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A B S T R A C T   

Free radicals were formerly considered as a highly reactive, transient, and destructive entities. Free radicals are 
exceedingly unstable and highly reactive with other biological molecules, often having one or more unpaired 
electrons. Free radicals’ open-shell electrical structure makes them ready for harnessing in biological applica-
tions. In particular, free radical regulation-based nanotherapeutics have become a novel therapy option for 
cancer. Recent developments on free radicals and their uses in cancer therapy are discussed in this review. 
Photodynamic treatment (PDT), sonodynamic therapy (SDT), radiation therapy (RT), chemodynamic therapy 
(CDT), and ferroptosis therapy are only some of the emerging approaches that rely on the creation of free radicals 
by nanoparticles (NPs) which discussed here. Finally, several challenges and promising future directions for free 
radical regulation-based nanotherapeutics in cancer therapy are highlighted.   

1. Introduction 

Cancer is a significant contributor to mortality rates worldwide, 
resulting in millions of deaths each year. The uncontrolled proliferation 
rate of cancer cells is a primary factor in this phenomenon, causing 
concern among healthcare professionals on a global scale. Nanotech-
nology has provided remarkable evidence of the fast expanding interest 
of researchers in finding solutions to the problems connected with 
traditional cancer treatment [1–4]. Nanoparticle (NPs)-mediated stra-
tegies hold greater potential for substantially enhancing the therapeutic 
efficacy in the treatment of cancer [5,6]. 

An unpaired valence electron is a characteristic feature of free rad-
icals, which can be any type of atom, molecule, or ion [7–9]. With their 
unpaired electrons, free radicals are able to abstract them from other 
molecules, then increasing their reactivity. Free radicals are generally 
transient and react nonselectively with other molecules because of their 
high reactivity [10,11]. Light [12,13], heat [14], sonication [15], 

radiation [16], Fenton process [17], redox process [18], and electrolysis 
[19] are all common sources of free radicals. 

In 1954, Commoner et al. used electron paramagnetic resonance 
spectroscopy to show that free radicals exist in living systems [20]. 
Aerobic organisms can only survive if there is oxygen present. The 
production of reactive oxygen species, often known as ROS, is a sec-
ondary byproduct of cellular metabolism [21]. The phrase "an imbal-
ance between oxidants and antioxidants in favor of the oxidants" 
describes what is known as "oxidative stress." This imbalance causes a 
disturbance in redox signaling and control, which ultimately leads to 
molecular damage [22]. 

Free radicals are known to damage living organism. According to the 
well-known free-radical hypothesis of aging, free radicals are a major 
cause of aging [23]. Both endogenous and external pathways can 
generate free radicals. The majority of radicals are produced when 
mitochondrial electrons escape and react with oxygen to produce O2

•-. 
After that, H2O2 and •OH can be generated by O2

•-. Reactive oxygen 
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species include (ROS) O2
•-, H2O2, and •OH, however, only O2

•- and •OH 
are free radicals whereas H2O2 is not. Also, in/at peroxisomes, plas-
matic, and nuclear membranes small amounts of endogenous radicals 
are generated. Ultraviolet irritation, pollution of the air and water, toxic 
chemicals, smoking, alcohol, drug abuse, and psychological stress are 
some outer stimuli that can generate exogenous radicals [24]. 

Not only, the unwanted free radicals can cause some biological 
problems such as aging, tissue damage, and various diseases, such as 
Parkinson, Alzheimer, diabetes mellitus and cardiovascular diseases, but 
also they can increase the risk of cancer [25]. In the meanwhile, free 
radicals are involved in several crucial biological processes. The balance 
between the production of free radicals and antioxidants is critical [26]. 
Free radicals, which play crucial roles in immune system, cellular 
signaling pathways, and mitochondrial respiratory chains, are kept at 
reasonable levels in healthy organisms [27,28]. Antioxidants include 
glutathione (GSH), superoxide dismutase (SOD), thioredoxin (TRX), and 
catalase (CAT) neutralize their adverse effects in the body [26]. 

Free radicals can be used in biological applications despite their 
health risks. This article provides a comprehensive overview of 
contemporary free radical uses in cancer therapy. 

2. Free radicals and ROS 

It should be noted that Free radicals and reactive oxygen species 
(ROS) are sometimes confused, but have distinct meanings. Although 
they frequently used interchangeably. If that is right in many instances, 
it is incorrect in certain instances. All atoms, molecules, and ions with 
unpaired valence electrons are considered free radicals, whether they 
are oxygen-related or not. While ROS are oxygen-containing chemically 
reactive species. ROS can also be non-radical species, such as singlet 
oxygen (1O2), in addition to the oxygen-related free radicals [8]. O2

•-, 
H2O2, and OH• are the products of the oxygen reduction process. 
Interestingly, H2O2 is included in the ROS group, while it is not a free 
radical. Because H2O2 is chemically more active than O2 [8]. Both free 
radicals and non-radical derivatives are included in the ROS group. 

