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SUMMARY
Radiotherapy has long been recognized as an effective conventional approach in both clinical and scientific
research, primarily throughmechanisms involving DNA destruction or the generation of reactive oxygen spe-
cies to target tumors. However, significant challenges persist, including the unavoidable damage to normal
tissues and the development of radiation resistance. As a result, nanotechnology-based radiotherapy has
garnered considerable attention for its potential to enhance precision in irradiation, improve radiosensitiza-
tion, and achieve therapeutic advancements. Importantly, radiotherapy alone frequently falls short of fully
eradicating tumors. Consequently, to augment the efficacy of radiotherapy, it is often integrated with other
therapeutic strategies. This review elucidates themechanisms of radiotherapy sensitization based on diverse
nanoparticles. Typically, radiotherapy is sensitized through augmenting reactive oxygen species production,
targeted radiotherapy, hypoxia relief, enhancement of antitumor immune microenvironment, and G2/M cell
cycle arrest. Moreover, the incorporation of nanoparticle-based anti-tumor strategies with radiotherapy
markedly enhances the current state of radiotherapy. Additionally, a compilation of clinical trials utilizing
nano-radioenhancers is presented. Finally, future prospects for clinical translation in this field are thoroughly
examined.
INTRODUCTION

Cancer constitutes one of the primary causes of mortality on a

global scale.1 According to the 2022 global cancer statistics

published by the International Agency for Research on Cancer

(IARC), approximately 20 million new cancer cases were diag-

nosed, and nearly 9.7 million cancer-related deaths occurred

in that year. Moreover, projections indicate that the global can-

cer burden will escalate to 35 million cases by 2050.2 Conse-

quently, cancer poses a significant and persistent threat world-

wide. Thus, it is imperative to advance antitumor therapeutic

strategies to address this critical health challenge.

At present, traditional cancer treatment modalities primarily

encompass surgery, radiotherapy (RT), and chemotherapy.

Among these, RT is distinguished by its noninvasive approach

to targeting localized tumors. It is estimated that approximately

60% of patients with cancer undergo RT at different stages of

their disease.3 RT kills tumor cells by damaging their DNA, hin-

dering cell growth and division. On one hand, it directly causes

double-strand breaks in DNA, which are difficult for cells to repair

correctly. Ionizing radiation can also cause DNA single-strand

breaks, which are usually repairable but may lead to mutations

or cell death if numerous or improperly repaired. It can also

chemically alter DNA bases such as adenine and guanine, dis-

rupting replication and transcription. Additionally, radiation can
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decompose water molecules in cells into reactive oxygen spe-

cies (ROS) such as hydroxyl radical (,OH), superoxide anion

(O2
,�), and hydrogen peroxide (H2O2). ROS are highly reactive,

quickly damaging DNA by causing base damage and strand

breaks. They also impact cell membranes and proteins, leading

to lipid peroxidation and protein denaturation, which can disrupt

cell function and trigger apoptosis.4–7

Furthermore, intracellular levels of ROS may rise during RT,

which can induce apoptosis through either extrinsic or intrinsic

pathways.8–10 However, the efficacy of RT in achieving signifi-

cant therapeutic outcomes is primarily constrained by three

factors: i) Unavoidable side effects: High doses of radiation

can effectively eliminate tumor cells but may also inflict

damage on adjacent healthy tissues, resulting in both acute

and chronic toxicity.11–13 ii) Radioresistant tumor microenviron-

ments: The therapeutic effects of RT under hypoxic conditions

are approximately one-third of those under normoxic condi-

tions.14 A hypoxic microenvironment can preserve the stemness

of cancer stem cells, thereby enabling them to evade the

effects of RT.15 Furthermore, various DNA repair mechanisms

facilitated by hypoxia can further diminish the effectiveness

of RT.16,17 Additionally, elevated levels of glutathione (GSH)

in the tumor microenvironment (TME) can inhibit radiation-

induced apoptosis by reducing ROS production and protect

tumor cells against ROS through extracellular matrix (ECM)
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remodeling.18,19 iii) Immunosuppressive tumor microenviron-

ments: Myeloid-derived suppressor cells (MDSCs), tumor-asso-

ciated macrophages (TAMs) and RT-induced increase in sup-

pressive regulatory cells (Tregs) within the TME are crucial in

facilitating tumor progression and augmenting cancer cell resis-

tance. This occurs through the recognition of other immune cells

and the secretion of immunosuppressive cytokines.20–26 Conse-

quently, it is essential to enhance the sensitivity of RT and

improve its therapeutic efficacy.

In recent years, the swift progression of nanomaterials has

highlighted the significant potential of nanoparticles (NPs) for a

wide range of applications in drug delivery, diagnostic imaging,

and therapeutic strategies within the field of biomedicine. NPs

serve as carriers for various therapeutic agents, including

chemotherapeutic drugs, immunomodulators, and radiosensi-

tizers, thereby augmenting therapeutic efficacy. Notably, NPs

can be directed to specific cells or tissues through surface modi-

fication with targeted ligands or antibodies. The targeting capa-

bility of NPs confers a substantial advantage in drug delivery ap-

plications, facilitating the precise delivery of therapeutic agents

or radiosensitizers directly to tumor sites, thereby minimizing

collateral damage to healthy tissues. NPs-mediated drug deliv-

ery systems, characterized by controlled release mechanisms,

can extend the duration of drug efficacy while reducing adverse

side effects. Furthermore, advancements in synthesis and

surface modification techniques allow for the development of

biocompatible NPs with tailored shape, size, and surface prop-

erties, thereby enhancing therapeutic efficacy across diverse

biological systems.27–30 Hence, the distinctive physicochemical

properties of NPs hold significant potential for improving RT out-

comes and the application of nanotechnology in RT is undergo-

ing rapid advancement.

Specifically, numerousNPs, particularly gold NPs (AuNPs) and

hafnium oxide (HfO2) NPs (such as NBTXR3), have been shown

to substantially augment the local radiation dose.31,32 Their

high atomic number enables them to absorb a greater quantity

of X-rays, resulting in the generation of secondary electrons

and free radicals that further damage the DNA of cancer cells,

thereby enhancing the efficacy of RT. Additionally, certain NPs

can influence the cell cycle of cancer cells, inducing them to

remain in a more radiation-sensitive phase (e.g., the G2/M

phase), which further amplifies the cytotoxic effects of RT.33

Furthermore, research has demonstrated that gold and silver

NPs can inhibit the expression of DNA repair genes, thereby

impeding the ability of cancer cells to repair radiation-induced

DNA damage.34 This mechanism enhances the efficacy of RT

in eradicating cancer cells while minimizing damage to normal

cells. Additionally, NPs can serve as imaging contrast agents

to improve the precision of RT localization. Functionalized NPs

have the capability to preferentially accumulate in tumor tissues

via the enhanced permeability and retention (EPR) effect,

thereby minimizing adverse effects on healthy tissues and

enhancing the specificity of therapeutic interventions. Further-

more, NPs can be integrated with RT to activate or modulate

the immune system’s response to cancer.35–37 When integrated

with NPs, RT facilitates the release of tumor-associated antigens

(TAAs) from cancer cells and stimulates antigen-presenting cells

(APCs), thereby augmenting the immune response against tumor
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cells and potentially improving the long-term prognosis of pa-

tients with cancer. As more efficient nanoparticle formulations

are developed in conjunction with RT, this approach may

become a fundamental component of cancer treatment regi-

mens. In this review, we focus on the recent advancements in

nanoparticle-based RT for cancer treatment. (Figure 1). The dis-

cussion begins by examining the various NPs utilized in RT and

exploring the mechanisms that underlie RT sensitization. These

mechanisms encompass enhanced ROS generation, inhibition

of hypoxia, targeted radiation, improvement of the tumor im-

mune microenvironment, and induction of G2/M cell cycle arrest

(Table 1). Subsequently, we introduce synergistic strategies

involving RT, including radiodynamic therapy/RT, thermother-

apy/RT, immunotherapy/RT, and chemotherapy/RT (Table 2).

Following this, we present clinical trials exploring the application

of nanotechnology in RT (Table 3). Lastly, we offer our conclu-

sions and discuss future perspectives.

NANOPARTICLES FOR ENHANCED RADIOTHERAPY

Nanomaterials exhibit significant promise in the field of cancer

RT, particularly in augmenting treatment efficacy and mitigating

adverse side effects. As advancements in nanomaterials persist,

an increasing number of innovative radiosensitizers are antici-

pated to be implemented in clinical settings to further enhance

therapeutic outcomes. Different categories of RT-sensitizing

nanomaterials possess distinct advantages in terms of their

structural attributes, functional performance, and underlying

mechanisms. The selection of suitable nanomaterials should

be guided by factors including tumor characteristics, therapeutic

targets, and the prescribed radiation therapy dosage. This

section will discuss the NPs that are predominantly employed

in current research.

Metal and metal oxide NPs are widely used in RT, such as

AuNPs, silver NPs (AgNPs), zinc oxide NPs (ZnO NPs), cerium

oxide NPs (CeO2 NPs) and so on, mainly to improve the damage

efficiency of tumor cells through enhancing the absorption of ra-

diation while reducing the damage to normal tissues. One of the

primary advantages of using metal and metal oxide NPs, partic-

ularly those with high atomic numbers, is their ability to absorb

and scatter ionizing radiation more effectively. This character-

istic allows for a higher dose of radiation to be deposited within

the tumor, thereby increasing the likelihood of tumor cell

destruction while sparing normal cells from excessive radiation

exposure.97,98 Moreover, these NPs can also facilitate the gener-

ation of ROS upon irradiation, which further contributes to the

induction of apoptosis in cancer cells. The oxidative stress

induced by ROS can overwhelm the antioxidant defenses of can-

cer cells, leading to programmed cell death pathways such as

apoptosis and autophagy.99 For instance, Titanium peroxide

NPs (TiOx NPs) can generate intolerable levels of ROS to elimi-

nate pancreatic cancer stem cells.100 The functioned HfO2 NPs

(NBTXR3) and gadolinium-based NPs (AGuIX) have been used

in clinical trials.80,89

Polymer-based nanomaterials, such as polylactic acid-hy-

droxyacetic acid (PLGA) and polyethylene glycol (PEG)-modified

NPs,101,102 with adjustable drug release kinetics, biocompati-

bility, and biodegradability, possess relatively superior



Figure 1. Mechanism of radiosensitization and strategies synergistic with RT
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prospects in RT enhancement by loading radiosensitizers (e.g.,

small chemical radiosensitizers or high-Z metal NPs).64,103 In

recent years, significant progress has been made in the study

of polymer-based delivery nanosystems to specifically target tu-

mor tissue and gradually release radiosensitizers, thereby

improving the therapeutic efficacy of RT and reducing damage

to healthy tissue. Specifically, nanoscale coordination polymers

can sensitize RT via ,OH formation and GSH elimination.104

Nanosensitizer-based dendrimer-entrapped Au NPs can func-

tion as a gene delivery system of siRNA to knock down
HIF-1a, realizing enhanced tumor RT endogenously and exoge-

nously.105 Hence, in future studies, polymer-based nanomateri-

als are expected to play a greater role in cancer therapy, espe-

cially in the targeted delivery and reducing side effects.

