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Abstract

Reactive species refers to a group of chemicals, mainly reactive oxygen species (ROS) and reactive nitrogen species
(RNS), that are naturally formed by cells as a byproduct of cell metabolism and regulated by various internal and exter-
nal factors. Due to their highly chemical reactivity, ROS play a crucial role in physiological and pathological processes
which is why studies on ROS regulation for disease treatment show attracted increasing interest. Notably, ROS are now
studied as a powerful therapeutic weapon in ROS-regulating therapies such as ROS-based cytotoxic therapies mediated
by ROS-increasing agents for cancer treatment. Thanks to the significant progress in nanotechnology, innovative nano-
platforms with ROS-regulating activities have been developed to look for effective ROS-related nanomedicines. In this
review, studies on ROS-based cytotoxic therapies against cancer as photodynamic therapy (PDT), sonodynamic therapy
(SDT), radiation therapy (RT) and chemodynamic therapy (CDT) are discussed, with a focus on the stimuli-responsive
ROS-generating nanoplatforms developed for breaking the current therapeutic limits of ROS-based cytotoxic therapies.
Finally, we suppose that our review on this developing field will be valuable for promoting the progress of ROS-based
cytotoxic therapies not only in basic research but overall, in translational research and clinical application.
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1 Introduction

The term “reactive species” includes chemical substances, mainly reactive oxygen species (ROS) and reactive nitrogen
species (RNS), formed upon incomplete reduction of oxygen [1] (Table 1 and Fig. 1). Precisely, when cells use oxygen,
the redox process generates radical and not radical species as ROS and RNS, which appear to play a critical involvement
in cellular signaling, cell growth, differentiation and, along with reactive halogen species, in cell immune response to
infection by microorganisms [2, 3]. However, at high concentrations, they can cause cell damage and assist the develop-
ment of diseases such as cancer, cardiovascular diseases, insulin resistance, diabetes mellitus and neurodegenerative
disorders [4, 5]. Therefore, a constant level of reactive species can act as a message to control physiological processes,
while excessive reactive species production can cause tissue malfunction or cell death. For these reasons, research into
the regulation of reactive species level, mainly ROS, has attracted great interest, especially leading to the development
of ROS-regulating therapies, like antioxidant therapies elicited by ROS scavengers and ROS-based cytotoxic therapies
mediated by ROS-generating agents [6, 7]. Furthermore, over the past few decades, in the research on ROS regulation,
nanotechnology has been specifically introduced with remarkable achievements thanks to the intrinsic physicochemical
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Table 1 Reactive species Reactive oxygen species (ROS) Reactive nitrogen species (RNS)

Name Symbol Name Symbol

Radicals

Hydroxyl ‘OH Nitric oxide NO*

Superoxide O,” Nitrogen dioxide NO,’

Alkoxyl radical RO’

Peroxyl radical ROO

Non-radicals

Hydrogen peroxide H,0, Peroxynitrite ONOO™

Singlet oxygen 'o, Nitrosyl cation NO*

Ozone Oy Nitrosyl anion NO~

Organic peroxide ROOH Dinitrogen trioxide N,O;

Hypochlorous acid HOCI Dinitrogen tetraoxide N,O,

Hypobromous acid HOBr Nitrous acid HNO,
Peroxynitrous acid ONOOH
Nitryl chloride NO.CI
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Fig. 1 Molecular pathways of RNS and ROS generation. Nitric oxide (NO’) is formed from I-arginine and molecular oxygen (O,) by the activity
of various isoforms of NO synthase (NOS) (endothelial (e), neuronal (n), and inducible (i) NOS). The superoxide radical (O,7) is formed during
cellular metabolism in the mitochondrial electron transport chain (METC) and in the endoplasmic reticulum, or as a product of the enzy-
matic activities of NADPH oxidase (NOX), xanthine oxidase (XO), and uncoupled NOS. O, is dismutated by superoxide dismutase (SOD)
enzymes to hydrogen peroxide (H,0,), which can either be detoxified to water by catalase or be converted to the hydroxyl radical (‘OH)
in the presence of metal (iron-mediated Fenton reaction). NO" and O, spontaneously and rapidly react to form the strong oxidant perox-
ynitrite (ONOO™). ONOO™ can be detoxified by isomerization to nitrate (NO;”) or may form secondary radicals through homolytic fission
(rupture of a covalent bond) or through reaction with carbon dioxide (CO,) of its conjugated acid peroxynitrous acid (ONOOH), yielding the
carbonate radical (CO;7), the nitrogen dioxide radical (NO,’) or the "OH radical [9]
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properties of nanomaterials, such as their tunable sizes (typically 10-100 nm), peculiar surface area/volume ratio and
multifaceted interface/surface options [8].

Nanotechnology refers to research and development of structures with length scales between 1 and 100 nm strictly
controlled at atomic, molecular and macromolecular levels [10]. Materials at this scale acquire new features and functions
that vary significantly from those at the bulk scale. Indeed, the unique characteristics of these nanomaterials allow them
to interact with complex biological functions in new ways, working at the same scale of biomolecules. This interaction has
led multidisciplinary researchers to create multifunctional nanomaterials capable of targeting, diagnosing and treating
diseases in a rapidly expanding discipline, termed nanomedicine [11]. In this regard, ROS-based therapeutic approaches,
in which the depletion or generation of ROS can exert therapeutic effects, is one of the most interesting and promising
field of nanomedicine referred as ROS-based nanomedicine [12]. Therefore, a huge range of nanomaterials with distinct
ROS-regulating features have been developed for facilitating the chemical reactions involved in ROS for a wide range of
medicinal applications such as the treatment of cancer, neurodegenerative diseases and bacterial infection. For these
reasons, motivated by the outstanding advancements in this field, also confirmed by a rapid growth in the number of
articles on this subject where ROS-based cytotoxic therapy seems the dominant research topic, a review of the main
therapeutic strategies taking place to fight diseases thanks to nanotechnology-mediated ROS generation appears, in
our opinion, useful and necessary.

In this review we will discuss about those ROS-generating nanoplatforms that may be considered as front-runners for
efficiently upregulating the intracellular redox status, in particular, focusing our attention on those tuned by interventions
at the target site in cancer. Therefore, ROS-scavenging nanoplatforms but also ROS-mediated controlled drug release are
out of the scope of this review since these nanosystems have been comprehensively reviewed elsewhere [12, 13]. This
review aims at pointing out the foremost ROS-generating nanoplatforms designed to overcome the main limitations and
improve the efficacy of anticancer ROS-based cytotoxic therapies. In particular, the ROS-generating nanoplatforms will
be classified according to the strategy exploited for their selective activation like photodynamic therapy (PDT), sonody-
namic therapy (SDT), radiotherapy and chemodynamic therapy, focusing also on their possible clinical trial translation
(Fig. 2). Finally, the main methods to detect in vivo ROS production will be also discussed.

2 ROS-based cytotoxic therapies

ROS are highly reactive molecules that can damage cellular components, therefore ROS-based cytotoxic therapies refer
to treatments able to increase the intracellular level of ROS in order to elicit cellular stress and consequently to trigger
cellular death. Indeed, harmful ROS can result in the formation of new chemical bonds, due to the presence of an unpaired
electron in their outermost shell, which can lead to modification or damage of cell molecules like lipids, proteins, and
DNA[14].
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ROS can cause damage to lipids by oxidizing them and, as a consequence, leading to the formation of lipid peroxides.
These peroxides can in turn cause damage to other biomolecules, such as proteins and DNA. ROS can also directly attack
and modify proteins by oxidizing amino acid residues, which can alter their function or cause them to be degraded. ROS
can also damage DNA by breaking the sugar-phosphate backbone or by forming mutations in the genetic code [15].
As a result, the production of excessive levels of ROS in the target sites has been used as a therapeutic strategy mainly
against cancer and bacterial infection [16, 17]. This approach has encouraged the development of various ROS-generating
nanoplatforms for upregulating the cellular redox status where, stimuli such as light, ultrasound (US) and nanozymes
possessing peroxidase-like activities, are able of converting optical, mechanical and chemical energy, respectively, into
intracellular ROS-based chemical energy possessing unique physicochemical properties. As follow, we will provide sys-
tematic explanations of the interdependence between the main features of ROS-generating nanoplatforms and their
therapeutic actions in in vivo cancer models.