Researchers in the field of biomedicine did not separate free radicals 
from ROS since the majority of the free radicals found in biological 
environments are connected to oxygen [29]. In fact, ROS only cover a 
small part of what free radicals do, and because of their special physical 
and chemical characteristics, they have a lot of potential as cancer 
therapeutics. 

3. Types of free radicals 

In biological systems, oxidative breakdown of substrates is triggered 

by free radicals, which are a class of extremely active intermediates 
having one or more unpaired electrons [30]. Free radicals are very un-
stable, short-lived, and unselectively reactive towards surrounding 
molecules because of their high electrophilicity due to unpaired 
electrons. 

Generally, there are three main type of free radicals [31]: i) Reactive 
oxygen species (ROS), ii) reactive nitrogen species (RNS), and iii) other 
radicals without O or N elements. 

Because photosynthesis and aerobic respiration both use oxygen, 
oxygen radicals are the most prevalent free radicals in living systems. 
Singlet oxygen (1O2), superoxide (O2

•-), hydroxyl radical (•OH), and lipid 
peroxide (LPO) such as alkoxyl radical (RO•) and peroxyl radical (ROO•) 
are included in the ROS group. There are also non-radical ROS de-
rivatives such as H2O2, HOCl, 1O2, and ozone (O3), however they are not 
a free radical [32]. 

Nitric oxide (NO•) and nitrogen dioxide (NO2
•) are included in the 

RNS group. Reactive chlorine/bromine species (Cl•, Br•), reactive sulfur 
species (RS•), alkyl/carbon-centered radicals (R•/C•), and other reactive 
atom-centered radicals are examples of atomic and ionic non O or N 
radicals [31]. Protein degradation and DNA altering DNA are caused by 
Carbon-centered radicals (C-radicals) [33]. 

4. Free radical based nano cancer therapy 

The development of nanoagents for regulating free radicals as a 
potential therapy option for cancer has been substantial during the past 
few decades. Numerous special benefits result from the use of nano-
materials in free radical-regulating based treatment. In terms of their 
component materials, nanotherapeutics display a variety of intrinsically 
exciting biophysical and biochemical characteristics, such as a partic-
ular surface area, suitable nanoscaled size, and various aspect ratios. The 
blood half-life of nanomaterials is prolonged because they have the ideal 
size: large enough to avoid renal excretion (diameter of around 5–10 nm 
exceeds threshold size of kidney clearance by 40–50 kDa), yet tiny 
enough to infiltrate and concentrate in tumor [34]. Nanomaterials that 
are big tend to get stuck and build up in the spleen, liver, and lung 
capillaries [35]. On the one hand, nanotherapeutics can get beyond the 
shortcomings of classic small molecule medications’ limited bioavail-
ability and suboptimal targeting. In general, there are two ways for 
nanomaterials to get to the tumor: passive targeting and active targeting. 
Nanotherapeutics can be reach to tumor site by the passive targeting 
mechanism, also known as the enhanced permeability and retention 
(EPR) effect. In case of active targeting, nanomaterials can be engi-
neered by targeting ligand to bind specifically to tumor cells, then can 
successfully transport payloads to tumor site [36]. 

Formulation Size size Trigger System In vitro tumor models Ref. 

mPEG-CUR@Au – 73.8 ±
6.76 

X-ray 4T1 mammary 
carcinoma cells 

4T1 breast 
cancer 

[42] 

Match–AuNP–Tat 15.5 ± 1.9 37.7 ionizing radiation (IR) using a cesium-137 
(137Cs)-irradiator 

MDA-MB-435 cells  [43] 

TiO2(Gd) NPs 20 – X-ray MCF-7 MCF-7 [44] 
dAuNP-TPP 23.31 ± 3.00 78.8 ±

1.36 
X-ray 4T1 4T1 [45] 

Mn-MOF – 70 US irradiation H22 and 4T1 H22 and 4T1 [46] 
TiO1+x NRs 1.8 ± 0.67 nm (width) × 28.68 ± 4.24 

nm (length) 
– US 4T1 4T1 [47] 

COF–TiO2 380 – US 4T1 4T1 [48] 
SIWV-pSiNP 

(ICG) 
184 ± 81 – 808 nm laser U87MG and Huh7 U87MG [49] 

HMSNs-B-HA 170 ± 10 269 ± 3 808 nm laser 4T1 and 293T – [50] 
CoSx QDs 5.8 – CDT A431 and 4T1 4T1 [51] 
DOX@MDNs 200 ± 50 – CDT A549 – [52] 
Cu-Cys NPs 80 – CDT HeLa, MCF-7, and PC-3 MCF-7R [53] 
FCS MOFs 127.53 ± 24.47 – ferroptosis 4T1 4T1 [54] 
IONP–GA/PAA 13 70 ± 20 ferroptosis HT1080 – [55]   
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However, large-scale clinical uses of animal-derived materials like 
monoclonal antibodies and cell treatments would be severely hampered 
by factors including their undesirable immunogenicity, high technical 
expense, and manufacturing complexity. Nanotherapeutics, on the other 
hand, have the promise for clinical applications since they not only 
reduce cost and production complexity but also increase biocompati-
bility of the payloads through surface modification. 