Carbon-based nanomaterials are effective in generating ROS

in RT, leading to damage to the cell membrane and intracellular

structures, thus inducing apoptosis of tumor cells. In recent

years, researchers have found that carbon nanomaterials such

as graphene oxide (GO), can produce photothermal effects

under near-infrared light irradiation, and then improve the
iScience 28, 111602, January 17, 2025 3



Table 1. Summary of the mechanisms of radiotherapy sensitization based on nanoparticles

Mechanism* Nanoplatforms Stimulus Orthotopic/xenograft Tumor models References

ROS (High Z NPs) GNWs

SeNPs

Ta@PVP NPs

GSH

/

NIR

xenograft

xenograft

metastatic

4T1

HeLa/CaSki/SiHa

4T1-Luc

Bai et al.38

Xu et al.39

Ji et al.40

– AGuIX-Bi / xenograft A549 Brown et al.41

– – – – –

Hypoxia relief PFTBA@HSA / xenograft CT26/SUM149PT Zhou et al.42

Targeted radiation

TIME improvement

G2/M arrest

GDY-CeO2

Fe3O4@MnO2 n(GOx-CAT)C7A
HMOPT@Pt@Au@Dox

P-RuCu

ACF@MnO2

AuHQ

AD-MSCs/Bi2Se3
RNPs

PLGA-SS-D@BPQDs

FMC

MGTe

AnCHNPs

XCL1@CaMnP

AIM NPs

AmGd-NPs

Pt-STNA

UiO@MnS (UM)

DM1-NO PLGA

pH

pH/GSH

pH/GSH

GSH pH

pH

H2O2

/pH

pH/GSH

pH

GSH

/pH

pH

pH

GSH pH

pH

xenograft/PDX

xenograft

xenograft

xenograft

xenograft

xenograft

xenograft

orthotopic

xenograft

xenograft

xenograft

xenograft

xenograft

xenograft

xenograft

xenograft/metastatic

xenograft

xenograft

xenograft

KYSE30

MCF-7/4T1

4T1

4T1

MDA-MB-231

CT26/4T1

H22

A549- Luc

EMT6

A375

4T1-Luc

4T1

B16F10/MB49

CT26

CT26/4T1

CT26/4T1

Hepa1-6

4T1

H1299

Zhou et al.43

Lyu et al.44

Zhao et al.45

Peng et al.46

Hu et al.47

Meng et al.48

Wang et al.49

Xiao et al.50

Wang et al.51

Chan et al.52

Xu et al.53

Pan et al.54

Cao et al.55

Wu et al.56

Wang et al.57

Chen et al.58

Xiao et al.59

Huang et al.60

Gao et al.61
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therapeutic effects of RT.106 In addition, graphene-induced hy-

perthermia combinedwith RT can release several damage-asso-

ciated molecular patterns (DAMPs) to elicit specific antitumor
Table 2. Summary of various treatments performed in combination

Therapy strategy Nanoplatforms Stimulus

RT/RDT NaCeF4:Gd,Tb ScNPs /

SCNPs@DMSN@CeOx-PEG GSH

Hf-AIE-PEG-DBCO /

Hf-DBP-Pt /

FA-Au-CH /

TRT MoS2/HfO2-Dextran NIR

PRC NIR

Ta@PVP NPs NIR

BNFs NIR

FePd NDs NIR

RIT PLGdH pH

TeSe NDs pH/GSH

CCR2-SCM@MSN@aPD-L1 /

RGD-EV: siPDL1 /

MAL NPs /

Bc@AZTF pH/ATP

CRT Pt STNA GSH

DCM-[PTX] GSH

DCNP@P(Se-DOX)@ANG /

D@MLL MMP-2
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immune responses.107 These carbon-based materials can act

not only as photothermal absorbers but also as drug delivery car-

riers to enhance the efficacy of targeted therapy. For instance,
with radiotherapy

Orthotopic/xenograft Tumor models References

xenograft A549 Zhong et al.62

xenograft CT26/Panc02 Liu et al.63

xenograft 4T1 Liu et al.64

xenograft/orthotopic CT26/MC38 Guo et al.65

xenograft HCT 116 Li et al.66

metastatic SMMC-7721-fluc Fu et al.67

xenograft 4T1 Wang et al.68

metastatic 4T1-Luc Ji et al.40

metastatic 4T1-Luc Wang et al.69

xenograft 4T1 Lyu et al.70

xenograft CT26 Wang et al.71

xenograft 4T1 Chang et al.72

orthotopic GL261/CT2A Wang et al.73

orthotopic GL261 Tian et al.74

xenograft CT26 Sun et al.75

xenograft/orthotopic 4T1 Deng et al.76

xenograft Hepa1-6 Xiao et al.59

xenograft OSC-3 Jing et al.77

orthotopic U87-Luc Su et al.78

orthotopic GL261-Luc Kuang et al.79



Table 3. Clinical translation of some nanoradiosensitizers

Name Trial ID Clinical trial phase Disease References

AGuIX NCT02820454 phase I brain metastases Verry et al.80

NCT04789486 phase I/II lung and pancreatic cancers Lux et al.81

NCT03308604 phase Ib cervical cancer Maury et al.82

NCT04881032 phase I/II GBM Thivat et al.83

NCT03818386 phase II brain metastases Verry et al.84

NCT04899908 phase II brain metastases Bennett et al.85

NBTXR3 NCT01946867 phase I squamous cell carcinoma Hoffmann et al.86

NCT01433068 phase I soft tissue sarcomas Bonvalot et al.87

NCT04484909 Phase I pancreatic cancer Bagley et al.88

NCT02379845 phase II/III soft tissue sarcomas Bonvalot et al.89

NCT02465593 phase Ib/I rectal cancer Huang et al.90

Onivyde NCT04569916 phase II solid tumors Shen et al.91

Nab-paclitaxel UMIN000012719 phase I/II non-small cell lung cancer Tsuchiya-Kawano et al.92

jRCTs042180077 phase I non-small cell lung cancer Omori et al.93

UMINR000015432 phase I non-small cell lung cancer Kubota et al.94

NCT01847326 phase I head and neck squamous cell carcinom Rosenberg et al.95

ChiCTR1900021079 phase I esophageal squamous cell carcinoma Jiang et al.96
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emerging carbon nanotubes (CNTs) hold significant promise as

radiation carriers owing to their exceptional biological activity

and ability to permeate cell membranes.108,109 Moreover, GO

nanosheets have the potential to influence cellular apoptosis

and downregulate the pro-survival protein B-cell lymphoma-2

(Bcl-2), which is associated with the intrinsic mitochondrial

pathway, thereby enhancing the radiosensitivity of nasopharyn-

geal carcinoma.110

Superparamagnetic NPs, particularly those composed of iron

oxidesuchasFe3O4, havegarneredsignificantattention in thefield

of nanomedicine due to their unique magnetic properties and po-

tential applications in enhancing the efficacy ofRT. TheseNPs can

be utilized as radiosensitizers, which are agents that increase the

effectiveness of radiation therapy by enhancing the formation of

ROS, ferroptosis, and cell-cycle arrestwithin tumor cells.111More-

over, the size and surface characteristics of superparamagnetic

iron oxide NPs (SPIONs) play a crucial role in their performance

as radiosensitizers. For instance, the synthesis of SPIONs with

controlled sizes and surface modifications can significantly

influence their cellular uptakeanddistribution,which in turnaffects

their ability toenhanceRT.112 Inaddition to their role inRT, SPIONs

are also being explored for their potential as magnetic resonance

imaging (MRI) contrast agents. Their superparamagnetic proper-

ties allow for significant contrast enhancement in MRI imaging,

which can beparticularly beneficial formonitoring tumor response

to therapy.113 The development of functionalized SPIONs that can

target specific tumor types further enhances their utility in both

diagnostic and therapeutic applications, paving the way for more

efficient cancer treatment strategies.114–116

Quantum dots (QDs) are a class of nanomaterials with semi-

conductor properties, usually consisting of compounds such

as cadmium, sulfide, selenide, or telluride. QDs that emit in the

near-infrared IIb (NIR-IIb) range (1500–1700 nm) facilitate high-

resolution deep tissue imaging and enhance radiosensitivity by

increasing the Compton effect.117–119 The NIR-IIb-emitting
QDs including high-Z elements such as Pb and Ag, can realize

radiosensitization.120,121 In addition, black phosphorus (BP)

QDs (BPQDs) can be utilized in RT sensitization as well through

the photoelectric effect or Compton scattering. Moreover,

BPQDs absorb light across a wide spectrum and have high pho-

tothermal conversion efficiency for photothermal therapy (PTT),

making it ideal for the treatment of hypoxic tumor cells through

the integration of PTT with RT.122 Thus, leveraging QDs nano-

technology, we can create a multifunctional nanoprobe to

improve the precision and effectiveness of RT.

Overall, different RT-sensitizing nanomaterials offer distinct

structural and functional benefits. Choosing the right nanomaterial

should be based on the tumor’s characteristics, therapeutic tar-

gets, and how the material enhances treatment. For instance,

selecting high-Z element NPs for dose enhancement or oxygen-

releasing NPs to address tumor hypoxia depends on the treat-

ment’s specific requirements. Advancements in nanotechnology

are expected to produce materials with enhanced capabilities

for precise targeting and controlled release, leading to RT sensi-

tizers that boost treatment effectiveness and minimize side ef-

fects. It is worth noting that NPs must be biocompatible and

long-lasting in vivo to serve as effective RT sensitizers. Surface

modifications can extend their circulation time, enhancing RT out-

comes. Poor biocompatibility can lead to inflammation or toxicity,

limiting their application. This is especially important for metal ion

nanomaterials such as gold, silver, and platinum (Pt), which

metabolize slowly andmay accumulate in organs such as the liver,

spleen, and lungs, posing toxicity risks.123,124 Therefore, in the

designofmetal NPs for RT sensitization, it is imperative to develop

degradable or stimuli-responsive materials that can systemati-

cally disintegrate under specific conditions, such as variations in

pH or enzymatic activity, to reduce the risk of prolonged accumu-

lation within the body. The stability of metal nanomaterials under

physiological conditions can also be enhanced through the imple-

mentation of polymer coatings or surface modifications, which
iScience 28, 111602, January 17, 2025 5
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effectively limit the release of metal ions and attenuate potential

toxicological effects. Moreover, continued research will likely

bring novel sensitizing nanomaterials to clinical use, promoting

personalized and effective RT protocols. In the subsequent sec-

tion, we will examine the mechanisms by which nanomaterials

augment the efficacy of RT, elucidating their interactions with bio-

logical, chemical, and physical processes to enhance tumor

radiosensitivity.

MECHANISMS UNDERLYING RADIOTHERAPY
SENSITIZATION

Generate reactive oxygen species
Radiosensitization enhances the responsiveness of tumors to

RT through multiple mechanisms, with a key mechanism being

the augmentation of radiation-induced cellular damage via

increased ROS. Notably, ROS generated during RT can directly

target cellular DNA, leading to the formation of DNA double-

strand breaks (DSBs). DNA damage constitutes a pivotal mech-

anism in the induction of cell death by RT. If these damages are

not promptly repaired, the cell is likely to undergo apoptosis or

necrosis. The accumulation of ROS plays a crucial role in acti-

vating apoptotic pathways within tumor cells.9 For instance,

ROS can initiate programmed cell death by compromising the

integrity of the mitochondrial membrane, resulting in the release

of cytochrome c, which subsequently activates the caspase

cascade.125 ROS can not only cause DNA damage directly,

but can also inhibit DNA repair mechanisms to enhance radio-

sensitization. Additionally, ROS facilitate the infiltration and acti-

vation of T cells within the TME.126,127 Consequently, ROS may

contribute to the remodeling of tumor-associated immune cells,

ultimately improving therapeutic efficacy.

However, ROS can be consumed by the high concentration

of GSH in the TME.128 To generate more secondary electrons for

the production of ROS, high-Z NPs containing numerous

elements have been designed, such as gold, Pt, Bismuth (Bi),

Europium (Eu), Selenium (Se), Ruthenium (Ru), et al.129–132

Among them, gold NPs are more commonly used as radiosensi-

tizers due to their strong surface plasmon resonance effect.Most

related research has primarily focused on spherical gold NPs.