2.1 ROS-generating nanoplatforms for cancer treatment

In cancer treatment, ROS-based cytotoxic therapies can be effective to selectively kill cancer cells, as malignant cells are
often more sensitive to oxidative stress than healthy cells [18]. By inducing the accumulation of ROS in cancer cells, this
approach can provoke cancer cell damage and trigger cancer cell death. Some examples include: (i) photodynamic ther-
apy (PDT), a treatment that uses light and a photosensitizing agent or photosensitizer to generate ROS within cancer cells
[191: (ii) sonodynamic therapy (SDT), a developing anticancer approach, that utilizes US to trigger suitable compounds
called sonosensitizers to initiate ROS production in cancer cells [20]: (iii) radiation therapy (RT), a mainstream cancer
therapeutic modality that takes advantages of ionizing radiation to induce cell death by triggering death signaling in
cancer cells through ROS generation and DNA damage [21], and (iv) chemodynamic therapy (CDT), an innovative cancer
therapeutic approach that recruits Fenton or Fenton-like reactions to produce highly toxic ‘OH in the tumour region [22].

In this section, we will discuss, for each cancer therapeutic option mentioned above, the most representative ROS-gen-
erating nanoplatforms able to overcome the main limitations, improving the efficacy of ROS-based cytotoxic therapies.
In addition, a schematic table (Table 2) of each ROS-generating nanoplatform based on the external stimuli described
is introduced to guide the reader throughout the review.

2.2 Photodynamic therapy

The basic principle of PDT consists in an exogenous light-mediated release of energy for triggering a harmless photo-
sensitizer inside target cells to transfer its excited-state energy to oxygen (O,) [39]. This can cause malignant cells to
die through apoptosis and/or necrosis, and it can also stimulate the host immune system [40]. As a result, photosensi-
tizer and tissue oxygen are PDT’s key components, and usually the photosensitizers are subjected to an excitation by
short-wavelength ultraviolet (UV)-visible light, which features poor tissue penetration. Therefore, in recent year, some
groundbreaking photosensitizers based on nanomaterials have been developed to overcome such limitation. Typically,
upconversion nanoparticles (UCNPs) are able to convert near-infrared (NIR) to visible light, which in turn activates an
organic/inorganic photosensitizer by the transfer of electronic excitation energy either through absorption of upconver-
sion luminescence photon by the photosensitizer or via fluorescence resonance energy transfer (FRET) [41-43].

Most of the studies on UCNPs have been performed on in vitro cell cultures, being the main aim to demonstrate the
uptake of PS-loaded UCNPs and the cell death following NIR irradiation. Surprisingly, considering all the in vivo studies, to
the best of our knowledge, only one work has tried to answer the central question of whether the use of UCNPs extends
the tissue depth at which PDT can be effective [44, 45]. Indeed, Hou and colleagues are the only one that compared the
in vivo anticancer effects of their nanosystem irradiated by NIR and UV-A laser, respectively [23]. Briefly, the authors have
designed an innovative NIR activated photosensitizer for PDT made by TiO,-coated UCNP core/shell nanocomposites
(UCNPs@TiO,). First, the authors investigated the cellular uptake and the intracellular location of UCNPs@TiO, in Hela
cells providing direct evidence that the uptake of UCNPs@TiO, occurs by endocytosis and that UCNPs@TiO, mainly
accumulates in lysosomes or around mitochondria. Then, cytotoxicity of UCNPs@TiO, on Hela cells was investigated
under 980 nm irradiation showing a remarkable viability decrease compared to those exposed to visible light irradiation
or UCNPs@TiO, alone. In particular, the phototoxicity of UCNPs@TiO, NCs resulted in cytotoxicity of HelLa cells thanks to
the ROS formation proved by intracellular conversion of nonfluorescent 2,7-dichlorofluorescin diacetate (DCFH-DA) to
fluorescent dichlorofluorescein (DCF). Moreover, the pathway of cell death induced by UCNPs@TiO, under NIR irradiation
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was also investigated suggesting apoptosis as the main modality due to disruption of mitochondrial activity and activa-
tion of caspases (Fig. 3).

To study the therapeutic in vivo potential, HeLa subcutaneous tumor-bearing Balb/c nude mice were intratumorally
injected with UCNPs@TiO, and the tumor sites were irradiated by NIR and UV-A laser, respectively. The group treated
with NIR-irradiated UCNPs@TiO, showed a significant tumor growth inhibition compared to the groups that received
intratumorally injected saline, UCNPs@TiO, without NIR laser exposure and UV-A-irradiated UCNPs@TiO,. The latter
comparison confirmed that the suggested approach provides an encouraging alternative to overcome the poor tissue
penetration of UV-A light, that is the main limitation of current PDT (Fig. 3). Furthermore, thanks to the Gd and Yb ions
in the UCNPs@TiO,, these core shell nanocomposites could be used as potential MRl and CT contrast agents to monitor
their in vivo pharmacokinetics/ pharmacodynamics. Furthermore, these nanocomposites possessing efficient anticancer
photodynamic activity and useful imaging capability place themselves as an encouraging multifunctional anticancer
nanoplatform to bioimaging and therapeutics simultaneously.

Even if significant achievements have been reached in PDT thanks to UCNPs, their therapeutic efficacy is still not suit-
able enough to completely fulfil the strict requisites of clinical translation. Although this strategy seems to overcome
one of the main limitations of PDT, the overheating effect of laser irradiation at 980 nm, widely used to excite UCNP,
could jeopardize its further development. Therefore, novel UCNPS have been studied to successfully shift the excitation
of UCNPs from 980 to 808 nm, being the heating effect minimized and the tissue transparency maximized [46, 47]. In
this regard, Lv et al. designed a novel multifunctional composite of UCNPs and black phosphorus sheets (UCNPs-BPS)
to achieve the 808 nm NIR-mediated PDT [24]. The in vivo antitumor performance of the nanoplatform was evaluated
on tumor-bearing Balb/c mice obtained by subcutaneous injection of U14 cervical cancer cells. The group treated with
UCNPs-BPS and 808 nm NIR-light irradiation showed the strongest tumor growth inhibition, while 808 nm NIR-light
irradiation alone had a negligible effect as the treatment with UCNPs-BPS alone. However, the authors showed the high
anticancer efficiency of UCNPs-BPS under 808 nm NIR-light irradiation but did not prove a superior effect compared to
UCNPs-BPS under UV-A irradiation to support its ability to go beyond the poor tissue penetration of conventional PDT.
According to this work, the authors proved that the UCNPs-BPS composite elicits ROS generation when irradiated with
808 nm NIR light in a greater extent than under 650 and 980 nm irradiation, determining improved anticancer results; at
the same time, a real-time monitoring could be performed by using the emitted green light [24].