Furthermore, to accomplish combination treatment, nanomaterials 
not only can transport numerous payloads at the same time, such as 
chemotherapeutic medicines, but also can be act as photosensitizers, 
sonosensitizers, and radio-sensitizers [37–39]. Combination cancer 
theraoy considerably boosting the final therapeutic efficacy. There are 
lots of reports that exploit nanotherapeutics for free radical based cancer 
therapy, which enables generate cascaded or highly efficient ROS/RNS 
[40]. 

When free radicals are produced in excess, they can disrupt tissue 
homeostasis and potentially kill off cells. As a result, cancer can be 
effectively treated with nanotherapeutics based on free radical pro-
duction [14,41]. 

Here, we provide a comprehensive overview of the most up-to-date 
uses of free radicals in cancer therapy via Photodynamic treatment 
(PDT), sonodynamic therapy (SDT), radiation therapy (RT), chemo-
dynamic therapy (CDT), and ferroptosis therapy approaches (Fig. 1.). 

4.1. Radiation therapy (RT) 

Because of its potential to effectively eradicate deep-seated tumors, 
X-ray-driven RT is still one of the most accessible conventional cancer 
treatment modalities paired with chemotherapy or surgery in the clinic. 

Compton scattering, which produces high-energy electrons known as 
"secondary electrons," is the principal interaction of photons with cells 
that might alter biological structures in radiation treatment. According 
to the radiobiology literature, DNA is the most important radiation 
target in the cell. There are two possible routes through which radiation 
might interact with DNA: directly and indirectly. Damage to DNA 
molecule can be caused by direct ionization if enough radiation energy is 
deposited. In indirect mevhanism, radiation may damage DNA by first 
transferring its energy to nearby water molecules, which then produces 
free radicals, most notably hydroxyl radicals. Double-strand breaks 
(DSBs) and single-strand breaks (SSBs) are types of DNA damage caused 

by the removal of a hydrogen atom from deoxyribose by an activated 
hydroxyl radical. DNA DSBs are much less common than SSBs, but they 
cause far more genetic information to be lost and are thus among the 
most deadly lesions [56,57]. 

High-energy ionizing radiation (e.g. X-ray) may generate ROS 
including 1O2 and •OH, which can subsequently attack neighboring 
tissues and macromolecules (particularly DNA) to cause cell damage, 
making RT a viable therapeutic modality without penetration depth 
constraint. 

Even with progress, however, the fact that some malignancies are 
resistant to radiation is a major cause for concern since it might raise the 
risk of tumor recurrence after treatment. Because the tumor tissues 
absorb so little radiation energy, a high-energy dosage of the radiation 
beam is necessary, which may cause harm to nearby healthy tissues as 
well. To combat tumor radioresistance without causing unacceptable 
damage to surrounding normal tissue, many NPs have been produced 
and used in RT. Such NPs have a significant potential for therapeutic 
usage and are often constructed of high-atomic-number elements (high- 
Z NPs). Since high-Z NPs have a higher mass energy absorption coeffi-
cient than soft tissue, they are used as radiosensitizers to boost the 
dosage deposited in the target volume [58]. 

Photoelectric effect, Rayleigh scattering, Compton scattering, Auger 
electrons, and fluorescence photons are several physical processes which 
occurred when X-rays are used to irradiate materials. Among these 
processes, ROS may be produced to variable degrees using Auger elec-
trons, Compton electrons, and electrons produced by the photoelectric 
effect. 

A wide range of radiosensitizers have been used to increase the 
radiosensitization of cancer cells in order to increase ROS production 
and RT effectiveness [59]. Numerous studies have been conducted on 
high Z-NPs, such as gold (Au) [42,43], gadolinium (Gd) [44], Bismuth 
(Bi) [60], and hafnium (Hf) [61], as effective radiosensitizers for RT. 

Recently, Zhao et al. prepared mitochondria-targeting and PSA- 
reactive gold nanoparticles (dAuNP-TPP) for induce significant ATP 
reduction and mitochondrial dysfunction, as well as radiosensitization 
under X-ray irradiation [45] (Fig. 2a and b). dAuNP-TPP are made by 
functionalization the surface of AuNPs with cationic triphenylphosphine 
(TPP) and a PSA-reactive group (1,3-cyclohexanedione, CHD). Intra-
cellular ROS level within cancer cells show that Au NPs produce ROS. 
Also, the green fluorescence was brightest in the cells that were treated 

Fig. 1. Some possible approaches for exploiting free radicals in cancer therapy.  
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with dAuNP-TPP + RT, and was about 2.52 times stronger than in the 
control cells treated with AuNP-TPP + RT (Fig. 2c). 