Moreover, gold NPs can undergo shape transformation into

nonspherical nanostructures, such as nanowires (GNWs). It

was observed that gold nanowires coated with DSPE-PEG

(2000) Amine exhibited a 20.8% increase in ,OH production un-

der irradiation, in contrast to a 2.7% increase for gold nano-

spheres. This enhanced production is attributed to the relatively

large surface area and the intrinsic anisotropic morphology of

the nanowires, which possess a high density of surface atoms.38

Besides, numerous studies have documented that Se-based

drugs also play an important role in tumor RT. To determine the

synergic X-ray activities against tumor cells, different forms of

Se therapeutic agents were constructed (�2, 0, +4, +6 valence)

(Figure 2A). Results indicated that SeNPs (0) and organic Se

(�2) exhibited significant enhancement in RT treatment with

negligible toxicity, suggesting the great potential of SeNPs as

radiosensitizers.39

To improve prognosis, high-Z NPs with diagnostic capabilities

hold great promise in antitumor applications. For instance, highly
6 iScience 28, 111602, January 17, 2025
biocompatible poly(vinylpyrrolidone)-coated Ta NPs (Ta@PVP

NPs) can significantly inhibit primary breast cancer due to their

high X-ray mass attenuation coefficient. They can also migrate

to nearby sentinel lymph nodes (SLN) for metastatic treatment.

Owing to the feasibility of Ta in photoacoustic imaging and CT

imaging, Ta@PVP NPs enabled real-time monitoring of the RT

and PTT process.40 Furthermore, ultrasmall gadolinium (Gd)-

based AGuIX NPs (Activation and Guiding of Irradiation by

X-ray) has been translated into clinical use due to their MRImoni-

toring capability and efficacy under irradiation at small doses.133

With the addition of Bi3+, second-generation Bi-gadolinium NPs

(AGuIX-Bi) have been designed for MRI guidance and enhanced

local radiation dose amplification, providing a theranostic

approach to RT in non-small cell lung cancer (NSCLC) model.41

The modulation of ROS levels as a therapeutic strategy for

cancer treatment is not without potential risks. Elevated ROS

levels can result in damage to healthy tissues.134 Excessive

ROS can lead to chronic inflammation, which is associated

with an increased risk of cardiovascular disease and renal insuf-

ficiency.135 Furthermore, oxidative stress induced by high ROS

levels can compromise immune cell functionality, thereby pro-

moting inflammation and facilitating tumor metastasis.136 Spe-

cifically, ROS can push macrophages toward immunosuppres-

sive states, increase programmed cell death 1 ligand 1 (PD-L1)

expression, reduce immune checkpoint blockade (ICB) therapy

effectiveness, deactivate T cells, and prevent immunogenic

cell death (ICD).137 In conclusion, the therapeutic application of

ROS in cancer treatment necessitates a cautious approach

due to the substantial risk of collateral damage to healthy tis-

sues. It is imperative to develop strategies that precisely regulate

ROS production to enhance therapeutic efficacy while mini-

mizing adverse side effects.

Overcome hypoxia
With respect to radiation-induced DNA damage, studies show

that approximately 70% of the damage is indirect, which is

mainly due to free radicals produced by water molecules. Oxy-

gen molecules (O2) are able to capture and fix free radicals pro-

duced by the indirect effects of RT, especially ,OH, thereby

increasing permanent damage to DNA. The production of free

radicals is closely correlated with the presence of oxygen,

enhancing the effect of oxygen significantly increased cell mor-

tality during RT.138 Study also found that oxygen plays a larger

role in indirect effects than for direct effects.138 Tumor hypoxia

significantly restrains the therapeutic effects of RT because

of the inability to form stable DNA peroxides (DNA-OO,) be-
tween DNA radicals (DNA,) and O2, thereby promoting DNA

repair.139–141 Therefore, oxygen is crucial in augmenting RT effi-

cacy by facilitating the generation of free radicals and inhibiting

cellular mechanisms for DNA damage repair. To address the

challenges associated with hypoxia within the TME, several stra-

tegies have been developed to enhance oxygen availability dur-

ing treatment, including direct oxygen supply and intra-tumoral

O2 generation. Exogenous oxygen delivery can be achieved

through the use of oxygen reservoirs, such as perfluorotributyl-

amine (PFTBA). Utilizing albumin as a carrier (PFTBA@HSA),

PFTBA can release oxygen when accumulated in the tumor,

increasing red blood cell infiltration into tumor to supply oxygen



Figure 2. Various methods to enhance the effects of RT

(A) The radiation synergistic effects and the safety index induced by different Se species.39 Copyright 2023 Elsevier Ltd.

(B) Schematic illustration of the treatment and synthesis of P-RuCu NPs which can function as a theranostic nanozyme to enhance RT.98 Copyright 2022

Elsevier Ltd.

(C) Adipose-derived mesenchymal stromal cells (AD-MSCs) loaded with bismuth selenide (Bi2Se3) NPs for targeted RT treatment of orthotopic lung cancer.119

Copyright 2022 Wiley-VCH GmbH.

(D) Schematic preparation of calcium NPs for dendritic cells (DCs) maturation triggered by released calcium ions to argument the efficacy of RT by upregulated

expression of costimulatory and antigen-presenting molecules.128 Copyright 2024 American Chemical Society.
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by exploiting its platelet inhibition capability.42 Catalytic nano-

materials with enzyme-mimicking characteristics, referred to

as nanozymes, demonstrate significant potential for intra-tu-

moral oxygen generation. Nanozymes exhibiting peroxidase

(POD)-like and catalase (CAT) activities can efficiently catalyze

the decomposition of H2O2 to produce oxygen within the TME.

For instance, NPs composed of manganese oxide (MnO2) and

Fe ions have been employed as PODmimics,142,143 while cerium

oxide (CeO2) nanozymes are linked to CAT activity.144 To

enhance the enzyme-like activities of CeO2 NPs, a novel 2D

graphdiyne (GDY) was designed to anchor numerous ultrasmall

CeO2 NPs nanozymes (GDY-CeO2).
43 Compared to CeO2 NPs,
the catalytic ability of GDY–CeO2 is more sensitive, constant,

and efficient. Specifically, GDY-CeO2 can decompose H2O2 at

a lower concentration, with a rate constant for O2 production

approximately 4.2 times greater than CeO2 NPs. After 40 reac-

tion cycles, GDY-CeO2 retained over 60% of its optimal enzyme

activity. However, oxygen production by these methods heavily

depends on H2O2, which has a concentration of less than 0.1 mM

in the TME. Recently, Lyu et al. synthesized Fe3O4@MnO2

nanozymes combined with glucose oxidase (GOX).44 GOX

can catalyze glucose into gluconic acid and abundant H2O2.

Intracellular overproduction of H2O2 can generate significant

amounts of oxygen, thereby alleviating tumor hypoxia and
iScience 28, 111602, January 17, 2025 7
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forming stable DNA peroxides. Furthermore, in solutions treated

with Fe3O4@MnO2 NPs, the GSH level decreased from 95.8% to

12.1%, whereas the Fe3O4 group exhibited a reduction of 28%.

This decrease is attributed to the oxidation of GSH to glutathione

disulfide (GSSG) facilitated by the MnO2 shell. In a separate

study, dual-enzyme nanocascades, comprising GOX and CAT,

demonstrated effective elimination of H2O2 and reduced off-

target effects during blood circulation.45 The GOx-CAT

pair within close spatial proximity (<10 nm), enabled efficient

and simultaneous breakdown of H2O2 in the acidic TME with

the coating of hexamethyleneimine (C7A) moieties (n(GOx-

CAT)C7A), thereby functioning as an endogenous oxygen

generator to release oxygen continuously in situ. In a similar

manner, dual nanozymes composed of Au and Pt can initiate a

cascade catalytic reaction to alleviate hypoxia (HMOPT@Pt@

Au@Dox).46 Au NPs can convert glucose into gluconic acid

and H2O2 through a GOX-mimicking activity, while Pt NPs facil-

itate the conversion of H2O2 into H2O and O2. In another study,

the POD-like ability and CAT-like abilities of a bimetallic nano-

zyme (copper-modified ruthenium NPs coated with PEG,

P-RuCu NPs) were investigated to evaluate its potential for RT

enhancement based on tumor hypoxia alleviation (Figure 2B).47

It is noteworthy that the adsorption process of H2O2 is facilitated

by the interfaces doped with Cu atoms. Furthermore, RuCu NPs

with varying Cu/Ru ratios exhibited different levels of POD-like

catalytic activity.

Hypoxic conditions can also initiate the activation of the hyp-

oxia-inducible factor (HIF) signaling pathway within tumor cells,

with HIF-1a serving as a pivotal regulatory molecule. In

response to hypoxia, HIF-1a undergoes stabilization and sub-

sequently induces the transcription of a multitude of genes

associated with cellular survival, metabolic adaptation, angio-

genesis, and invasion, including vascular endothelial growth

factor (VEGF). This transcriptional activation enhances the inva-

siveness of tumors and facilitates their evasion of immune

detection and resistance to radiation-induced damage by pro-

moting angiogenesis. Furthermore, HIF-1a is implicated in DNA

repair processes that contribute to cellular resistance against

RT.145–147 Moreover, HIF-1a-mediated activation of the anti-

apoptotic pathway renders tumor cells resistant to RT-induced

apoptosis.148 The suppression of HIF-1a by oxygen nanobub-

bles has been confirmed to be effective in overcoming hypox-

ia-induced resistance to RT.149 While strategies aimed at

enhancing oxygen generation have yielded promising out-

comes, the degradation of HIF-1a by oxygen remains incom-

plete. This partial degradation may lead to cellular proliferation,

immune exhaustion, and metastasis.140 Meng et al. designed

a smart drug delivery system based on MnO2 NPs, delivering

the HIF-1 inhibitor acriflavine (ACF) to tumor (ACF@MnO2).
48

In comparison to the MnO2+ACF mixture group, the ACF@

MnO2+RT group demonstrated a reduced expression of

several downstream signaling molecules associated with HIF-

1a, including VEGF, matrix metalloproteinase 9 (MMP-9),

glucose transporter 1 (GLUT-1), and P-glycoprotein (P-gp).

Treatment with ACF@MnO2+RT led to an 84.70% decrease in

tumor growth, significantly reduced PD-L1 expression on tumor

cells, and inhibited metastasis, likely due to HIF-1a degradation

and impaired HIF-1 function.
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Tumor growth and progression require oxygen and nutrients

through angiogenesis. However, tumor blood vessels are

abnormal compared to normal tissue, causing large hypoxic

areas. This irregular vasculature affects tumor growth and re-

duces RT effectiveness. Tumor blood vessels are irregular with

abnormal endothelial cells, leading to increased wall perme-

ability and plasma protein leakage. This raises interstitial pres-

sure, disrupts blood flow, and causes local hypoxia.150 The tu-

mor’s rapid growth surpasses the oxygen supply from these

vessels, resulting in widespread hypoxia in the central necrotic

zone, while the edges remain well-oxygenated. Without suffi-

cient vascular support, the tumor’s center struggles to access

oxygen and nutrients, leading to chronic hypoxia.151,152 In recent

years, vascular normalization has aroused great attention in

alleviating hypoxia and providing a long-term solution to

overcome hypoxia-induced resistance in RT. Wang et al. devel-

oped a gold nanoparticle-based nanosensitizer modified with

8-hydroxyquinoline (AuHQ) to alter tumor vasculature.49 AuHQ

suppressed endothelial cell proliferation by downregulating

angiopoietin-2 (Ang-2), VEGF, and fibroblast growth factor

(FGF) signaling. It facilitated the attachment of endothelial cells

and pericytes, forming elongated blood vessels. The tumor inhi-

bition rate for the AuHQ+RT group was 86.4%, notably higher

than the HQ + RT group (27%) and Au NPs+RT group (48%).

