascent stages, with several unresolved questions.

RSC Chem. Biol., 2025, 6, 338-357 | 341
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4. RONSS in diseases and their
detection

RONSS, particularly ROS and RNS, play a crucial role in the
pathogenesis of various diseases by inducing oxidative/nitrosa-
tive stress and causing subsequent biomolecular damage.
The detection and therapeutic modulation of these species
are crucial for devising advanced strategies to alleviate their
deleterious effects.

4.1 Metals, RONSS and their implications in diseases

Metals play a pivotal role in numerous biological processes,
nevertheless, an imbalance in metal homeostasis can instigate
the production of ROS, leading to oxidative stress. Fe, while
indispensable for physiological processes, can prove detrimen-
tal when present in excess as labile iron pool (LIP). Fe ions
engage in the Fenton reaction with H,0,, culminating in the
generation of highly reactive HO®.*® Similarly, Cu®" instigates
oxidative stress by catalysing the Fenton-type reaction. In the
presence of O,  or biological reductants such as ascorbic acid
or GSH, Cu®" is reduced to Cu" in a cyclic redox process. This
results in the generation of HO® through the decomposition of
H,0,. Notably, both Cu and Fe have been shown to form
inclusion complexes with AP peptides and proteins to acceler-
ate their aggregation and produce excessive ROS, implicated in
AD.>*? Ferroptosis/oxytosis, is an Fe-dependent form of cell
death that involves lipid peroxidation by ROS produced by Fe“/
Fe** redox cycle.*”*' Transferrin receptor imports Fe as Fe>*
reduced by Six Transmembrane Epithelial Antigen of Prostate 3
(STEAP3) to form lipid radicals (R*) and initiate lipid peroxida-
tion. GSH, through the glutamate cysteine antiporter, plays a
crucial role in regulating ferroptosis via GPX4 (Fig. 3).'* Cuprop-
tosis is a Cu-dependent cell death involves lipoylated enzymes
accumulation and loss of Fe-S cluster proteins.’” FDX1 converts
Cu** to Cu", promoting cell death through dihydrolipoamide S-
acetyltransferase (DLAT) lipoylation and Fe-S cluster inhibition.
Cu' binds to lipoylated DLAT, triggering aggregation and cell
death (Fig. 3). These metal ion-dependent forms of cell death
underscore the intricate interplay between metal homeostasis,
redox biology and cell fate highlighting their potential as ther-
apeutic targets in various diseases.

4.2 RONSS in neurodegeneration

The brain is supplied with a substantial amount of oxygen
(>20%, through blood supply) for its optimal function. It is
susceptible to oxidative stress and subsequent damage due to
relatively low levels of antioxidant enzymes and high levels of
catalytic transition metals which trigger ROS and RNS. This
vulnerability can lead to a variety of neurodegenerative disor-
ders, including AD, PD, HD, and ALS.

4.2.1 AD. AD is a neurodegenerative disorder characterized
by brain damage and is primarily attributed to the accumula-
tion of senile plaques of AP and neurofibrillary tangles (NFT) of
hyperphosphorylated tau.*>** Oxidative stress plays a crucial
role in the progression of AD by causing neuronal damage and
exacerbating amyloid aggregation and toxicity. It contributes to

342 | RSC Chem. Biol., 2025, 6, 338-357
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Fig. 3 Schematic shows the mechanism of ferroptosis, cuproptosis and
their nexus with AD. Fe accumulation in cells aggravates the peroxidation
of lipids which causes the Fe-dependent cell death, ferroptosis. The GSH/
GPX4 axis regulates lipid peroxidation, preventing ferroptosis, while AB/Fe
system reduces GPX4 levels. Cu mediates the lipoylation of DLAT protein
whose aggregation leads to cell death in cuproptosis (created with https://
www.biorender.com/). Lower panel shows the chain reaction involved in
lipid peroxidation. Tf: transferrin, TNF a: tumor necrosis factor o, STEAP3:
six-transmembrane epithelial antigen of the prostate 3, DMT1: divalent
metal transporter 1, DLAT: dihydrolipoamide S-acetyltransferase, FDX1:
ferredoxin 1, LIAS: lipoic acid synthase, SLC31A1: solute carrier family 31
member 1, PUFA: polyunsaturated fatty acid.

this pathology through the generation of ROS, promotion of
neuroinflammation, disruption of mitochondrial function, cal-
cium homeostasis imbalance, and the initiation of apoptotic cell
death pathways (Fig. 4).**™*® In addition to ROS, increase in the
expression of neuronal (nNOS or NOS-1), cytokine-inducible (iNOS
or NOS-2) microglial and endothelial (eNOS or NOS-3) NO iso-
enzymes have been observed. This can trigger inflammatory
pathways and contribute to neuroinflammation, which is a char-
acteristic feature of AD. Oxidative changes like protein nitration
and nucleic acid modifications are observed in the AD brains.*’

Elevated levels of oxidative stress in AD reduces antioxidants
levels such as vitamins C and E, uric acid, SOD, CAT, GPX,
which eventually affect neurons, contributing to cognitive
impairment and memory deficits and as such many antioxi-
dants are known to act as inhibitors of AD.

4.2.1.1 Probes targeting RONSS in AD. A multitude of probes
have been deployed for the detection of diverse classes of
RONSS abundant in the brain as biomarkers in AD. Concur-
rently, therapeutic interventions aimed at mitigating RONSS
have become integral components of contemporary AD

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Elevated levels of RONSS contribute to neurodegeneration. Acti-
vation of microglia and astrocytes releases enzymes such as inducible
nitric oxide synthase (iNOS), NADPH oxidase (NOX) and inflammatory
indicators such as tumor necrosis factor (TNFa), interleukins (IL-4, IL-5,
IL-6, TGF-B), which result in neuronal death and neuroinflammation
(created with https://www.biorender.com). Antioxidants act as potent
AD inhibitors.

treatment paradigms. Probes often contain functional groups
that react selectively with RONSS, leading to measurable changes
in their fluorescence properties. For instance, some probes
undergo oxidation, aggregation or cleavage in the presence of
specific RONSS, resulting in a quantifiable fluorescent signal.*®
These chemical interactions allow for the accurate detection and
quantification of RONSS levels within biological systems.'?
Fluorescent probes can identify target compounds through weak
molecular interactions or chemical reactions. Typically, molecu-
lar fluorescent probes consist of a fluorophore, a linker, and a
recognition group. Traditional design strategies offer optical
recognition for detection by interacting with analytes, typically
forming a lock-and-key type of interaction. However, activity-
based fluorescent probes that function via chemical bonding are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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more ideal for real-time imaging of ROS and RNS. The main
sensing mechanisms include photoinduced electron transfer
(PeT), intramolecular charge transfer (ICT), fluorescence reso-
nance energy transfer (FRET), excited-state intramolecular pro-
ton transfer (ESIPT), and aggregation-induced emission (AIE)."*°