In another study, silica-coated iron oxide magnetic nanoparticles 
(SIONPs) ability in enhancement of radiation dose in MCF-7 cells was 
studied [62]. Cells treated with 5 and 10 μg/mL of IONPs exhibited dose 
enhancement factor DEF values of 1 and 1.09, whereas those treated 
with SIONPs at comparable concentrations had DEF values of 1.21 and 
1.32. It was shown that PEGylated gold NPs are able to generate ROS 
near the surface of them after exposing to 6 Gy RT by 7-fold [63]. 

In order to specifically improve the efficacy of radiotherapy, folic 
acid (FA) conjugated Bi2S3–Au heterodimers (High Z-NPs), which have 
the potential to generate free radicals, are being studied by Abhari et al. 
[64] (Fig. 3a). As shown in Fig. 3b and c, their result not only approve 
the ROS generation inside 4T1 cells, but also show significant thera-
peutic efficacy of designed NPs. 

In order to maximize the effect of •OH production, Maksimchuk et al. 
irradiated UV-light-pretreated (Gd,Y)VO4:Eu3+ NPs with X-ray [65]. 
UV-treated (Gd,Y)VO4:Eu3+ NPs exposed to X-ray irradiation induces 
both hole release and H2O2 radiolysis. 

It is critically important, but so far difficult, to create a radio-
sensitizer that reacts to both X-rays and the TME. Zhou et al. consider the 
use of bismuth heteropolytungstate (BiP5W30) nanoclusters as radio-
sensitizers for TME-manipulated radiotherapy improvement [66]. It is 

worth mention that Bi and W high-Z elements in the structure of NPs can 
increase radiation dose deposition in cancer cells. In addition, they are 
able to deplete GSH via redox reaction and catalyze the breakdown of 
H2O2 to •OH to increase ROS formation following X-ray radiation 
because of their unusual electron structure and multi-electron feature. 
Furthermore, through enhancing electron-hole separation, reduced 
graphene oxide (rGO) paired with BiP5W30 can further enhance radio-
catalytic activity. 

More recently, ZrRnMn-based metal–organic nanostructures (MON) 
radiosensitizer was harnessed to combining ROS generation and CO gas 
release [67]. In this well designed multifunctional X-ray reactor: i) Zr 
cluster entrap X-rays after absorbing them, then preventing energy and 
electron loss. ii) Ru (bpy)2 was later triggered to create ROS. iii) Con-
verting X-ray energy into chemical energy enable bromipentacarbo-
nylmanganese ([MnBr(CO)5], abbr: MnCO) to liberate CO gas. To 
amplify the RT effect from single X-rays, ZrRuMn-MONs@mem offers a 
potential power via combining ROS generation and CO gas release. 

4.2. Sonodynamic therapy (SDT) 

Ultrasonic waves have thermal and non-thermal effects. In specif-
ically, the term "thermal effects" refers to a rise in temperature that 
occurs as a result of the absorption of ultrasonic waves by a tissue, which 

Fig. 2. a) Preparation of the dAuNP-TPP nanoprobe, b) Schematic illustration of ROS-induction by dAuNP-TPP in Mitochondria, and c) Fluorescence imaging of ROS 
in 4T1 cells. Adapted with permission [45]. Copyright 2022, ACS. 
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results in the tissue undergoing mechanical compression and decom-
pression. The effects of friction cause some of this mechanical energy to 
be wasted, and it is turned into heat in the process. Because of this, 
changes can take place in the permeability of cell membranes in bio-
logical systems [68]. 

Microstreaming, radiation forces, and stable and inertial cavitation 
are some of the mechanisms that make up the non-thermal action of 
ultrasound, which is a complex and diverse set of phenomena [69]. 
These occurrences have the potential to cause a rise in temperature in 
addition to the induction of mechanical stresses, in particular those 
known as microjets and microstreams [70]. More specifically, during the 
process of non-inertial cavitation, also known as stable cavitation, the 
gas pockets that are present in the liquid oscillate around an equilibrium 
radius and can remain for several cycles of acoustic compression and 
decompression. Fluid streaming is produced as a result of these oscil-
lations, and the medium is mixed as a result of the mechanical stresses 
[71]. The inertial cavitation process, on the other hand, is what happens 
when gas bubbles trapped in a fluid are exposed to ultrasound and un-
dergo fast expansion and violent collapse. High pressures and temper-
atures (more than 800 atm) are created during such a collapse, releasing 
a significant amount of energy [71]. ROS can be produced as a result of 
inertial cavitation’s ability to cause water thermal dissociation. 