Since a characteristic of NIR laser irradiation could be to increase the Fenton-like reaction, Wang and colleagues intro-
duced a high-performance biomimetic nanocatalyst, where glucose oxidase (GOD) was conjugated to Cu,-xSe nanopar-
ticles, and encapsulated within tumor cell membranes [25, 48]. The glucose oxidation provoked by the nanocatalyst in

5. —*—UCNPs@TiO, + 980 nm laser
—e—UCNPs@TiO, + UVA (365 nm)

| —e—UCNPs@TiO, i
/
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—e—Control /

—
/
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L

Relative tumor volume (VIV))

Fig.3 Graphical representation for the potential molecular mechanism of PDT mediated by UCNPs@TiO, and NIR irradiation, and in vivo
tumor volume changes in tumor-bearing mice of different treatment groups (n=6, **p <0.01 compared with the control group) [23]
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the tumour is able to boost the Fenton-like reaction determining an increase in H,O, level. The in vivo anticancer experi-
ment has been developed by using groups of mice bearing the 4T1 tumors. When the concentration of H,0, reached the
highest level, a laser at 1064 nm was used to irradiate the tumor thanks to its deep penetration. The combination of laser
irradiation and H,0, increased the rate of Fenton reaction and the massive production of "OH, resulting in a successful
tumor therapy. The authors were therefore able to demonstrate that the Cu,—xSe NPs showed a strong responsiveness
to laser irradiation for the PDT of deep orthotopic glioma. They also showed that the use of a laser in the NIR Il region
at 1064 nm provoked a much stronger anticancer effect, compared to the use of a laser in the NIR | window at 808 nm.
Therefore, their nanosystem could be used for the treatment of other tumors deeply seated [25].

In another work, Zhang and colleagues [26] developed an innovative nanosystem based on a traditional Chinese medi-
cine, able to remodel autophagy homeostasis (TP+A)@TkPEGNPs). In this ROS-generating nanosystem, a photosensitizer
aggregation inducing emission (AIE) was encapsulated with an autophagy modulator triptolide (TP, an active ingredi-
ent of Tripterygium wilfordii Hook F). The antitumour effect under light exposure was investigated in an in vitro system,
evaluating the effective ROS production, and in an in vivo model of triple negative breast cancer using 4T1-bearing mice.
Authors showed a statistically significant induction of the autophagy pathway with efficient anticancer activity, therefore
this naosystem could open a new way to manage the autophagy homeostasis remodeling [26].

2.3 Sonodynamic therapy

Thanks to its non-invasiveness, non-ionizing and tissue penetrating properties, US has been widely studied as an external
source of activation in various therapeutic applications, such as high intensity ultrasound (HIFU)-mediated hyperthermia,
US-triggered drug release and sonodynamic therapy (SDT) [49-52]. In particular, SDT exploits US for activating suitable
compounds (sonosensitizers) to trigger ROS generation in cancer cells leading to cancer elimination [20]. Compared to
PDT, SDT could have a wider application in cancer treatment, as the tissue penetrability of US allows SDT to reach even
deep cancer tissues, thus overcoming one of the main limitations of PDT.

Despite growing interest, the mechanisms underlying the therapeutic activity of US have not yet been clearly elu-
cidated, slowing the clinical application of SDT. At least three mechanisms are involved and some or all of them may
occur simultaneously during US exposure, depending on the physicochemical characteristics of the sonosensitiser and
its localization at cellular level [20].

To summarize, it has been hypothesized that these mechanismes, i.e., sonochemical effects, sonomechanical effects and
sonoluminescence (SL), rely on acoustic cavitation resulting from the interaction between liquid medium and US where,
at least for the last two mechanisms, ROS production must occur to kill tumour cells. Since SDT is one of the biomedical
fields that has significantly improved in recent years thanks to increased knowledge of nanotechnology, we believe that
investigating the role of SL as an internal light source for the photoactivation of advanced nanoplatforms represents a
real step forward in SDT development and beyond [31, 53].

SL refers to the transformation of the mechanical energy of into light pulses of about 35-350 picoseconds and that are
composed of huge amount of photons, between 3 x 10* and 3 x 10° [54]. SL is supposed to induce a progressive activa-
tion a photochemical reaction similar to the one of PDT, therefore provoking sonosensitizers excitation from the ground
state to a short-lived excited single state. Therefore, the resultant triplet state can react with the substrate generating
free radicals (e.g., "'OOH, ‘OH and O,™") via a type | photodynamic reaction, by transferring electrons. Otherwise, the free
radicals can directly react, via energy transfer, with O, to generate '0, via a type Il photodynamic reaction [39]. Since
an early work by Umemura and colleagues [55], numerous researchers have studied SL and '0, generation in vitro and
in vivo. However, a general consensus has not yet been formulated. Recently, Giuntini and colleagues have studied the
role of SL in SDT analyzing the US responsiveness of a variety of porphyrin complexes, namely metal-free porphyrin and
Fe(lll), Pd(ll) and Zn(ll) porphyrins, in terms of ROS production under US stimulation [56]. The SL emissions was detected
in the UV/visible range of the electromagnetic spectrum, therefore allowing to support the hypothesis that SL can be
responsible for the SDT activation of porphyrins.

However, even if some in vitro studies have demonstrated the potential role of SL in SDT, there is no information, so
far, regarding SL activity in vivo, maybe for technical reasons, to support the SL hypothesis in SDT. To overcome the dif-
ficulties to measure SL in vivo, some attempts were carried out in models mimicking human tissue properties. This is the
case of Sazgarnia and colleagues, who developed a mimicking tissue material based on agar where a fiber optic with
special connectors was used for light transfer from the tissue mimicking material to the spectrometer to investigate the
protoporphyrin conjugated to gold NPs under US exposure [57]. The authors were able to measure SL and "OH, giving
some evidence of the ROS-based sonodynamic mechanism via SL. Unfortunately, no more investigations from these
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authors but also from other researchers have been performed to confirm the presence of SL in vivo, therefore the role
of SL in SDT in vivo still remains elusive.

Being SDT a ROS-based cytotoxic therapy, some researchers have tried to increase its efficacy, independently from
the main mechanisms of action involved, developing nanosystems to increase ROS production by (i) tackling hypoxia
or (ii) taking advantage of the tumor hypoxia to enhance cancer cell damage [13]. In particular, hypoxia occurs in tumor
sites characterized by low oxygen supply and induces biological responses that hamper the therapeutic outcomes of a
variety of anticancer approaches [58]. Moreover, SDT can lower oxygen content as it uses molecular oxygen to induce
the US and sonosensitizer-mediated ROS generation.

The co-delivery of O, and sonosensitizers has been exploited in nanoformulations that combine sonosensitizers
and oxygen-carrying perfluorocarbons in tumor hypoxic tumor microenvironment (TME) [13, 59]. Another successful
strategy to increase the oxygen amount at tumor levels, involves the development of nanoplatforms by combining a
MnOx component with hollow mesoporous organosilica nanoparticles (HMONSs) that are conjugated to protoporphyrin
IX (PPIX), used as sonosensitizer, and arginine-glycine-aspartate (RDG), used as targeting peptide. The nanoplatform
was designed to modulate TME hypoxia and to consequently augment the sonodynamic efficacy of the sonosensitizer
when US exposure was perfomed. MnOx NPs were produced in the mesopore channels of HMONSs in a redox reaction
to act then as a nanoenzyme catalyzing the overexpressed H,O, in the TME for oxygen production. The nanoplatform
was deeply investigated both in vitro, in the human U87 glioblastoma cell line, and in vivo, in U87 tumor-bearing mice,
and significant cancer cell killing and tumor growth suppression under US exposure was observed [27]. HMONs have
also been loaded with PPIX, used as a sonosensitizer, and integrated with ferrate (VI) to produce O, via the ferrate (VI)-
mediated decomposition of H,0 and H,0,. Enhanced sonodynamic treatment efficacy was demonstrated in a model
of osteosarcoma, proving that contemporaneous oxygen generation, in situ GSH depletion, and ROS overproduction
play a synergistic role in stimulating the sonodynamic treatment toward hypoxic solid tumors. These findings support
promising SDT applications also for the treatment of hypoxic solid tumors [60].