In AD, different probes based on different mechanisms have
been designed for detection of RONSS. HOCI produced in
macrophages and phagocytes neutralize pathogens such as
viruses and bacteria. The production of HOCI from H,O, is
catalysed by MPO enzyme. The overexpression of MPO, AfB
plaques and its inclusion complexes of Cu** and Fe®* result
in the production of excess HOCI in the brain, which aggravate
oxidative stress and inflammation in AD, thus acting as a
potential biomarker.’® In this context, we have developed a
molecular probe for the unambiguous detection of elevated
HOCI levels in the brains of AD double transgenic mice
(Fig. 5(a)).® The coumarin-morpholine conjugate (CM2) probe
acts as a turn on fluorescent probe for the specific detection of
HOCI produced and proximally localized with amyloid plaques.
In the presence of HOCI, the non-fluorescent thioamide probe
CM2 undergoes regioselective transformation to fluorescent
amide probe CM1 with remarkable selectivity and sensitivity
(90-fold fluorescence enhancement, 0.32 quantum yield, and
detection limit: 0.17 pM) (Fig. 5(b)). Confocal microscopy
imaging validated the excellent detection capability of the
probe in the cortex and hippocampus regions of the AD
transgenic mice brain tissues (Fig. 5(c) and (d)). This study
established and validated HOCI produced and proximally loca-
lized with amyloid plaques as a new combination biomarker
with potential to be qualified for inclusion in the National
Institute on Aging and Alzheimer’s Association (NIA-AA)
research framework 2024 designated list of biomarkers (ATN)
for reliable AD diagnosis.

AP instigates the production of NOS in microglial cells,
which in turn generates NO and ONOO . These RNS released
from microglial cells damage biomolecules through nitrosyla-
tion causing neuronal dysfunction and cell death. In fact, an
elevated levels of nitrosylated proteins were detected in the
neurons located in the cortex and hippocampus regions of the
AD patients’ brains. This observation suggests the potential
utility of ONOO™ as a diagnostic marker for AD.>* A dual-
functional probe (3-HF-Ome) was developed for detecting
ONOO™ using the fluorescence property of 3-hydroxyflavone
(3-HFs) that works via the excited state intramolecular proton
transfer (ESIPT) mechanism (Fig. 5(e) and (f)).>" ESIPT results
in normal and phototautomeric species with distinct emissions
upon excitation, which can be observed in the fluorescence
emission spectra of 3-HF-OMe. The presence of AB,, oligomers
and aggregates with ONOO™ results in distinct fluorescence
emission by 3-HF-OMe, demonstrating its robust sensing cap-
abilities (Fig. 5(g)). Wang et al. developed BTNPO, an innovative
two-photon fluorescent probe adept at tracking the distribution
and alterations of AP aggregates and ONOO™ via two distinct
fluorescence channels.”®> BTINPO consists of a benzothiazole-
naphthalene derivative, chosen for its structural similarity to
thioflavin T, which serves as the recognition group for AP
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Fig. 5 Detection of RONSS and associated oxidative stress. (a) Structure of CM2 and its HOCI detection mechanism. (b) Fluorescence response of CM2 to various
ROS. (c) Confocal microscopy images of hippocampus (left) and cortex (right) of the CM2 administered WT and AD mouse brain and (d) corresponding quantification
of HOCIl (green) with AB plaques (red). Scale bar: 150 pm. Reproduced with permission from ref. 8. Copyright 2019 American Chemical Society. (e) Structure of 3-HF-
OMe and (f) its mechanism of sensing. (g) Fluorescence emission spectra of 3-HF-OMe in presence of AB,, oligomers and AB4, aggregates in presence of ONOO™.
Reproduced with permission from ref. 51. Copyright 2018 American Chemical Society. (h) Schematic representation for the conversion of QCy-BA to QCy-DT in
presence of H,O.. (i) Fluorescence response of QCy-BA to various ROS. () Fluorescence microscopy of MRC5 cells incubated with QCy-BA in absence and presence
of HyO,. Scale bar: 20 pm. Reproduced with permission from ref. 9. Copyright 2016 Royal Society of Chemistry. (k) Schematic representation of the fluorescence
amplification of CRANAD 88 in response to H,O, and AB. (1) Fluorescence response of CRANAD-88 on addition of H,O, and AB. Reproduced with permission from
ref. 52. Copyright 2016 Springer Nature. (m) Conversion of DNPOCy to NIR emitting Cy dye in response to H,S. Fluorescence response of DNPOCy on addition of
different ROS (n) and H,S (0). Reproduced with permission from ref. 53. Copyright 2014 Royal Society of Chemistry.

aggregates and oxindole which acts as the recognition group for
ONOO™. Through co-imaging the dynamics of AP aggregates
and ONOO™ levels in brain slices across various ages, it was
revealed that elevated levels of ONOO™ manifested earlier than
AP aggregates in the brains of AD mice.

Stimuli-responsive fluorescent probes are widely utilized in
detecting the physiological and pathological states of living
systems. We have developed a boronic acid-functionalized

344 | RSC Chem. Biol., 2025, 6, 338-357

quinone-cyanine probe (QCy-BA) in combination with AT-rich
DNA (exogenous or endogenous cellular DNA), termed QCy-
BAcDNA, acts as a stimuli-responsive Near-Infrared (NIR)
fluorescence probe for measuring the cellular levels and home-
ostasis of H,0,." The potential role of H,0, in causing oxidative
stress in AD is well established. Deposits of Ap plaques, NFTs,
and their metal-inclusions catalyse the production of *OH from
H,0, through the Fenton reaction. Upon exposure to cellular

© 2025 The Author(s). Published by the Royal Society of Chemistry
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H,0,, QCy-BA transforms into QCy-DT, a one-donor, two-acceptor
(D2A) system that binds to the cellular DNA and displays switch-
on NIR fluorescence (Fig. 5(h)-(j)). QCy-BA can detect both normal
and elevated levels of H,0, produced by GOx-mediated oxidation
of glucose, through EGF/Nox pathways, and post-genotoxic stress
in primary and senescent cells. A curcumin analogue CRANAD-88
was designed by coupling a CRANAD-58 as A recognition moiety
and borate as H,0,-selective chemical moieties for the detection
of H,0, in AD (Fig. 5(k)).”> CRANAD-88 detects H,O, with NIR
fluorescence (NIRF) in transgenic AD model APP/PS1 mice brain
samples containing AB plagues (Fig. 5(1)).