The development of SDT as an alternative method of treating cancer 
is quite new. It works by using low-power ultrasound and sonically 
activated sonosensitizer [72]. The greater tissue penetration depth of 
SDT over PDT is its primary benefit [73]. Ultrasound (US) is appealing as 
a possible external excitation in cancer treatment since it is a noninva-
sive mechanical wave with greater tissue penetrability with the depth 
over 10 cm below the skin and minimal injury to surrounding normal 
tissues [74]. In SDT, several compounds have been used, including 
porphyrins, some anticancer medications, and various type of NPs [75]. 
Additionally, microbubbles have been described in the literature as an 
adjuvant for sonosensitizers [76]. In SDT, US is used to activate sono-
sensitizers, which then generate free radicals, cavitation, gas bubbles, 
and hyperthermia, all of which can cause cell death [77]. As stated 
above, the production of ROS is triggered by the sonosensitizer when it is 
subjected to low-intensity ultrasound. 

Organic tiny molecules (such as hematoporphyrin and rose bengal) 
and inorganic semiconductor NPs (e.g., TiO2 and black phosphorus) are 
only two examples of the many sonosensitizers identified so far. In most 
cases, the excitation of sonosensitizers by US can result in the production 
of free radicals. 

Porphyrin-based compounds or xanthene dyes were studied in the 

early research of SDT, because they were already in use for PDT. Ul-
trasound also induces comparable ROS-mediated cytotoxic effects with 
them [78]. To improve SDT and ferroptosis, Xu et al. fabricated a 
nanosensitizer composed of manganese porphyrin-based metal-organic 
frameworks (Mn-MOFs) [46]. This nanosensitizer can self-supply oxy-
gen (O2) while simultaneously decreasing GSH. In vitro results show that 
Mn-MOF able to act similar to catalase and decreased GSH. Inside cancer 
cells, Mn-MOF continued to catalyze tumor-overexpressed H2O2 to 
create O2 in-situ to treat tumor hypoxia and reduce GSH and GPX4, 
which promoted the production of ROS and ferroptosis to accelerate the 
death of cancer cells during US radiation in hypoxic tumors. The ma-
jority of organic sonosensitizers suffer from limited water solubility, 
rapid metabolism, instability, and possible phototoxicity. Xie et al. 
synthesized water-soluble iridium (III)-porphyrin sonosensitizer 
(IrTMPPS) as sonosensitizers for improved SDT (Fig. 4a and b) [79]. 
Under US irradiation, IrTMPPS produced large amounts of singlet oxy-
gen (1O2) and had unique US-activatable properties at depths more than 
10 cm. Compared to other groups, green fluorescence from SOSG 
oxidation by 1O2 was clearly visible in the IrTMPPS + US group, indi-
cating that a substantial quantity of 1O2 was unquestionably created 
(Fig. 4c). 

NPs can improve the SDT efficacy, because of reducing the cavitation 
threshold through introducing cavitation bubble nucleation sites in a 
liquid [80]. Therefore, SDT nano-sonosensitizers have developed 
rapidly in recent years. TiO2 NPs have attracted extensive attention as a 
nano-sonosensitizers, because of their excellent chemical stability and 
low phototoxicity. However, the quick electron-hole recombination of 
TiO2 NPs results in poor ROS quantum yield and restricts their use in free 
radical-based SDT and subsequent clinical translation. Chen and col-
leagues created polyethylene glycol (PEG)-modified ultrafine titanium 
monoxide nanorods (PEG- TiO1+x NRs) with dramatically increased 
sonosensitization and Fenton-like catalytic activity, to improve the 
formation of ROS (Fig. 5a) [47]. As can be seen in Fig. 5b the 
oxygen-poor structure of TiO1+x NR, which acts as the charge trap to 
limit the recombination of US-triggered electron-hole pairs, the 
PEG-TiO1+x NRs resulted in much more efficient US-induced generation 
of reactive oxygen species (ROS) compared to the conventional sono-
sensitizer, TiO2 nanoparticles. 

In another study, covalent organic framework–titanium oxide 
nanoparticles (COF–TiO2 NPs) for enhanced SDT [48]. Because 
COF–TiO2 nanoparticles have a narrower band gap than pure TiO2 NPs a 
lot of ROS can be produced when exposed to US irradiation. Poly 
(ethylene glycol)–poly (propylene sulfide) (PEG–PPS) as a amphiphilic 

Fig. 3. a) Synthesis process and possible anticancer mechanism of Bi2S3–Au-BSA-FA hybrids, b) ROS generation within 4T1 cells, and c) Tumor photos of mice after 
treatment with different treatment plans. Adapted with permission [64]. Copyright 2020, ACS. 
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polymer used for preparation of micelle to encapsulation of Fe3O4 and 
hypocrellin (HC) for combination ferroptosis and SDT [81]. ROS was 
produced by HC under US irradiation, result is the breakdown of mi-
celles. Then, the released Fe3O4 produces Fe2+, which catalyzes the 
formation of •OH from hydrogen peroxide. Schematic illustration of 
synthesis process and also possible combined ferroptosis and SDT was 
shown in Fig. 6. 