However, there is also a potential risk that vascular normalization

may stimulate tumor growth or promote metastasis by

increasing tumor blood flow and oxygen supply. Research indi-

cates that anti-angiogenic therapies targeting VEGF Receptor 2

(VEGFR2) induce a "window of normalization" in which the tumor

vasculature becomes more structured and functional. This

period allows for enhanced tumor oxygenation, thereby

increasing the efficacy of RT. Administering RT outside this win-

dow results in merely additive or potentially diminished thera-

peutic effects.153 The effectiveness of antiangiogenic therapy

depends on the disease stage. Anti-VEGF treatments work

well in primary tumors by inhibiting growth, but during the initial

stages of micrometastasis, blocking VEGF can increase tumor

aggressiveness and metastasis through adaptive responses

such as epithelial-mesenchymal transition (EMT). In established

metastases, VEGF inhibition might speed up metastasis by

encouraging revascularization or adaptive changes in tumor

cells.154 To address this potential risk, optimizing the timing

and dosage of antiangiogenic therapy according to the various

stages of tumor progression, along with the strategic integration

of complementary therapies, constitutes an effective approach

to mitigating adverse effects.

Targeted radiation
RT utilizes high-energy radiation to eradicate tumor cells; how-

ever, it may also adversely affect normal tissues, leading to

side effects that constrain its dosage and therapeutic efficacy.

The radiosensitization effect of targeted therapy is pivotal as it

augments the tumoricidal efficiency of RT, reduces collateral

damage to healthy tissues, and permits the administration of

lower radiation doses. Nanomaterials can significantly improve

RT by using active and passive targeting. They accumulate in tu-

mors through the EPR effect due to abnormal blood vessels and

poor lymph drainage. This passive targeting allows NPs to
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remain in the tumor, releasing therapeutic agents that enhance

RT while reducing damage to healthy tissues and systemic

toxicity.155,156 Furthermore, nanomaterials can be directed to tu-

mor cells using surface-modified ligands, antibodies, or peptides

that attach to specific cell receptors, such as folic acid (FA)/folate

receptor,157 hyaluronic acid (HA)/CD44 receptor,158,159 Arg-Gly-

Asp (RGD) peptides/integrin avb3,
74 aptamer (AS1411)/nucleo-

lin,160 and glucose transporter.161 These mechanisms signifi-

cantly enhance the cancer-targeting efficacy of RT. Recently,

drug delivery systems of bio-vehicle for tumor-targeting therapy

have garnered significant attention owing to their enhanced

biocompatibility and capability to traverse physiological barriers.

Xiao et al. developed adipose-derived mesenchymal stromal

cells (AD-MSCs) loaded with bismuth selenide (Bi2Se3) NPs

for targeted RT of orthotopic NSCLC (Figure 2C).50 The

interaction between chemokine receptors in MSCs and up-regu-

lated chemokine expressed on irradiated tumor cells facilitated

MSC migration. Subsequently, the Bi2Se3 NPs exocytosed

from the AD-MSCs/Bi2Se3 were transferred to the tumor cells

through an "exocytosis-endocytosis" mechanism, resulting in

an approximately 20-fold increase in the accumulation of

Bi2Se3 NPs.

Stimuli-responsive nanomaterials enable targeted activation

or release at tumor sites by responding to external stimuli or

the TME, unlike traditional methods that depend on molecular

recognition. These nanomaterials take advantage of the distinct

differences between tumor environments and normal tissues,

such as acidic pH and hypoxia, to trigger specific changes

such as drug release, shape shifts, and degradation within tu-

mors, thereby facilitating targeted delivery. Furthermore, stim-

ulus-responsive nanomaterials can react to external triggers

such as light, ultrasound, and magnetic fields, allowing targeted

activation within tumor areas. This ensures therapeutic agents

remain stable during delivery, preventing premature release in

the bloodstream and minimizing toxicity to healthy tissues.

Wang et al. established a pH-responsive nanopomegranate

(RNP) platform for size and charge transformation, self-assem-

bled from �5 nm Au NPs (Au5).
51 The RNP, about 110 nm in

size with a neutral charge, can avoid kidney clearance, allowing

longer circulation in the bloodstream. Studies showed they

penetrate and distribute well in 3D multicell spheroids. In acidic

tumor environments, they broke down into smaller, positively

charged Au5 entities, enhancing radiation therapy by increasing

local irradiation in tumor areas. Chan et al. designed a sophisti-

cated drug delivery system employing BPQDs with surface

charge-switching properties, utilizing PLGA modified by RGD

(PLGA-SS-D@BPQDs).52 This systemmarkedly improved the tar-

geting of cancer cells and demonstrated a range of bio-respon-

sive properties, making it a highly efficient radiosensitizer. It

improved the efficacy of RT while minimizing histological dam-

age to major organs in the treatment of human melanoma cells.

Improve tumor immune microenvironment
The role of RT in oncological treatment extends beyond the

direct cytotoxic effects on tumor cells; it also enhances anti-tu-

mor immunity through the induction of antigen release and the

activation of immune responses.162 RT facilitates tumor cell

apoptosis, resulting in the liberation of TAAs. These antigens
are subsequently internalized, processed, and presented to

T cells by APCs, such as DCs and macrophages, thereby initi-

ating specific anti-tumor immune responses. In addition to the

release of tumor antigens, RT also triggers the release of various

DAMPs, such as high-mobility group protein B1 (HMGB1), calre-

ticulin, and adenosine triphosphate (ATP). DAMPs activate the

immune system and trigger anti-tumor responses by binding to

receptors on DCs or macrophages. In RT-induced responses,

some T cells become memory T cells, persisting long-term

and enabling rapid reactivation for future tumor recurrences,

providing sustained anti-tumor effects. While RT facilitates anti-

gen release and stimulates anti-tumor immune responses,

these responses are frequently insufficient due to the immuno-

suppressive nature of the TME. Following RT, tumor cells may

develop resistance to treatment via diverse immune evasion

mechanisms, potentially resulting in the recurrence or metas-

tasis of residual tumor cells. These mechanisms typically entail

intricate alterations in the TME, heightened expression of immu-

nosuppressive factors, and a diminished capacity of the immune

system to recognize tumor cells.163–165 Specially, RT can trigger

T cell responses but may also increase PD-L1 on tumor cells and

associate protein-4 (CTLA-4) on Tregs, aiding immune escape

by suppressing effector T cells. Post-RT, MDSCs can accumu-

late in the TME, hindering DCs andmacrophages from effectively

presenting tumor antigens and activating T cells. RT shifts

macrophages to the M2 type, suppresses effector T cells by

releasing interleukin 10 (IL-10) and transforming growth factor

b (TGF-b), and encourages angiogenesis, aiding tumor survival

and metastasis. Consequently, optimizing the tumor immune

microenvironment (TIME) and mitigating immunosuppressive

conditions are crucial for augmenting the anti-tumor efficacy

of RT.

Strategies to augment anti-tumor immune responses andmiti-

gate radioresistance have been investigated, with a primary

focus on enhancing the infiltration of activated effector cells

into tumor tissue and directly targeting immunosuppressive

cells. Tumor-specific antigens produced by tumor cells,

following antigen presentation mediated by APCs, can activate

T-cell-specific adaptive antitumor immunity. Among APCs,

DCs are the most potent. To maximize the utilization of RT-

induced antigen, a nanoadjuvant comprised of CpG-loaded

Fe3O4 NPs was designed. The activation of Toll-like receptor 9

(TLR9) by adjuvant CpG-ODNs facilitates antigen presentation

and cytokine secretion in DCs.53 Furthermore, the maleimide

(MAL) residue on the nanoadjuvant (Fe3O4@Mal/CpG, FMC)

can capture sulfhydryl-bearing tumor-associated antigens,

significantly enhancing the efficiency of RT-induced immunity

through the highly efficient click reaction between autoantigens

and CpG, thereby boosting the checkpoint blockade immune

response to suppress both treated and distant tumor. Consid-

ering the limited immunogenicity of RT, recently, hybrid biomi-

metic nanoplatforms (GSH-decorated tellurium (Te) NPs (GTe))

by the formulation of tumor cell membranes and bacterial

outer membrane (MGTe) have been developed to expand the

strong immunogenicity of tumor- and bacteria-derived antigens,

promoting the efficient immune activation in DCs.54 In addition,

scientific research based on calcium NPs delivered to DCs via

anti-CD205 antibodies (AnCHNPs) suggests that the released
iScience 28, 111602, January 17, 2025 9
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calcium ions can efficiently facilitate DC maturation. This en-

hances the efficacy of RT by upregulating the expression of cos-

timulatory and antigen-presenting molecules, a result of the acti-

vation of NFAT and NF-kB pathways (Figure 2D).55

RT induces direct cytotoxic effects on tumor cells primarily

through the induction of DSBs in DNA. In instances where the

DNA repair mechanisms fail to adequately rectify these lesions,

residual nuclear DNA fragments may translocate into the cyto-

plasm. These cytoplasmic DNA fragments are subsequently de-

tected and bound by cyclic GMP-AMP synthase (cGAS). Upon

activation, cGAS catalyzes the conversion of GTP and ATP into

cyclic GMP-AMP (cGAMP), which subsequently binds to and ac-

tivates the stimulator of interferon genes (STING) located in

the membrane of the endoplasmic reticulum. This activation

cascade further stimulates the TANK-binding kinase 1 (TBK1)

and interferon regulatory factor 3 (IRF3) signaling pathways,

culminating in the production of type I interferons. The resultant

interferon response facilitates the maturation of DCs and

enhances antigen presentation, thereby augmenting the

immune system’s ability to recognize tumor antigens.166,167 To

ensure efficient STING pathway activation, manganese (Mn)-

based nanoplatforms were designed as cGAS-STING agonist,

benefiting from the potential role of Mn2+ in accelerating the cat-

alytic activity of cGAS and enhancing the binding affinity of

cGAMP to STING.168,169 Since it is essential for X–C motif che-

mokine receptor 1 (XCR1)-expressing conventional type-1 den-

dritic cells (cDC1s) to cross-present TAAs during the priming of

new responses by tumor-specific CD8+ T cells, a novel strategy

based on hydrogel decorated with X-Cmotif chemokine ligand 1

(XCL1) was proposed to effectively recruit cDC1s into the TME.56

Manganese phosphate (MnP) microparticles were further incor-

porated into the calcium phosphate hydrogels (XCL1@CaMnP)

to activate cGAS-STING pathway, exhibiting outstanding perfor-

mance in enhancing the efficacy of RT and the antitumor cyto-

toxic T lymphocytes (CTL) response in postoperative RT. In addi-

tion, the synthesis of Mn-based nanomedicine utilizing MnO2

NPs with high encapsulation efficiency of anti-programmed

death ligand 1 (aPDL1) (aPDL1@MnO2) has demonstrated the

potential to enhance STING activation and facilitate the delivery

of ICB inhibitors for synergistic combinatorial cancer immuno-

therapy.170 The administration of aPDL1@MnO2 in conjunction

with X-ray irradiation effectively reprogrammed the immunosup-

pressive TME by reducing the percentage of Tregs and polar-

izing TAMs from the M2 to the M1 phenotype. This reprogram-

ming resulted in significant abscopal effects, thereby inhibiting

tumor metastasis.