In addition to ROS and RNS, emerging reports suggest a role
for RSS, specifically H,S, in neurological diseases. H,S has been
implicated in the regulation of memory in numerous studies,
leading to a hypothesis that the characteristic memory decline
in AD may be related to decreased levels of H,S in the brain.
There have been conflicting reports on reduced levels of free
H,S in AD patients as compared to healthy controls, however,
alteration in the total sulfide concentrations (acid-labile and
bound) was observed in AD patients.’® We have developed a
highly sensitive ratiometric NIR fluorescence and colorimetric
probe, DNPOCy for H,S detection, that reacts rapidly with H,S
in an aqueous medium to release the cyanine dye, Cy-quinone
which displays NIR emission at A, = 555 nm (Fig. 5(m)~(0)).”*

4.2.1.2 Therapeutic strategies targeting RONSS for mitigating
AD. In the field of therapeutics, several molecules with RONSS
scavenging properties have been developed as a therapeutic
route towards AD. AP in the presence of redox-active metals
such as Cu®" and Fe** can produce ROS leading to oxidative
stress. We have developed a peptidomimetic inhibitor P6
combining a Cu-binding natural tripeptide of human origin,
GHK, and hybrid peptoid with AP aggregation inhibition ability.
(Fig. 6(a)).”""® P6 complexes and maintain Cu®*" in a redox-
dormant state preventing ROS production, exhibiting potent inhi-
bition of AB and Cu®*" induced toxicity in cells. In a recent
development, a series of short peptides (PNGIn) conjugated with
a dual-functional fluorophoric amino acid (NGIn) was developed
as anti-AD candidates, with the lead peptide, P2NGIn, exhibiting
strong Cu®" affinity and stabilizing the ion in a redox-inactive state.
P2NGIn reduces ROS-mediated cytotoxicity induced by Cu®*, and
inhibits both Cu-dependent and independent AB,, fibrillation and
associated toxicity while suppressing liposaccharide-induced ROS
and RNS production in microglial cells.”® We have developed
hybrid multifunctional modulators (HMMs) by combining the
structural and functional elements of metal chelator clioquinol
(Clg, one of the earliest drug candidates enter clinical trial for AD)
and the natural antioxidant epigallocatechin gallate (EGCG) found
in green tea.”” We found that the lead HMM, TGR86 (Fig. 6(b))
complexes Cu*" halting its redox cycle and averting the production
of harmful ROS. TGR86 rescued PC12 cells from AP/AB-Cu?*-
induced neurotoxicity by preventing ROS generation. It protected
biomolecules such as proteins, DNA, and lipids from damage
inflicted by ROS. Furthermore, it disrupted the interaction of toxic
AP species with mitochondria, thereby preventing mitochondrial
damage. Inspired by GHK, We have designed small
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multifunctional modulators (MFMs) that modulate H,0,-
induced ROS generation and quenches total nitrite concentration
in LPS-treated cells (Fig. 6(c)~(e)).** While GHK and P6 modulate
Cu**/AB-Cu**-associated toxicity, the lead analogue MFM4 com-
plexes both Cu®* and Fe*' in their free form or in their AB-bound
states, disrupting their redox cycles and preventing excessive ROS
production. This, in turn, ameliorates oxidative DNA damage and
mitochondrial dysfunction and modulates Nrf2 protein signaling
under oxidative stress conditions by eliminating toxic stress ele-
ments. In another natural product-inspired strategy, the berberine
derivative, Ber-D (Fig. 6(f)) was developed, which has been shown to
alleviate metal-dependent and independent AP toxicity."” Notably,
Ber-D shows a remarkable ability to quench intracellular ROS, reduce
protein oxidation, and inhibit DNA damage, lipid peroxidation, and
mitochondrial damage, thereby protecting cells from apoptosis
(Fig. 6(g)). Additionally, multi-targeted flavonoids with potent anti-
oxidant properties have been shown to be effective against multiple
pathways of AD.®" We have designed synthesized small molecules
with the capability to modulate the neuroinflammatory pathway. A
small molecule, M3, (Fig. 6(h)) rationally designed by integrating
pharmacophores for metal chelation, antioxidant onto AfB,, aggrega-
tion modulating naphthalene monoimide (NMI) scaffold was found
to modulate metal dependent Af toxicity and reduce oxidative stress,
as monitored by the Nrf2 signalling pathway.®* M3 effectively reduces
microglial hyperactivation and neuroinflammation as monitored by
bio-AFM analysis (Fig. 6(i)).

We designed and synthesized bipyridyl-based multifunc-
tional modulators showing ROS and RNS scavenging proper-
ties, as examined from in vitro and in cellulo studies.®® In SH-
SY5Y cells, ROS was generated using H,0,, wherein the lead
dopamine functionalized bipyridyl compound 5 (Fig. 6(j)) effec-
tively scavenged ROS, and rescued cells from oxidative stress
and nitrosative stress (Fig. 6(k)). Neuroinflammation becomes a
significant factor under oxidative stress conditions and its
modulation is a major therapeutic approach in AD.®® Ferropto-
sis and AD exhibit common pathological characteristics, which
include an abnormal accumulation of Fe, elevated levels of ROS,
increased lipid peroxidation, and diminished levels of antioxidant
enzyme GPX4. The natural polyphenol, tannic acid (TA), a known
antioxidant offers a comprehensive approach to simultaneous miti-
gation of ferroptosis and AD."* TA was identified as a Fe-chelator,
ROS scavenger, and a potent inhibitor of Af,, and tau aggregation.
TA effectively modulates Fe-dyshomeostasis, harmful ROS, highly
toxic Fe-induced AP,, aggregates, inhibits mitochondrial damage,
and activates Nrf2 (Fig. 6(1)) and thereby combating AD. In
addition to inhibiting ferroptosis through conventional Fe-
chelation and preventing ROS production and lipid peroxidation,
TA binds to the activator site of GPX4 (Fig. 6(m)), enhancing the
activity and cellular levels of the enzyme (Fig. 6(n)), thereby
strengthening the inherent antioxidant mechanism. The com-
bined approach of Nrf2-GPX4 activation and ferroptosis inhibition
introduces a conceptually novel and integrated strategy for effec-
tively targeting the GPX4-ferroptosis-AD axis to tackle AD pathol-
ogy. The dual therapeutic nature of polyphenols inspired the
design and synthesis of gallic acid-CDP hybrids where the lead
molecule, GCTR synergistically combats both ferroptosis and
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amyloid toxicity (Fig. 6(0)).>* GCTR enhances the expression of GPX4
(Fig. 6(p)) and modulates Fe*"-induced liquid-liquid phase separa-
tion of tau, thereby fostering the development of small molecule-
based novel therapeutics for AD. Furthermore, a polycatechol PLDP,
comprising L-DOPA, was designed to possess antioxidant, anti-
amyloid aggregation, and ferroptosis inhibition properties. Interest-
ingly, while L-DOPA itself acts as a pro-oxidant in the presence of Fe,
PLDP functioned as an antioxidant.”