4.3. Photodynamic therapy (PDT) 

Current phototherapy-based approaches such as photothermal 
therapy (PTT) and PDT alone or in combination with conventional 
cancer treatments such as chemotherapy, surgery, immunotherapy, or 
radiotherapy may be promising for minimizing the risk of cancer pro-
gression or mortality [82]. PDT, is a type of therapeutic treatment that 
involves the use of a laser in conjunction with a photosensitizer (PS). 
When subjected to light, the PS transfers energy to the oxygens that are 
nearby, therefore producing ROS, which are responsible for the death of 
the target cancer cells [83]. In the aerobic conditions under the excita-
tion of a specific wavelength light photoactivatable drugs (e.g. PS) can 
directly or indirectly produce cytotoxic ROS including •OH, O2

•- and 1O2. 
NPs have been employed as potential tools for PDT due to their 

ability to increase the water solubility of the PS while also improving its 
delivery efficiency. On the other side, NPs can also act as PS, then 
improve targeting ability and PDT efficacy. While organic PSs are 
commonly employed as type-II PDT agents, various inorganic semi-
conductor nanomaterials have been investigated as type-I PSs. Although 
indocyanine green (ICG) is widely used as a PS agent in PDT, it has a 
number of limitations that limit its use. While several NPs-based stra-
tegies have been investigated as potential solutions to these problems, 
they still have drawbacks such immunogenicity and poor delivery to the 
tumor. 

To address this problems Kang et al. developed SIWV peptide- 
functionalized and ICG-incorporated porous silicon NPs (pSiNPs) 
(Fig. 7) [49]. In addition to its nontoxicity and laser-triggered in situ 
ROS production, the SIWV-pSiNP(ICG) demonstrated remarkable tar-
geting capacity to glioblastoma (GBM) cells. In comparison to nonlaser 
irradiated cells, the fluorescence of the ICG + laser-treated cells and the 
pSiNP(ICG) + laser-treated cells was 4.8 and 4.7 times greater, respec-
tively. As compared to the control group, the laser-treated group had an 
intracellular ROS level 8.9 times higher for SIWV-pSiNP(ICG) and 1.9 
times higher for ICG and pSiNP(ICG). 

The pH-sensitive targeted drug delivery system based on hollow 

mesoporous silica NPs (HMSNs) used as nanocarriers for delivering 
doxorubicin hydrochloride (DOX) and indocyanine green (ICG) [50]. 
Huo et al. developed a near-infrared-driven PDT platform, known as 
UR-Cyan cells. It is based on photosynthetic cyanobacterial cells hy-
bridized with PS rose bengal (RB)-loaded upconversion nanoparticles. 
By being photosynthetically active for oxygen production and photo-
sensitive for the subsequent singlet oxygen generation by the photo-
sensitizer, the formulated UR-Cyan cells allow for increased and 
sustained PDT efficacy against tumor cells/tissues when exposed to 980 
nm laser and its upconversions to shorter wavelengths [84]. 

4.4. Chemodynamic therapy (CDT) 

For in situ ROS formation and tumor therapy, CDT often relies on 
Fenton or Fenton-like reactions. CDT has attracted significant attention 
from researchers as a potential method for treating cancer-related dis-
eases. This approach involves the use of on-site active chemical species 
to eliminate cancer cells, without the need for external stimuli sources 
[85]. Through the Fenton reaction driven by iron ions, CDT can trigger 
tumor cell death by converting intratumoral hydrogen peroxide (H2O2) 
into extremely deadly hydroxyl radicals (•OH). Toxic •OH is a kind of 
harmful free radicals which may cause considerable protein inactiva-
tion, phospholipid membrane peroxidation, and DNA damage in tumor 
cells. Similarly, cancer treatment has made use of ROS formation via 
nanocatalytic reactions, such as those induced by other metal ions in 
Fenton-like reactions or other non-Fenton mechanism chemical pro-
cesses [86]. CDT typically relies on the classical Fenton reaction (Fe2+ +

H2O2 → Fe3+ + •OH + OH− ) or Haber–Weiss reaction (O2
•- + H2O2 → 

•OH + OH− + O2). Furthermore, the Fenton reaction is prone to being 
launched in the presence of TME, which contains an excess of hydrogen 
ions, lactic acid, and H2O2. 