Hypoxia-responsive nanovesicles have recently been developed as delivery vehicles for releasing the sonosensitizer
and, at the same time, generating oxygen at the tumor site. In a hypoxic TME, the dissociated nanovesicles were able to
release 5-aminolevulinic acid (5-ALA), then converted into the sonosensitizer PPIX, and the embedded manganese ferrite
NPs that catalyzed H,O, into oxygen resulting in enhanced SDT efficiency, that was demonstrated on B16 melanoma-
bearing mice [61].

Interestingly, rather than using coping strategies to amplify the O, amount at tumor site, a biodegradable O, econ-
omizer has been prepared for enhancing SDT efficacy by suppressing O,-consumption and triggering a pro-death
autophagy strategy. The O, economizer consists of the conjugation of the respiration inhibitor 3-bromopyruvate (BP) to
PEGylated HMONs loaded with hematoporphyrin monomethyl ether (HMME), used as sonosensitizer, namely HMME@
HMONSs-3BP-PEG (HHBP). The increased sonodynamic treatment efficacy was verified under US exposure in both in vitro
and in vivo models (Fig. 4) [28]. Thanks to this work, the authors proposed an O,-economizer strategy to reverse the tumor
hypoxia and increasing the SDT therapeutical efficacy, as an alternative for the ongoing mainstream hypoxia-regulation
precept of elevating intratumoural O, level. Furthermore, this work lays a new alternative method for manipulating the
autophagic processes in order to increase the efficacy of ROS-mediated cancer therapy [28].

Another strategy consists in taking advantage of the tumor hypoxia induced by the sonodynamic activity to enhance
cancer cell damage. Hollow mesoporous TiO, NPs with modified S-nitrosothiol (SNT) and loaded with tirapazamine (TPZ)
have been developed to this end. When the nanosystem was exposed to US at tumor site, the induced ROS generation
was able to sensitize the SNT groups that then released the NO that was responsible for an increased anticancer sono-
dynamic effect, mainly by increasing mitochondria damage. Moreover, the hypoxic TME that resulted from the oxygen
consumption caused by the sonodynamic activity of TiO, was able to activate the cytotoxicity of TPZ, leading to increased
cancer cell DNA damage [62]. Indeed, this versatile all-in-one nanotheranostic system was considered a valid candidate
to provide US-mediated tritherapies and US imaging of cancer simultaneously, which offered compelling marks for
advancing nanotherapy in biomedical field application. Indeed, the functionalization of the NPs surface showed an
increased performance in vivo, even if the effects of NO in a dose-dependent pharmacological was need to be deeply
investigated as clearly stated by the authors.

Finally, a dual-sonosensitizer nanoplatform has been developed by loading an alkyl radical generator 2,2-azobis[2-
(2-imidazolin-2-yl)propane dihydrochloride (AIPH) onto a zirconium metal-organic framework (Zr-MOF) to enhance
SDT under hypoxic condition. Under US exposure, the NPs were able to efficiently produce '0, in normoxic conditions,
as well as alkyl radicals in both normoxic and hypoxic conditions, leading to cancer cell death. Therefore, the NPs guar-
anteed significant sonodynamic anticancer effects under both normoxic and hypoxic conditions under US exposure in
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in vitro and in vivo pancreatic cancer models [29]. Furthermore, in this work, the biocompatibility, and imaging abil-
ity of Zr-MOF@AIPH, along with the good photoacoustic, fluorescence and US imaging characteristics thanks to their
porphyrin-based structure and the nitrogen generated, have been showed. This gives the authors the possibility to move
toward an improvement of SDT efficacy in a condition of hypoxic environment by combining together complementary
sonosensitizers [29, 63].

2.4 Radiation therapy

Radiotherapy (RT) uses ionising radiation to trigger aberrant physicochemical changes in tumour cells by the generation
of ROS, stress response in subcellular organelles, like mitochondria and endoplasmic reticulum, and DNA damage [21].
During radiotherapy ROS are generated by H,O ionization in tumour tissue, either through the irradiation from exter-
nal radiation beams (e.g., high-energy X ray) or internal radioisotopes, being these highly reactive agents toxic toward
cancer cells and adjacent healthy tissues [64]. Moreover, radiation can stimulate ROS generation in mitochondria with
redox status imbalances leading to oxidative stress via reaction with proteins, lipids, and DNA to cause protein misfolding,
lipid peroxidation and DNA strand breaks [21, 65, 66]. For these reasons in oncology, RT is a potent strategy to enhance
intracellular ROS levels and to consequently induce cancer cell death, mainly in a p53-dependent manner [21].

Despite the many advantages of RT in cancer treatment, like the possibility of treating different tumour types, alleviat-
ing cancer pain and being combined with other anticancer treatments, RT is a challenging treatment as it might damage
healthy cells and cause the development of cancer cell radioresistance, tumour recurrence and the development of other
types of cancers [21, 67-69]. To improve the therapeutic effect of ionizing radiation researchers mainly aim at confining
the radiation dose to the tumour volume and at improving tumor tissue radiosensitization [29].

Several approaches to localize the radiation dose to the tumor volume have been developed including (i) image-
guided radiation therapy (IGRT), (ii) intensity-modulated radiation therapy (IMRT), (iii) volumetric modulated arc therapy
(VMAT) and (iv) stereotactic body radiation therapy (SBRT) [70-73]. On the other hand, to improve cancer cell radio-
sensitization nanotechnology has attracted strong interest thanks to nanomaterials possessing intrinsic radiosensitive
activities as increased ROS generation. In this section, we will focus on recent advances in the development of ROS-based
nanoradiosensitizers for improving therapeutic outcomes at low-dose ionizing radiation.

Nanoradiosensitizers, when combined with radiation, are able to exert a greater tumour-inactivating effect than radia-
tion alone and can be classified according to the nanomaterials involved such as nanomaterials with high Z-elements (Z
represents the material’s atomic number) or releasing nitric oxide (NO) under X-ray radiation [74]. Indeed, recent works
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have shown that NO generation could sensitize radiation therapy by inhibiting the DNA repair and reacting with ROS to
yield more toxic ONOO™ [12]. For example, Fan and colleagues developed a UCNP@silica nanostructure modified with
polyethylene glycol and loaded with S-nitrosoothiol (PEG-USMSs-SNO), where the S-N bond can be cleaved by X-ray
irradiation thanks to the ROS generation and release electrophilic NO to enhance the radiation therapy [30]. In in vivo, first
zebrafish was selected for monitoring the NO release responsive to X-ray by confocal laser scanning microscope imaging
confirming that PEG-USMSs-SNO can be suitable for the X-ray-controlled NO release in vivo (Fig. 5a, b). The authors then
investigated NO-radiosensitizing effects on treating 4T1 mammary carcinoma-bearing mice. PEG-USMSs-SNO cause a
significant inhibition of tumor growth over time, that should be attributed to a significant enhancement of radiation
effects by the NO-radiation, compared to RT and PEG-USMSs + RT (Fig. 5¢).

Finally, PEG-USMSs-SNO are biologically safe and provoke few side effects as no noticeable fluctuations in mice weight
were observed (Fig. 5d).