A near-infrared-Il aggregation-induced emission (AIE)
nanotheranostic was engineered for targeted AD therapy. Upon

346 | RSC Chem. Biol., 2025, 6, 338-357

activation by ROS, the release of two therapeutic AIE molecules
was precisely controlled (Fig. 6(q)).®> One molecule disrupted
AP fibril formation, degraded existing fibrils and prevented
reaggregation while the other scavenged ROS (Fig. 6(1)),
restored redox balance thereby reversing neurotoxicity and
enhancing cognitive function in a female AD mouse model.
We present a polydopamine-ruthenium (PDA-Ru) nanosystem,
which functions concurrently as a near-infrared photothermal
therapy (PTT) agent, ROS scavenger, and H,O, catalyst. This multi-
functional approach holds promise as a therapeutic strategy for AD

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and other neurodegenerative disorders.”! Gracilin A derivatives,
synthesized via pharmacophore-directed retrosynthesis, have
demonstrated significant neuroprotective properties (Fig. 6(s)) They
were particularly effective in modulating the expression of antiox-
idant genes (CAT, GPx, SODs, and Nrf2), reducing cytokine release
(IL-1B, IL-6, GM-CSF, TNF-) and other ROS/RNS, highlighting their
potential as promising candidates for AD therapy.®® The critical role
of oxidative stress in AD has been recognized by researchers
recently, and natural antioxidants have been demonstrated to have
anti-AD activity in animal models, such as Ginkgo biloba extract,
soy isoflavones, lycopene, and so on.”” In the field of cancer
therapeutics too, the development of novel tools has led to the
utilization of nonenzymatic antioxidants, activators of Nrf2, inhibi-
tors of NOX, and vitamins, as oxidative stress plays a role in the
progression of cancer. For example, fumaric acid esters serve as
Nrf2 activators that operate by modifying sensor cysteines of
KEAP1, such as dimethyl fumarate (DMF). DMF operates by
alkylating Cys151 of KEAP1, thereby disrupting the association
between KEAP1 and Nrf2. The endogenous metabolite itaconate
is often necessary for the activation of Nrf2, which operates via the
alkylation of KEAP1. Itaconate acts as a critical anti-inflammatory
metabolite, which engages Nrf2 to modulate type I interferons and
limit inflammation (Fig. 6(t).®” The therapeutic efficacy of
CPUY192018, a small-molecule inhibitor of the KEAP1-Nrf2 path-
way in renal inflaimmation was evaluated. CPUY192018 signifi-
cantly activates the Nrf2-based cytoprotective system and thus,
protects the kidney from inflammatory injury (Fig. 6(u) and (v)).*®
Expanding the use of the dicyanomethylene-4H-chromone (DCM)
chromophore, a novel NIR theranostic prodrug, DCM-S-CPT, for
cancer chemotherapy in mice was explored making use of the
abundance of the antioxidant GSH in cancer cells.””> DCM-S-CPT
links the DCM fragment to the camptothecin (CPT) drug through a
disulfide linker, suppressing both fluorescence and cytotoxicity.
However, cancer cells with excess GSH selectively cleave the dis-
ulfide bond, releasing the cytotoxic drug and the fluorophore from
PEG-PLA-loaded nanoparticles. The production of ROS by NOX is
accompanied by the formation of SO, . Inflammation-triggered
macrophages generate NO, which combines with SO,” to form
ONOO ™, aiding in tumor cell death. Tumor cells express NOS
isoforms, affecting progression based on type and stage. Human
colorectal cancer and inflammatory diseases link inducible iNOS
activity with p53 alterations, suggesting RNS trigger cancer-related
gene mutations. Research using iNOS knockout mice implies NO
from iNOS plays a role in melanoma carcinogenesis initiation and
promotion.”* Besides ROS and RNS, the association of RSS with
oxidative stress arises from their consumption of thiols, raising
ROS levels directly or indirectly. The selective oxidation holds
promise for antimicrobial and cancer therapies.”

4.2.2 Other neurodegenerative disorders. Parkinson’s dis-
ease (PD) is characterized by the degeneration of dopaminergic
neurons in the substantia nigra and the accumulation of o-
synuclein inclusion bodies known as Lewy bodies. The substantia
nigra in PD patients exhibits elevated levels of oxidized lipids,
proteins, and DNA, as well as reduced levels of GSH. Post-mortem
analysis of brain tissue from PD patients revealed oxidative stress
which results in increased levels of 4-hydroxyl-2-nonenal (HNE), a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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product of lipid peroxidation, carbonyl modifications of soluble
proteins, and oxidation products of DNA and RNA (8-hydroxy-
deoxyguanosine and 8-hydroxy-guanosine).”® Amyloid Lateral sclerosis
(ALS) involves oxidative stress-induced damage to proteins, lipid perox-
idation, and DNA/RNA oxidation. Oxidative stress biomarkers like
malondialdehyde (MDA}modified protein, 8-hydroxy-2'-deoxygu-
anosine (8-OHAG) in DNA, and lipid peroxidation products are found
elevated in ALS patients’ urine, cerebrospinal fluid, and blood.”” The
mitochondrial dysfunction and elevated levels of ROS and RNS
are evident in ALS. In patients with ALS, the H,S levels in the spinal
fluid is elevated (7.53 mg L™'), in comparison to the control group
(3.64 mg L™ ").”® An increase in the brain H,S has also been observed in
ALS mouse models. Various reports document oxidative stress to be a
significant contributor to Hungtington’s disease (HD), an autosomal
dominant, fully penetrant neurodegenerative disorder caused by a
mutant huntingtin (mHTT) protein. Markers of oxidative stress like 8-
OHdG, products of protein carbonylation, 3-nitrotyrosine, 4-hydro-
xynonenal and isoprostanes have been shown to be elevated in HD.”