Along with the fast growth of nanotechnology, several Fenton 
nanocatalysts have been created for CDT in order to maximize its effi-
cacy. Most developed CDT agents are inorganic nanomaterials con-
taining transition metal ions (e.g., Fe, Co, Ni, Cu, and Mn). 

Bu et al. developed a simple approach to manufacture amorphous 
iron nanoparticles (AFeNPs) with superior physicochemical attributes to 
those of its crystal equivalent, iron nanocrystals [87]. To specifically 
eliminate tumor cells, the as-prepared ionized AFeNPs released Fe2+

into the TME, which led to the disproportionation of H2O2, which in turn 
generated a significant number of radical •OH. 

CDT seems promising, but to maximize its functional performance, 
either suitable metal-based nanomaterials or the right reaction 

Fig. 4. a) Schematic illustration of anticancer activity of IrTMPPS under US, b) Synthesis process of IrTMPPS, and c) Intracellular ROS generation assay, confocal 
microscopy images of 4T1 cells treated with IrTMPPS and co-stained with SOSG. Adapted with permission [79]. Copyright 2021, ACS. 
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environment are needed (e.g., lowered pH, and GSH levels, or increased 
H2O2 quantities). Due of this, a lot of work is being put into creating 
possible CDT agents or altering TME to increase the effectiveness of CDT. 

Chen et al., in order to enhancing the CDT effect designed β-lapa-
chone (Lapa) loaded iron oxide nanocarriers (Fe3O4-HSA@Lapa) to 
amplify intracellular oxidative stress (Fig. 8a) [88]. In addition to 
boosting H2O2 production at tumor site via NAD(P)H: quinone oxido-
reductase 1 (NQO1) catalysis, the released Lapa from intravenously 
administered Fe3O4-HSA@Lapa NPs was able to drastically lower GSH 
levels caused by the depletion of NADPH. Next, the iron ions introduced 
by Fe3O4 would set off a Fenton reaction under an acidic TME, con-
verting the significantly elevated H2O2 within the cell into •OH, and 
therefore greatly improving the CDT’s efficacy in NQO1-overexpressing 
malignancies. ROS generation assay (Fig. 8b and c) show that the 
Fe3O4-HSA NPs and Lapa cotreated group produced more ROS than the 
free Lapa treated group, providing further evidence that the NPs were 
responsible for the increase in ROS. Elevated Lapa accumulation in cells 
following endocytosis of Fe3O4-HSA@Lapa NPs significantly increased 
ROS levels compared to Fe3O4-HSA + Lapa treatment. In addition, 

because of improving cellular uptake of NPs via magnet (magnet--
mediated cellular uptake), compared to Fe3O4-HSA@Lapa NPs without 
magnet treatment, Fe3O4-HSA@Lapa NPs with magnet treatment 
significantly increased ROS levels in A549 cells. Additionally, the NQO1 
inhibitor dicoumarol (DIC) totally blocked ROS production generated by 
Lapa, revealing that ROS production was dependent on the NQO1 
enzyme [88]. 

Other transition metals besides iron ions (Fe) include cobalt (Co) 
[51], copper (Cu) [89], silver (Ag) [90], manganese (Mn) [52], and 
nickel (Ni) [91] have Fenton-like capabilities for CDT. 

For example, self-assembled copper–amino acid mercaptide nano-
particles (Cu-Cys NPs) was used for in situ glutathione-activated and 
H2O2-reinforced CDT (Fig. 9) [53]. Cu-Cys NPs might initially react with 
local GSH after being endocytosed into tumor cells, causing GSH 
depletion and reducing Cu2+ to Cu+. The produced Cu+ would then 
undergo a Fenton-like reaction with nearby H2O2 to produce harmful 
•OH. 

Fig. 5. a) Schematic illustration of ultrafine TiO1+x NRs sonosensitizer for SDT/CDT of Cancer, b) Confocal images of DCFH-DA-stained 4T1 cells after different 
treatments. Adapted with permission [47]. Copyright 2020, ACS. 
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4.5. Ferroptosis therapy 

Besides apoptosis, necrosis, and autophagy, ferroptosis is a recently 
identified mechanism of controlled cell death that is characterized by 
iron- and ROS-dependence as well as excessive polyunsaturated fatty 
acid peroxidation (PUFAs) [92,93]. Ferroptotic cells exhibit distinctive 
changed morphology, including intact cell membranes, dispersive 
chromatins, and remarkable mitochondrial modifications such as 
smaller, shrinkable mitochondria, diminished mitochondrial crista, and 
damaged mitochondrial outer membrane [94]. Ferroptosis differs from 
well-studied apoptosis, necrosis, and autophagy in biochemical and 
genetic characteristics as well as morphology. Ferroptosis is a type of 
controlled cell death that depends on iron and ROS. It is getting a lot of 
attention from researchers very quickly. 