Regarding nanomaterials with high Z elements, gold (Au) nanostructures (Z=79) with high chemical inertness are the
most representative radionanosensitisers that have been extensively investigated for improving radiation deposition at
the tumour site [75-77]. The mechanism of radiosensitisation of Au nanoparticles is mainly achieved by following three
key biological pathways: (1) production of ROS, oxidative stress and mitochondrial dysfunction; (2) effect on the cell cycle
and (3) inhibition of DNA repair [78]. Other possible biological mechanisms have also been proposed, such as autophagy
and ER stress. Focusing on the first biological mechanism, Klein and colleagues developed a nitrosyltetrafluoroborate
(NOBF,) stabilized AuFe;0, nanoheterodimers that under X-radiation led to the simultaneous production of NO and the
O, radicals that effectively form ONOO™ [79]. However, the destructive effectiveness of ONOO™ and other ROS was only
evaluated on human MCF-7 breast cancer cells.

To investigate the role of Au nanostructures in generating ROS to sensitise cancer cells to radiotherapy in vivo, Choi
et al. developed PEGylated (PEG) Au nanoparticles (RPAUNPs) functionalized with the ROS sensor dihydrorhodamine 123
(DHR-123) to prove ROS generation in a xenograft mouse model of breast cancer [31]. Figure 6 shows tumor-bearing
mice where both RPAUNPs and PEG-DHR123 were injected intratumorally. A significant fluorescent signal was observed
in irradiated tumors 1 h later multispectral fluorescence imaging (RPAUNPs with RT and PEG-DHR123 with RT) but not in
non-irradiated tumors, i.e. control, (RPAUNPS without RT and PEG-DHR123 without RT) (Fig. 6a). The imaging of excised
tumors ex vivo confirmed the results (Fig. 6b). Moreover, fluorescence activation was significantly higher in tumors

Fig.5 a X-ray-triggered NO
release from PEG-USMSs-SNO
in zebrafish larvae. b Confocal
laser scanning microscope
(CLSM) images of NO release
in living zebrafish larvae with
brain ventricle microinjection
of PEG-USMSs-SNO upon
exposure to different doses

of X-ray radiation: b, 0 Gy, b,
1Gy, b; 3 Gy, b, 5 Gy, b; 10 Gy.
c Relative tumor growth curve
and d weight change curve of
4T1 tumor-bearing mice over
half a month after different
treatments [30]
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Fig. 6 ROS generation and detection in vivo using RPAUNPs. a Top row Raw in vivo fluorescence images acquired with the tunable emis-
sion filter set to 530 nm, for mice injected with either RPAUNPs or PEG-DHR123, and either exposed to 6 Gy RT or no RT. a Middle row
two-component images showing DHR123 fluorescence (green) and skin autofluorescence (red), obtained by spectral unmixing. a Bottom
row DHR123 fluorescence, obtained by spectral unmixing. b Same tumors, imaged ex vivo, showing reflectance image (top) and unmixed

fluorescence image for the DHR123 component (bottom). ¢ Fluorescence counts obtained from unmixed DHR123 in vivo images. d Same as
previous, for ex vivo images [31]

injected with RPAuNPs with RT compared to control tumors injected with PEG-DHR123 with RT. The average photon
counts determined by quantitative analysis in the irradiated RPAUNP tumors were higher compared to controls (Fig. 6¢)
as also confirmed in excised tumors (ex vivo), where the difference was even higher between irradiated RPAUNP tumors
and control tumors (Fig. 6d). Therefore, the tumor targeted X-ray irradiation efficiently generates ROS.

Another example in which, following X-ray irradiation of ultra-small Au NPs modified with responsive peptide (Tat-R-
EK) consisting of three build blocks (Au@Tat-R-EK NPs), overgenerated ROS lead to protein oxidation, lipid peroxidation
and DNA damage, which are supposed to be closely linked to tumour volume suppression and increased survival in
orthotopic transplanted LM3 liver tumor bearing nude mice, was provided by Ding and colleagues (Fig. 7) [32]. The low
dimension of Au NPs assures a harmony between rapid renal clearance and an effective tumour targeting and also a
good biocompatibility and tumor radiotherapy outcome against orthotopic LM3 liver tumors [32].

Moreover, it has been documented that many other nanomaterials with high Z elements also adopt their strong
photoelectric absorption abilities for ROS-based RT treatment. An example comes from Chen and colleagues who
developed a gadolinium-doped titania nanosensitizer funtionalized with 4-carboxybutyl triphenylphosphonium
bromide (TiO, (Gd)-TPP NPs) that, after irradiation with X-ray, targets mitochondria to accumulate ROS inside them,
killing cancer cells [33]. The authors investigated whether the therapeutic effects of TiO, (Gd)-TPP NPs, to elicit ROS
increase in mitochondria, would improve RT-mediated cancer cell killing in in vivo animal model. For this reason, TiO,
(Gd)-TPP NPs were intratumorally injected into MCF-7 xenograft tumor-bearing mice and after X-ray radiation, the
mice presented a significant tumor growth inhibition with complete tumor eradication at 14 days post-treatment
(Fig. 8). The nanosensitizer combined toghether with a single X-ray radiation exposure resulted in a complete tumor
ablation in a mouse model, without side effects during the treatment. The results showed that the mitochondria-tar-
geted nanosensitizer could dramatically reduce treatment doses, while amplifying antitumor efficacy, and providing
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Fig.7 Schematic illustration of the accumulation in tumour tissues and cell nuclei for enhanced radiotherapy in vivo, and the rapid clear-
ance via kidney tri-block functional peptides coated ultrasmall Au NPs. Tri-block functional peptides: VEKEKEKEKEK, a zwitterionic peptide
sequence consisting of alternative glutamic Acid (E) and lysine (K) with great antifouling property in vivo; VGFLG, a peptide sequence which
is known to be cleaved by overexpressed cathepsin B in the microenvironment of many different tumors; CCVGRKKRRQRRRPQ, a power-
ful cell penetrating and nuclear targeting peptide sequence, known as Tat peptide, derived from human immunodeficiency virus-1 (HIV-1)
transactivator of transcription protein [32]

Fig. 8 Photographs of the mice before (Day 0) and after (Day 14). The dosage of TiO, (Gd)-TPP NPs was 3 mg kg~', followed by X-ray irradia-
tion (6 Gy) [33]

potentially a highly efficacious and universal approach to meliorate the tumor radiosensitivity for future clinical
applications against cancer. Furthermore, it has been reported that iron-based nanomaterials facilitate ROS produc-
tion under X-ray irradiation due to the iron-catalysed Haber-Weiss cycle and Fenton reaction [80].

@ Springer



Discover Nano (2023) 18:151 | https://doi.org/10.1186/511671-023-03939-w Review

2.5 Chemodynamic therapy

The previously discussed cancer therapeutic modalities (PDT, SDT, RT) to trigger ROS formation are all based on exter-
nal physical stimuli (UV-vis light, US and X-rays) that however entail certain disadvantages: limited tissue penetration
(e.g., PDT), poorly understood mechanism of action (e.g., SDT), and unavoidable damage to normal tissue, (e.g., RT),
which significantly compromise therapeutic results. Recently, scientific works have been moving towards new and
very interesting anti-cancer therapeutic concepts to overcome such limitations, such as the exploitation of tumor
microenvironment (TME) as an endogenous stimulus. Indeed, TME shows a mild acidity, a high concentration of GSH
and a high level of H,0,, providing likely tools for an accurate selection between tumour and healthy tissues. For this
reason, several studies have attempted to develop nanomaterials capable of enabling specific chemical reactions
only within tumour tissue rather than in healthy tissue. In fact, these non-harmful nanomaterials should only turn
into highly cytotoxic ROS within tumour tissues and, this ROS-generating tumor-specific therapeutic modality was
termed as chemodynamic therapy (CDT) [22, 51, 81].