Within the tumor immunemicroenvironment, metabolic immu-

nosuppressive factors impede effector immune cells by modu-

lating metabolic pathways and signaling mechanisms, thereby

facilitating tumor evasion of immune surveillance. Targeting

these metabolic factors augments the anti-tumor efficacy of

RT, rendering the TME more amenable to immune system acti-

vation and enhancing the radiosensitivity. For example, Indole-

amine 2,3-dioxygenase-1 (IDO-1) is an enzyme that plays a crit-

ical role in the metabolism of tryptophan (Trp). It is frequently

overexpressed in tumor cells. IDO-1 catalyzes the conversion

of Trp to kynurenine (Kyn), resulting in the depletion of Trp and

the accumulation of Kyn. This metabolic shift impairs the func-
10 iScience 28, 111602, January 17, 2025
tion of effector T cells and augments the immunosuppressive ac-

tivity of Tregs.171 Hence, Wang et al. designed a pH-responsive

nanomedicine by coating calcium carbonate (CaCO3) NPs with

an IDO-1 inhibitor (4-phenylimidazole (4PI)), creating acidity-

IDO1-modulation NPs (AIM NPs). These NPs, in conjunction

with zinc ions, synergize with RT, effectively controlling primary

tumors and suppressing tumor recurrence and metastasis.57

CaCO3 reacted with protons to neutralize tumor acidity, while

the inhibition of IDO1-mediated Trp metabolism reversed

"cold" immunosuppressive TME to a "hot" immunostimulatory

one. Adenosine represents another crucial immunosuppressive

metabolite within the TME, produced from substantial quantities

of ATP secreted by tumor and immunosuppressive cells through

CD39/CD73-mediated catabolism. It impedes the proliferation

and function of T cells and natural killer (NK) cells while facili-

tating the activation of Tregs via A2A receptor activation.172

Study found that, the combination of high-Z metal gadolinium

(Gd) and CD73/adenosine axis blockade (AmPCP-Gd NPs,

AmGd-NPs) enhanced RT-induced ICD (calreticulin exposure,

ATP secretion, HMGB1 release) and boosted immune check-

point inhibitory therapy by the amplification of CD8+T cell-

dependent antitumor immune responses.58 Consequently, stra-

tegies for enhancing the tumor immune microenvironment are

diverse (Figure 3). However, given the heterogeneity of tumors

and the complexity of the TME, optimizing the sensitization of

RT necessitates the consideration of both the specific tumor

type and the timing of the intervention.

G2/M cell-cycle arrest
The cell cycle comprises a sequence of distinct phases: G1, S,

G2, and M. During the G1 phase, the cell undergoes growth

and synthesizes RNA and proteins. The S phase is characterized

by DNA replication, resulting in the doubling of the chromosome

number in preparation for cell division. In the G2 phase, the cell

continues its growth. The M phase, the concluding stage of the

cell cycle, involves the process of cell division. Among all the

cell division phases, increased G2/M cell arrest can enhance

apoptosis and the cytotoxicity of therapeutic agents.173–175

Cell cycle phases exhibit varying sensitivities to radiation as

well, with the G2/M phase generally being the most susceptible.

A blockade in the G2/M phase can impede the cellular repair of

DNA damage. During the S phase, cells demonstrate enhanced

capacity for DNA repair, whereas this capability is comparatively

diminished in the G2/M phase. Consequently, when the cell cy-

cle is arrested in the G2/M phase, timely repair of DNA damage is

hindered, potentially resulting in apoptosis or the permanent

inactivation of cells. In contrast, normal cells are less frequently

in the rapid division phase; thus, obstruction of the G2/M phase

has a relatively minimal impact on these cells. This selectivity

contributes to a reduction in the side effects associated with

RT, thereby enhancing the safety and efficacy of the treat-

ment.176,177 In addition, combining G2/M cell cycle arrest with

anticancer drugs can boost RT effects. For example, Pt-based

nanomaterials have emerged as promising radiosensitizers

for enhanced dose deposition. The released cisplatin (II) from

self-targeting nano-assembly NPs (Pt-STNA) can form DNA-

binding to enrich tumor cells at the G2/M phase through a phos-

phorylated Chk1 (p-Chk1)-mediated process.59 Study also



Figure 3. Mechanisms of radiosensitization through the enhancement of the tumor immune microenvironment
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found thatMn2+-mediated Fenton-like reaction can induce G2/M

cell cycle arrest, enhancing the sensitivity of tumor cells to RT.60

Furthermore, DM1-NO NPs were designed by loading nitrosy-

lated maytansinoid (DM1) DM1-NO onto poly(lactide-co-gly-

colic)-block-poly (ethylene glycol) (PLGA-b-PEG) NPs (DM1-

NO PLGA).61 The released DM1 inhibited microtubule formation

and increased the G2/M phase cell population to 83.47%. When

combined with RT, DM1-NO PLGA enhanced tumor inhibition by

9.64 times compared to RT alone. The aforementioned evidence

indicates that arresting cells at the G2/M phase significantly en-

hances the efficacy of RT.

In summary, mechanisms of radiosensitization are diverse and

advancing, yet challenges persist. The dual nature of ROS ne-

cessitates balancing dose and effect. While boosting oxygen

supply aids sensitization, the complex, dynamic distribution of

oxygen-poor tumor regions complicates real-time monitoring

and assessment of tumor oxygen levels, making it a key research

focus. The application of imaging technologies, such as PET-CT,

offers a dynamic approach to monitoring hypoxic regions and

enhancing oxygen delivery in a targeted fashion.178 Furthermore,

hypoxia is intricately linked to the tumor immune microenviron-

ment,179 and exploring strategies to ameliorate the immune

microenvironment by alleviating hypoxia warrants comprehen-

sive investigation. Current G2/M cycle blockers such as pacli-

taxel and cisplatin are highly toxic. Future research should aim

to create low-toxicity drugs or inhibitors for precise cell cycle

control, minimizing harm to healthy tissues. Additionally,

exploring how RT affects the tumor immune environment and

identifying the best timing for starting immunotherapy are crucial

areas for future clinical studies. Beyond the previously discussed

mechanisms of RT sensitization, additional innovative pathways
include the suppression of DNA repair processes,180 the induc-

tion of nitrosative stress181 and so on. These mechanisms offer

a diverse array of potential strategies to enhance RT sensitivity

and expand the possibilities for developing combination therapy

regimens.

NANOPARTICLE-BASED TREATMENTS SYNERGIZE
WITH RADIOTHERAPY FOR CANCER THERAPY

Radiodynamic therapy/radiotherapy
By generating cytotoxic ROS from photosensitizer under laser

irradiation (ultraviolet, visible, or near-infrared (NIR) light), PDT op-

erates as a noninvasive and specific antitumor therapy.182,183

However, the limited penetration depth of NIRmay restrict its clin-

ical application in cancer treatment.184 Inspired by the deep pene-

tration capabilities of X-rays, X-ray-mediated radio/radiodynamic

therapy (RDT) holds great promise for the treatment of deep tu-

mors. Nonetheless, X-rays cannot directly activate photosensi-

tizers (PSs) due to the significant mismatch in energy levels be-

tween X-rays and PSs.185 Scintillating NPs (ScNPs) can act as

energy transducers, converting X-rays into UV/vis luminescence

that can activatePSs togenerateROS.186 For instance, Ce-doped

highly fluorescentNaCeF4: Gd,TbScNPs can utilize X-rays to acti-

vate Tb ions to emit fluorescence and produce X-ray excited fluo-

rescence (XEF) via the sensitization effect of the Ce ions.62 More-

over, Ce and Tb ions can capture secondary electrons generated

by X-rays for ROS production. In experiments where tumor cells

were exposed solely to 6 Gy X-ray irradiation, 29.7% of the

cells exhibited damage. In contrast, the synergistic treatment

combining ScNPs with 6 Gy X-ray irradiation resulted in an in-

crease in the proportion of damaged cells to approximately
iScience 28, 111602, January 17, 2025 11



Figure 4. The synergistic application of combined treatment modalities results in improved RT efficacy

(A) Illustration of Hf-bearing gold nanosensitizers FA-Au-CH and the detailed mechanism of RT-RDT for tumor therapy.66 Copyright 2023 American Chemical

Society.

(B) Scheme of lymphatic metastasis in primary breast carcinoma and SLNs targeting by Ta@PVP NPs.40 Copyright 2022 American Chemical Society.

(C) Schematic illustration of Bc@AZTF for the disruption of ATP-adenosine axis to remodel immune-suppressive TME.175 Copyright 2024 Wiley-VCH GmbH.

(D) The mechanism and application of synergistic radio-chemotherapy against glioma.181 Copyright 2024 American Chemical Society.
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80%. Given that the majority of PSs for PDT depend significantly

on oxygen to generate ROS, the development of a dendritic mes-

oporous silica nanoparticle (DMSN) system incorporating cerium

oxide (CeOx) NPs, which exhibited photocatalytic and enzyme-

like activities, was further explored to create an oxygen-supple-

menting ScNPs platform (ScNPs@DMSN@CeOx-PEG).
63 When

CeOx NPs switch from Ce3+ to Ce4+, they can effectively and

persistently convert H2O2 to H2O and O2.

Meanwhile, metal-organic frameworks (MOF)-based nano-

platforms, such as those containing Hf4+, are being utilized for

tumor treatment via RT/RDT. These nanoplatforms address the

limitations associated with scintillators, including their compara-

tively low energy conversion efficiency and intricate energy con-

version processes. Hf4+ serves as a mediator to transfer energy

from X-rays to PSs for RDT. Due to the aggregation-caused

quenching (ACQ) effect, certain PSs demonstrate suboptimal

therapeutic efficacy when in an aggregated state. To address

this limitation, a polymer nanoparticle coordinated with Hf4+

and incorporating aggregation-induced emission (AIE) PSs

(Hf-AIE-PEG-DBCO) was developed. This innovative design mit-
12 iScience 28, 111602, January 17, 2025
igates the ACQ effect by regulating molecular spacing and

constraining the intramolecular motions of AIE PSs within the

aggregated state.64 Metalating the photosensitizing porphyrin

in Hf-based MOF (Hf-DBP) with heavy metal Pt (II) (Hf-DBP-Pt)

enhances X-ray absorption and intersystem crossing, boosting

the RT/RDT effect.65 Additionally, the diverse ROS produced

during fractionated low-dose X-ray irradiation can trigger anti-

tumor immune responses by differentiating peripheral neutro-

phils into non-canonical antigen-presenting cells, leading to

effective tumor-specific T cell responses and tumor regression.

