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Reactive oxygen species (ROS) are by-products of aerobic metabolism and can also act as signaling
molecules to participate in multiple regulation of biological and physiological processes. The
occurrence, growth and metastasis of tumors, and even the apoptosis, necrosis and autophagy of tumor
cells are all closely related to ROS. However, ROS levels in the body are usually maintained at a stable
status. ROS produced by oxidative stress can cause damage to cell lipids, protein and DNA. In recent
years, ROS have achieved satisfactory results on the treatment of tumors. Therefore, this review
summarizes some research results of tumor treatments from the perspective of ROS in recent years, and
analyzes how to achieve the mechanism of inhibition and treatment of tumors by ROS or how to affect
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Accepted 12th February 2020 the tumor microenvironment by influencing ROS. At the same time, the detection methods of ROS,
problems encountered in the research process and solutions are also summarized. The purpose of this

DOI 10.1039/c9ral0539 review is to provide a clearer understanding of the ROS role in tumor treatment, so that researchers
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1. Introduction

Reactive oxygen species (ROS) are a series of molecules
including singlet oxygen (primary excited state), superoxide
anion (single electron state), hydroxyl radical (three-electron
state) and hydrogen peroxide (double-electron reduction
state)," which are generated through intracellular oxidation
metabolism. It is worth noting that, at a low level, ROS can be
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might have more inspiration and thoughts for cancer prevention and treatment in the next stage.

involved in multiple regulation of biological and physiological
processes as important signaling molecules. Intracellular ROS
levels normally remain stable, because ROS are essentially
strong oxidants that can participate in oxidative stress by
raising intracellular levels to damage oxidize lipids, DNA, and
proteins.>* On the other hand, in the tumor microenvironment,
ROS in relatively low levels play an important role in signal
transfer, cell proliferation and revascularization, and the
gradual increase of ROS can also promote the cell proliferation,
diffusion and metastasis of tumors. On the contrary, ROS in
high levels will damage the DNA of cancer cells, resulting in
apoptosis and tumor necrosis to some degree.**® Therefore, the
antioxidant activity of relative magnitude will be generated to
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balance the high concentration of ROS, as shown in Fig. 1. In
conclusion, the balance between intracellular oxidants (ROS)
and antioxidants is very important. Anti-oxidants include
enzymes (catalase, dismutase and peroxidase), nonenzymes
(vitamin A, C and E) as well as nicotinamide adenine dinucle-
otide phosphate (NADPH) oxidase.” Generally, during the
oxidative phosphorylation of mitochondria in normal cells, the
electron leakage from electron transfer chains and the reduc-
tion of oxygen molecules are the main sources of intracellular
ROS.? Most ROS can be generated by mitochondria and some
enzymes, as summarized below.

1.1 ROS from mitochondria

For most cells, the respiratory chain of mitochondria is the
main source to produce ROS. Since mitochondria are the
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“energy factories” of the body. Over 90% of the oxygen in the
body is consumed by mitochondria to produce adenosine
triphosphate (ATP) for various life activities. But, at the same
time, ROS free radicals produced by mitochondrial oxygen
consumption also accelerate the oxidation and damage of each
cells, leading to disease or aging.’ Mitochondria are engaged in
oxidative metabolism all the time, and there are a series of large
multi-subunit protein complexes on the inner membrane of
mitochondria. These complexes facilitate the flow of large
numbers of electrons from substrates such as reductive coen-
zyme (nicotinamide adenine dinucleotide, NADH).* The energy
from the flow of electrons is used to facilitate proton gradient
transport across the inner membrane of mitochondria, and
which in turn promotes the formation of ATP. This method is
used to generate ATP in an oxygen-dependent form, where
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Fig. 1 Effect of ROS on tumor microenvironment.

oxygen molecules are reduced to a single-electron reduction
product called superoxide anion (O, ).* ROS produced from
the mitochondrial respiration mainly refers to superoxide
anions and their derivatives including HO,', H,0,, OH" and
10,.

1.2 ROS from NADPH oxidase

In addition to mitochondria, NADPH oxidase is one of the main
enzymes in the body that can promote ROS production. It is
a multi-component enzyme containing membrane bound
cytochrome b558 (p22P"** and gp91P"™ heterodimer) and
cytosolic regulatory proteins (p40P"™, pa7Ph®% pe7Ph°* and
RAC1)." The subtypes belonging to NADPH oxidase are known
as NOX oxidases in the presence of neutrophils. The main
source of ROS has been proved to be the complex of flavin and
heme proteins that transfer electrons from NADPH in the
cytoplasm to molecular oxygen to produce the superoxide anion
0, .* One of the subtypes of NADPH oxidase is NOX2, also
known as gp91P"°*, NOX2 is mainly expressed in the endothe-
lial, adventitial and phagocytic cells, and plays a physiological
role in immune prevention and blood pressure regulation.
Under the stimulation of neutrophil and cytoplasmic factors
including p40P"™*, p47P"* and p67P", RAC1 will rapidly
supplement and combine with the fixed factors NOX2 and
p22P"°* on the cell membrane, producing a large number of
phagocytic cells. The activated neutrophils eventually produce
large amounts of ROS. At present, seven known homologues of
NOX oxidase (NOX1, NOX2, NOX3, NOX4, NOX5, DUOX1 and
DUOX2) can produce ROS in different degrees for some physi-
ological functions such as immune defense and signal
transmission.*

1.3 ROS from other enzymes

Besides the mitochondria and the subtypes of NADPH oxidase,
there are also some other enzymes such as xanthine oxidase,
nitric oxide synthase, cyclooxygenase, lipoxygenase and P450
cytochrome, which can produce ROS.* In addition, endoplasmic
reticulum and peroxisome can also produce some ROS. Previ-
ously, ROS were regarded as by-products of enzymes or as
potential oxidants for Fenton reaction. For example, hydrogen
peroxide combines with intracellular Fe>* to oxidize carboxylic
acid, alcohol or lipid into inorganic states." However, with the
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deepening of research, it has been found that ROS can also play
a role in signal transmission as signaling molecules. For
instance, hydrogen peroxide produced by the P450 cytochrome
enzyme in the adrenal gland plays an important role in corti-
costeroid production by regulating an oxygen-dependent
signaling pathway in the adrenal cortex."