4.2.2.1 Probes targeting RONSS in other neurodegenerative
disorders. A dual-responsive fluorescent probe Mito-VS possesses
high mitochondrion-targeting capabilities and can simulta-
neously measure mitochondrial viscosity and H,S (Fig. 7(a)).*
Mito-VS is initially nonfluorescent due to free intramolecular
rotation between dimethylaniline and pyridine, but an increase
in viscosity restricts this rotation, resulting in the release of
intense red fluorescence. Liu et al. engineered Mito NIRHV, a
near-infrared (NIR) fluorescent probe, to discern mitochondrial
viscosity and H,0, levels in the brains of PD mice (Fig. 7(b)).*"
The probe consisted of a p-pinacolborylbenzyl moiety which has
high selectivity toward H,O,, a quaternarized quinoline unit for
targeting mitochondria and a lipophilic n-conjugated thiophene-
bridge extending NIR emission and a twistable ethylene respond-
ing to environmental viscosity. Huang et al. devised BT-NH, a
fluorescent probe meticulously crafted for the specific and
remarkably sensitive detection of NO within the brains of PD
animal models (Fig. 7(c)). Its structure was inspired from dia-
minofluorescein and benzobis(1,2,5-thiadiazole) structures
which harbour precision and sensitivity for NO.** Liu et al.
pioneered NIR-PNs, a class of near-infrared probes capable of
ultra-fast (within seconds) and highly selective detection of
ONOO™ across various PD animal models, underscoring their
utility in rapid and specific detection assays (Fig. 7(d)).** For
synthesizing NIR-PNs, dicyanoisophorone-based NIR fluoro-
phore with a donor-m-acceptor structure was chosen for its
biocompatibility, NIR emission, and photostability whereas p-
aminophenol receptors were integrated as ONOO ™ reactive sites.
Upon reacting with ONOO™, p-aminophenol groups cleave to
release p-benzoquinone, restoring the fluorescence of the probe.
Cu,O nanopatrticle clusters (NCs) were developed to functionally
mimic the activities of SOD, CAT and GPX4, which inhibited
neurotoxicity in a cellular model of PD (Fig. 7(e)).”® RNS con-
tribute to lipid peroxidation and protein dysfunction through the
formation of S-nitrosothiols, impairing the brain function in PD
patients.** A decrease in the levels of H,S is observed in the
striatum and plasma of PD animal models.®
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Fig. 7 (a) Design of dual-responsive fluorescent probe Mito-VS for detection of viscosity and H,S. Reproduced with permission from ref. 80. Copyright 2018
American Chemical Society. (b) Design of dual-responsive fluorescent probe Mito-NRHV for detection of viscosity and H,S. Reproduced with permission from ref. 81.
Copyright 2020 Royal Society of Chemistry. (c) Design of BT-NH for the specific detection of NO within the brains of PD animal models. Reproduced with permission
from ref. 82. Copyright 2019 Elsevier. (d) Design of NIR-PNs, a class of near-infrared probes for ultra-fast and highly selective detection of ONOO™ across various PD
animal models. Reproduced with permission from ref. 83. Copyright 2020 American Chemical Society. (e) Design of Cu,O nanoclusters. Reproduced with permission
from ref. 76. Copyright 2019 American Chemical Society. (f) Design strategy of TCAB for the precise detection of H,S and H,O, simultaneously. Reproduced with
permission from ref. 86. Copyright 2020 American Chemical Society. (g) Design strategy for HCy-ONO that offers dual turn-on fluorescence responses for H,Sn and
O,*~ in separate windows. Reproduced with permission from ref. 87. Copyright 2019 American Chemical Society. (h) Design strategy for BOD-NH-SC, an (ESIPT)-
based ‘AND' logic system probe, tailored for imaging thiols and ONOO™ in cellular environments. Reproduced with permission from ref. 88. Copyright 2021 Wiley. (i)
Design strategy for TFP for simultaneous determination of mitochondrial H,O, and ATP changes in two well-separated fluorescence channels. Reproduced with
permission from ref. 89. Copyright 2020 American Chemical Society. () Structure of TGP18 and schematic showing its binding to GQ and subsequent cancer cell
death. (k) Immunofluorescence images of A549 cells showing nuclear translocation of Nrf2 (green) upon treatment with TGP18. Scale bar: 10 um. ()
Immunofluorescence images to assess DNA damage response (DDR) as a result of treatment with TGP18 or UV exposure. Reproduced with permission from ref.
75. Copyright 2020 Ivyspring International Publisher. Reproduced with permission from ref. 77. Copyright 2020 Ivy spring International Publisher. (m) Structure of TCA
and TCZ and their dual targeting nature causing cancer cell death. (n) Localization of TCA and TCZ (green) in MDAMB-231 cells by colocalizing with the Alexa 647-
conjugated Nucleolin (red) antibody at 1 h. Reproduced with permission from ref. 86. Copyright 2022 American Chemistry Society.

The implication of RONSS with diverse pathological role is 4.2.2.2 Therapeutic strategies for mitigating RONSS in other
also evident in HD, Wilson’s disease, psychiatric ailments, and neurodegenerative disorders. A study on high-dose antioxidant
schizophrenia, showcasing diverse roles. therapy combining vitamin C (3000 mg per day) and vitamin E
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(3200 IU per day) suggests this approach may slow the progres-
sion of PD.°® A multicenter, randomized, placebo-controlled,
double-blind trial with parallel-group and dosage-ranging design
further investigated the impact of Coenzyme Q10, an endogenous
antioxidant at 300, 600, and 1200 mg daily compared to placebo
wherein a dose-dependent improvement of physiological symp-
tions was observed.’" Intraventricular injections of iron chelators
desferrioxamine and deferasirox were shown to prevent dopamine
depletion in the striatum in a 6-OHDA rat model of PD.”* In
MPTP-induced mouse models, melatonin administration helped
protect the nigrostriatal pathway from oxidative stress, neurotoxi-
city, and degeneration caused by the toxin, with similar findings
in 6-OHDA models.”® BN82451, a brain-penetrable compound for
Huntington’s disease, exhibits neuroprotective effects by safe-
guarding mitochondria against oxidative damage.’* Another inno-
vative antioxidant, XJB-5-131, which targets mitochondria, was
found to substantially reduce mitochondrial DNA oxidative
damage and slow disease progression in Huntington’s disease
animal models.” Dietary flavonoids like rutin, myricetin, and
hesperidin also show benefits in Huntington’s disease by activat-
ing the neuroprotective and cytoprotective Nrf2 pathways.”®

In ALS mouse models, resveratrol, a SIRT1 activator, provided
mitochondrial protection and symptomatic improvement.”®
Furthermore, a novel acylaminoimidazole derivative, WN1316,
which selectively reduces oxidative stress-induced cell death and
inflammation by upregulating Nrf2 and boosting GSH, showed
efficacy in enhancing motor function and extending survival in
SOD1H46R- and SOD1G93A-transgenic mice.”” Edavarone (MCI-
186) acts a free radical scavenger of both oxidative and nitrosative
stress and exhibits therapeutic potency against ALS.%®

4.3 RONSS in cancer

The high mitochondrial metabolism observed in cancer cells
leads to an increase in RONSS levels, which in turn promotes
tumorigenesis and the accumulation of mutations, thereby facil-
itating faster growth and spread. The role of ROS in tumorigenesis
was first proposed in the 1990s.%° In p53-heterozygous mice, the
deletion of Brecal results in increased ROS and the formation of
mammary tumors.'® The control of oxidative stress by Brcal
involves Nrf2. Growth factors and cytokines such as Interferon
(IFN), Tumor Necrosis Factor (TNF), and macrophages stimulate
the production of H,0O, and NO in tumor cells. The activation of
Erk1/2 by ROS enhances survival, growth, and motility in various
cancers including ovarian, breast, melanoma, and leukemia. The
Kirsten rat sarcoma viral oncogene homolog (K-Ras) triggers the
activation of the MAPK/Erk1/2 pathway, which is linked to cell
proliferation. Ovarian cancer cells with high levels of ROS exhibit
elevated Erk1/2 due to persistent ubiquitination and loss of
MKP3, thereby enhancing Erk1/2 activity.""

