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Abstract: Radiotherapy is a pivotal method for treating malignant tumors, and enhancing the therapeutic gain ratio of radiotherapy 
through physical techniques is the direction of modern precision radiotherapy. Due to the inherent physical properties of high-energy 
radiation, enhancing the therapeutic gain ratio of radiotherapy through radiophysical techniques inevitably encounters challenges. The 
combination of hyperthermia and radiotherapy can enhance the radiosensitivity of tumor cells, reduce their radioresistance, and holds 
significant clinical utility in radiotherapy. Multifunctional nanomaterials with excellent biocompatibility and safety have garnered 
widespread attention in tumor hyperthermia research, demonstrating promising potential. Utilizing nanotechnology as a sensitizing 
carrier in conjunction with radiotherapy, and high atomic number nanomaterials can also serve independently as radiosensitizing 
carriers. This synergy between tumor hyperthermia and radiotherapy may overcome many challenges currently limiting tumor 
radiotherapy, offering new opportunities for its further advancement. In recent years, the continuous progress in the synthesis and 
design of novel nanomaterials will propel the future development of medical imaging and cancer treatment. This article summarizes 
the radiosensitizing mechanisms and effects based on gold nanotechnology and provides an overview of the advancements of other 
nanoparticles (such as bismuth-based nanomaterials, magnetic nanomaterials, selenium nanomaterials, etc.) in the process of radiation 
therapy. 
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Introduction
Malignant tumors hold the second-highest mortality rate globally, surpassed only by cardiovascular diseases. 
Radiotherapy, chemotherapy, and surgical intervention stand as the three most prevalent treatment modalities.1,2 

Radiotherapy, a critical approach in treating malignant tumors, is incorporated into the frontline treatment plans for 
approximately 60% of newly diagnosed patients.3–5 Modern precision radiotherapy aims to enhance the therapeutic gain 
ratio through advanced physics technology, thereby maximizing the radiation dose delivered to the target lesion while 
minimizing unnecessary exposure to surrounding healthy tissues and organs. This has led to the widespread application 
of sophisticated techniques such as Intensity-Modulated Radiation Therapy (IMRT), Image-Guided Radiation Therapy 
(IGRT), and Stereotactic Radiosurgery (SRS).6–8 However, due to the inherent physical properties of high-energy 
radiation, enhancing the therapeutic gain ratio through radiophysical technology inevitably encounters limitations. 
Factors affecting the efficacy of tumor radiotherapy extend beyond radiophysical technology to include intracellular 
oxygen content and reoxygenation, glutathione levels, radiation damage repair capacity, radiosensitivity across different 
cell cycles, expression of radioresistant genes in tumors, immune evasion by tumors, and radiation-induced side 
effects.9–11
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Combining hyperthermia with radiotherapy enhances the radiosensitivity of tumor cells and diminishes their radio-
resistance, holding significant clinical value in tumor treatment. With the rapid advancements in nanoscience and 
biomedicine in recent years, numerous studies indicate that, due to their unique physicochemical and biological proper-
ties, nanomaterials offer vast prospects for enhancing tumor radiosensitivity. This has paved new avenues for the 
combined application of tumor hyperthermia and radiotherapy, introducing innovative approaches.12,13 Multifunctional 
nanomaterials with commendable biocompatibility and safety have garnered extensive attention in tumor hyperthermia 
applications, demonstrating promising potential.14,15 Integrating nanothermal technology as a sensitizing agent in radio-
therapy not only synergistically enhances the effects of hyperthermia and radiotherapy but also allows nanomaterials to 
serve independently as radiosensitizing agents. This dual approach may overcome numerous challenges currently 
constraining tumor radiotherapy, thereby presenting new opportunities for its further advancement.16–18 This article 
provides a comprehensive review of the research progress in tumor hyperthermia and radiosensitization based on 
nanotechnology, aiming to inform subsequent research and clinical translation of this promising technique.

Overview of Nanotechnology-Enhanced Thermoradiotherapy 
Radiosensitization
Tumor hyperthermia is a treatment modality that employs physical factors (such as radiofrequency, microwaves, 
ultrasound, and lasers) to elevate the temperature of tumor tissues and/or the entire body, utilizing the cytotoxic effects 
of elevated temperatures and their secondary effects to treat tumors.19,20 It serves as a comprehensive cancer treatment 
approach, supplementing surgery, radiotherapy, chemotherapy, targeted therapy, and immunotherapy. Tumor hyperther-
mia is regarded as a green, non-toxic, safe, and widely accepted radiosensitizing technique. Tumor hyperthermia 
combined with radiotherapy primarily functions by directly inhibiting tumor cells and enhancing the radiosensitizing 
effects induced by heat, thereby augmenting the efficacy of radiotherapy and chemotherapy.21,22 The mechanisms 
underlying hyperthermia-induced radiosensitization are complex, with established mechanisms including cell cycle 
complementation, hypoxia alleviation, and DNA repair inhibition.23 In terms of cell cycle complementation, radiotherapy 
is most effective during the late G2 and M phases of tumor cell mitosis. During the S phase of mitosis, when glutathione 
synthesis increases, cells are relatively radioresistant. In contrast, hyperthermia is sensitive to tumor cells in the S phase, 
and the combined application of both treatments can produce a synergistic effect.24,25 To alleviate tumor hypoxia, 
hyperthermia can enhance tumor tissue perfusion, increase vascular permeability, and augment tumor metabolism and 
oxygenation, thereby reversing tumor tissue hypoxia and enhancing radiosensitivity. DNA strand breaks are key factors 
in radiation-induced tumor cell death. While double-strand breaks are often irreparable and lethal to tumor cells, single- 
strand breaks can be repaired by DNA polymerases, affecting the cytotoxic impact of radiation. Hyperthermia can reduce 
DNA polymerase activity, thereby inhibiting DNA strand repair and enhancing tumor radiosensitivity by suppressing the 
repair of sublethal and potentially lethal damage.26,27

Traditional tumor hyperthermia involves the use of external electromagnetic energy sources, such as infrared 
radiation, radiofrequency, microwaves, and ultrasound, to heat the region containing the tumor tissue. This non- 
selective heating technique, which affects both tumor and normal tissues, can result in damage to healthy tissues, 
a factor that has limited the further development and application of hyperthermia in the context of modern precision 
medicine.28 The rapid advancement of nanotechnology offers a multitude of potential treatment strategies for cancer. 
Utilizing the unique tissue permeability and retention (EPR) effect of nanomaterials, combined with technologies such as 
electromagnetic navigation, enables the specific targeting of nanomaterials to tumor cells. Selecting nanomaterials with 
photothermal and electromagnetic heating properties, and applying external electromagnetic waves, can overcome the 
limitations of traditional hyperthermia techniques, achieving precise intracellular tumor hyperthermia.29,30 Moreover, 
certain high atomic number nanomaterials, due to their unique photoelectric attenuation characteristics, can be targeted to 
tumor tissues. Under the photoelectric and Compton effects of high-energy X-rays, these materials can generate high 
levels of energy absorption, modify the tumor microenvironment, enhance radiosensitivity, and ultimately achieve 
a synergistic effect between hyperthermia and radiotherapy. These materials are often employed as radiation 
sensitizers.31–33
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Radiosensitizing Effects of Gold Nanoparticles
Gold, a transition metal and an inert element, is one of the most malleable metals known.34 Its excellent biocompatibility, 
multivalent surface properties, and ease of modification with targeted molecular probes make it a focal point in the field 
of nanomedicine.35,36 Gold nanoparticles (AuNPs) utilize surface plasmon resonance technology (SPR) for photothermal 
conversion, serving as photothermal transducers for photothermal therapy. Surface plasmon resonance enhances, to 
a certain extent, the light absorption and scattering effects of gold nanoparticles, thereby increasing the absorbed dose in 
tumor tissues. In cancer treatment, gold nanoparticles also function as drug carriers, imaging probes, and radiation 
sensitizers.37–40 Under X-ray irradiation, gold nanoparticles enhance local photoelectric absorption effects, accelerate 
DNA cleavage, and alter the cell cycle and intracellular environment, thus emerging as novel sensitizing agents in current 
radiation therapy for tumors,41 as depicted in Figure 1.