Recently, Hf-bearing gold nanosensitizers (FA-Au-CH), consist-

ing of PS chlorin e6 (Ce6) and FA have achieved great success

against malignant tumors by targeted effects of DNA breaks,

lipid peroxidation and cell apoptosis in tumor cells, demon-

strating that the integration of RT and RDT has a great potential

for tumor therapy (Figure 4A).66

Thermotherapy/radiotherapy
PTT combined with RT, known as thermoradiotherapy (TRT), has

recently emerged as an effective cancer treatment. PTT typically
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utilizesNIR-absorbingmaterials with high light-to-heat conversion

efficiency to convert light energy into heat, thereby inducing the

death of tumor cells. Research has demonstrated that PTT can in-

crease the sensitivity of radioresistant tumor cells and impede

their ability to self-repair following RT. This phenomenon is likely

due to the enhanced blood flow promoting oxygen generation

within the TME and the induction of cell-cycle arrest at the G1

phase.187,188 While cells in the G1 phase exhibited greater radio-

resistance, a variation in radiosensitivity was observed between

early and late G1-phase cells.176 Specifically, late G1-phase cells

were more radiosensitive than early G1-phase cells but less so

than G2 and M phase cells. Early G1-phase cells efficiently repair

RT-induced DSBs using non-homologous end-joining (NHEJ),

boosting their RT tolerance. In lateG1, while NHEJ remains active,

its ability to fix complex DNA damage is reduced, and the lack of

homologous recombination (HR) repair leads to damage accumu-

lation. This accumulation makes cells more susceptible to

RT. When nano-radiosensitizer HfO2 NPs are conjugated to the

molybdenum disulfide nanosheets (MoS2 NSs) (MoS2/HfO2-

Dextran), the high photothermal conversion efficiency of MoS2

NSs not only ameliorates tumor hypoxia effectively but also en-

hances peroxidase-like catalytic efficiency for the production of

highly oxidized ,OH, effectively sensitizing RT and inhibiting tumor

metastasis.67 Wang et al. developed a light-controlled agarose

hydrogel system encapsulating Prussian blue (PB) NPs (PRC).68

Under irradiation with an 808 nm NIR laser (NIR-I, 700–950 nm),

PBNPs converted light energy into heat, resulting in the hydrolysis

and subsequent softening of the agarose hydrogel. Subsequently,

PB NPs were released and decomposed endogenous H2O2 to

generate O2. Meanwhile, increased blood flow in the tumor envi-

ronment alleviated hypoxia. The results of synergetic therapy

in vitro and in vivo indicated that this agarose hydrogel system

could effectively enhance DNA damage and suppress tumor

growth. Similarly, PTT-assisted RT using poly(vinylpyrrolidone)-

coated Ta NPs (Ta@PVP NPs) demonstrated significant efficacy

in inhibiting the growth of both primary breast carcinoma and its

metastatic sentinel lymph nodes (SLNs) due to the high X-ray

mass attenuation coefficient and photothermal conversion prop-

erty of Ta.40 Moreover, ICD triggered by RT/PTT can induce

robust anti-tumor immunity, enhancing the therapeutic effect on

metastatic SLNs (Figure 4B). Furthermore, Bi-based nanoflowers

(BNFs) engineered into a nano-in-micro dry powder format, exhib-

iting PTT and radiosensitization capabilities, have demonstrated

efficacy in targeted pulmonary treatment for lung metastatic

breast cancer.69 Themajority of PTT synergisticwithRT is initiated

by NIR-I radiation. Research has indicated that second near-

infrared (NIR-II, 1000–1700 nm) irradiation, which exhibits

reduced absorption by human tissues and enables deeper tissue

penetration, has facilitated the investigation of concurrent NIR-II

PTT and RT. For example, the photothermal conversion efficiency

of cysteamine-decorated FePd bimetallic nanodots (FePd NDs)

was 35.4%. The group treated with NDs + NIR + RT exhibited

higher expression of caspase 3 in vitro and a 97.5% tumor growth

inhibition in vivo.70

Immunotherapy/radiotherapy
In recent years, immunotherapy has emerged as a pivotal strat-

egy in cancer treatment by leveraging the immune system’s ca-
pabilities. Nevertheless, immunotherapy in isolation frequently

falls short of achieving complete tumor cell eradication. RT ex-

erts a profound influence on the TME and systemic immunity.

As a result, the integration of RT with immunotherapy, termed ra-

dioimmunotherapy (RIT), holds promise for augmenting the im-

mune response, thus offering an innovative approach to tumor

management. The interaction between immunotherapy and RT

primarily involves tumor vaccination, the utilization of immuno-

modulatory agents, and the implementation of immune check-

point inhibitors (ICIs).

Firstly, it has been suggested that tumor-directed RT can act

as a in situ vaccine, triggering the activation of tumor-antigen-

specific T cells. To enhance RT-mediated in situ vaccination,

strategies have been proposed to potentiate RT-induced ICD,

which can generate DAMPs, including calreticulin exposed on

the tumor cell surface, HMGB1, and ATP.189 For instance, inte-

grating an anion inhibitor of 6-phosphogluconate dehydroge-

nase (physcion, phy) into PEG-modified layered gadolinium hy-

droxide (PLGdH) nanosheets amplifies oxidative stress and

DNA damage by inhibiting pentose phosphate pathway, result-

ing in ICD and enhanced tumor immunogenicity, thus amplifying

the in situ vaccination effect.71 Additionally, Se NPs can induce

robust antitumor immunity due to their high atomic number

and energy deposition. Study has demonstrated that the radio-

sensitizer of chalcogen-based TeSe nano-heterojunctions

(NHJs) with dumbbell-like morphology (TeSe NDs) can recruit

immune cells into the TME, such as helper T cells and CTL cells,

by releasing TAAs from damaging tumor cells and ICD-induced

activation of APCs.72 The overexpression of PD-L1 on cancer

cells leads to the resistance and insensitivity of malignant tumor

to RT.190,191 Radiation-induced PD-L1 expression on tumor-

associated myeloid cells also impairs antitumor immunity.192

PD-1/PD-L1 inhibitors combined with RT have emerged as

promising strategies. However, their synergistic effects are often

less than satisfactory due to limited targeted immunomodulation

and the immunosuppressive TME. To address the challenges of

immunomodulator delivery to the TME, a chemokine-directing

nanoplatform based on mesoporous silica NPs (MSNs) was de-

signed using mesenchymal stem cells (MSCs) membrane with

overexpressed chemokine receptor CCR2 to facilitate the accu-

rate release of PD-L1 antibodies (CCR2-SCM@MSN@aPD-L1)

toward the abundant chemokine ligand CCL2 in the radiation-

induced TME.73 In addition, extracellular vesicles (EVs) with an

intrinsic ability to cross biological barriers have emerged as effi-

cient delivery systems. Exosomes conjugated with RGD pep-

tides can enhance the delivery efficiency of siPDL1 (RGD-EV:

siPDL1) across the BBB/BBTB, reversing RT-induced PD- L1

expression and significantly activating antitumor immunity

against GBM.74 To further improve the therapeutic effect of

ICIs and RT, MAL-modified resiquimod (R848, a small molecule

agonist of toll-like receptor 7/8) prodrug (R848-N3) NPs were re-

ported.75 Notably, R848-N3 can prevent the inflammatory cyto-

kine storm by using azide to block the active amino group of

R848.193 In this system, R848 is produced by radio-reduction

and activates DCs to present the RT-induced antigen captured

by the MAL-NPs, enhancing tumor-specific immune responses

to inhibit tumor growth and prevent recurrence. Since the

substantial accumulation of adenosine in the TME followed by
iScience 28, 111602, January 17, 2025 13
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RT-induced ICD plays a critical role in promoting the immuno-

suppressive TME, inhibition of the ATP-adenosine axis can

effectively amplify ICD effect. Deng et al. designed an ATP-

responsive nanoplatform to disrupt ATP-adenosine axis by

consuming intracellular ATP and inhibit CD73 expression via

the CD73 inhibitor AB680 (Bc@AZTF).76 This nanoplatform not

only improves the ICD effect but also overcomes the influence

of adenosine on PD-L1 expression and counteracts rechal-

lenged tumors (Figure 4C).

Chemotherapy/radiotherapy
Chemotherapy is a conventional and efficacious clinical inter-

vention, while chemoradiotherapy (CRT) denotes the concurrent

administration of chemotherapy and RT. Chemotherapy often

encounters challenges such as suboptimal drug accumulation

within tumors and detrimental side effects on healthy tissues.

In contrast, CRT exhibits enhanced local tumor control

compared to chemotherapy or RT alone, attributable to its syn-

ergistic therapeutic effects.194,195 At present, Pt-based drugs

function not only as chemotherapeutic agents but also as radio-

sensitizers, thereby offering an effective strategy for cancer

RT.196,197 To ensure the precise and safe release of Pt-based

drugs, a self-targeting nano-assembly (STNA) based on platinum

(IV)-amphiphilic prodrug with lactose decoration was designed

(Pt STNA). This design specifically targeted the asialoglycopro-

tein receptor (ASGPR) on the surface of hepatocellular carci-

noma (HCC) cells.59 The released cisplatin (II) from Pt STNA

can form DNA binding, inducing DNA damage and cell

apoptosis. Furthermore, the Pt-DNA binding can cause cell-cy-

cle arrest in the radiation-sensitive G2/M phase, amplifying the

cell-killing effect of RT combined with the radiation dose

enhancement of Pt STNA. Additionally, RT can increase the

accumulation of chemotherapeutics at tumor sites, thereby facil-

itating optimal tumor responses to chemotherapy while mini-

mizing systemic toxicity, even at low doses.

Research demonstrated that stereotactic body RT can

enhance vascular permeability and disrupt tight junctions by

decreasing the expression of tight junction protein ZO-1 and

increasing the expression of stromal tissue markers. This pro-

moted the penetration of disulfide cross-linked micelle (DCM)-

encapsulated paclitaxel (PTX) across the vascular endothelium

barrier, allowing it to accumulate at tumor sites (DCM-[PTX]).77

Meanwhile, PTX can induce cell-cycle arrest at the G2/M phase,

enhancing radiosensitivity. To further overcome poor therapeu-

tic effect and significant side effects of CRT, second-generation

near-infrared (NIR-II) window fluorescence (FL) imaging-guided

synergistic RT and chemotherapy against brain tumors have

also been investigated (Figure 4D). The nano-prodrug utilized

down-converted nanoparticle (DCNP) to coat X-ray-sensitive

poly (Se-Se/DOX-co-acrylic acid) and Angiopep-2 peptide

(DCNP@P(Se-DOX)@ANG), targeting the lipoprotein receptor-

related protein expressed on the BBB and glioma cells.78 Under

the precise guidance of NIR-II FL imaging, the therapeutic effect

of DOX and RT can be monitored in real time by visualizing the

cortical microvascular structure and function in the brain. In

addition, the study has found that a low dose of radiation

(5 Gy) can induce the chemotaxis of monocytes to central

GBM sites by upregulating the expression of monocyte
14 iScience 28, 111602, January 17, 2025
chemokine-1 (MCP-1)/C-C basal chemokine ligand 2 (CCL-2)

at the tumor site.198 Specifically, DOX$HCl loaded MMP-2 pep-

tide-liposome (D@MLL) with lipoteichoic acid modification can

target circulating monocytes and then hitchhike on monocytes

to the GBM tumor environment. DOX$HCl will be released under

the high concentration of MMP-2 in the tumor region for effective

GBM treatment.

Taken together, when integrated with other therapeutic mo-

dalities, RT offers substantial anti-tumor benefits, primarily

due to the synergistic interactions of multiple mechanisms

that enhance tumor cell eradication and improve efficacy

against drug-resistant and metastatic tumors. Nonetheless, the

concomitant side effects, individual variability, and the intricate

nature of the TME continue to pose significant challenges to

the implementation of combination therapy. RT alone can result

in local or systemic adverse effects, and its toxicity may be exac-

erbated when used in conjunction with chemotherapy, immuno-

therapy, or thermotherapy. For instance, the combination of RT

and chemotherapy can lead to heightened myelosuppression

and radiculitis, thereby increasing the treatment burden for pa-

tients.199 Additionally, the integration of immunotherapy with

RT may induce immune-related adverse effects, such as

adverse immune reactions.200 Hence, future trends in combina-

tion therapy are anticipated to involve multimodal and multi-tar-

geted individualized regimens. These regimens will be capable

of dynamically adjusting treatment strategies through real-time

monitoring of changes within the TME, thereby maximizing ther-

apeutic efficacy while minimizing side effects.

NANOPARTICLE-BASED RADIOENHANCER IN
CLINICAL PRACTICE

Over the past decade, continuous advancements in nanotech-

nology have demonstrated significant potential for nanoparticle-

based strategies to augment the therapeutic efficacy of RT.