2. ROS and tumor

Cancer is one of the most serious diseases that human beings
face and has seriously affected human health. Hence, the
exploration of tumor prevention and treatment is also one of the
focuses of current research. Many strategies have been devel-
oped to inhibit the generation, growth, spread and metastasis of
tumors. Hypoxia, high pressure, acidity, vigorous metabolism
and dense blood vessels are known as typical characteristics of
tumor microenvironment. Because of the rapid growth rate,
strong reproduction ability and high metabolism of tumor cells,
their demand for nutrients is higher than that of normal cells,
so the consumption of oxygen, glucose and other components is
higher. On the other hand, the anaerobic respiration of tumor
cells produces lactic acid through glycolysis, while the over-
expressed carbonic anhydrase catalyzes CO, and H,O to form
carbonic acid, which is the main reason for the acidic micro-
environment of tumor.*® A large number of oxidation reactions
make the concentration of ROS free radicals in tumor higher
than that in normal tissues. Therefore, ROS is closely related to
various stages of tumor, and can indeed produce therapeutic
effect to some extent on tumor. The treatment of tumors by ROS
is well discussed from the perspectives of ROS and photody-
namic therapy, ROS and cancer medicine, as well as ROS and
immunotherapy.

2.1 ROS and photodynamic therapy

Photodynamic therapy (PDT) is a very effective interventional
therapy for the treatment of tumors in recent years. During the
PDT, the photosensitizer (PS) loaded inside nanomaterials
converts surrounding oxygen into ROS through election transfer
under the irradiation of a specific wavelength of light, leading to
more ROS produced.' The further increase in ROS level inside
tumor microenvironment will break the balance of oxidation-
antioxidation, inhibit the growth of tumor, damage the DNA

This journal is © The Royal Society of Chemistry 2020
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and thus induce the apoptosis of cancer cells.”” Although PDT
shows high efficiency on tumor therapy, there are three major
bottle necks that puzzle the research progress, including the
insufficient penetration depth of the external light source, the
PS toxicity caused by non-specific targeting as well as the
insufficient PDT efficiency caused by hypoxic hypoxia in tumor
microenvironment.

In order to solve the insufficient PDT efficiency caused by the
hypoxic hypoxia in tumor microenvironment, Z. Luo et al.
designed a bionic artificial red blood cell loaded with oxygen
carrier (hemoglobin) and PSs (indocyanine green, ICG).*® The
nanosystem has the dual capability of stably and continuously
delivering oxygen and acting as a fluorescent probe for real-time
monitoring. Under the irradiation of near-infrared light, the
loaded PS combined with the oxygen inside hemoglobin and
produced a large amount of cytotoxic ROS that damaged tumor
cells and nearby vascular systems. In addition, the multifunc-
tional carbon-dot-decorated Ag/Au bimetallic nanoshells
(CAANSs) was prepared as plasmonic catalytic nanoprobe,
which acted like a smart nanozyme responding to the tumor
microenvironment and killing the cancerous cells through cell
apoptosis induced by the effective conversion from cellular
H,0, to cytotoxic O, .** With the aim to overcome the PS
toxicity caused by non-specific targeting, B. Feng et al. synthe-
sized a multifunctional prodrug nanosystem loaded with
hexadecyl-oxaliplatin-trimethyleneamine (prodrug, HOT) and
derivative of Chlorin e6 (acid-activatable PS, AC).> After the
nanosystem was modified with iRGD, a targeting ligand, it
could function for tumor homing and penetration. AC will
minimize the toxicity during the blood circulation, while its
specific acid-response in orthotopic or metastatic tumor could
enhance the fluorescence imaging and PDT. The synergistic
effect of PDT and chemotherapy was well performed under the
guide of acid-response fluorescence imaging.

It is worth noting that novel multifunctional nano-
composites that could be excited by near-infrared light were
developed.”® The new nanocomposites were based on
frequency-increasing up-conversion nanomaterials (UCNPs)
doped with lanthanide elements, and externally modified with
porphyrin derivative-fullerene (PC,,), where the large conju-
gated 7 bond in porphyrin-based structures make them exhibit
excellent photophysical property and high singlet oxygen yield.
The novel multifunctional nanocomposites were also used as
fluorescence probes in pharmacokinetic due to the strong
fluorescence property of porphyrin. PC,, has an extremely long
triplet lifetime even under hypoxic conditions, enabling the
generation of 'O, under the excitation.?® It was then modified
on the folate modified polyethylene glycol (PEG) surface to
enhance active targeting and cycle time, as shown in Fig. 2. First
of all, the lanthanide doped UCNPs could not only increase the
conversion of natural anti-stokes frequency to produce cold
light, but also have excellent light resistance and low back-
ground self-fluorescence. On the other hand, the conversion
efficiency from near-infrared photons into UV-visible light was
also very high.»®?* As a result, the as-designed UCNPs were
capable for both multi-functional imaging and real-time
monitoring. Also, the conversion of near-infrared light to UV-
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visible light could further stimulate PC,, to produce 10, in
the hypoxic tumor microenvironment for the purpose of PDT.
This method creatively avoided the lack of sufficient penetra-
tion depth of external light source, and also reduced the toxicity
of PS through PEG modification.