Radiosensitizers are defined as chemical or biological compounds that can increase the effective dose of radiation 
therapy in cancer cells,42 serving as substances that enhance the radiosensitivity of targeted lesions. Due to its high 
atomic number, gold can produce a certain radiosensitizing effect, and the synergy between the two can multiply the 
therapeutic effect.43,44 Tabatabaie et al conducted experimental research on human melanoma and prostate cancer cell 
lines using gold nanoparticles (GNPs) and 6 MV X-rays (0–8Gy), and quantified the mitochondrial stress response. The 
results showed that the addition of GNPs significantly increased mitochondrial stress, peaking at 4Gy. Radiation-induced 
mitochondrial damage was quantified through increased ROS activity. This enhanced mitochondrial stress can lead to 
more effective killing of GNP-treated cells, further enhancing the applicability of functionally guided nanoparticles.45 

Huynh et al, using gold nanoparticles (GNPs) as radiation sensitizers, found that the addition of gold nanoparticles 
reduced the total radiation dose and radiation toxicity. Experiments demonstrated that GNP radiosensitization can 
overcome hypoxia-induced radiation resistance and treatment-induced accelerated repopulation of cancer cells in 
HNC, improving radiation therapy outcomes and offering an optimistic prognosis and approach for the treatment of 
head and neck cancers.46 The radiosensitizing potential of GNPs has been supported and confirmed by various 
experimental data (Table 1)

The Intricate Mechanism of Gold Nanoparticles in Enhancing Radiosensitivity 
During Radiotherapy
The use of radiosensitizers can increase the local dose and overcome the heterogeneity of responses within hypoxic and 
rapidly proliferating regions of tumors. This enhances the contrast between tumor and normal tissues, yielding additional 

Figure 1 The multifaceted capabilities of gold nanoparticles.
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Table 1 Studies on Radiosensitization of GNPs

Study [Ref] Size (nm) Surface Modifier Concentration/ 
Injection Dose (i.v./ 
i.t./i.p)

Cell Line Energy DEF/Effect

Chang et al 200847

In vitro 13 nm Citrate 10 nM B16F10 6 MeV e− Compared with IR alone, 8Gy+GNPs SF was 

significantly reduced

In vivo 13 nm Citrate 200 μL, 

200 nM GNPs 
Intravenous(i.v.)

B16F10 6 MeV e− Tumor growth was significantly slower and 

survival rate improved

Butterworth et al 201048

In vitro 1.9 nm Proprietary thiol 2.4 μM 

0.24 μM

AGO-1552B 

Astro 
DU-145 

L132 

MCF-7 
MDA-MB-231 

PC-3 

T98G

160 kVp 1.97 

0.96 
0.81 

0.87 

1.09 
1.11 

1.02 

1.91

Chithrani et al 201049

In vitro 14 nm 

50 nm 

74 nm

Citrate 7x109 NPs/mL HeLa 105 kVp 

220 kVp 

660 keV (137-Cs) 
6 MVp

1.66 

1.43 

1.18 
1.17

Geng et al 201150

In vitro 14 nm Glucose 1.25 nM 

2.5 nM 
5 nM

SK-OV-3 90 kVp 

6MV

1.44 

1.3–1.37

Jain et al 201151

In vitro 1.9 nm Proprietary thiol 

(AuroVist™)

12 μM 

(500 μg/mL)

MDA-MB-231 

L132 
DU145

160 kVp 

6MV 
15 MV

1.41 

1.29 
1.16 

(MDA-MB-231)
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Coulter et al 201252

In vitro 1.9 nm Proprietary thiol 
(AuroVist™)

12 μM 
(500 μg/mL)

MDA-MB-231 
DU145 

L132

160 kVp ~1.8 
(MDA-MB-231)

Joh et al 201353

In vitro 12nm PEG 1 mM U251 150 kVp ~1.3

In vivo 12nm PEG 1.25 g Au/kg U251 175 kVp, 

20 Gy

Median survival was prolonged

Chattopadhyay et al 

201354

In vitro 30nm PEG 

HER2 targeted 
(trastuzumab)

2.4 mg/mL MDA-MB-361 100 kVp 1.6 (targeted) 

1.3 (non-targeted)

In vivo 30nm PEG 

HER2 targeted 

(trastuzumab)

~0.8 mg Au 

(4.8 mg/g tumor) 

Intratumoral(i.t.)

MDA-MB-361 100 kVp, 

11 Gy

GNPs+X radiation resulted in 46% regression 

of MDA-MB-361 tumors, with no significant 

normal tissue toxicity

Cui et al 201455

In vitro 2.7nm Tiopronin 0.5 mg/mL MDA-MB-231 225 kVp 1.04–1.44

Jain et al 201456

In vitro 1.9 nm Proprietary thiol 

(AuroVist™)

12 μM 

(500 μg/mL)

MDA-MB-231 160 kVp 1.41

Khoshgard et al 201457

In vitro 47–52nm PEG, Folate- 

conjugated

50 μM HeLa Gamma (60-Co) 1.64 (targeted) 

1.35 (untargeted)

Taggart et al 201458

In vitro 1.9 nm Proprietary thiol 
(AuroVist™)

12 μM 
(500 μg/mL)

MDA-MB-231 
T98G 

DU-145

225 kVp 1.17–1.23 
(MDA-MB-231) 

1.35–1.90 (T98G) 

1.01–1.1

(Continued)
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Table 1 (Continued). 

Study [Ref] Size (nm) Surface Modifier Concentration/ 
Injection Dose (i.v./ 
i.t./i.p)

Cell Line Energy DEF/Effect

Liu et al 201559

In vitro 14.8nm Citrate 1.5–15 μg/mL HeLa 50 kVp 

X-rays 
70 keV/μm 

carbon

1.14–2.88 

1.27–1.44

Wang et al 201560

In vitro 16 nm, 

49 nm

Glucose 20 nM MDA-MB-231 6 MV 1.49 (16 nm) 

1.86 (49 nm)

Wolfe et al 201561

In vitro 31 × 9 nm PEG, goserelin- 
conjugated 

nanorods

0.3 optical density PC3 6 MV 1.19 (non-targeted) 
1.36 (targeted)

In vivo 31 × 9 nm PEG, goserelin- 

conjugated 

nanorods

100 μL, 40 μM AuNPs 

(i.v)

PC3 6 MV Tumor growth delay, 17 days (targeted) and 3 

days (non-targeted)

Li et al 201662

In vitro 5 nm 

10 nm

amine-PEG 0.05 mg /mL A431 1.3 MeV The radiosensitization effect was significantly 

enhanced

Dou et al 201663

In vivo 13.2nm PEG 60nM/kg (i.v.) Hela 6MeV Tumor growth is inhibited

Soleymanifard et al 201764

In vitro 16nm Glucose 100µM QU-DB 

MCF-7

100kVp 

6MV

Tumor growth is inhibited

Liu et al 201865

In vivo 8 nm 
50 nm

BSA 4mg/kg (i.v.) H22 6MV Tumor growth is inhibited, 
1.93 (8nm) 

2.02 (50nm)
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Molinari et al 202066

In vitro 48.6nm SI306 1 μM 

10 μM

U87 GBM 43.9MV Effectively enhance anti-tumor proliferation 

activity

Luo et al 202067

In vitro 5nm Gd(III) 50 nM PSMA 2 Gy 

4 Gy 

6 Gy 
8 Gy

The Gd (III) complex to GDP showed an 

approximately 4-fold increase in MR Sensitivity, 

a higher binding affinity, and enhanced cell MR 
Contrast and in vitro radiosensitization

In vivo 5nm Gd(III) 60 μmol/kg PSMA 1.8−2.0 Gy per 
fraction and 

hypofractionation 

of 2.5−6.7 Gy per 
fraction

Tumor accumulation, MR Contrast and in vivo 
radiation dose were significantly amplified, with 

high prostate cancer targeting specificity, MR 

Contrast sensitivity and renal clearance.