4.3.1 Probes targeting RONSS in cancer. Given the high
oxidative stress in cancer cells, several probes have been devel-
oped to detect specific ROS overexpressed in cancerous cell
lines. Wang et al. devised a fluorescent probe TCAB, tailored for
the precise detection of H,S and H,0, simultaneously in HeLa
cells and zebrafish (Fig. 7(f)).®° Comprising a synergistic duo of
short-wavelength emitting coumarin HCB and long-wavelength

© 2025 The Author(s). Published by the Royal Society of Chemistry
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emitting fluorophore TQC, TCAB’s design integrated benzyl
boronic ester and azide functional groups, strategically posi-
tioned as sensing units for H,O, and H,S, respectively.
To elucidate the roles of H,0,/SO, in oxidative stress,
Wang et al. developed a spectral-response-separated fluores-
cent probe, HCy-ONO, to study the interaction of H,S and O,*~
in living cells and in vivo (Fig. 7(g)). HCy-ONO offers dual turn-
on fluorescence responses for H,S, and O,*” in separate
windows, minimizing spectral overlap interference. Using this
probe, we monitored H,S,, and O,°" levels in living cells under
continuous and intermittent hypoxic conditions.®’” BOD-NH-
SC, an (ESIPT)-based ‘AND’ logic system probe was developed,
tailored for imaging thiols and ONOO™ in cellular environ-
ments (Fig. 7(h)).%® In macrophages, the presence of endogen-
ous NO triggered BOD-NH-SC to emit intense red fluorescence,
with comparatively weak NIR fluorescence. However, upon
incubation with fluvastatin-stimulated macrophages which is
known to induce endogenous H,S production, the fluorescence
signal in the NIR-II channel surged by 16.2-fold compared to
untreated cells. Tian et al. introduced a two-photon fluore-
scence-lifetime-based probe (TFP), capable of concomitantly
assessing H,0, and ATP levels within mitochondria (Fig. 7(i)).%
TFP offered real-time imaging and the simultaneous determina-
tion of mitochondrial H,O, and ATP changes in two well-
separated fluorescence channels without spectral crosstalk. Addi-
tionally, You et al. designed MPIBA, a dual-response probe for
S0O,/CIO0™."** The ability of SO, to act as both oxidizing and
reducing agent reveals its dual effects during oxidative stress
via its ability to exhibit both oxidative and antioxidative property
in cells.

4.3.2 Therapeutics utilizing RONSS in cancer. The strategic
use of ROS as a therapeutic modality for targeting and eradicat-
ing cancer cells has been a focus of scientific investigation.
A responsive nanosystem, UCNPs@Cu-Cys-GOx (UCCG) was
designed that react with glucose to switch off the nutrient
source for achieving starvation treatment and supplying H,0,
to boost cancer therapy.'®® A ROS-responsive doxorubicin
prodrug (pB-DOX) was developed for tumor targeting using
boronate moieties, loaded with indocyanine green (ICG) and
modified with liposomes, offering precise drug release at tumor
sites for effective cancer PDT (Fig. 2)."** As a novel anticancer
drug, b-Lap can rapidly produce a large amount of ROS by
catalysing NQO1 to induce cancer cell apoptosis. Lysozyme-
gold nanoclusters/rose bengal conjugate (Lys-Au NCs/RB)
was introduced as a photosensitizer for antibacterial and anti-
biofilm treatment, impeding bacterial growth upon white
LED irradiation.'® Recently, we discovered a theranostic probe
for topology-selective recognition of oncogene-specific G-quad-
ruplex (GQ) structures. TGP18 binds to BCL2 GQ through a
unique hybrid loop stacking and groove binding mode
(Fig. 7(j)).”° The selective binding of TGP18 to BCL2 GQ resulted
in a turn-on far-red fluorescence response and anticancer activ-
ity, demonstrating its potential for GQ-targeted cancer theranos-
tics. Targeting BCL2 GQ caused genome instability through the
induction of oxidative stress and DNA damage, rendering lung
cancer cells sensitive to TGP18. Nrf2 translocation as an
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oxidative stress response (OSR), nucleolar stress, oxidative DNA
damage (8-oxo-7,8-dihydroguanine) in the GQ forming promoter
sequence, and other associated mechanisms recapitulated the
features of oxidative stress as a possible mutual pathway for DNA
damage response (DDR), cell cycle arrest, and apoptosis induced
by TGP18 (Fig. 7(k) and (I))."*'°® Overall, the intervention
through GQ-mediated lethality by TGP18 has translated into
excellent lung cancer activity in both in vitro 3D spheroid culture
and in vivo xenograft model of lung cancer. We reported
carbazole-based monocyanine ligands TCA and TCZ (Fig. 7(m))
to enhance GQ selectivity at oncogene promoter levels (BCL2
and C-MYC, respectively), visualize GQ structures in live cells
with demonstrated therapeutic potential.'°® TCA/TCZ-induced
nucleolar stress (Fig. 7(n)) and also impaired the synthesis of
rRNA genes involved in ribosome biogenesis. This study revealed
dual-targeting GQ binding ligands with synergistic arrest of
oncogene overexpression and rRNA biogenesis which resulted
in inhibition of cell proliferation and induction of apoptosis.

4.4 RONSS in inflammation

The immune system initiates a defense mechanism in response
to any pathological assault, including inflammation. ROS is
involved in regulating the inflammatory response through
key regulators such as Nrf2, NF-xB, and TNFR1 pathways. In
disease conditions, mitochondrial ROS triggers the activation
of tissue macrophage inflammasomes, which mediate inflam-
mation. It has been reported that NALP and NLRP inflamma-
somes are regulated by mitochondrial ROS through MAPK/
Erk1/2 pathways.’®® ROS also regulates the infiltration of cells
to the site of inflammation by facilitating the extravasation of
inflammatory macrophages. A gradient of H,O, created around
the wound signals the infiltration of macrophages to the injury
site. Endothelial junctions serve as barriers to the extravascular
infiltration of inflammatory cells. ROS regulates occludin inter-
actions through GSH. The recruitment of neutrophils is regu-
lated by ROS through the regulated expression of IL1f.
Microbes increase extracellular ROS, triggering IL1f expression
to infiltrate neutrophils and clear the microbial load. There are
a few reports suggesting that mitochondrial ROS regulates
endothelial cell migration and angiogenesis, which are essen-
tial for the inflammatory response. The regulation of inflam-
mation by ROS and oxidative stress is mediated by various
redox-sensitive transcription factors and inflammatory cyto-
kines. NF-kB, a redox-sensitive transcription factor, is involved
in regulating inflammatory processes in response to ROS.
Mitochondrial ROS is known to promote TNFa-mediated NF-
kB activation and inflaimmatory response."'® NOX-dependent
ROS regulates the differentiation of macrophages to M2 phe-
notypes and continues the production of NO, which is required
for the bactericidal activity of M2 macrophages. Tang et al.
designed an activatable fluorescent nanoprobe (TPE-IPB-PEG)
with AIE emission characteristics that were used to accurately
image ONOO™ at the site of inflammation in bacterially
infected mice (Fig. 8(a) and (b)).""" TPE-IPB consists of a
tetraphenylethene (TPE) moiety as an AIEgen, an imine group
as an emission mediator, and a phenylboronate as a recognition
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site for ONOO™. Formulated with a lipid-PEG matrix, TPE-IPB
nanoprobes (TPE-IPB-PEG) are non-fluorescent in aqueous
solution but emit intense yellow fluorescence upon reaction with
ONOO™ at pH 7.4. Subsequently, Wang and coworkers introduced
a fluorescent probe, PAM-BN-PB for the rapid imaging of H,0, in
mice afflicted with peritonitis, utilizing phenanthroimidazole,
benzonitrile, and benzyl boronic ester components (Fig. 8(c))."*?
Additionally, they developed HOTN, a tetrastyrene-based AIE
fluorescent probe capable of visualizing signals of HOCI in mouse
models of peritonitis, arthritis, and liver cancer."*® In another
study, Pinkment, a functionalized synthetic derivative of
peroxyresorufin-1, was developed aimed at visualizing ONOO™
in LPS-induced peritonitis mouse models, enabling assessment of
the therapeutic efficacy of indomethacin using resorufin as the
fluorophore and a boronic ester as the ONOO™ recognition moiety
(Fig. 8(d)~(f))."** Furthermore, Chang et al. presented MITO-CC, a
two-photon ratiometric fluorescence probe for the detection of
ONOO™ in cells and inflammation mouse models (Fig. 8(g)).""®
MITO-CC featured a rhodamine derivative for ONOO™ recognition
and coumarin for energy donation, enabling ratiometric detection
of ONOO™.