In addition, tumor cells are more sensitive to H,O, than
normal cells, too much or too little H,O, will induce the
apoptosis of tumor cells or even lead to the death of tumor cells.
Based on this, H. Chen et al. designed and synthesized a H,0,-
actived nanomaterial that can generate O, and be used for
PDT.* The shell of the nanomaterial was a copolymer (poly(p,t-
lactic-co-glycolic acid), PLGA) doped with black hole quencher-3
(BHQ-3), which could enhance the biocompatibility and
biodegradability of this nanomaterial. As a PS, methylene blue
(MB) would produce lots of 'O, after being irritated with
wavelength between 600-900 nm.** And then, MB, together with
catalase, would be incorporated into the core of the nano-
material. Finally, a cyclic pentapeptide ¢(RGDfK) as a targeting
ligand was modified outside the PLGA shell. Once the nano-
material targeted into tumor cells, the abundant H,O, in tumor
cells would enter into the interior of nanomaterial and be
catalyzed by catalase to produce O, (Fig. 3). As a consequence,
PLGA broke to release MB so that it could convert O, to 'O,
under the laser irradiation, leading to efficient PDT.

At present, although PDT have been verified to perform with
significant therapeutic effect, there are still three main prob-
lems needing to be addressed: how to further effectively
increase the tissue penetration depth of the light source; how to
further enhance the excitation efficiency of the photosensitizer
and reduce the toxicity to normal cells; how to further improve
the hypoxic state of tumor microenvironment so as to increase
the ROS yield.

2.2 ROS and cancer medicine

Most cells can buffer a certain amount of ROS through the
reduction mechanism of the glutathione (GSH) redox system,
but the long-term ROS in high level can cause cell damage.”
External factors such as radiation, air pollution and chemo-
therapeutic drugs can stimulate mitochondria to produce
excessive ROS, induce the mitochondrial outer membrane
pores to open, release calcium ions, and cytochrome C, and
thus cause apoptosis. Using this mechanism to overcome the
hepatocellular carcinoma multidrug resistance (MDR), Y. Liu
et al. designed a mitochondrion targeting nanoparticle system
(GNPs-P-Dox-GA), where doxorubicin (DOX) could accumulate
in mitochondria by targeting mitochondria with glycyrrhetinic
acid (GA), so as to generate a large amount of ROS and cause
apoptosis (Fig. 4).”®

Although the chemophotodynamic therapy has a significant
synergistic effect on malignant tumors, currently available
nanocarriers have limited capabilities in selective toxicity, drug
release and tumor penetration. A poly ethylene glycol (PEG)-
stearylamine (C18) conjugate (PTS) self-assembled with ROS-
sensitive thioketal linker (TL), and was combined with the co-
loaded doxorubicin (DOX) and photosensitive decolorant A
(PhA) to enhance the local chemophotodynamic therapy.>® This
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new light-activated nanomicelles effectively delivered two drugs
to enhance the chemophotodynamic therapy and minimize side
effects.

2.3 ROS and immunotherapy

Adoptive immunotherapy (Al), a novel antitumor strategy, will
be introduced here where the influence of ROS in AI or how
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Fig. 3 (a) Catalysis of H,O, to O, with catalase and conversion of O,
to 10, by MB (Sq: singlet ground state; S;: lowest singlet excited state;
T1: lowest triplet excited state; ISC: intersystem crossing). (b) The
function mechanism of the synthesized nanoparticles. These figures
have been adapted from ref. 25 with permission from American
Chemical Society.
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does the therapy affect tumor metabolism through affecting
ROS was described. Al generally refers to the transfer of donor
lymphocytes into the recipient to enhance the cellular immu-
nity of the recipient. Generally, Al can be divided into two
categories: specificity - the transfer of a known antigen-
sensitized lymphocytes to a receptor so that it is immune to
the antigen; non-specificity - the transfer of normal, non-
antigenic lymphocytes to a receptor to gain immunity to
multiple antigens. By activating or amplifying tumor-specific or
non-specific cells in vitro, Al can stimulate and repair the body's
cellular immunity against diseases and infections, enhance the
anti-tumor immunity of the tumor microenvironment, and
thereby control and kill tumor cells. At present, T cell adoptive
immunotherapy (ACT) is a clinically effective immunotherapy
for tumor. The T cell used in ACT can be tumor-infiltrating
lymphocytes from in vitro expansion; it can also be designed
to express tumor-specific antigen T cell receptor (TCR) or
a chimeric antigen receptor (CAR).*

In view of the need for tumor cells to adapt to their high
energy demands and uncontrolled growth, tumor therapy tar-
geted at the metabolic pathways required for the survival and
growth of tumor cells is also a promising idea.** T. Habtetsion
and his colleagues altered tumor metabolism through CD4
positive T cells, leading to the increase in the oxidative stress
dependent tumor necrosis factor (TNF-) and tumor cell death,
as shown in Fig. 5.°° Adoptive transfer (AT) of tumor specific
CD4 positive T cells pretreated with cytoxan (CTX) was first
proved to produce multifunctional CD4 positive effector cells.
These cells produced inflammatory cytokines (such as TNF-a,
interferon y) and promoted the decay of vessel-intensive tumor.
Second, it was also found that CTX + CD4 AT greatly destroyed
the multiple metabolic ways of the tumor, and thus caused the

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Mechanism illustration of the mitochondria targeting nanoparticle system (GNPs-P-Dox-GA). This figure has been adapted from ref. 28

with permission from American Chemical Society.

generation deficiency of GSH, the main antioxidant inside cell.
The tumor microenvironment-oxide antioxidant balance was
broken by the weakened antioxidant capacity, resulting in the
tumor cell DNA damage due to the accumulation of a large
number of ROS. In addition, they demonstrated that TNF-
o needs to be used in conjunction with chemotherapy to
enhance ROS in tumor sites through mechanisms such as
NADPH oxidase. From the perspective of tumor metabolism
pathway, this research group changed tumor microenviron-
ment oxidative stress to produce a large amount of ROS by

Progressing tumor

Adoptive T cell thera
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Fig. 5 Illustration of the mechanism of CD4+ T cell-based adoptive
immunotherapy. This figure has been adapted from ref. 30 with
permission from Elsevier.