Cunningham et al 202168

In vitro 50nm / 10μg/mL CHO-Kl Proton irradiation 

2Gy 
6Gy

The cell killing rate increased, and the cell 

killing rate was 27.1% at 2Gy and 43.8% at 6Gy

Marques et al 202269

In vitro 20nm BBN 

TDOTA

2–75μg/mL PC3 2 Gy of γ-rays Co- 

60 (0.5 to 6 Gy, 
1Gy/min)

GNP-BBN showed higher uptake (5 -fold 

increase) in PC3 cells, and AuNP-BBN could 
act as a more effective and selective 

radiosensitizer for PC3 cells

Kim et al 202270

In vitro 5nm / 50μg/mL HH 
HCC

X-Rad 320 
225kV, 3.45 Gy/ 

min, 1–5Gy

The combination of AuNPs and radiation does 
have the potential to treat hepatocellular 

carcinoma
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therapeutic benefits. Initially, the radiosensitizing effect of gold nanoparticles (GNPs) was believed to be solely due to the 
physical dose enhancement caused by the strong photoelectric absorption of gold (Au). However, as research has 
progressed, it has become apparent that biological systems undergo a series of processes under infrared radiation. 
These processes can be categorized into three stages: the physical phase, the chemical phase, and the biological phase. 
These three processes complement each other and collectively influence the interaction between GNPs and radiation, 
thereby exerting a radiosensitizing effect, as illustrated in Figures 2–4.

Physical Mechanisms
In the physical phase, which occurs within the first nanoseconds of exposure, ionizing radiation (IR) interacts with 
biomolecules, causing ionization or excitation and generating free radicals (ROS). Among the various cellular compo-
nents, DNA is the primary target that determines the radiobiological effects.71,72 If sufficient energy is available, ejected 
electrons will further collide with subsequent atoms, producing a cascade of ionization events.

In the context of kV-level radiation, photons primarily interact with matter through either the Compton effect or the 
photoelectric effect. In the Compton effect, incident photons are scattered when they collide with weakly bound 
electrons; during this process, part of the energy is transferred from the photon to the electron, which is then ejected 
from the atom. In the photoelectric effect, incident photons transfer all their energy to an electron, liberating it from its 
atomic binding and creating a photoelectron. This results in the ejection of an inner-shell electron, leaving an atom in an 
excited state with a vacancy in its electron orbitals. The atom returns to its ground state by emitting characteristic X-rays 
or Auger electrons. When outer-shell electrons fall to fill the vacancy, lower-energy photons (fluorescence) and cascading 
secondary electrons (Auger electrons) are released.Soft tissues are primarily composed of elements such as C, H, O, and 
N, which have low electron densities and photoelectric cross-sections. As a result, they absorb relatively little energy 
when interacting with kV-level radiation.

The primary principle of using GNPs (Gold Nanoparticles) as radiosensitizers is as follows: compared to soft tissues, 
the presence of gold (Au) allows for an enhanced physical dose due to its distinct energy absorption characteristics.73 

Gold has a high atomic number (Z=79), and its electron density is significantly higher than that of soft tissues. When 
photon energy ranges between 10 and 500 KeV, the photoelectric effect becomes the dominant physical process, as 

Figure 2 Physical Mechanisms.
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described by the formula σph∝(Z /E),3 where the probability of the photoelectric effect occurring is inversely proportional 
to the cube of the incident photon energy and directly proportional to the cube of the target atomic number. This process 
results in the generation of photoelectrons, characteristic X-rays of gold atoms, and Auger electrons. A large number of 
inner-shell electron transitions (Auger transitions) can effectively produce a high density of local ionizations. These low- 
energy electrons distribute energy in a high-density manner along a path of approximately 10 nm, doubling the energy 

Figure 3 Biological Mechanisms.

Figure 4 Chemical Mechanisms.
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deposition at the surface of the gold nanoparticles and potentially producing radiobiological effects similar to those of 
high LET (Linear Energy Transfer) radiation.

In the clinical context of 1 to 6 MeV X-rays, where the Compton effect is predominant, gold atoms are more than 10 
times as likely to undergo Compton scattering as soft tissues (79/7.4). The scattered photons and Compton electrons 
produced can undergo inelastic scattering with neighboring gold nanoparticles, leading to photoelectric effects and Auger 
cascades, although the photoelectric effect is lower than that with kV-level radiation.74,75 When interacting with kV-level 
radiation, the cross-section for the photoelectric effect occurring when radiation strikes the surface of gold nanoparticles 
is also significantly higher than that for soft tissues. This results in a large number of secondary and Auger electrons, 
generating additional secondary electrons and energy deposition.76 This process increases the photoelectric absorption in 
tumor tissues, damages the DNA of cancer cells, and accelerates tumor cell death. This constitutes the physical basis of 
the radiosensitizing effect of GNPs.77

For example, Leung et al, using Monte Carlo computational methods, demonstrated that the enhancement of radio-
therapy with gold nanoparticles is achieved by amplifying photoelectric absorption, thereby increasing the production of 
photoelectrons and Auger/Coster-Kronig electrons by two orders of magnitude. This amplification effect is dependent on 
the photon spectrum.78 Carter et al calculated the microdosimetric distribution of X-ray irradiation from the surface of 
gold nanoparticles to a distance of 3 nm from the surface. They found that, due to the surge of low-energy Auger 
electrons at the particle surface, the energy deposition within the nanoscale range of the nanoparticle surface is 
significantly stronger than the average energy deposition in the solution.79

Numerous scholars believe that high atomic number materials, when positioned within the cell nucleus, can induce 
more efficient DNA damage and radiobiological effects, while cytoplasmic events are also significant mechanisms 
leading to cell death.80 Gold nanoparticles, located in the cytoplasm, are exposed to radiation that generates a large 
number of secondary electrons and free radicals. These attack critical organelles within the cytoplasm, resulting in lethal 
damage to these organelles and subsequent cell death.81,82 Furthermore, some researchers propose that after gold 
nanoparticles enter the tumor vasculature, they adhere to the endothelial cells of the tumor blood vessels. When exposed 
to X-ray radiation, these nanoparticles generate low-energy, short-range photoelectrons, increasing the damage to the 
vascular endothelium and the dose within the tumor microenvironment. This is also considered one of the mechanisms 
through which gold nanoparticles enhance the internal sensitizing effect of radiation.83

Biological Mechanisms
Research indicates that the radiosensitizing effect of GNPs is higher than the effect caused solely by the deposition of 
GNPs. This suggests that the mechanism involved in the radiosensitization process of GNPs is not limited to the 
enhancement of physical doses caused by the Compton effect and the photoelectric effect. It is speculated that biological 
mechanisms also play a significant role.77,84 Through experimental research analysis, the following three key biological 
pathways related to radiosensitization are widely recognized: 1) Induction of oxidative stress response; 2) Impact on cell 
cycle progression; 3) Inhibition of DNA repair. In addition, other related biological mechanisms such as autophagy, 
endoplasmic reticulum (ER) stress, and effects on tumor blood vessels have been proposed.