Among high-Z NPs, AGuIX (Gd-based) and NBTXR3 (Hf-based)

NPs have been applied in clinical trials. AGuIX NPs (less than 5

nm) consist of a polysiloxane matrix and gadolinium chelates,

enabling MRI guidance and local radiation dose amplification.

The first-in-human phase I NANO-RAD (NCT02820454) investi-

gated the combination of AGuIX NPs with whole brain RT in pa-

tientswithmultiplebrainmetastases frommelanoma, lung, breast,

or colon cancer.80 The study assessed the safety and maximum

tolerated dose of the systemic administration of AGuIX NPs,

finding no dose-limiting toxic effects up to 100 mg/kg. Currently,

five clinical trials currently involving AGuIX NPs are underway:

Phase I/II trial (NCT04789486) investigating stereotactic magnetic

resonance-guided adaptive radiation therapy for centrally located

lung tumors and locally advanced pancreatic cancers; Phase Ib

trial (NCT03308604) examining chemoradiation and brachyther-

apy for locally advanced cervical cancer; Phase I/II trail

(NCT04881032) exploring TMZ and RT for GBM; Phase II trials

(NCT03818386, NCT04899908) assessing whole-brain RT or ste-

reotactic radiosurgery/RT for brain metastases.81–85 Recently,

the second-generation bismuth (Bi)-gadolinium NPs (AGuIX-Bi)

have been designed and applied in the ongoing Nano-SMART

clinical trial for centrally located non-small cell lung cancer

(NSCLC).41
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Unlike AGuIX, NBTXR3 are 50 nmNPs consisting of HfO2 NPs,

administered intratumorally. In a phase I trial (NCT01946867), 19

elderly patients with locally advanced squamous cell carcinoma

of the oral cavity or oropharynx received an intra-tumoral injec-

tion of NBTXR3 followed by intensity-modulated radiation ther-

apy (IMRT), demonstrating the feasibility and safety of NBTXR3

activated by IMRT.86 In another phase I study (NCT01433068)

involving NBTXR3 activated by preoperative external-beam RT

in adult patients with locally advanced soft tissue sarcomas

also illustrated manageable safety.87 Furthermore, a Phase I

study (NCT04484909) described the first patient with pancreatic

cancer treated with NBTXR3 and IMRT, demonstrating the initial

feasibility of NBTXR3 as a radioenhancer.88 A phase II–III clinical

trial (NCT02379845) further demonstrated the long-term safety

of NBTXR3, without affecting postsurgical wound complica-

tions.89 In addition, a phase Ib/II trial (NCT02465593) investi-

gated the efficacy and safety of NBTXR3 with RT and chemo-

therapy in patients with rectal cancer.90

Since chemotherapeutics can function as radiosensitizers,

therapeutic effects of clinically approved nanomedicine com-

binedwith RT have also been evaluated in clinical trials, including

nanoparticle albumin-bound paclitaxel (Nab-paclitaxel, Abrax-

ane) and liposomal irinotecan (Onivyde). A phase II trial

(NCT04569916) studied the antitumor efficacy of RT plus Oni-

vyde followed by camrelizumab and antiangiogenic treatment

in solid tumors.91 Updated survival data from a phase I/II study

(UMIN000012719) revealed the encouraging feasibility and ac-

tivity of carboplatin plus nab-paclitaxel and concurrent RT in

patients with locally advanced NSCLC.92 In recent years, phase

I trials have demonstrated that carboplatin/nab-paclitaxel

and RT exhibited excellent tolerability in patients with locally

advanced NSCLC (jRCTs042180077,93 UMINR00001543294)

and previously treated head and neck squamous cell carcinoma

(NCT01847326).95 Another phase I study (ChiCTR1900021079)

involving patients with locally advanced esophageal squamous

cell carcinoma treated with a weekly schedule of cisplatin and

nab-paclitaxel in combination with concurrent RT revealed the

safety and promising antitumor activity of the regimen.96

CONCLUSIONS AND OUTLOOKS

In conclusion, this review has examined recent advancements in

the application of nanoparticle-based RT for cancer treatment.

Considerable efforts have been directed toward augmenting ra-

diation sensitization through various mechanisms, including the

enhancement of ROS generation, the mitigation of hypoxia, the

implementation of active targeting strategies, and the utilization

of stimuli-responsive nanosystems. Furthermore, the modula-

tion of the immune microenvironment and the promotion of

G2/M phase cell-cycle arrest have substantially improved the

therapeutic efficacy of RT.Moreover, the synergistic interactions

among radiodynamic therapy, thermotherapy, immunotherapy,

and chemotherapy in conjunction with RT not only reprogram

the tumor-resistant microenvironment to inhibit tumor growth

but also enhance the abscopal effect of RT and suppress the

metastasis of malignant tumors. Clinical trials involving AGuIX,

NBTXR3, Onivyde and Nab-paclitaxel have demonstrated the

substantial potential of NPs-enhanced therapy in the clinical
transformation against malignant tumors. The unique properties

of NPs position them as powerful tools in the fight against

cancer.

Future research should explore not only the short-term effects

of enhanced RT but also the long-term health impacts of nano-

materials. The potential chronic toxicity and prolonged retention

of these materials in the body are significant concerns. Efficient

RT sensitization must be balanced with ensuring safe meta-

bolism and clearance, necessitating the design of nanomaterials

with excellent biodegradability and controlled metabolic path-

ways. Nanomaterial development must optimize molecular

structure and surface modification to minimize bioaccumulation.

The synthesis process should follow green and sustainable prin-

ciples, using biocompatible materials and eco-friendly methods

to lessen environmental impact.201,202 In tumor therapy, particu-

larly when using RT sensitization, it is crucial to weigh potential

risks and side effects, such as ROS’s dual impact and the

risk of tumor vascular normalization. Thus, each sensitization

method should be applied with a personalized approach,

balancing short-term effectiveness and long-term safety. For pa-

tients with varying tumor stages or molecular traits, selecting the

right RT sensitization regimen can reduce side effects and

improve treatment outcomes.

Despite the inherent challenges and uncertainties, the future

trajectory of nanomaterial-sensitized RT appears promising.

Recent technological advancements are enabling the develop-

ment of NPs with targeted delivery, low toxicity, and controlled

release properties, thereby providing safer and more efficacious

options for clinical RT applications. The integration of cutting-

edge technologies from the fields of biomaterials, imaging, and

oncology is expected to significantly enhance the safety and pre-

cision of tumor RT and combination therapies.
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H.L., and Weichselbaum, R.R. (2024). Radiotherapy and immunology.

J. Exp. Med. 221, e20232101.

164. Barcellos-Hoff, M.H., Park, C., andWright, E.G. (2005). Radiation and the

microenvironment - Tumorigenesis and therapy. Nat. Rev. Cancer 5,

867–875.

http://refhub.elsevier.com/S2589-0042(24)02829-3/sref129
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref129
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref129
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref129
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref130
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref130
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref130
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref130
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref130
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref131
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref131
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref131
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref131
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref132
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref132
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref132
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref132
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref133
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref133
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref133
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref133
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref134
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref134
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref135
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref135
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref135
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref135
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref135
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref136
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref136
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref136
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref137
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref137
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref137
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref138
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref138
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref138
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref138
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref139
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref139
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref139
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref140
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref140
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref140
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref141
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref141
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref142
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref142
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref142
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref142
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref143
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref143
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref143
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref143
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref144
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref144
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref144
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref144
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref145
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref145
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref146
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref146
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref146
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref147
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref147
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref148
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref148
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref148
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref148
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref148
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref148
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref149
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref149
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref149
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref149
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref149
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref149
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref150
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref150
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref151
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref151
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref152
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref152
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref153
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref153
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref153
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref153
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref153
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref154
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref154
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref154
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref155
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref155
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref156
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref156
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref156
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref156
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref157
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref157
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref157
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref157
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref158
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref158
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref158
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref158
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref159
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref159
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref159
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref159
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref160
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref160
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref160
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref160
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref161
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref161
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref161
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref161
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref162
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref162
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref162
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref163
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref163
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref163
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref164
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref164
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref164


iScience
Review

ll
OPEN ACCESS
165. Yang, X., Lu, Y., Hang, J., Zhang, J., Zhang, T., Huo, Y., Liu, J., Lai, S.,

Luo, D., Wang, L., et al. (2020). Lactate-Modulated Immunosuppression

of Myeloid-Derived Suppressor Cells Contributes to the Radioresistance

of Pancreatic Cancer. Cancer Immunology Research 8, 1440–1451.

166. Deng, L., Liang, H., Xu, M., Yang, X., Burnette, B., Arina, A., Li, X.D., Mau-

ceri, H., Beckett, M., Darga, T., et al. (2014). STING-Dependent Cytosolic

DNA Sensing Promotes Radiation-Induced Type I Interferon-Dependent

Antitumor Immunity in Immunogenic Tumors. Immunity 41, 843–852.

167. Ng, K.W., Marshall, E.A., Bell, J.C., and Lam, W.L. (2018). cGAS-STING

and Cancer: Dichotomous Roles in Tumor Immunity and Development.

Trends Immunol. 39, 44–54.

168. He, M., Xiao, T., Wang, Y., Yu, H., Wang, Z., Shi, X., andWang, H. (2023).

Multifunctional PVCL nanogels enable magnetic resonance imaging and

immunostimulated radiotherapy of orthotopic glioblastoma. Chemical

Engineering Journal 453, 139634.

169. Cao, Y., Ding, S., Hu, Y., Zeng, L., Zhou, J., Lin, L., Zhang, X., Ma, Q., Cai,

R., Zhang, Y., et al. (2024). An Immunocompetent Hafnium Oxide-Based

STING Nanoagonist for Cancer Radio-immunotherapy. ACS Nano 18,

4189–4204.

170. Deng, Z., Xi, M., Zhang, C., Wu, X., Li, Q., Wang, C., Fang, H., Sun, G.,

Zhang, Y., Yang, G., and Liu, Z. (2023). Biomineralized MnO2 nanoplat-

forms mediated delivery of immune checkpoint inhibitors with STING

pathway activation to potentiate cancer radio-immunotherapy. ACS

Nano 17, 4495–4506.

171. Munn, D.H., and Mellor, A.L. (2016). IDO in the Tumor Microenvironment:

Inflammation, Counter-Regulation, and Tolerance. Trends Immunol. 37,

193–207.

172. Zhang, C., Wang, K., andWang, H. (2023). Adenosine in cancer immuno-

therapy: Taking off on a new plane. Biochim. Biophys. Acta. Rev. Cancer

1878, 189005.

173. Xia, W., Spector, S., Hardy, L., Zhao, S., Saluk, A., Alemane, L., and

Spector, N.L. (2000). Tumor selective G2/M cell cycle arrest and

apoptosis of epithelial and hematological malignancies by BBL22, a ben-

zazepine. Proc. Natl. Acad. Sci. USA 97, 7494–7499.

174. Tyagi, A.K., Singh, R.P., Agarwal, C., Chan, D.C.F., and Agarwal, R.

(2002). Silibinin strongly synergizes human prostate carcinoma DU145

cells to doxorubicin-induced growth Inhibition, G2-M arrest, and

apoptosis. Clin. Cancer Res. 8, 3512–3519.

175. Zhang, Y., Wang, Y., Meng, L., Huang, Q., Zhu, Y., Cui, W., Cheng, Y.,

and Liu, R. (2021). Targeted micelles with chemotherapeutics and gene

drugs to inhibit the G1/S and G2/M mitotic cycle of prostate cancer.