This journal is © The Royal Society of Chemistry 2020

changing tumor metabolism to produce a series of cytokines,
thus killing tumor cells.

T cells are lymphoid stem cells in bone marrow that are
distributed to the immune organs of the whole body through
lymph and blood circulation after the differentiation and
maturation of thymus. T cells not only need to be able to reach
the target site, but also need to be able to survive there and
develop immunity. Adoptive T cell therapy has achieved good
clinical results, but the treatment effect of T cells on the tumor
can be inhibited owing to the high inflammatory activity and
the presence of a large number of ROS at the tumor site. To
solve this problem, M. Ligtenberg and his colleagues remolded
T cells to co-express catalase (CAT) and tumor-specific CAR to
metabolize high level H,O, so as to improve their antioxidant
capacity.® On the one hand, these novel T cells (CAR-CAT-T
cells) can significantly increase the intracellular catalase level,
and at the same time reduce the accumulation amount of ROS
at the tumor site no matter in the ground state or in the acti-
vated state, thus reducing oxidative stress (oxidative stress
occurs when the balance between ROS production and antiox-
idant function is broken). On the other hand, CAR-CAT-T cells
can lyse tumor cells in antigen-specific ways under the oxidative
stress induced by H,0,. Finally, CAR-induce a protective side
effect, that is, the destruction of tumor cells by peripheral
natural killer (NK) cells. This treatment strategy provides a way
to maintain antitumor activity by adoptive transfer of immune
cells (T cells) under hypoxia and oxidative stress.

Immunotherapy mainly uses immune T lymphocytes or
natural killer (NK) cells to carry out immunotherapy on the
receptor in an adoptive way. On the one hand, these immune
cells have the ability to resist the invasion of individual inflam-
mation and the formation of lesions. On the other hand, the

RSC Adv, 2020, 10, 7740-7750 | 7745
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“modified” immune cells can to some extent wake up the activity
of the recipient's own immune factors to affect the homeostasis
of tumor microenvironment (such as ROS, pH, etc.), thus inhib-
iting or killing the tumor cells. Tumor immunotherapy, which
works by strengthening the body's own immune system and
removing tumor cells from the body, is one of the hottest areas of
immunotherapy, particularly the checkpoint therapy, by James
Alison and Benjamin, the winners of the 2018 Nobel Prize in
physiology or medicine. However, although some immuno-
therapy drugs have been used in clinical practice, this method
mainly aims to remove the “shackles” of human immune cells,
and enhance their ability to recognize surface factors of tumor
cells, thus affecting tumor cells. Unavoidably, this approach can
lead to an overactive autoimmune response that can cause
serious adverse reactions and even life-threatening ones. There-
fore, how to control more effectively and reliably and elucidate
the mechanism of action is one of the main research points of
immunotherapy in the next step.

3. Detection method

As a series of molecules that can be used to kill tumor cells, ROS
have strong activity in vivo, but their life span is very short. 'O,
has an average life of about 2 pus, OH" about 200 pus, and O,
about 5 s. Hence, how to detect the ROS produced by appro-
priate methods is also worth thinking about. Currently, the
methods for ROS detection reported include election para-
magnetic resonance (EPR),* spectrophotometry,® chem-
iluminescence and fluorescence analysis.*>*® Fluorescence
analysis is widely used because fluorescence probe has good
stability, cell membrane permeability and low cytotoxicity.*”*

The working principle of EPR is that the microwave energy
resonates with atoms, ions or molecules of unpaired electrons
under the action of a stable magnetic field.** However, the direct
detection of ROS in actual samples using EPR spectroscopy is
often difficult owing to the instability of ROS. Moreover, the
instruments to detect ROS are expensive and the analysis of
results is complicated, so ERP is not effective in practical
applications. Spectrophotometry cannot perform real-time
analysis of ROS in cells and animals due to the poor sensi-
tivity and is generally used for detection in solution only. The
chemiluminescence method has excellent sensitivity and
selectivity, but the high background light in animals greatly
affects its reproducibility, and the actual testing effect is not
satisfactory. The fluorescence analysis also suffers from the too
short fluorescence and is susceptible to interference.

ROS can be successfully detected by some chemical probes.
The ideal chemical probes can still detect the targets efficiently
even at very low concentrations of ROS or non-radical prod-
ucts.*® Although the use of chemical probe is also different, ROS
produced from different tissues, cells or even some intracellular
organelles, are basically analyzed by fluorescence or cold light
changes under the irradiation of light source with specific
wavelength, through macroscopic observation (such as fluo-
rescent microscope) or micro calculation (like flow cytometry).
This part mainly summarizes the different detection probes
toward ROS (H,0,, O, ", '0,) in tumor therapy in recent years.
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3.1 Detection of H,0,