4.5 RONSS in cardiovascular, liver and kidney disease

Physiologically, the RONSS regulates the activities of vascular
smooth muscle cells, influencing their contraction, relaxation,
and development. Recent studies suggest that ROS may directly
affect cardiac contractility, in addition to its indirect effects.
There are reports indicating that ROS could enhance the ino-
tropic effect of substances such as ET-1 by activating redox
signalling pathways like Erk1/2. The activation of MAPK, parti-
cularly p38 MAP kinase, may precede the overproduction of ROS,
which is associated with heart failure."*® ROS plays a significant
role in coronary artery disease by mediating the creation of
oxidized LDL and activating matrix metalloproteinases (MMP),
leading to plaque rupture. An increase in ROS levels due to b-
amino acid oxidase may result in systolic heart failure without
ventricular hypertrophy in rat hearts. Furthermore, ROS contri-
butes to the formation of thrombus and other cardiovascular
diseases. Patients with heart failure have been found to exhibit
reduced NO production, increased nitrotyrosine formation, and
increased iNOS expression."?® The role of RSS in cardiovascular
disease remains unclear. However, down-regulated H,S path-
ways have been implicated in vascular disorders.

The kidney and liver are organs that are highly susceptible to
oxidative damage. During damage, there is a surge in ischemia-
related RONSS components such as ONOO™ and HOCI, while
antioxidant enzymes decline. This phenomenon is observed in
renal tissue following ischemia and nephrotoxicity, as well as in
sepsis-induced kidney damage. Overproduction of NO from the
activation of iNOS during inflammation leads to the formation
of O,, contributing to the vicious cycle of oxidative stress and
chronic inflammation associated with Chronic Kidney Disease
(CKD). Guo et al. developed A2, a fluorescent probe enabling
visualization of ONOO™ flux in diabetic rat kidney tissue
(Fig. 8(h))."*® A2 rapidly responded with turn-on fluorescence
(within seconds) and boasted ultrahigh sensitivity (detection
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Fig. 8 Fluorescent probes for detecting RIS in inflammatory and liver, kidney and cardiovascular diseases. (a) Design of fluorescent nanoprobe TPE—
IPB—PEG with AIE emission characteristics to accurately image ONOO™ at the site of inflammation in bacterially infected mice (b). Reproduced with
permission from ref. 111. Copyright 2016 Royal Society of Chemistry. (c) Design of PAM—BN—PB for the rapid imaging of H,O, in mice afflicted with
peritonitis. Reproduced with permission from ref. 112. Copyright 2017 American Chemical Society. (d) Design of Pinkment, a functionalized synthetic
derivative of peroxyresorufin-1, for visualizing ONOO™ in LPS-induced peritonitis mouse models. (e) Fluorescence spectra of Pinkment on interaction
with ONOO™. (f) Confocal imaging of RAW 264.7 macrophages treated with LPS (1 pg mL™%, 24 h) and then loaded with Pinkment 8 (20 pM, 30 min). The
cell nuclei were stained using Hoechst 33342. Scale bar = 100 um. Reproduced with permission from ref. 114. Copyright 2020 Royal society of Chemistry.
(g) Design of MITO-CC, a two-photon ratiometric fluorescence probe for the detection of ONOO™ in cells and inflammation mouse models.
Reproduced with permission from ref. 115. Copyright 2017 American Chemical Society. (h) Design of A2, a fluorescent probe enabling visualization of
ONOO™ flux in diabetic rat kidney tissue. Reproduced with permission from ref. 116. Copyright 2016 Elsevier. (i) Design of probe LW-OTf for detecting
and imaging O,*~ and ONOO™ involved in drug involved liver injury (DILI). Reproduced with permission from ref. 117. Copyright 2021 Royal Society of
Chemistry. (j) Design of DT-Gal, a galactosyl(azido) naphthalimide-based fluorogenic probe as a liver cell-specific probe for imaging H,S in HepG2 liver
cancer cells. Reproduced with permission from ref. 118. Copyright 2015 Royal Society of Chemistry.

limit: <2 nM), successfully visualizing endogenous ONOO™ in
RAW264.7 macrophages and oxygen-glucose-deprived endothe-
lial cells and indicated elevated ONOO™ concentration in
diabetic kidney tissue (Fig. 8(h)). In chronic liver diseases, there
is an elevation in oxidative stress which affects protein expres-
sion patterns. James et al. developed a molecular probe (LW-
OTf) for detecting and imaging two biomarkers associated with
drug-involved liver injury (DILI) (Fig. 8(i)). Initially, the ROS
superoxide (O,°"), selectively activates near-infrared fluores-
cence (NIRF) by generating the fluorophore LW-OH. This
hemicyanine fluorophore is then oxidized by RNS peroxynitrite
(ONOO™), cleaving it to release the xanthene derivative LW-
XTD, which is detected using two-photon excitation fluores-
cence (TPEF). Alternatively, LW-OTf can be cleaved by ONOO™
to form non-fluorescent LW-XTD-OTf, which reacts with O,°~ to
produce the fluorescent LW-XTD. By combining NIRF and