In this innovative and promising antitumour approach, the formation of highly cytotoxic ROS towards tumours by
nanomaterials occurs because nanomaterials are primarily designed to respond to the acidic environment and high
concentrations of H,0, intratumourally to promote Fenton or Fenton-like reactions in the TME. Fenton described
for the first time the so-called “Fenton reaction” consisting in the enhanced oxidative potential of H,0,, when iron
(Fe) is used as a catalyst under acidic conditions [82]. In simple terms, the chain reaction between ferrous ion (Fe?h)
and H,0, catalyzes the formation of ‘OH under acidic conditions. Besides Fe?*, other transition metal ions, such as
cupricion (Cu**) and manganese ion and (Mn?*), can also catalyze similar chemical reactions, known as Fenton-like
reaction [83].

In this section, we will focus on CDT where advanced nanomaterials with versatile metal ions e.g., Fe* Cu?* and
Mn?* catalyze intracellular H,0, for ROS generation in in vivo model. Therefore, chemodynamic approaches, based
on the combination of CDT with light, US, electricity and chemotherapy to overcome the drawbacks of traditional
Fenton oxidation and to improve the therapeutic effects are out of the scope of this review because they are exten-
sively discussed in the existing scientific literature [22].

CDT can be achieved by exploiting inorganic, organic and inorganic—organic nanoplatforms. For example, Wang
and co-authors developed a PEGylated iron-engineered mesoporous silica nanoparticle (PEG/rFeOx-HMSN) to realise
a nanocatalyst, where the overproduction of H,0, and the slightly acidic nature of the TME, could trigger Fenton-like
reactions in situ leading to ‘OH overproduction and consequently significant oxidative damage on 4T1 mammary
tumor-bearing mice [34]. The PEG/rFeOx-HMSN nanocatalyst was injected intratumorally (5 mg/kg) and intrave-
nously (10 mg/kg) onto 4T1 tumor-bearing mice. Importantly, the high therapeutic efficacy of the PEG/rFeOx-HMSN
nanocatalyst was proved by the suppression of 4T1 breast tumour growth after both the ways of administration
(Fig. 9). Furthermore, the interesting coordination-accelerated biodegradation behaviour of the PEG/rFeOx-HMSN
nanocatalyst enabled its rapid biodegradation in vivo and fast elimination from the body.

However, the low efficiency of the Fenton reaction in cancer cells is the main issue limiting the use of iron-based
NPs for CDT [83]. To improve the therapeutic efficacy of CDT, several methods have been then proposed to solve
this problem [84, 85]. To this end, Zhao et al. developed chelating complex ferrous-cysteine-phosphotungstate
nanoparticles (FCPWNPs) to enhance the efficiency of CDT by using cysteine and phosphotungstate for accelerat-
ing the electron transfer between Fe?* and Fe3* [35]. This nanoplatforms therefore overcame the pH issue owned
by acidity-dependent therapies like CDT, proving the efficiency of the developed nanoplatform also in vivo. In fact,
4T1 tumour-xenografted BALB/c mice were treated with the FCPWNPs injected intratumorally (i.t.) and intravenously
(i.v.). FCPWNPs significantly inhibited tumour growth by both i.t. or i.v. administration.
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Since the Fenton reaction is strictly dependent also on the concentration of H,0, in the tumour tissue, another
way to overcome the limitations of CDT is to increase the level of H,0, within the tumour, which may not be sufficient
to generate enough ‘OH to damage the tumour cells. For this purpose, an alternative strategy consists in generating
H,0, in situ using glucose oxidase (GOD), as GOD can exploit the abundant glucose present in the tumour to generate
H,0, and facilitate the generation of "OH. To this end, Huo et al. developed a nanocomposite consisting of GOD and an
iron oxide nanoparticles (IONPs) Fe;0, NPs [36]. GOD and Fe;0, NPs were incorporated into biodegradable silica NPs
(GOD-Fe;0,@DMSNs). In this case, GOD was able to efficiently deplete glucose within the tumour cells to generate a
large amount of H,0, to enhance the Fenton-like reaction induced by Fe;0, NPs, and thus the resulting highly toxic
"OH determined in vivo tumour growth suppression. Indeed, the in vivo therapeutic performance of the GOD-Fe304@
DMSNSs, a biodegradable and biocompatible compound, showed a highly desirable tumour suppression effect against
both 4T1 breast cancer xenografts at a dosage of 10 mg kg™' and U87 tumour xenografts at the same dosage. The use of
this elaborately designed nanocomposite into the tumor tissue has been showed in this work and this is able to trigger
the specific sequential reactions within and under specific TME responses to decrease the tumor growth. Furthermore,
this gives an alternative strategy for the efficient tumor therapy with largely enhanced tumor specificity, while reducing
side effects to normal tissues and organs.

The use of IONPs in anticancer CDT has then encouraged the investigation of iron-free nanozymes with pH-reactive
catalytic actions [86]. For instance, Cu-based nanoparticles possessing peroxidase-mimicking actions, such as CuS and
CuO, can trigger Fenton-like reactions by the cycling between Cu* and Cu?* [87-92]. Therefore, it is supposed that
Cu-based nanozymes will stand out as multifunctional nanoplatforms thanks to the intrinsic Cu chemical features like
potentiation of some drugs (e.g., tetraethylthiuram disulfide) and facilitation of ATP depletion in inhibiting cancer cell
growth [93, 94].

Recently, some organic molecules have been proved to possess ROS-generating activities, being responsive to specific
biochemical triggers that initiate structural modifications for enabling ROS generation [12]. These bioresponsive organic
molecules can innate ROS generation without the H,0,, therefore overcoming the low amount of H,0, in cancer cells,
while conventional inorganic Fenton agents necessitate H,0, as substrate. Specifically, artemisinin and its derivatives,
i.e., artesunate (AS), are the most representative among these organic agents thanks to the reductive cleavage, upon
Fe?" activation, of their endoperoxide bridges, resulting in significant ROS production. Thanks to the recent advances in
this field, Wang et colleagues designed core-shell Mn3[Co(CN)6]2@MIL-100(Fe) metal-organic frameworks (CS-MOFs)
nanocubes, which enabled the synchronous co-delivery of AS and ferric ions in HeLa-tumor-bearing mice [37]. Indeed,
CS-MOF nanocubes have been proven to act as both Fe>* donor and AS carrier, resulting in pH-responsive AS activation
and intratumoural ROS generation. In this work the nanodrugs at the treatment dose resulted in a much better anti-
cancer efficiency within 17 days (Fig. 10). In vivo results showed that the CS-MOFs@AS tumour efficacy was increased
significantly of 5.79 times compared to the free AS exposure. This can suggest that the co-delivery of AS and Fe ions for
tumor treatment could be a successful step. All these indications showed that the use of heterogeneous hybridization
of two MOFs as drug carriers and Fe-ion suppliers can be considered as a new strategy for tumour treatment.

The accomplishment of artemisinin and its derivatives in CDT has further encouraged the investigation of new kinds
of peroxides to trigger ROS production in cancer. One of the main end products of lipid peroxidation is linoleic acid
hydroperoxide (LAHP), which can be broken down to 1O2 in the presence of Fe?* via Russell's mechanism. Indeed, LAHP
can be used for anticancer CDT by combining it with Fe-based nanoplatforms [12]. In this regard, Zhou et al. developed
a composite LAHP-IONPs (I0-LAHP) nanoplatform for triggering sequential intracellular reactions against cancer. The
removal of Fe?* from the IO-LAHP surface is facilitated by the slightly acidic TME, resulting in the cleavage of LAHP into
the highly cytotoxic ;0% The authors showed that the IO-LAHP nanoplatform was able of provoking apoptotic cancer
death via the '0, production and the consequent ROS-mediated mechanism, which resulted in U87MG tumor growth
inhibition [38]. In conclusion, considering the low amount of endogenous H,0, and the subsequent poor ROS produc-
tion in conventional Fenton-based CDT, the use of LAHP as an exogenous ROS source can significantly increase the
intratumoural ROS generation paving the way to the next generation of CDT.