Currently, 2,7-dichlorofluorescin diacetate (DCFH-DA) is the
most common and sensitive probe in detecting intracellular
ROS.* DCFH-DA itself has no fluorescence, and freely cross the
cell membrane. After entering the cell, it will be hydrolyzed into
dichlorofluorescin (DCFH) by intracellular esterase. However,
DCFH can not go across the cell membranes, making it easy for
probes to be loaded into cells. Intracellular ROS (mainly H,0,)
will oxidize the non-fluorescent DCFH into fluorescent DCF
(excitation wavelength (A.y): 488 nm; emission wavelength (A ):
525 nm). So the level of ROS in cells can be indirectly reflected
by the intensity of fluorescence. Such reaction is catalyzed by
intracellular peroxidase, cytochrome C or Fe(u1). However, DCFH
can show cytotoxicity at high concentrations. Also dihydro-
rhodamines (RhH,) can be used to detect H,0,.*" Its detection
mechanism is as follows: ROS oxidize RhH, to positive Rh123
with yellow-green fluorescence (Aex = 507 NM; Aep, = 529 nm),
which can penetrate the cell membrane and accumulate under
the action of mitochondrial membrane potential, so Rh123 can
also be used to detect the mitochondrial membrane potential.
It's commonly for detecting H,O, by colorimetric method.
Recently, Z. Zhou synthetized a colorimetric near-infrared
fluorescent probe (E)-2-(2-(4-((4-(4,4,5,5-tetramethyl-1,3,2-diox-
aborolan-2-yl)benzyl)oxy)styryl)-4 H-chromen-4-ylidene)  malo-
nonitrile (DCM-B) to detect H,0,.** Without H,0, in the
solution, the intramolecular charge transfer (ICT) process
would not occur and no fluorescence could be generated by
DCM-B. After the addition of H,0,, the hydroxyl production
restored the fluorescence and thus changed the color (Fig. 6).
The concentration of H,0, could be judged visually from the
color. With the color changing from yellow to purple, the H,0,
concentration increased. Moreover, both the fluorescence
spectra (Aex = 557 nm, A, = 688 nm) and the gradual increase
of fluorescence intensity make the detection results convincing.

3.2 Detection of O,

Dihydroethidine (DHE) can be oxidized to ethidium by O, (Aex
= 480 nm, A, = 610 nm) which can be chimeric with DNA and
emit red light after aggregation.**™** Alternatively, DHE can react
with O, to produce another fluorescent product, which then
generates fluorescence while chimeric with DNA.*»** Some of
the nanocomposites used in cancer therapy, combined with
PDT, can also produce ROS under the irradiation of external
light source, so the corresponding probes can be used to detect
ROS production. 1,3-Diphenylisobenzofuran (DPBF) can be
oxidized by ROS (mainly O,”) to reduce its UV absorption and
fluorescence intensity. Therefore, the change in special UV
absorption peak of DPBF before and after the reaction can
indirectly reflect the amount of 'O, produced by the nano-
composite. Furthermore, DPBF can also detect O,  in lipo-
somes.** Same as ROS, reactive sulfur species (RSS) play
essential roles in physiological and pathological processes of
cells as well. According to reports, hydrogen sulfide (H,S,
a member of RSS) essentially regulates the intracellular redox
status and the fundamental signaling processes.*””** M. Gao
et al. developed a nitrobenzene derivative functionalized probe
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Fig. 6 Recognition mechanism of DCM-B toward H,O,. This figure has been adapted from ref. 42 with permission from Elsevier.

HCy-ONO to investigate the cross-talk of H,S, and O, in living
cell and in vivo, where the emission wavelengths for O, and
H,S, were 785 nm and 635 nm, respectively. Firstly, the probe
HCy-ONO reacted with O, to emit weak fluorescence, and the
nitro moiety was thus reduced to an amino group, followed by
the 1,6-rearrangement-elimination reaction releasing a cyanine
fluorophore with a large Stokes shift (Fig. 7).* The near-infrared
region (NIR) fluorescence effectively penetrated tissues, while
avoiding the influence of biological auto-fluorescence. The work
provides a way to reveal physiological and pathological effects in
hypoxic environments.

3.3 Detection of 'O,

'0, is the main bactericide of the body's immune system and
can also be used for photodynamic therapy of cancer.*
Currently, there is a commercially available probe, Singlet
Oxygen Sensor Green (SOSG), for the specific detection of
singlet oxygen 'O,, which can be observed even in a short period
of time. But, the main drawback of SOSG is that, when irradi-
ated with UV light, its endoperoxide derivative acts as a photo-
sensitizer itself, generating singlet oxygen which then induces
more fluorescence emission of SOSG.** SOSG is a typical
anthracene 'O, based probe which can form stable peroxide by
reacting with 'O, to block the electron transfer, thereby
restoring the intrinsic fluorescence of the fluorescein. As shown

Quenched unit Response unit
Li t

{NOp NO;

; H,S

b
/ 8

Cy-ONO
A.,=785 nm

HCy-ONO

in Fig. 8, polyacrylamide nanoparticle as a carrier of SOSG was
used to improve the biocompatibility and imaging of SOSG.
Amide bonds were formed remotely from the reactive anthra-
cene moiety, which avoided the effect of the microenvironment
of SOSG in the nanoprobe on the quenching of electron trans-
fer. The influence of linkers in different lengths (S, M and L)
were tested on the performance of the nanoprobe.**
Fluorescence probe method is the most common and widely
used to detect intracellular ROS, and the fluorescent probes vary
with ROS. Generally, the fluorescent probes are basically
reductive dyes due to the strong oxidation ability of ROS.>* The
dye is oxidized to produce fluorescence via redox reaction.
However, the detection of a certain ROS using a certain fluo-
rescence probe is not accurate since the oxidization of ROS is
not significantly different among different fluorescence probes.
For example, DCFH-DA could be oxidized not only by H,0,, but
also by OH" and 0,.%* Moreover, some fluorescent probes such
as DPBF are highly reductive and easily oxidized even in the air,
causing a lot of inconvenience to the experiment. In view of this,
although the fluorescent probe method has advantages of
simple operation and high sensitivity, the reaction mechanism
between fluorescent probes and ROS is unclear due to the short
lifetime and high activity of ROS and should be further explored
in the future so as to improve the selectivity and the accuracy of
fluorescence probe method for ROS detection. Table 1 lists

Q 0
O

Keto-Cy
A,,=635 nm

Fig. 7 Structure and proposed reaction mechanism of HCy-ONO for H,S,, and O, detection. This figure has been adapted from ref. 49 with

permission from American Chemical Society.
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Fig. 8 Conjugation of ADPA or SOSG to functionalized polyacryl-amide NPs directly (A) or via a spacer (B), and with positively-charged tri-
methylphosphonium groups (C). EDC: 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride; ADPA: anthracene-9,10-dipropionic
acid. This figure has been adapted from ref. 52 with permission from John Wiley and Sons.