© 2025 The Author(s). Published by the Royal Society of Chemistry

TPEF, LW-OTf enables the differential and simultaneous detec-
tion of ROS and RNS in DILI through two optically orthogonal
channels."” Meanwhile, addressing the biological significance
of H,S, DT-Gal, a galactosyl(azido) naphthalimide-based fluoro-
genic probe, was developed (Fig. 8(j))."*® Targeting liver cells
with its galactosyl unit and reacting selectively with H,S via its
azido group, DT-Gal demonstrated its potential as a liver cell-
specific probe for imaging H,S in HepG2 liver cancer cells,
offering insights into the role of abnormal H,S levels in liver
disease pathogenesis. Redox-sensitive factors such as Egr-1, NF-
kB, AP-1, and kinases respond to these changes, driving cellular
alterations and triggering hepatocyte apoptosis, which is a part
of liver damage. The role of RSS in kidney and liver diseases
remains unclear, as does the exact mechanism by which RONSS
causes damage to these organs. All probes mentioned in this
review have been summarized in Table 1.
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Table 1 Summary of probes mentioned in this review

S. Name of RONSS
no molecule Structure detected Disease LOD Ref.
o
N N/\
1 CcM2 AT TR HOCI AD 0.17 uM 8

2 QCy-BA = H,0, Cancer 5.3 uM 9

3 3-HF-OMe 1 J ONOO™ AD 65.5 nM 51

Oy o
4  BINPO o - \NID ONOO™ AD — 51
o—{ OH
/o
5  CRANAD 88 Nog H,0, AD 250nM 52
e
[N OCN [
J I
ON
e
&s ©\N02 f/joa
6  DNPOCY k\ak N °/ o H,S AD — 53
B O
_ .
7  MITO-VS “ N '“@LM H,S AD — 80
I
4
y N
8  Mito NIRHV %O{E /@f AV 3 H,0, AD 3 nM 81
g
N
CeHiz N s
9 BT-NH D Cl NO PD 6.96 nM 82
SH,N NH, Cebha
NC. ‘CN
10  NIR-PNs 75\/A| ~ )\[ ok ONOO™ PD 4.59 to 18.9 nM 83
PINTNAR,
|

11 TCAB H,S, H,0, Cancer and other diseases 0.044 and 0.058 uM 86

Cancer, inflammation, cardiovascular

12 HCY-ONO 0,° ", SO, . 90 and 100 nM 87
disease

13 BOD-NH-SC NO, H,S Various diseases 31 nM 88

14 TFP Mitochondrial stress 0.4-10 pM 89
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Table 1 (continued)
S. Name of RONSS
no molecule Structure detected Disease LOD Ref.
O / NG
N v
15 MPIBA OO Nf*@{“ S0,, ClO™ Cancer 3.5 nM and 12.5 nM 102
Q r@
O
16  TPE-IPB O ONOO™ Inflammation and other diseases ~100 M 111
G/B\
0, <:>
jio’a DCN
17 PAM-BN-PB O \H H,0, Cancer, diabetes and neurodegeneration 148 nM 112
X
OH
O 9
18 HOTN & O HOCI Inflammation, cancer 0.108 uM 113
O’B 0. B\O
19 Pinkment probe \@[Njij ONOO™ Cancer Not reported 114
.
O COOH
6 A
20 MITO-CC LN & ONOO™ Cancer and inflammation 11.30 nM 115
Q
g oye!
o o]
21 A2 ONOO™ Diabetes 2 nM 116
22 LW-OTf 0,°", ONOO™ Drug induced liver injury ;1&5 nMand 382,
HO OH \O)\N o . ..
23  DT-GAL OO H,S Liver injury and cancer 0.78 uM 118

5. Conclusions and outlook

The father of medicine, Greek physician Hippocrates rightly said
“Anything in excess is opposed to nature”. Since their discovery
more than a century ago, RONSS has long been viewed with the
glasses of a critique, their role in physiology mostly being associated
with detrimental effects and the progression of numerous diseases.
Generation of RONSS is an intrinsic evolutionary trait, in the
complex metabolic pathway of aerobic respiration and they play
vital roles in the maintenance of optimum health, especially in cell
signalling, transduction and immune response pathways. Excessive
ROS production can however damage cellular components,
including DNA, proteins, and lipids, leading to various chronic
diseases such as cancer, neurodegenerative disorders, and car-
diovascular diseases. Similarly, dysregulated production of RNS,

© 2025 The Author(s). Published by the Royal Society of Chemistry

can lead to the formation of toxic molecules like ONOO™,
contributing to tissue damage, mitochondrial dysfunction, and
chronic inflammation, implicated in several pathological condi-
tions, including atherosclerosis, sepsis, and autoimmune dis-
eases. While RSS, especially H,S contributes to cardiovascular
health, neuroprotection, and anti-inflammatory responses, their
dysregulation or excessive production can lead to tissue damage,
and inflammation, and exacerbate disease conditions ranging
from cancer to neurodegenerative diseases.

The precise detection of RONSS is critical for understanding
their complex biological functions and contributions to disease
progression. The development of improved probe sensitivity and
specificity will enable real-time, in vivo monitoring of these species
at the cellular and subcellular levels, offering insights into their
roles in pathophysiology. Additionally, the integration of these
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probes with imaging technologies and nanotechnology could lead
to more precise diagnostics and targeted therapeutic interven-
tions, potentially revolutionizing the management of oxidative
stress-related disorders. Future advancements in RONSS thera-
peutics will rely on designing precise and selective molecular tools
tailored to specific disease conditions. Probes for detecting
RONSS must address disease-specific contexts. For example, in
cancer, oxidative and nitrosative stress fluctuates within a hetero-
geneous tumor microenvironment influenced by hypoxia and
overexpressed enzymes like nitroreductases. In contrast, neuro-
degenerative disorders involve chronic oxidative stress in neurons,
necessitating probes with higher selectivity and long-term stabi-
lity. Moreover, BBB permeability is a critical factor for targeting
neurodegeneration, which is not essential for all cancer types.
RONSS-targeting theranostics for cancer often integrate detection
with therapeutic functions, such as ROS-triggered drug release. In
contrast, neurodegeneration probes prioritize neuroprotection,
incorporating antioxidants to mitigate oxidative damage while
monitoring RONSS. While both aim to detect oxidative stress,
their designs differ in addressing BBB permeability, species
dynamics, target localization, and functional demands.

The future of therapeutics targeting RONSS lies in the develop-
ment of more precise and selective agents that can modulate these
reactive species to treat various diseases. Advances in antioxidant
therapies will focus on fine-tuning redox balance rather than
simply quenching these species, preserving their signaling roles
while mitigating their harmful effects. Novel small molecules, gene
therapies, and nanomedicine approaches could offer targeted
delivery of these therapeutics, enhancing efficacy and reducing
side effects. Additionally, the use of RSS-based therapies, such as
H,S donors, may emerge as promising treatments for conditions
like neurodegenerative diseases, cardiovascular disorders, and
cancer, where redox imbalance plays a critical role.

Despite massive research being directed towards the RONSS
paradigm, their mechanism of action in many aspects of well-
being and ailment remain poorly understood. Also, except for
ROS and to an extent, RNS, the understanding of other species
is still in infancy. Extensive research is required to lift the fog
on how to arrive at the golden mean and deal best with this
double-edged sword and tune the oxidant/antioxidant balance
to maintain optimum health, longevity as well as fine-tune
oxidative stress for therapeutic avenues.
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