J. Nanobiotechnology 19, 17.

176. Pawlik, T.M., and Keyomarsi, K. (2004). Role of cell cycle in mediating

sensitivity to radiotherapy. Int. J. Radiat. Oncol. Biol. Phys. 59, 928–942.

177. Dillon, M.T., Good, J.S., and Harrington, K.J. (2014). Selective targeting

of the G2/M cell cycle checkpoint to improve the therapeutic index of

radiotherapy. Clin. Oncol. 26, 257–265.

178. Segard, T., Robins, P.D., Yusoff, I.F., Ee, H., Morandeau, L., Campbell,

E.M., and Francis, R.J. (2013). Detection of hypoxia with 18F-fluoromiso-

nidazole (18F-FMISO) PET/CT in suspected or proven pancreatic cancer.

Clin. Nucl. Med. 38, 1–6.

179. Ma, S., Zhao, Y., Lee,W.C., Ong, L.T., Lee, P.L., Jiang, Z., Oguz,G., Niu, Z.,

Liu, M., Goh, J.Y., et al. (2022). Hypoxia induces HIF1$\alpha$-dependent

epigenetic vulnerability in triple negative breast cancer to confer immune

effector dysfunction and resistance to anti-PD-1 immunotherapy. Nat.

Commun. 13, 4118.

180. Pang, H.H., Huang, C.Y., Chen, P.Y., Li, N.S., Hsu, Y.P., Wu, J.K., Fan,

H.F., Wei, K.C., and Yang, H.W. (2023). Bioengineered Bacteriophage-

Like Nanoparticles as RNAi Therapeutics to Enhance Radiotherapy

against Glioblastomas. ACS Nano 17, 10407–10422.

181. Liu, S., Li, W., Zhang, Y., Zhou, J., Du, Y., Dong, S., Tian, B., Fang, L.,

Ding, H., Gai, S., and Yang, P. (2022). Tailoring Silica-Based Nanoscintil-
lators for Peroxynitrite-Potentiated Nitrosative Stress in Postoperative

Radiotherapy of Colon Cancer. Nano Lett. 22, 6409–6417.

182. Huang, Z. (2005). A review of progress in clinical photodynamic therapy.

Technol. Cancer Res. Treat. 4, 283–293.

183. Agostinis, P., Berg, K., Cengel, K.A., Foster, T.H., Girotti, A.W., Gollnick,

S.O., Hahn, S.M., Hamblin, M.R., Juzeniene, A., Kessel, D., et al. (2011).

Photodynamic therapy of cancer: an update. CA. Cancer J. Clin. 61,

250–281.

184. Shafirstein, G., Bellnier, D., Oakley, E., Hamilton, S., Potasek, M., Bee-

son, K., and Parilov, E. (2017). Interstitial Photodynamic Therapy-A

Focused Review. Cancers (Basel) 9, 12.

185. Fan, W., Huang, P., and Chen, X. (2016). Overcoming the Achilles’ heel of

photodynamic therapy. Chem. Soc. Rev. 45, 6488–6519.

186. Jiang, M., Deng, Z., Zeng, S., and Hao, J. (2021). Recent progress on

lanthanide scintillators for soft X-ray-triggered bioimaging and deep-tis-

sue theranostics. View 2.

187. Zhu, D., Lyu, M., Huang, Q., Suo, M., Liu, Y., Jiang, W., Duo, Y., and Fan,

K. (2020). Stellate Plasmonic Exosomes for Penetrative Targeting Tumor

NIR-II Thermo-Radiotherapy. ACS Appl. Mater. Interfaces 12, 36928–

36937.

188. Woelber, L., Prieske, K., Eulenburg, C., Oliveira-Ferrer, L., de Gregorio,

N., Klapdor, R., Kalder, M., Braicu, I., Fuerst, S., Klar, M., et al. (2021).

p53 and p16 expression profiles in vulvar cancer: a translational analysis

by the Arbeitsgemeinschaft Gyn{\"a}kologische Onkologie Chemo and

Radiotherapy in Epithelial Vulvar Cancer study group. Am. J. Obstet. Gy-

necol. 224, 595.

189. McLaughlin, M., Patin, E.C., Pedersen, M., Wilkins, A., Dillon, M.T.,

Melcher, A.A., and Harrington, K.J. (2020). Inflammatory microenviron-

ment remodelling by tumour cells after radiotherapy. Nat. Rev. Cancer

20, 203–217.

190. Kornepati, A.V.R., Vadlamudi, R.K., and Curiel, T.J. (2022). Programmed

death ligand 1 signals in cancer cells. Nat. Rev. Cancer 22, 174–189.

191. Skinner, H.D., Giri, U., Yang, L.P., Kumar, M., Liu, Y., Story, M.D., Pick-

ering, C.R., Byers, L.A., Williams, M.D., Wang, J., et al. (2017). Integrative

Analysis Identifies a Novel AXL-PI3 Kinase-PD-L1 Signaling Axis Associ-

ated with Radiation Resistance in Head and Neck Cancer. Clin. Cancer

Res. 23, 2713–2722.

192. Zhang, P., Miska, J., Lee-Chang, C., Rashidi, A., Panek, W.K., An, S.,

Zannikou, M., Lopez-Rosas, A., Han, Y., Xiao, T., et al. (2019). Therapeu-

tic targeting of tumor-associated myeloid cells synergizes with radiation

therapy for glioblastoma. Proc. Natl. Acad. Sci. USA 116, 23714–23723.

193. Sun, J., Liu, Z., Yao, H., Zhang, H., Zheng, M., Shen, N., Cheng, J., Tang,

Z., and Chen, X. (2023). Azide-MaskedResiquimod Activated by Hypoxia

for Selective Tumor Therapy. Adv. Mater. 35, e2207733.

194. Liu, X., Yuan, Z., Tang, Z., Chen, Q., Huang, J., He, L., and Chen, T. (2021).

Selenium-driven enhancement of synergistic cancer chemo-/radiotherapy

by targeting nanotherapeutics. Biomater. Sci. 9, 4691–4700.

195. Fan, Y., Zhang, J., Shi, M., Li, D., Lu, C., Cao, X., Peng, C., Mignani, S.,

Majoral, J.P., and Shi, X. (2019). Poly(amidoamine) Dendrimer-

Coordinated Copper(II) Complexes as a Theranostic Nanoplatform for

the Radiotherapy-Enhanced Magnetic Resonance Imaging and Chemo-

therapy of Tumors and Tumor Metastasis. Nano Lett. 19, 1216–1226.

196. Johnstone, T.C., Suntharalingam, K., and Lippard, S.J. (2016). The Next

Generation of PlatinumDrugs: Targeted Pt(II) Agents, Nanoparticle Deliv-

ery, and Pt(IV) Prodrugs. Chem. Rev. 116, 3436–3486.

197. Gillison, M.L., Trotti, A.M., Harris, J., Eisbruch, A., Harari, P.M., Adelstein,

D.J., Jordan, R.C.K., Zhao, W., Sturgis, E.M., Burtness, B., et al. (2019).

Radiotherapy plus cetuximab or cisplatin in human papillomavirus-posi-

tive oropharyngeal cancer (NRG Oncology RTOG 1016): a randomised,

multicentre, non-inferiority trial. Lancet 393, 40–50.

198. Krishna, S., Choudhury, A., Keough, M.B., Seo, K., Ni, L., Kakaizada, S.,

Lee, A., Aabedi, A., Popova, G., Lipkin, B., et al. (2023). Glioblastoma
iScience 28, 111602, January 17, 2025 21

http://refhub.elsevier.com/S2589-0042(24)02829-3/sref165
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref165
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref165
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref165
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref166
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref166
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref166
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref166
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref167
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref167
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref167
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref168
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref168
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref168
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref168
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref169
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref169
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref169
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref169
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref170
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref170
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref170
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref170
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref170
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref171
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref171
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref171
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref172
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref172
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref172
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref173
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref173
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref173
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref173
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref174
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref174
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref174
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref174
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref175
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref175
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref175
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref175
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref176
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref176
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref177
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref177
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref177
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref178
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref178
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref178
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref178
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref179
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref179
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref179
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref179
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref179
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref180
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref180
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref180
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref180
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref181
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref181
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref181
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref181
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref182
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref182
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref183
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref183
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref183
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref183
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref184
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref184
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref184
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref185
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref185
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref186
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref186
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref186
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref186
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref186
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref186
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref187
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref187
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref187
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref187
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref188
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref188
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref188
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref188
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref188
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref188
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref189
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref189
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref189
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref189
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref190
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref190
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref191
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref191
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref191
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref191
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref191
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref192
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref192
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref192
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref192
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref193
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref193
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref193
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref194
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref194
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref194
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref195
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref195
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref195
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref195
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref195
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref196
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref196
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref196
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref197
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref197
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref197
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref197
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref197
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref198
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref198


iScience
Review

ll
OPEN ACCESS
remodelling of human neural circuits decreases survival. Nature 617,

599–607.

199. Pan, Z., Chen, K., He, H., Jiang, T., Song, Y., Pang, X., Ye, X., Wang, M.,

Zhou, T., Dong, L., and Yang, G. (2023). A phase II study of concurrent

involved-field radiotherapy and intrathecal chemotherapy for leptome-

ningeal metastasis from solid tumors. Radiother. Oncol. 186, 109740.

200. Moradi, L.A., Clark, C.A., Schneider, C.S., Deshane, A.S., and Dobel-

bower, M.C. (2021). Durable Metastatic Melanoma Remission Following

Pembrolizumab and Radiotherapy: A Case Report of Prophylactic Immu-
22 iScience 28, 111602, January 17, 2025
nosuppression in a Patient with Myasthenia Gravis and Immune-

Mediated Colitis. Front. Immunol. 12, 12788499.

201. Koutu, V., Rajawat, S., Shastri, L., and Malik, M.M. (2019). Apoptosis and

inhibition of human epithelial cancer cells by ZnO nanoparticles synthe-

sized using plant extract. Advances in Nano Research 7, 231–239.

202. Gokila, V., Perarasu, V.T., and Rufina, R.D.J. (2021). Qualitative compar-

ison of chemical and green synthesized Fe3O4 nanoparticles. Advances

in Nano Research 10, 71–76.

http://refhub.elsevier.com/S2589-0042(24)02829-3/sref198
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref198
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref199
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref199
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref199
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref199
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref200
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref200
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref200
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref200
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref200
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref201
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref201
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref201
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref202
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref202
http://refhub.elsevier.com/S2589-0042(24)02829-3/sref202

	Advances in nanoparticle-based radiotherapy for cancer treatment
	Introduction
	Nanoparticles for enhanced radiotherapy
	Mechanisms underlying radiotherapy sensitization
	Generate reactive oxygen species
	Overcome hypoxia
	Targeted radiation
	Improve tumor immune microenvironment
	G2/M cell-cycle arrest

	Nanoparticle-based treatments synergize with radiotherapy for cancer therapy
	Radiodynamic therapy/radiotherapy
	Thermotherapy/radiotherapy
	Immunotherapy/radiotherapy
	Chemotherapy/radiotherapy

	Nanoparticle-based radioenhancer in clinical practice
	Conclusions and outlooks
	Acknowledgments
	Author contributions
	Declaration of interests
	References