Table 1 Some fluorescent probes previously reported for the detection of H,O,, O,™ and 10, and their imaging application®

Probes Aex/Aem (NM) Response time (min) Imaging application Ref.
Detection of H,0,

(DCFH-DA) 488/525 20 Eukaryotic culture cell 40
RhH, 507/529 30 Eukaryotic culture cell 41
(DCM-B) 557/688 30 HepG2 cells 42
FE-H,0, 360/540 4 HeLa cells 55
Detection of O,

DHE 480/610 At least 10 Living cells 43
DPBF UV 420 2 Solution 46
HCy-ONO 765/785 3 Mice 49
HCy-SeH 755/800 30 Mice 56
Detection of 0,

SOSG 504/525 1 Solution 51
ASG 350/537 3 Hela cells 57
MTTA-Eu® 294/335 20 Hela cells 58
FN-4 330/378 No data Solution 59

“ DCFH-DA: 2,7-dichlorofluorescin diacetate; RhH,: dihydrorhodamines; DCM-B: (E)-2-(2-(4-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)
oxy)styryl)-4H-chromen-4-ylidene) malononitrile; FE-H,0,: H,0, reaction site and 4-ferrocenyl(vinyl)pyridine unit; DHE: dihydroethidine; DPBF:
1,3-diphenyl isobenzofuran; SOSG: 2,7-dichlorofluorescin diacetate; ASG: Aarhus Sensor Green; MTTA-Eu®": [4'-(10-methyl-9-anthryl)-2,2':6/,2"-
terpyridine-6,6”-diyl|bis(methylenenitrilo) tetrakis-(acetic acid); FN-4: (E)-2-(2-(furan-2-yl)vinyl) naphtho[1,2-dJoxazole.
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some fluorescent probes previously reported for the detection of
H,0,, 0, and 'O, and their imaging application, most of
which have been mentioned in this article.

4. Conclusion

ROS, as a kind of molecules with short lifetime and high
oxidative activity, is the product of metabolism of living body.
On the one hand, ROS always maintain a certain level of
stability in the living body to ensure the normal physiological
functions. On the other hand, the metabolic level of tumor cells
is much higher than that of normal cells, leading to a higher
threshold of oxidation-antioxidation balance and higher
oxidative stress within tumor microenvironment. Moreover,
once the oxidation-antioxidation balance is broken, cell DNA,
lipids and proteins can be damaged, or cell apoptosis and
necrosis can be caused. Therefore, it is of great research
significance and application prospect to achieve the inhibition
and killing of tumor by breaking the ROS balance in tumor
microenvironment. In recent years, both the introduction of
external materials to produce ROS through PDT and the
combination of immunotherapy to affect ROS level have ach-
ieved gratifying results for tumor treatment. The mechanism to
detect ROS by fluorescence probe is summarized as well. The
role of ROS in tumor therapy in the next stage can be considered
from two aspects. First, PDT should further improve ROS
production under hypoxic and hypoxic conditions in tumor
microenvironment and try to start from the aspect of immu-
notherapy to kill tumor cells by influencing ROS more effec-
tively. Second, the use of fluorescence probe is quite necessary
for ROS detection. Efforts should be made as many as possible
to improve the specificity and selectivity of each fluorescent
probe, and the new fluorescent probe should be further studied
to improve their detection efficiency and sensitivity on the
premise that ROS has a short lifetime and strong oxidative
activity.

Compared with some other ROS-related reviews that mainly
specifically focus on nanomedicine,* PDT in cancer therapy®"*>
and the level of ROS content,® this review is more like a concise
outlet to answer the key questions including the sources of ROS,
the importance of keeping certain content of ROS in tumor
microenvironment and the sketch of the ROS role in cancer
therapy. Furthermore, the detection methods for H,0,, O, and
'0, and the corresponding imaging applications are summa-
rized as well. So this review provides a short summarization
which helps to quickly and accurately understand the role of
ROS in cancer therapy.

Conflicts of interest

There is no conflict of interest to declare in this manuscript.

Acknowledgements

This work was financially supported by the Shanghai Natural
Science Foundation (19ZR1434800). Fig. 2 was reused under the
permission of the authors (Mirong Guan, Hao Dong, Jiechao Ge,

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

Daiqin Chen, Lingdong Sun, Shumu Li, Chunru Wang, Chun-
hua Yan, Pengfei Wang and Chunying Shu) and Spring Nature.
The authors greatly appreciated these supports.

References

1 L. Poillet-Perez, G. Despouy, R. Delage-Mourroux and
M. Boyer-Guittaut, Redox Biol., 2015, 4, 184-192.

2 R. Stefanatos and A. Sanz, FEBS Lett., 2018, 592, 743-758.

3 Y. Chen, X. Luo, Z. Zou and Y. Liang, Curr. Drug Targets,
2019, 21, 1.

4 K. M. Holmstrom and T. Finkel, Nat. Rev. Mol. Cell Biol.,
2014, 15, 411-421.

5 J. Kim, J. Kim and J. S. Bae, Exp. Mol. Med., 2016, 48, €269.
6 S. Mishra, S. S. Verma, V. Rai, N. Awasthee, J. S. Arya,
K. K. Maiti and S. C. Gupta, Biomolecules, 2019, 9(4), 159.