Inhabitation of the canonical ferroptosis induction of the molecular 
guardians is the first strategy to promote ferroptosis-induced cancer 
therapy, which can reduce lipid peroxidation. And another one the non- 
canonical ferroptosis induction, which involves increasing the labile 
iron pool (LIP) to improve ROS production [95]. On the basis of the 
aforementioned two methodologies, major efforts have so far fostered 
the logical design of ferroptosis-based nanotherapeutics for cancer 
therapy. i) Tumor cell lipid peroxidation caused by external manipula-
tion of PUFAs and ii) tumor cells’ ROS levels are elevated by inducing 
the Fenton reaction, leading to a greater loss of GSH, and decreasing 
production of glutathione peroxidase 4 (GPX4, a biomarker of ferrop-
tosis that can destroy cellular lipid peroxides). 

As a latter ferroptosis-facilitating strategy, which is linked to the ROS 
production mechanism, one of the most extensively used ways to induce 
ferroptosis is by raising the iron ion (Fe2+ or Fe3+) concentration by 
utilizing iron-containing NPs within tumor cells to start Fenton reaction. 

Liang et al. prepared a PEGylate metal-organic frameworks involving 
Fe & Cu ions with disulfide bonds (FCSP MOFs). FCSP MOFs can be 

degraded within tumor, result in GSH-depletion and GPX4 inactivation, 
as well as Fe ions releasing to produce ROS through Fenton reaction 
[54]. Since DOX may directly cause apoptosis and indirectly create H2O2 
to accelerate Fenton reaction, it might be a better way to treat tumors 
more effectively by loading DOX. 

Fernández-Acosta et al. synthesized iron oxide nanoparticles coated 
with gallic acid and polyacrylic acid (IONP–GA/PAA), which could in-
duces ferroptosis in glioblastoma, neuroblastoma, and fibrosarcoma 
cells [55]. 

Under visible light irradiation, ferrous oxalate (FeC2O4) self- 
assembled nanorods coupled with a graphitic carbon nitride (g-C3N4) 
photo-Fenton catalyst may catalyze H2O2 to •OH [96]. Ferroptosis oc-
curs as a result of an increase in intracellular ROS and a reduction in GSH 
after exposure to visible light-irradiation of Fe/CN-180, which effec-
tively react with hydrogen peroxide and forms hydroxyl radical. 

5. Conclusions and future perspectives 

PDT, SDT, RT, CDT, and ferroptosis therapy have used free radicals 
for cancer treatment. Free radicals have advantages over other sub-
stances used in cancer treatment, such as chemotherapeutic medicines, 
photothermal agents, and different nanostructures. Free radicals have a 
wide range and regulated reactivity, oxygen independence, molecular 
magnetic, NIR-I/NIR-II absorption/emission, etc. due to their unpaired 
valence electrons. These features give free radicals promising possibil-
ities for addressing issues that conventional materials cannot address. 
But there are still some problems that make it hard to use free radicals in 
the biomedical field in a wide range of ways. The challenge with active 
radicals is how to further enhance their therapeutic precision while 
minimizing their adverse effects on healthy tissue. The behavior and fate 
of stable/stabilized radicals should be further investigated in animal 
models. The development of free radicals-mediated cancer theranostics 

Fig. 6. Schematic illustration of synthesis process of HC and Fe3O4 co-encapsulated PEG–PPS and also possible combined ferroptosis and SDT. Adapted with 
permission [81]. Copyright 2022, ACS. 
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is very important if we want to improve the effectiveness of cancer 
treatments. The following factors are worth considering for the future: I) 
Creating new free radicals with diverse reactivity and functionalities. II) 
Designing materials for improve tumor homing and avoiding the side 
effects. III) Further exploring the mechanism of action. IV) Using com-
bination therapies to maximize their effectiveness. 
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Fig. 7. a) Proposed mechanism of action of SIWV-pSiNP(ICG), and b and c) ROS generation assay: CLSM images of U87MG cells incubated. Adapted with permission 
[49]. Copyright 2022, ACS. 

Fig. 8. a) Schematic illustration of possible anticancer mechanism of Fe3O4-HSA@Lapa NPs, b) Confocal microscopy images of DCF fluorescence in A549 cells 
exposed to Ctrl (I), Fe3O4-HSA NPs(II), Lapa (III), Fe3O4-HSA + Lapa (IV), Fe3O4-HSA@Lapa NPs (V), Fe3O4-HSA@Lapa NPs with magnet (VI), and Fe3O4- 
HSA@Lapa NPs with magnet + DIC (VII), followed by staining with DCFH-DA. DIC was used to inhibit activity of the NQO1 enzyme, c) DCF fluorescence in-
tensity analysis from flow cytometry. Adapted with permission [88]. Copyright 2019, ACS. 
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