Gold Nanoparticles Induce Oxidative Stress
One of the primary mechanisms by which radiation induces cell death is through the radiation-induced decomposition of 
water molecules, leading to the production of free radicals and ROS, which then interact with various cellular 
components. ROS includes superoxide anion radicals (O2-), hydrogen peroxide (H2O2), and hydroxyl radicals (·OH). 
Studies have found that ROS can oxidize the mitochondrial membrane, disrupt its potential, and leak more superoxide 
anions into the cell solute. These can then be transformed into H2O2 molecules, which further diffuse across the cell 
membrane and damage DNA. ROS can also indirectly cause cell apoptosis or necrosis through the oxidation of lipids, 
proteins, and DNA, as well as mitochondrial dysfunction. This might be one of the potential biological mechanisms of 
the radiosensitizing effect of GNPs.

The precise mechanism by which gold nanoparticles instigate oxidative stress remains enigmatic. Nevertheless, 
a plethora of empirical studies suggests that its genesis is intertwined with an escalation in intracellular ROS, culminating 
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in mitochondrial impairment, DNA double-strand ruptures, and consequent cellular apoptosis or necrosis. Research by 
Chithrani et al unveiled that post-irradiation of HeLa cells with 220kVp X-rays in conjunction with GNPs, the expression 
levels of γ-H2AX and 53BP1 markedly surpassed those solely irradiated. Elevated expression of radiation-induced γ- 
H2AX and 53BP1 serves as a salient hallmark of intracellular DNA double-strand breaks. Furthermore, in cell clusters 
irradiated with internalized gold nanoparticles, a moderate augmentation in the number of lesions per nucleus was 
discerned.49 Butterworth et al, in their exploration of the cytotoxic and radiation-enhancing effects of 1.9 nm gold 
particles in oncological treatments, discerned that GNPs precipitated an upsurge in DSBs in irradiated cells, coupled with 
pronounced cell-specific toxicity, apoptosis, and oxidative stress.48 Geng et al’s empirical study on thiolated glucose- 
bound gold nanoparticles enhancing the radiocytotoxic targeting of ovarian cancer revealed that 14nm thiolated glucose- 
bound gold nanoparticles (Glu-GNP) can be harnessed as sensitizers to amplify the radiotherapy of ovarian cancer. The 
interplay between X-rays and 14nm Glu-GNPs significantly induced a surge in intracellular ROS levels, leading to 
heightened oxidative stress and increased cellular apoptosis.50 Khalil et al, employing plasmid DNA in aerated aqueous 
solutions as a probe, ascertained the type of ROS engendered post ultra-soft X-ray (USX) absorption that partakes in 
biomolecular damage, in the presence or absence of gold nanoparticles (GNP) and specific scavengers. Their findings 
underscored the radiosensitizing prowess of citrate-coated GNPs and elucidated the dependency between the gold core’s 
size and the radiosensitizing efficacy – the smaller the core, the more pronounced the effect. Although H2O2 exhibits 
relative inertness towards DNA, the majority of this molecule, synthesized by the amalgamation of two ·OH radicals post 
ionizing radiation exposure, becomes exceedingly reactive in the presence of gold nanoparticles due to its catalytic 
decomposition into hydroxyl radicals. H2O2 is postulated as a reservoir of ·OH radicals released by gold nanoparticles, 
leading to the inference that H2O2 is pivotal in radiosensitization.85 Some studies accentuate that the most conspicuous 
biological effects are not when the cell nucleus is directly targeted, but rather when the cytoplasm is. Mitochondria, 
customarily compromised under oxidative duress, serve as quintessential participants in modulating cellular death 
trajectories. Antecedent research indicates that mitochondria are the linchpin cytoplasmic mediators of radiation damage 
and GNP susceptibility.86 Ghita et al, employing soft X-ray carbon (K shell, 278 eV) microbeams on MDA-MB-231 
breast cancer and AG01522 fibroblasts for nuclear and cytoplasmic irradiation with or without GNP to delineate DNA 
damage and repair dynamics, corroborated that GNP radiosensitization is orchestrated by mitochondrial functionality, 
and consequently, cytoplasmic damage can also instigate significant DNA impairment.87 Tsai et al, irradiating A431 cells 
with Cs-137γ rays, discerned that post GNP-intake cell irradiation, ROS was excessively expressed, followed by 
observations of ROS-induced cytoskeletal disintegration and mitochondrial dysfunction. Evaluating the cell survival 
fraction against the radiation dose curve, it was evident that GNPs can catalyze ROS production, thereby debilitating 
tumor cells, and significantly augmenting the tumor-killing efficacy of Cs-137 radiation.88 Thus, it’s been substantiated as 
a promising radiosensitizer, especially for the therapeutic intervention of certain radioresistant tumor cells. Through this 
avenue, the tumoricidal efficacy of radiotherapy can be enhanced.

GNPs can modulate the expression of pivotal proteins in the apoptosis process, thereby regulating cell death. The Bcl- 
2 family plays a significant role in orchestrating apoptosis, with Bax and Bcl-2 being integral members. Bax promotes 
apoptosis, while Bcl-2 inhibits it. Zhang et al discovered that, compared to solely external irradiation, the combination of 
GNPs and external irradiation generated more ROS within cells. This ROS depletion of superoxide dismutase and 
glutathione, intrinsic cellular antioxidants, leads to DNA damage. Concurrently, it induces an upregulation of Bax and 
Caspase-3 expression in HepG2 cells and a downregulation of Bcl-2, culminating in cell apoptosis. p53 is a pivotal 
regulator of Bcl-2 family protein expression, suggesting that GNPs might exert their radiosensitizing effects by 
modulating the p53/Bcl-2 pathway. This study further underscores the paramount role of ROS in the radiosensitizing 
effects of GNPs.89 Jabir and associates, in their research on the cytotoxic effects of linalool-GNP (LG) and linalool-GNP- 
CALNN peptide conjugates (LGC) on ovarian cancer cells and the potential mechanisms inducing apoptosis, found that 
LG and LGC exhibited significant antiproliferative effects on SKOV-3 cells. Cytotoxicity assays revealed that LG and 
LGC displayed selective toxicity in cancer cells, marking them as promising compounds. They induce cell apoptosis by 
activating caspase-8, p53 protein, and various proteins involved in the apoptosis of ovarian cancer (SKOV-3) cells.
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Influencing the Cell Cycle Process
The cell cycle is one of the primary determinants of a cell’s sensitivity to radiation. By halting or slowing the progression 
of cells through the cell cycle, cells maintain genomic integrity either by repairing radiation-induced damage or 
activating cell death when repair is unsuccessful. The sensitivity of tumor cells to radiation is closely related to their 
position in the cell cycle. The G2/M phase is the most sensitive, the G1 phase is moderately sensitive, the G0 phase has 
some resistance, and the S phase is the least sensitive.90,91 GNPs have been shown to cause cell cycle disruption, an 
effect dependent on various factors. Roa et al explored the mechanism by which glucose-modified gold nanoparticles 
enhance the radiosensitivity of human prostate cancer cells. Compared to X-rays alone, 2Gy irradiation combined with 
Glu-GNPs exhibited a 1.5–2.0 fold increase in growth inhibition. Analyzing cell cycle changes, Glu-GNPs induced 
acceleration in the G0/G1 phase and accumulation of cells in the G2/M phase. Glu-GNPs promoted an increase in the 
expression of cell cycle proteins cyclin B1 and cyclin E in DU-145 cells, while inhibiting the expression of p53 and 
Cyclin A, ultimately causing cells to rapidly pass through the G1/S phase and stall in the G2/M phase. In essence, Glu- 
GNPs trigger the activation of CDK kinases, leading to an accelerated cell cycle in the G0/G1 phase and accumulation in 
the G2/M phase, with this activation accompanied by a significant increase in sensitivity to ionizing radiation.92 On one 
hand, Glu-GNPs suppress the expression of p53, leading to overexpression of Cyclin E, thereby accelerating the G1/S 
phase. The suppression of p53 also results in an increase in Cyclin B1 expression, causing a G2/M phase block. On the 
other hand, Glu-GNPs inhibit the expression of Cyclin A, which can also cause a G2/M phase block. Wang et al, in their 
study on the radiosensitizing effects of glucose-terminated GNPs (Glu-GNPs) of different sizes (16nm and 49nm) on 
MDA-MB-231 cells, found that MDA-MB-231 cells absorbed more 49-nm Glu-GNPs than 16-nm Glu-GNPs. Glu-GNPs 
might enhance radiation effects by regulating cell cycle distribution, causing MDA-MB-231 cells to stall in the G2/M 
phase and inducing cell accumulation.60 Jeon et al, in their study using anti-HER2 antibody-conjugated gold nanopar-
ticles (GNP-HER2) to investigate the induction and mechanism of selective apoptosis in G361 melanoma cells, observed 
an increase in cells with nuclear condensation indicative of apoptotic phenomena and sub-G1 phase cells, as well as the 
translocation of apoptosis-inducing factors and cytochrome c from mitochondria to the nucleus and cytoplasm. They also 
observed a downregulation of cell cycle proteins A, D1, E, cdk 2, cdk 4, and cdc 2 and an upregulation of p21, thereby 
confirming that treatment with GNP-HER 2 can induce cell cycle progression.93