7 A. Costa, A. Scholer-Dahirel and F. Mechta-Grigoriou, Semin.

Cancer Biol., 2014, 25, 23-32.
8 M. P. Murphy, Biochem. J., 2009, 417, 1-13.
9 L. Rani and A. C. Mondal, Mitochondrion, 2020, 50, 25-34.

10 R. J. Mailloux and M. E. Harper, Trends Endocrinol. Metab.,
2012, 23, 451-458.

11 Y. R. Tsai, Y. J. Wang, M. R. Lee, M. F. Hsu and ]J. P. Wang,
Eur. J. Pharmacol., 2013, 701, 96-105.

12 E. Cifuentes-Pagano, G. Csanyi and P. J. Pagano, Cell. Mol.
Life Sci., 2012, 69, 2315-2325.

13 M. Valko, K. Jomova, C. J. Rhodes, K. Kuca and K. Musilek,
Arch. Toxicol., 2016, 90, 1-37.

14 1. S. Kil, S. K. Lee, K. W. Ryu, H. A. Woo, M. C. Hu, S. H. Bae
and S. G. Rhee, Mol. Cell, 2012, 46, 584-594.

15 J. Chiche, M. C. Brahimi-Horn and J. Pouyssegur, J. Cell. Mol.
Med., 2010, 14, 771-794.

16 C. Yang, Y. Chen, W. Guo, Y. Gao, C. Song, Q. Zhang,
N. Zheng, X. Han and C. Guo, Adv. Funct. Mater., 2018, 28,
1706827.

17 Y. Huang, N. He, Y. Wang, D. Shen, Q. Kang, R. Zhao and
L. Chen, J. Mater. Chem. B, 2019, 7, 1149-1159.

18 Z. Luo, M. Zheng, P. Zhao, Z. Chen, F. Siu, P. Gong, G. Gao,
Z. Sheng, C. Zheng, Y. Ma and L. Cai, Sci. Rep., 2016, 6,
23393.

19 G. Qj, Y. Zhang, J. Wang, D. Wang, B. Wang, H. Li and Y. Jin,
Anal. Chem., 2019, 91, 12203-12211.

20 B. Feng, F. Zhou, Z. Xu, T. Wang, D. Wang, J. Liu, Y. Fu,
Q. Yin, Z. Zhang, H. Yu and Y. Li, Adv. Funct. Mater., 2016,
26, 7431-7442.

21 M. Guan, H. Dong, ]J. Ge, D. Chen, L. Sun, S. Li, C. Wang,
C. Yan, P. Wang and C. Shu, NPG Asia Mater., 2015, 7, €205.

22 J. Rieffel, F. Chen, J. Kim, G. Chen, W. Shao, S. Shao,
U. Chitgupi, R. Hernandez, S. A. Graves, R. J. Nickles,
P. N. Prasad, C. Kim, W. Cai and ]. F. Lovell, Adv. Mater.,
2015, 27, 1785-1790.

23 S. K. Maji, S. Sreejith, J. Joseph, M. Lin, T. He, Y. Tong,
H. Sun, S. W. Yu and Y. Zhao, Adv. Mater., 2014, 26, 5633—
5638.

24 L. L. Li, R. Zhang, L. Yin, K. Zheng, W. Qin, P. R. Selvin and
Y. Lu, Angew. Chem., Int. Ed. Engl., 2012, 51, 6121-6125.

RSC Adv, 2020, 10, 7740-7750 | 7749


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra10539e

Open Access Article. Published on 24 February 2020. Downloaded on 10/31/2025 2:21:52 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

25 H. Chen, ]J. Tian, W. He and Z. Guo, J. Am. Chem. Soc., 2015,
137, 1539-1547.

26 X. He, X. Wu, K. Wang, B. Shi and L. Hai, Biomaterials, 2009,
30, 5601-5609.

27 N. Fernandez-Bertolez, C. Costa, M. J. Bessa, M. Park,
M. Carriere, F. Dussert, J. P. Teixeira, E. Pasaro, B. Laffon
and V. valdiglesias, Mutat. Res., 2019, 845, 402989.

28 Y. Liu, Z. Zhou, X. Lin, X. Xiong, R. Zhou, M. Zhou and
Y. Huang, Biomacromolecules, 2019, 20, 3755-3766.

29 S. Uthaman, S. Pillarisetti, A. P. Mathew, Y. Kim, W. K. Bae,
K. M. Huh and 1.-K. Park, Biomaterials, 2020, 232, 119702.

30 T. Habtetsion, Z. C. Ding, W. Pi, T. Li, C. Lu, T. Chen, C. Xi,
H. Spartz, K. Liu, Z. Hao, N. Mivechi, Y. Huo, B. R. Blazar,
D. H. Munn and G. Zhou, Cell Metab., 2018, 28, 228-
242.e226.

31 N. N. Pavlova and C. B. Thompson, Cell Metab., 2016, 23, 27—
47.

32 M. A. Ligtenberg, D. Mougiakakos, M. Mukhopadhyay,
K. Witt, A. Lladser, M. Chmielewski, T. Riet, H. Abken and
R. Kiessling, J. Immunol., 2016, 196, 759-766.

33 B. Gopalakrishnan, K. M. Nash, M. Velayutham and
F. A. Villamena, J. Visualized Exp., 2012, 2810, DOI:
10.3791/2810.

34 H. Huang, F. Dong and Y. Tian, Anal. Chem., 2016, 88,
12294-12302.

35 Y. Nishinaka, Y. Aramaki, H. Yoshida, H. Masuya,
T. Sugawara and Y. Ichimori, Biochem. Biophys. Res.
Commun., 1993, 193, 554-559.