3 Technologies for the detection of ROS production in in vivo models
Since the most typically ROS found in biological systems are O,~, H,0, and "OH, different techniques have been

developed to detect them. By considering the different techniques, fluorescence and electrochemical methods are
the one that have been extensively developed and used for ROS detection. [95]. The detection of O, is not directly
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Fig. 10 In vivo antitumor effect: a tumor growth curves of different groups (PBS, AS alone, CS-MOFs+ AS which is a mixture of CS-MOFs
and free AS (where AS is nonencapsulated), and CS-MOFs@AS) of tumor-bearing mice after various treatments indicated every 2 days for
17 days, the data are presented as mean *standard deviation (n=6); b average weights of tumors of each group at the end of different
treatment (***p <0.001, n=6); ¢ photographs of the tumors from different mice groups at day 17 after treatments; and d biodistribution of
CS-MOFs in HeLa-tumor-bearing mice at 24 h after i.v. injection [37]

due to its short half-life and its high reactivity. Indeed, the real-time detection techniques are essential to precisely
investigate the impact from a biological point of view of O, at elevated levels. Several traditional methodologies,
like high-performance liquid chromatography (HPLC), electron spin resonance (ESR) and mass spectrometry (MS) are
commonly considered for the O, detection. However, most of these techniques cannot be used for the detection of
the in-situ generation of this radical specie, representing therefore a critical disadvantage. The O, tracking can be
performed by fluorescence methodologies, thanks to their high sensitiveness, selectivity and ease feasibility. Yang
and colleagues [96] elaborated a NIR fluorescent sensor by observing the emission at 716 nm and a large Stokes shift
at 216 nm, which present an increased signal detection compared to the typical emission wavelength (450-550 nm).
By considering these wavelengths related to O, presence, a fluorescent probe was designed according to the lumi-
nescence of an aggregation-induced emission (AIE) compound made by dibenzo[a,clphenazine. In a different work,
Huang et al. [97] used a multi-response fluorescent probe for investigating O, accumulation in biological systems.
Thanks to the Hcy-Mito probe, authors got outstanding sensitivity and selectivity for endogenous O, both in in vitro
and in vivo model. This innovative work showed the possibility to locate the presence of O, with high fluorescent
contrast inside mouse bodies, able to reach different profundity of several tissues and organs. Close to the use of
fluorescence methods to detect O, researchers employed alternative solutions to overcome main fluorescence
method’s problems like expensiveness and the limited temporal or spatial resolution. Therefore, electrochemical
techniques, that use the same principle as the fluorescence method since it combines electrochemical reactions
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with specific sensing elements for detecting O, also in its unstable concentrations, have been introduced as an
alternative solution [98].

Another reactive specie interesting to be investigated is H,0, that shows a longer lifetime, up to minutes, according
to the enclosing levels of enzymes that determine the decomposition of H,0,. H,0, can cross cell membranes, reach-
ing cellular compartments by diffusion, and could be even acts like a second messenger in the cell signal transduction
by oxidizing the protein thiols, in particular the cysteine thiol in signaling proteins [99, 100]. Even if H,0, reacts badly
with many biological molecules, since has many kinetic reactions, its harmful outcomes are due to the highly reactive
"OH, made in the presence of transition metals, like ferrous ions, via the Fenton reaction. Therefore, H,O, itself is not the
extremely direct cause of cell damages but "“OH from H,0, via the Fenton reaction is the main responsible of cytotoxic
effects. However, due to its high availability and accessibility, H,O, is a commonly used chemical to investigate oxidative
stress, becoming a structural part of the current knowledge of this field of study [98]. In the electrochemical techniques,
the innovative method used for the detection of H,0, aims at modifying the electrode surface with an electrocatalyst
that can be either an inorganic compound or an organic biological compound, like hemin, myoglobin or cytochrome-c.
Indeed, these compounds contain in their inner core a redox agent heme, that works like an active catalytic element for
H,0, detection. Therefore, the direct transfer of electrons between the active sites reacting with H,0, and the electrode
surface is measured as an increased redox response. An alternative approach consists in the immobilization on a large
surface area of heme containing biological molecules on highly conductive materials. For example, different combina-
tions between biological elements and metal/metal oxide NPs have been described in several works for a better detec-
tion of H,0, [101, 102].

Finally, similar to O,™, the "OH detection is really challenging because of its high reactivity, extremely short lifetime,
and the difficulty to detect this radical specie and to study its relationship to cellular damages. Recently, the fluores-
cence method showed promising results thanks to high selectivity, sensitivity, and the ability to detect "OH in living cells
by a real-time analysis [98]. For example, Feng and colleagues [103] developed a NIR-Il fluorescent probe with sensor
sensitivity to ‘OH in in vitro and in vivo models. This probe was characterized by cyanine molecules as sensing element.
The reaction between ‘OH and cyanine molecules is developed at the C-N bonding, inducing fluorescence emission at
1044 nm. A clear imaging of the different level of "OH within mouse organs was obtained by using a limit detection of
0.5 nM. Another example is the one of Yuan and colleagues, that designed and synthesized an innovative mitochondria-
targeted fluorescent probe (RThy) to detect ‘OH in living cells and zebrafish. This probe is based on xanthene derivative
with a cation group, which allows to target mitochondria specifically. This probe works by using the specific cleavage
reaction by "OH of azo-group [104].

4 ROS-generating nanoplatforms towards clinical trial

Prior to clinical use, several points of nanoplatform design need deep investigation and also optimization. Specific phar-
macokinetic parameters such as biodistribution and elimination, biocompatibility and residual toxicity need a greater
attention compared to what has been know up to nowadays [105]. Other important aspect that needs to be taken into
consideration is the huge need to have specific preclinical studies, since normally less than 1% of the NPs administered in
a systemic way are able to reach their final target, due to kidney clearance and reticuloendothelial system clearance [106].
Furthermore, tumor architecture possesses an irregular vascular architecture structure that leads to a not homogeneous
nanoplatform distribution and therefore treatment. Also, the intrinsic toxicity of materials that are frequently present
into these nanoplatforms, to increase the ROS yield, show in vivo toxicities [106]. Although substantial progress has been
made in this therapeutic area in recent years to overcome their main limitations and so to close the gap between bench
and bedside, with more nanocomposite structures being developed with remarkable results in in vivo animal models,
clinical translation remains a critical issue. Indeed, it should be noted that a small number of nanomedicines approved
as ROS-based therapies have currently entered clinical trials. The most prominent example is the radio-enhancer NBTXR3
developed from the French company Nanobiotix [107, 108]. NBTXR3 is a hafnium oxide nanoparticle (HaO, NP) with
a high atomic number (Z=72) which make it an efficient radiosensitizer. Because NBTXR3 is physically and chemically
inert in biological medium, it can be used safely in biomedical applications. When NBTXR3 reaches tumor tissues and
gets RT, its high electron density increases the likelihood that it will interact with the incoming radiation, causing more
energy to be deposited inside the irradiated tissues than RT alone and resulting in tumour cell death. Preclinical research
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has revealed that using NBTXR3 during RT an excellent antitumor activity can be obtained and may enhance patient
outcomes in a variety of cancer types [109, 110]. The phase 1 NBTXR3 clinical trial indicated that combining NBTXR3
with RT was a viable therapy strategy [110-112]. In addition, in a multicenter, randomized, controlled phase II/1ll clinical
trial (NCT02379845), the combination of NBTXR3 with RT resulted in excellent radiological and pathologic responses
in patients with locally advanced soft tissue sarcoma [111]. However, although other examples can be reported within
the therapeutic area covered by this review (e.g.,, NCT04559685, NCT04845919), as far as we know this is still the only
example of nanomedicine approved for ROS-based cytotoxic therapies [113-115]. By considering the translation of
ROS-generating nanoplatforms from pre-clinical models to clinical trials, several issues can be further postulated. Many
pre-clinical research on ROS-based cancer therapy focuses on creating animal models, which normally have a perfect
therapeutic effect in tumor treatment. However, the understanding of the interactions between the ROS-based nano-
medicines and the biological environment in vivo are still suffering of a deep and complete knowledge. Furthermore,
significant differences are still present in the organizational structures and biological behaviors between experimental
animal models and human physiological environments. Crucial is to specifically investigate the efficacy and safety of
ROS-based nanoplatforms before moving to the patients [116]. The nanoplatforms used in laboratory and the one that
move to clinical stage, are still produced in a small-scale, characterized by drug stability and reproducibility within dif-
ferent batches. Therefore, the shift to a large-scale production involved an increase in testing costs that can burden
pharmaceutical companies and researchers [116].