Influencing Cellular Autophagy
GNPs can also impact cellular autophagy. Autophagy is a vital pathway for cellular material metabolism and the renewal 
of certain organelles.94 Cellular autophagy plays a significant role in various physiological and pathological processes, 
including cellular homeostasis, aging, immunity, tumor development, and neurodegenerative diseases.95 A basal level of 
autophagy is essential for maintaining intracellular stability. Ma et al found that GNPs enter cells through receptor- 
mediated endocytosis and accumulate in lysosomes, alkalinizing the pH within the lysosomes, weakening their degra-
dative capacity, and also causing obstacles in the fusion of autophagosomes with lysosomes. Cells treated with GNPs 
showed an increase in autophagosomes, an elevated expression of the autophagy marker protein LC3II, and a blockade in 
the degradation of the autophagy substrate protein p62, leading to increased p62 expression. An increase in LC3II 
IIexpression indicates the initiation of autophagy, while p62 protein, mainly degraded through autophagy, increases, 
suggesting weakened autophagy. If both LC3II and P62 levels rise, it indicates normal autophagy initiation but 
a downstream blockage, meaning autophagosomes and lysosomes cannot fuse. This suggests that GNPs increase 
autophagosomes by blocking autophagic flux rather than inducing autophagy, thereby affecting cellular homeostasis.96 

Joshi et al, in their exploration of the potential application of 11-mercaptoundecanoic acid-modified gold nanoparticles 
(~7nm) conjugated with chloroquine in cancer treatment, found that the primary pathway for cell death was mediated by 
autophagy. They also demonstrated the anticancer activity of the chloroquine-gold nanoparticle conjugate (GNP-Chl) in 
MCF-7 breast cancer cells.97 Ding et al, in their study on the cytotoxic effects of GNPs in hypoxic renal tubular epithelial 
cells, found that GNP treatment can cause autophagy under normoxic conditions. Under hypoxic conditions, GNP 
exposure leads to the production of reactive oxygen species, loss of mitochondrial membrane potential (ΔΨM), and an 
increase in both apoptosis and autophagic cell death, suggesting the potential toxicity of GNPs in hypoxic HK-2 cells.98 

Luo et al discovered that the cervical cancer cell line overexpresses JAK2, while quercetin-coupled GNPs can inhibit 
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JAK2 expression, thereby inducing apoptosis and autophagy and inhibiting cervical cancer cell proliferation. This effect 
is achieved through the STATs-regulated Bcl-2/Caspase-3 signaling pathway and the PI3K/Akt-related GSK and mTOR 
signaling pathways.99

Inhibition of DNA Repair
Radiation therapy can induce various DNA damages, including single-strand breaks (SSB), double-strand breaks (DSB), 
DNA-protein crosslinks, and DNA base modifications. The repair of these damages is crucial for cell survival. Failure to 
repair DNA DSBs affects genomic stability and can lead to cell death in multiple ways. The phosphorylated histone 
variant γ-H2AX and p53 binding protein 1 (53BP1) are considered the earliest sensitive markers. The dynamic 
monitoring of γ-H2AX and 53BP1 post GNP radiation damage to DNA repair has been validated in numerous 
experiments.100–102 Thus, the inhibition of DNA repair is believed to be another vital biological mechanism of GNP 
radiosensitization. Chithrani et al observed an increase in the number of γ-H2AX and 53BP1 foci 4h and 24h after 
irradiating HeLa cells incubated with 50nm citrate-GNPs at 220 kVp and 6 MV energies. Based on the increased residual 
breaks in the presence of nanoparticles, it’s speculated that this is due to the inhibition or delay of DNA repair, 
considered another mechanism of radiosensitization.49 Additionally, GNPs have been found to induce DSBs in hepato-
cellular carcinoma cells post-radiation exposure. Residual damage was also observed when cells were irradiated in 
the presence of nano-gold, indicating an impact on cellular repair mechanisms.89 Currently, there is no consensus in the 
literature regarding the specific role of GNPs in the DNA damage repair process. Further studies are needed on the 
different properties of GNPs, irradiation conditions, and the biological responses of various cell lines to DNA damage 
and repair to elucidate the potential mechanisms by which GNPs affect DNA damage responses.

Other Biological Mechanisms
In addition, GNPs can exert a range of effects by acting on tumor blood vessels. Amato et al simulated and evaluated the 
dose-enhancing effect of GNPs during treatment with X-rays operated at 150kV (E= 55keV and Emax= 150 keV) using 
the Geant4 Monte Carlo code. They also studied the role of GNPs in anti-tumor processes from the perspectives of anti- 
angiogenesis and cytotoxicity. The study found that the dose enhancement factor (DEF) increases with the depth of 
GNPs, and the relative difference between the DEF at the surface (depth= 0cm) and the deepest target location 
(depth=5cm) increases with GNP concentration. The radial average DEF distribution around the vessels is closely 
related to the radial distribution of GNP concentration. From the experimental results, it is inferred that the diffusion 
mechanism (range and radial distribution) is significant for anti-angiogenesis (controlled by the dose to the capillary 
endothelium) and cytotoxicity to live tumor cells (achieved by giving a minimum lethal dose to all tumor cells, especially 
those at the tumor margin). Therefore, the potential role of GNP diffusion in anti-angiogenesis and cytotoxic dose 
enhancement is further explored.83 Joh et al studied the anti-tumor effects of RT combined with PEGylated gold 
nanoparticles (PEGylated-GNPs) in experiments on brain tumors like glioblastoma multiforme in cell culture experi-
ments and animal models. The results showed that GNPs significantly increase ionizing radiation-induced cell DNA 
damage in human GBM-derived cell lines, leading to a decrease in clonogenic survival. The combination of GNPs and 
RT also resulted in a significant increase in DNA damage to the brain vasculature and the survival time of mice with in- 
situ GBM tumors. Subsequent in vitro experiments confirmed that the combination of GNPs and RT led to a significant 
increase in DNA damage in brain-derived endothelial cells. Previous treatment of mice with brain tumors resulted in 
increased extravasation and tumor deposition of GNPs, suggesting that the radiation-induced blood-brain barrier (BBB) 
can be used to improve GNP tumor tissue targeting, further optimizing GNP radiosensitization of brain tumors. These 
encouraging results together indicate that GNPs can be effectively integrated into the RT treatment process of brain 
tumors, with potential benefits produced by increased radiosensitization of tumor cells to the tumor-associated vascular 
system.53 Lin et al studied the induction of different vascular injuries and radiosensitization effects of gold nanoparticles 
(GNP) under proton, megavolt (MV) photon, and kilovolt (kV) photon irradiation conditions. The results showed that the 
addition of GNPs could potentially cause high dose peaks and enhance radiotherapy by inducing vascular system 
damage. If GNPs actively accumulate at the walls of the tumor vascular system, vascular system damage is significantly 
increased. Due to the photoelectric effect, kilovolt photon irradiation causes stronger radiosensitization; while MV 
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photons and protons can cause a high local dose increase (>15 Gy) to the vascular area, indicating that the combination 
with GNPs can potentially help disrupt the function of vessels in the tumor.103 The antagonist peptide of EGFA/VEGFB, 
called VGB3, can recognize and neutralize VEGFR 1 and VEGFR 2 on endothelial cells and tumor cells, thereby 
inhibiting angiogenesis and tumor growth. Zanjanchi et al studied the conjugation of VGB3 to GNPs to enhance its 
efficacy and extend the interval between treatments. They found that GNP-VGB3 more effectively induces cell cycle 
arrest, excessive ROS production, and apoptosis, and inhibits the proliferation and migration of endothelial cells and 
tumor cells than unconjugated VGB3 or GNPs. The results proved that conjugation with GNPs not only improved the 
efficacy of VGB3 but also enhanced anti-angiogenic and anti-tumor activity, extended the interval between treatments 
without increasing side effects, indicating that GNP-VGB3 provides a new direction for clinical anti-tumor treatment.104