36 D. Cheng, Y. Pan, L. Wang, Z. Zeng, L. Yuan, X. Zhang and
Y.-T. Chang, J. Am. Chem. Soc., 2016, 139, 285-292.

37 A. Gomes, E. Fernandes and ]J. L. F. C. Lima, J. Biochem.
Biophys. Methods, 2005, 65, 45-80.

38 D. Cheng, W. Xu, L. Yuan and X. Zhang, Anal. Chem., 2017,
89, 7693-7700.

39 M. Gao, F. Yu, C. Lv, J. Choo and L. Chen, Chem. Soc. Rev.,
2017, 46, 2237-2271.

40 O. Myhre, J. M. Andersen, H. Aarnes and F. Fonnum,
Biochem. Pharmacol., 2003, 65, 1575-1582.

41 M. Wrona, K. Patel and P. Wardman, Free Radical Biol. Med.,
2005, 38, 262-270.

42 Z.Zhou, Y. Li, W. Su, B. Gu, H. Xu, C. Wu, P. Yin, H. Li and
Y. Zhang, Sens. Actuators, B, 2019, 280, 120-128.

43 H. M. Peshavariya, G. J. Dusting and S. Selemidis, Free
Radical Res., 2007, 41, 699-712.

7750 | RSC Adv, 2020, 10, 7740-7750

View Article Online

Review

44 R. Vankayala, C. C. Lin, P. Kalluru, C. S. Chiang and
K. C. Hwang, Biomaterials, 2014, 35, 5527-5538.

45 X. Gao, C. Ding, A. Zhu and Y. Tian, Anal. Chem., 2014, 86,
7071-7078.

46 J. Y. Zhang, S. Chen, P. Wang, D. ]. Jiang, D. X. Ban,
N. Z. Zhong, G. C. Jiang, H. Li, Z. Hu, ]J. R. Xiao,
Z. G. Zhang and W. W. Cao, Nanoscale, 2017, 9, 2706-2710.

47 Y. Huang, F. Yu, J. Wang and L. Chen, Anal. Chem., 2016, 88,
4122-4129.

48 F. Yu, M. Gao, M. Li and L. Chen, Biomaterials, 2015, 63, 93—
101.

49 M. Gao, X. Zhang, Y. Wang, Q. Liu, F. Yu, Y. Huang, C. Ding
and L. Chen, Anal. Chem., 2019, 91, 7774-7781.

50 T. Wang, H. Zhang, Y. Han, H. Liu, F. Ren, J. Zeng, Q. Sun,
Z. Li and M. Gao, ACS Appl. Mater. Interfaces, 2019, 11,
16367-16379.

51 H. Liu, P. J. H. Carter, A. C. Laan, R. Eelkema and
A. G. Denkova, Sci. Rep., 2019, 9, 8393.

52 R. Ruiz-Gonzalez, R. Bresoli-Obach, O. Gulias, M. Agut,
H. Savoie, R. W. Boyle, S. Nonell and F. Giuntini, Angew.
Chem., Int. Ed. Engl., 2017, 56, 2885-2888.

53 H. Zhang, J. Liu, C. Liu, P. Yu, M. Sun, X. Yan, J.-P. Guo and
W. Guo, Biomaterials, 2017, 133, 60-69.

54 P. Wardman, Free Radical Biol. Med., 2007, 43, 995-1022.

55 Y. Ni, H. Liu, D. Dai, X. Mu, J. Xu and S. Shao, Anal. Chem.,
2018, 90, 10152-10158.

56 Y. Wang, M. Gao, Q. Chen, F. Yu, G. Jiang and L. Chen, Anal.
Chem., 2018, 90, 9769-9778.

57 S. K. Pedersen, J. Holmehave, F. H. Blaikie, A. Gollmer,
T. Breitenbach, H. H. Jensen and P. R. Ogilby, J. Org.
Chem., 2014, 79, 3079-3087.

58 B. Song, G. Wang, M. Tan and ]. Yuan, J. Am. Chem. Soc.,
2006, 128, 13442-13450.

59 R. Ruiz-Gonzalez, R. Zanocco, Y. Gidi, A. L. Zanocco,
S. Nonell and E. Lemp, Photochem. Photobiol., 2013, 89,
1427-1432.

60 B. Yang, Y. Chen and J. Shi, Chem. Rev., 2019, 119, 4881~
4985.

61 Y. Shen, A. J. Shuhendler, D. Ye, J. J. Xu and H. Y. Chen,
Chem. Soc. Rev., 2016, 45, 6725-6741.

62 Z. Zhou, ]J. Song, L. Nie and X. Chen, Chem. Soc. Rev., 2016,
45, 6597-6626.

63 S. Galadari, A. Rahman, §S. Pallichankandy and
F. Thayyullathil, Free Radical Biol. Med., 2017, 104, 144-164.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra10539e

	The role of reactive oxygen species in tumor treatment
	The role of reactive oxygen species in tumor treatment
	The role of reactive oxygen species in tumor treatment
	The role of reactive oxygen species in tumor treatment
	The role of reactive oxygen species in tumor treatment

	The role of reactive oxygen species in tumor treatment
	The role of reactive oxygen species in tumor treatment
	The role of reactive oxygen species in tumor treatment
	The role of reactive oxygen species in tumor treatment

	The role of reactive oxygen species in tumor treatment
	The role of reactive oxygen species in tumor treatment
	The role of reactive oxygen species in tumor treatment
	The role of reactive oxygen species in tumor treatment

	The role of reactive oxygen species in tumor treatment
	The role of reactive oxygen species in tumor treatment
	The role of reactive oxygen species in tumor treatment