5 Summary and outlook

The peculiar properties of ROS have prompted researchers to fully exploit these chemical entities leading to increas-
ingly significant biomedical achievements. Because of the noteworthy progress in nanotechnology, a wide range of
nanomaterials with unique ROS-regulating properties have been investigated for biomedical applications to control the
ROS spatial-temporal behavior in the biological systems. Nanomedicine has thus promoted the development of a next-
generation of advanced therapeutic methodologies based on down- and up-regulation of ROS. In this review, we have
summarized, to the best of our knowledge, the most interesting and promising developments in ROS-based cytotoxic
therapies exploiting ROS-generating nanoplatforms for cancer treatment. To this end, four different ROS-based cytotoxic
therapies have been reviewed: PDT, SDT, RT and CDT. Compared with conventional chemotherapy and radiotherapy,
many advantages of various ROS-based cancer therapies, such as high selectivity with potential low toxicity, high pen-
etration depth and non-invasiveness would enable ROS-based therapy to be a more promising therapeutic approach.
However, also the disadvantages provided by the stimuli considered in this review need to be considered to understand
their limits and how to overcome them (Table 3).

To address this matter, we believed that several challenges must be face. First the development of more suitable diag-
nostic techniques for real-time monitoring of ROS content in pathological areas of the human body, in order to establish
the appropriate dosages and routes of administration of ROS-generating nanoplatforms. Indeed, for the development of
ROS-related nanomedicines, precise tools and methodologies on ROS capable of precisely identifying the ROS dynamic in

Table 3 Summary of the main characteristics of ROS-based cytotoxic therapies for cancer treatment

Therapeutic approach Stimulus Advantages Disadvantages
Photodynamic therapy Light, NIR « Localized therapeutics - Limited penetration capacity
- Low invasiveness - Oxygen dependence
Sonodynamic therapy us « Increased tumour penetration - Oxygen dependence
« Localized therapeutics « Low US stability of sonosensitizers
+ Reduced side effects
Radiation therapy X-ray « Increased tumour penetration « Radio-resistance
- Controllable localization - Damage to other healthy tissues
- Oxygen dependence
Chemodynamic therapy Fenton-based reac- «High tumor specificity « Uncontrollable reaction processes
tions - Free from tissue penetration limitation « Limited H,0, in tumor tissues

- Systemic side effects
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biological systems are required. Conventional approaches for detecting ROS, i.e., mass spectrometry, high-performance
liquid chromatography and electron paramagnetic resonance spectroscopy are not able to provide real-time monitoring,
as well as obtaining dynamic information and exact quantification of ROS creation or elimination [117]. Colorimetric,
fluorescent, and luminescent probes have been frequently used in the kinetic assessment of ROS reactions in recent
years [118]. However, they are non-specific and do not allow to distinguish among different ROS during detection. In
particular, the precise detection of ROS in vitro and in vivo remains a significant problem in progressing this scientific area.

Second, even in ROS-based cytotoxic therapies, the nanotoxicity of the nanomaterials used must be investigated and
managed. This is mainly because the nanotoxicity of nanomaterials is determined by their physicochemical characteristics
(e.g., dimension, surface area, shape, and aggregation) and by their interaction with the environment. Thus, understand-
ing the roles of these factors in determining nanotoxicity could result in indispensable knowledge for the development
of safe nanomedicines. Moreover, a systematic analysis of the current strategies for lowering nanotoxicity is essential for
the design of safe nanomedicines in this scientific field. Even if the reported nanomaterials show excellent biosafety and
biocompatibility in in vivo systems, their chronic toxicities and side effects still need to be systematically and extensively
studied to provide therefore long-term biosafety data [119, 120]. This is even more important as the present fashion
in nanomedicine design is moving towards the clustering of different therapeutic agents in a single nanoplatform for
achieving multifunctionality and high efficiency of ROS regulation (e.g., the creation of sequential catalytic nanoplatform),
making more difficult to study the safety of each component.

Third, again, in recent years, the complex structural and functional design of ROS-generating nanoplatforms, will lead
to complexity in large-scale preparation that must ensure high repeatability. Indeed, slight variations in the manufac-
turing process can lead to drastic changes in physicochemical properties, like size, surface, charge, components, even
therapeutic results. From the perspective of large-scale preparation, we encourage the development of simple but
effective nanomedicines.

Forth, most of the research on nanomedicines that regulate ROS-based cytotoxic therapies focus on how they work.
Nevertheless, the understanding of their in vivo behavior is far from being satisfactory. Moreover, the difference between
animal models and humans requires the development of innovative approaches for ensuring efficacy and safety prior
to clinical investigations [121].

Fifth, the in vivo TME represent a tumour niche characterized by intrinsic factors different form normal tissues, like an
increased ROS production, a low pH, a reduced oxygen level and an overexpression of GSH level [122-124]. Furthermore,
extremely important is to consider that different types of cancer cells modulate differently their antioxidant capacities,
their internal ROS level and finally their redox balance [125], leading therefore to unlike responsiveness to the ROS-
generating platform used.

Finally, in recent years numerous publications have witnessed the extraordinary therapeutic potential of various ROS-
generating nanoplatforms to induce selective cytotoxicity against cancer cells. Therefore, the selection of the nanoplat-
forms more suitable for subsequent clinical translation represents a critical issue.

6 Conclusions

Research into ROS-based therapies in cancer treatments has been a hot topic over the past few years, thanks to the
intensive studies of ROS in cancer prevention and the rapid development of nanotechnologies. Researchers fully use
the unique properties of ROS in cancer therapy to contribute to various tumor treatment modalities. Furthermore,
considering the previous matters and limitations described, important is to propose few aspects on which focusing
further studies for accelerating the translation to the clinical setting of ROS-generating nanoplatforms. First is essential
to develop specific intracellular ROS generators and targeting strategies to enhance the therapeutic outcomes, while
reducing at the same time the toxic effects. For example, the intracellular organelles targeting like versus the mitochon-
dria or versus the endoplasmic reticulum to induce oxidative stress can be an interesting possibility to understand the
relation between reactive species produced and different organelles. Moreover, even if ROS and RNS are currently the
most common reactive species produced in cancer therapeutics, the exploitation of novel reactive species needs to be
taken into consideration in the design of new therapeutic strategies. Finally, it is important to better clarify the close and
complex relationship between tumour architecture, including TME and immune system, and ROS effects.

In conclusion, more feasible diagnostic modalities for monitoring the ROS levels in selected target sites into human
body as the simplification of nanostructure construction represent pivotal technological and scientific issues for the
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successful development of ROS-generating nanoplatforms. This is extremely important for determining the optimal
doses of ROS-generating nanomedicines and improving the translational feasibility. In the coming decades, ROS-based
cytotoxic therapies have the potential to become front-runner in the fight against cancer.
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