Chemical Mechanisms
Compared to the physical and biological pathways of radiation enhancement with GNPs, the chemical enhancement 
mechanism has not been extensively studied. Current research indicates that even at low concentrations of Au, there is an 
impact on radiosensitization, highlighting the importance of chemical contributions to radiation enhancement. The 
“chemical mechanism” of GNP radiosensitization mainly involves participating in free radical reactions that repair 
damage or by weakening DNA bonds, making DNA more susceptible to radiation-induced damage.

Contrary to the widely accepted view that gold nanoparticles are chemically inert, an increasing number of studies 
report that the surface of gold nanoparticles is electronically active and can catalyze chemical reactions.105 Research has 
shown that small particles with a large surface area (<5nm) have demonstrated more active catalytic activity by 
mediating electron transfer from surface-bound donor groups to O2 to produce superoxide radicals through GNP.106 

The unique catalytic properties of AuNP are attributed to the small size and high curvature of the nanoparticles, and the 
change in the electronic configuration of surface atoms allows the generation of free radicals at the reactive surface of 
AuNPs.107 Current experiments have confirmed the catalytic activity of the AuNP surface, and gold nanoparticles mainly 
interact with molecular oxygen on the surface, promoting surface-mediated electron transfer to produce ROS.108,109 For 
example, Ito et al showed that 15 nm citrate gold nanoparticles can enhance the cytotoxic effect of 5’-aminolevulinic acid 
(5’ALA) by enhancing the production of reactive oxygen species (ROS).110 The combination of 5’-ALA with gold 
nanoparticles achieves catalysis of superoxide and hydroxyl radicals in two steps: 5’-ALA interacts with the surface of 
gold nanoparticles and then binds with molecular oxygen to produce ROS. This proves that the catalytic action of GNP 
mainly occurs through surface interaction with molecular oxygen, facilitating surface-mediated electron transfer to 
produce ROS. The increase in ROS is closely related to the photon and Auger electron emission of GNP and the 
secondary radiolysis of water, leading to indirect damage to DNA, proteins, and lipid membranes through oxidative 
defense, thereby inducing cell apoptosis/death. Further research on the relationship between GNP particle size and ROS 
production found that smaller AuNPs with a larger surface area produce higher levels of ROS, confirming the catalytic 
activity of the AuNP surface.111 In summary, based on the above research data, it can be concluded that GNP achieves 
chemical enhancement of radiation by catalyzing free radical reactions and increasing ROS production, ultimately 
enhancing and repairing radiation-induced cell damage.

Factors Influencing Radiosensitization by Gold Nanoparticles
There are several factors that influence the radiosensitization effect of gold nanoparticles (GNPs), such as cell type, type 
of radiation, radiation dose, particle size, shape, surface functionalization, concentration, biological distribution, localiza-
tion, and the anticancer drugs used in combination. This indicates that optimizing different parameters of GNPs could 
potentially achieve high radiation efficiency.

The size of the gold nanoparticles affects their distribution and accumulation in tumor tissues. Smaller particle sizes 
can enhance permeability and absorption in tumor tissues.112 However, particles that are too small might be cleared 
rapidly, reducing the sensitizing effect. Typically, particle sizes between 10–100 nanometers are considered optimal. 
Recent in vivo studies have shown that small GNPs (less than 6nm) are cleared through the kidneys within minutes. For 
monolayer cells, the smaller the GNP, the more GNPs are found in each cell. Due to their ultra-small nanostructure, 2nm 
and 6nm nanoparticles showed high levels of accumulation in tumor tissues in mice. Surprisingly, both 2nm and 6nm 
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GNPs were distributed in both the cytoplasm and nucleus of cancer cells both in vitro and in vivo, while 15nm GNPs 
were only found in the cytoplasm, indicating that smaller GNPs have higher penetration capabilities and achieve high 
levels of tumor accumulation.113 Gold nanoparticles have been proven to enhance RT-induced DNA damage and 
cytotoxicity in MCF7 breast cancer cells. Janic et al studied the effects of AuNP on RT cytotoxicity, survival, and 
immune modulation of the tumor microenvironment (TME) in a human triple-negative breast cancer (TNBC) xenograft 
mouse model, as well as the importance of nanoparticle size in these effects. The results showed that mice treated with 
either 4nm or 14nm AuNPs exhibited significant tumor growth delay. Compared to 4nm AuNPs, 14nm AuNPs 
significantly enhanced RT, indicating size-dependent RT enhancement by AuNPs. Both sizes of AuNPs enhanced RT- 
induced immunogenic cell death (ICD), but significant macrophage infiltration was coupled in mice pretreated with 14nm 
AuNPs.114

The shape of gold nanoparticles also influences their biological distribution and cellular uptake.112 Ma et al explored 
the radiosensitizing effects of gold nanostructures in cancer radiation therapy. The researchers synthesized Au nanos-
tructures of different shapes but similar average sizes (~50nm), including spherical gold nanoparticles (GNP), gold 
nanostars (GNS), and gold nanorods (GNR), and functionalized them with poly(ethylene glycol) (PEG) molecules. 
Although all these Au nanostructures were coated with the same PEG molecules, they exhibited significant differences in 
cellular uptake behavior. In experiments with human oral epidermoid carcinoma (KB) cells, after incubating the three 
nanostructures with KB cancer cells for 24 hours, spherical gold nanoparticles showed the highest cellular response and 
uptake, compared to gold nanostars and gold nanorods (based on the same gold mass). The sensitization ratios (Sers) 
calculated for GNP, GNSs, and GNRs treatments were 1.62, 1.37, and 1.21, respectively, indicating that spherical gold 
nanoparticles exhibited superior anticancer efficiency and radiation enhancement effects under X-ray irradiation.115 In 
a study by Pakravan et al, where they investigated the influence of GNP geometric structures (star-shaped, hollow, rod- 
shaped, cage-like, spherical, Fe-Au, and Si-Au core-shell) as photothermal sensors on cellular uptake and photothermal 
therapy (PTT) efficacy, it was found that although all these GNPs could absorb near-infrared light and convert it into 
thermal energy, gold nanostars exhibited the lowest cellular toxicity, highest cellular uptake, and highest heat generation 
compared to other structures.116 This demonstrates that the geometric shape of GNPs affects cellular uptake, heat 
generation, and the pathways of cellular destruction through apoptosis. Different shapes of GNPs can enhance the 
radiosensitizing effects for various types of cancers.

The surface modification of gold nanoparticles can alter their biocompatibility, stability, and targeting capabilities. 
Surface modification and functionalization of gold nanoparticles can enhance cellular uptake and improve radiosensitiz-
ing effects. For instance, polyethylene glycol (PEG) is the most widely used surface engineering strategy to optimize the 
properties of nanoparticles, including their pharmacokinetic characteristics, active targeting, and mucosal permeability. It 
enhances biocompatibility, while modifications with antibodies or peptides can enhance targeting.117,118 The steric 
hindrance produced by surface PEGylation also prevents nanoparticle aggregation, increasing their colloidal stability. 
Enferadi et al studied the uptake, toxicity, and radiosensitivity of GNP-PEG-cRGDfKs in ALTS1C1 cells exposed to 
protons, kilovolt photons, and megavolt photons. The in vitro uptake and toxicity of GNPs in AML12 liver cells and 
RAW 264.7 macrophage cell lines were evaluated in hepatocytes and Kupffer cells. The results showed that under 
radiation with protons, kilovolt photons, and megavolt photons, the observed sensitization enhancement ratios and dose 
enhancement factors were 1.21–1.66 and 1.14–1.33, respectively. This indicates that ultra-small GNP-PEG-cRGD can be 
considered as a radiosensitizer, and further efforts can increase GNP uptake in tumors while reducing uptake in off-target 
organs.119

In conclusion, the factors influencing the radiosensitizing effects of gold nanoparticles include particle size, shape, 
surface modification, concentration, LET (Linear Energy Transfer), redox environment, cell type, radiation dose and 
fractionation, combined drug treatment, and temporal factors, among others. A deeper understanding and research into 
these factors will help optimize the application of gold nanoparticles in radiation therapy, enhancing therapeutic 
outcomes and minimizing side effects.
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The Nuanced Radiosensitizing Roles of Alternative Nanoparticles in 
Radiotherapy
Bismuth-Based Nanomaterials
In recent years, an increasing variety of bismuth (Bi)-based nanomaterials have been developed for research in the 
biomedical field.120 Bismuth is an element of the V main group and the sixth period of the periodic table, with an atomic 
number of 83. It is the heaviest stable element and mainly exists in the form of +3 valence in compounds. Due to the 
strong X-ray absorption capability and photothermal conversion ability of Bi-based nanomaterials, they have shown 
promising prospects in the field of tumor therapy.

Song et al prepared a PEG-functionalized hollow Bi₂Se₃ nanoparticle loaded with perfluorocarbon (PFC) as an 
oxygen carrier through a cation exchange method.121 Cellular and animal experiments demonstrated that under the action 
of 808nm near-infrared light, the nanoparticles produce heat and release oxygen, aiming to counteract the radiation 
resistance induced by tumor hypoxia. In the PEG-Bi2Se3 @PFC@ O2 system, Bi2Se3 itself can act as a radiosensitizer 
to enhance the efficiency of RT, while PFC can serve as an oxygen carrier to moderately improve tumor oxygenation. 
More notably, due to the strong near-infrared absorption of Bi2Se3, near-infrared laser irradiation can generate 
a pronounced photothermal effect, triggering a burst release of oxygen, thereby significantly promoting tumor oxygena-
tion and further overcoming radiation resistance associated with hypoxia. Furthermore, due to its high atomic number, 
bismuth-based nanomaterials possess a strong radiation absorption capability for X-rays, concentrating radiation energy 
locally within the tumor. Coupled with the photothermal conversion characteristics of bismuth-based materials, they hold 
promising potential in tumor hyperthermia and radiation therapy.

Recognizing the potential of bismuth nanoparticles (BNPs) as radiosensitizers in tumor radiotherapy, Chen et al 
developed bismuth nanorods coated with mesoporous silica and camouflaged with platelet membrane (PM), termed 
BMN-R@PM.122 Compared to BMSNR, the PM camouflage enhanced the tumor-targeting ability of the bismuth-based 
nanomaterial, facilitating more precise tumor radiotherapy sensitization. The study revealed that after treatment with 
808nm near-infrared radiation, BMN-R@PMs altered the cell cycle distribution of mouse 4T1 cancer cells, decreasing the 
proportion of cells in the S phase and increasing those in the G2/M phase, enhancing the radiosensitivity of the 4T1 
cancer cells. The research demonstrated that BMN-R@PMs effectively eradicated cancer cells through the combined 
action of photothermal therapy and in vivo radiotherapy, significantly improving the survival rate of mice bearing 4T1 
tumors. The synergistic therapeutic effect was superior to treatments using either photothermal therapy or radiotherapy 
alone. The BMN-R@PM multifunctional bismuth-containing nanoparticle platform is an integrated platform with tumor 
targeting, photothermal therapy, immune evasion, and radiosensitization capabilities, representing an excellent radio-
sensitizing nanoreagent platform.

Zeng et al synthesized multifunctional bismuth sulfide (Bi₂S₃) nanoparticles and constructed a core-shell Bi₂S₃@Ce₆- 
CeO₂ nanocomposite for research in near-infrared-triggered photothermal therapy.123 As a direct narrow-bandgap n-type 
semiconductor, Bi₂S₃ nanomaterials exhibit significant near-infrared-triggered photothermal effects. The study intro-
duced the photosensitizer Ce₆ with good photodynamic properties and CeO₂ with O₂ release characteristics, designing 
the core-shell structure of Bi₂S₃@Ce₆-CeO₂ nanocomposites (Bi₂S₃@Ce₆-CeO₂NCs). Bi₂S₃@Ce₆-CeO₂NCs demon-
strated significant synergistic photothermal and photodynamic therapeutic effects both in vitro and in vivo, proving their 
potential application in radiosensitization of tumor thermoradiotherapy.

To create a highly biocompatible nanoparticle platform capable of synergistic therapy and real-time imaging, 
researchers synthesized a novel Au@Bi2S3 core-shell nanosphere (NB) with Au nanorods as the core (Au@Bi2S3 
NBs).124 The combination of Au nanorods with a Bi2S3 thin film endowed the Au@Bi2S3 nanorods with ultra-high 
photothermal conversion efficiency, excellent photoacoustic imaging, and high CT performance. In vitro and in vivo 
studies showed that Au@Bi2S3-PVP nanoparticles possess a range of characteristics required for tumor treatment, 
including extremely low toxicity, excellent biocompatibility, high drug-loading capacity, precise tumor targeting, and 
effective accumulation. Subsequently, the poly(N-vinylpyrrolidone)-modified Au@Bi2S3 NBs (Au@Bi2S3-PVP NBs) 
successfully loaded the anticancer drug doxorubicin (DOX), achieving a satisfactory pH-sensitive release profile, 
revealing the immense potential of Au@Bi2S3-PVP NBs as drug carriers to deliver DOX to cancer cells. Au@Bi2S3- 
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PVP NBs, serving as contrast-enhancing probes and therapeutic agents, provided outstanding NIR-triggered multimodal 
PT/PA/CT imaging-guided PTT and effectively inhibited the growth of HepG 2 liver cancer cells through synergistic 
chemotherapy/PT treatment. Hence, Au@Bi2S3 NBs may emerge as promising nanotheranostics for PT/PA/CT imaging.

Magnetic Nanomaterials
Over the past decade, research has significantly advanced the therapeutic potential of magnetic nanoparticles (MNPs) as 
nanomedicines for cancer.125 Due to the nanoscale size effect, magnetic nanoparticles exhibit physicochemical properties 
that are distinctly different from those of macroscopic magnetic materials. Emerging magnetic nanoparticles offer various 
advantages, such as broader working temperatures, wider size ranges, lower toxicity, simpler preparation methods, and 
reduced production costs.126 MNPs possess a range of unique and superior physicochemical properties, holding immense 
potential in medical applications and the biomedical field.127,128

Magnetic nanomaterials, under the unique electron paramagnetic resonance (EPR) characteristic inherent to nano-
materials, can be targeted more to tumor sites through nanoparticle modifications. Additionally, with the assistance of an 
exogenous magnetic field, the targeting of nanomaterials to tumor cells can be enhanced. Under the influence of an 
exogenous alternating magnetic field, electromagnetic energy is converted into thermal energy through magnetic 
hysteresis and relaxation effects, leading to intracellular hyperthermia. Combined with precise radiotherapy, this 
approach not only utilizes hyperthermia to radiosensitize tumor tissues but also avoids thermal damage to normal tissues, 
achieving true precision thermoradiotherapy.

Superparamagnetic iron oxide nanoparticles (SPIONs) are a novel tool suitable for numerous applications, including 
magnetic targeting, drug delivery, gene delivery, hyperthermia, cell tracking, or multifunctionality. Marekova et al 
investigated SPIONs targeted to tumor cell proteins or the tumor vascular system as magnetic resonance imaging 
contrast agents for tumors.129 In mouse models, SPIONs have delivered drugs to GB tumors. Beyond imaging or drug 
delivery targeting tumor cells, SPIONs have also proven effective for targeted hyperthermia. Moving forward, research-
ers have conducted human trials on various modes of SPION use, providing crucial scientific foundations for further 
preclinical and clinical experiments.

Lyu et al synthesized a Fe₃O₄@MnO₂ core-shell magnetic particle and combined it with glucose oxidase (GOX) for 
radiosensitization studies.130 Glucose is oxidized by GOX, producing an excess of H₂O₂ in the acidic extracellular 
microenvironment. The MnO₂ shell reacts with H₂O₂ to generate O₂, overcoming tumor hypoxia. Simultaneously, 
intracellular glutathione (GSH), which limits the effect of radiotherapy, can also be oxidized by the MnO₂ shell. The 
Fe₃O₄ core possesses superior magnetic hyperthermia properties and excellent magnetic targeting capabilities. This study 
indicates that Fe₃O₄·MnO₂ is a highly biocompatible thermoradiotherapy sensitizing material with magnetic targeting 
effects.

Meidanchi et al successfully synthesized magnesium-doped spinel copper ferrite superparamagnetic nanoparticles, 
Mg(1-x)CuxFe₂O₄ SPMNPs (where x ranges from 0.2 to 0.8), via a hydrothermal method and conducted cytological 
studies on these nanoparticles as nanoradiosensitizers in MCF-7 human breast cancer cells.131 Mg(1-x)CuxFe₂O₄ 
SPMNPs were exposed to human breast cancer cells MCF-7 at different concentrations of 0.1, 1.0, 10.0, and 100.0μg/ 
mL, and the cytotoxic effects and cell viability of the breast cancer cells were tested before and after radiotherapy. The 
results showed that Mg(1-x)CuxFe₂O₄ SPMNPs, with x values at concentrations of 0.1, 1.0, and 10.0μg/mL, exhibited 
no significant cytotoxicity. By increasing the Cu content and concentration, the cell destruction capability of MCF-7 
human breast cancer cells post X-ray irradiation was enhanced. The superparamagnetic properties of Mg(1-x)CuxFe₂O₄ 
SPMNPs are targeted and cleared only through an external magnetic field. Under their superparamagnetic characteristics, 
their excellent magnetic hyperthermia performance can also serve as an effective targeted magnetic hyperthermia carrier. 
The study suggests that Mg(1-x)CuxFe₂O₄ SPMNPs with x=0.2 (10μg/mL) and x=0.6 (1μg/mL) can be further 
researched and applied as nanothermoradiotherapy sensitizers.

Selenium Nanomaterials
Selenium is an essential trace element, integral to numerous vital processes, ensuring the proper function of the immune 
system and playing a pivotal role in human health. Deficiencies in selenium correlate with a myriad of physiological 
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ailments, including an elevated risk of cancer onset. In recent years, the discovery of antitumor drugs based on the 
essential trace element selenium (Se) has heralded promising prospects for cancer therapy. Notably, selenium nano-drugs 
(Se nanoparticles; SeNPs) exhibit superior bioavailability, antioxidative activity, and diminished toxicity compared to 
inorganic selenium (Inorg-Se) and organic selenium (Org-Se). Over the past decade, SeNPs have garnered extensive 
attention due to their potential applications in pharmacology. SeNPs can also serve as drug delivery vectors, adeptly 
modulating protein and DNA biosynthesis and protein kinase C activity, thereby inhibiting cancer cell proliferation. 
Furthermore, SeNPs effectively activate antigen-presenting cells, stimulate cellular immunity, modulate both innate and 
adaptive immunity, and bolster cancer immunotherapy, as depicted in Figure 5. Dana et al endeavored to investigate the 
inhibitory effects of chitosan-coated selenium nanoparticles (Cs-SeNPs) on the proliferation, migration, and invasiveness 
of GBM cells. They developed chitosan-coated SeNPs (Cs-SeNPs) to further stabilize SeNPs and assess their impact on 
glioma cells, concurrently treating GBM cells with a combination of Cs-SeNPs and the chemotherapy drug 5-fluorouracil 
(5-FU) to observe cell growth in a 3D tumor spheroid model. They also evaluated the influence of Cs-SeNPs on the 
sensitivity of glioma cells to the chemotherapy drug 5-fluorouracil (5-FU), offering a novel alternative therapeutic 
strategy for GBM. The results revealed that Cs-SeNPs effectively suppressed GBM cell proliferation, migration, and 
invasion, and the use of Cs-SeNPs significantly heightened the sensitivity of GBM cells to 5-FU.132

Sonkusre et al delved into exploring less toxic forms of selenium to supplement its potential high anticancer activity. 
The findings revealed that biogenic selenium nanoparticles derived from lichen bacillus induced necrotic apoptosis and 
necrosis in LNCaP-FGC cells at a minimal concentration of 2 μg Se/mL, without compromising RBC integrity. 
Subsequent administration of these endotoxin-free selenium nanoparticles at tenfold concentration (50 mg Se/kg body 
weight) to C3 H/HeJ mice significantly reduced toxicity. The study suggests that biogenic SeNPs, while inducing cell 
apoptosis and necrosis, might serve as a safer form of selenium supplement, exhibiting effective anticancer activity.133

The advantages of SeNPs render them superior to organic nanoparticles or inorganic metal nanoparticles in drug/gene 
delivery. Hence, SeNPs have progressively evolved into one of the most promising carriers for chemotherapeutic drugs or 
genes.134 To delve deeper into the issue of drug carriers lacking tumor-targeting capabilities, Wang et al, in their study, 
employed RGDfC peptide-modified selenium nanoparticles (SeNPs) to prepare biocompatible siRNA carriers 
(R-SeNPs). They loaded MEF 2D-siRNA onto R-SeNPs, fabricating functionalized selenium nanoparticles R-Se@ 
MEF 2D-siRNA, introduced into SKOV 3 cells for ovarian cancer treatment. The chemical properties of R-SeNPs 

Figure 5 The intricate mechanisms of selenium nanoparticles.
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were characterized, and the anticancer efficacy and related mechanisms of R-Se@ MEF 2D-siRNA were further 
explored. In vitro tests revealed that R-Se@ MEF 2D-siRNA significantly inhibited the proliferation of SKOV 3 cells 
and further induced their apoptosis. Moreover, the excessive production of reactive oxygen species (ROS) during the 
study indicated that mitochondrial dysfunction and ROS generation play a pivotal role in R-Se@ MEF 2D-siRNA- 
induced SKOV 3 cell apoptosis. In vivo experiments demonstrated that R-Se@ MEF 2D-siRNA primarily exhibited 
robust antitumor activity by inhibiting tumor cell proliferation and inducing apoptosis in tumor-bearing nude mice, with 
minimal side effects, offering a novel strategy for clinical treatment of ovarian cancer.135

The use of125 I particles in tumor radiotherapy offers advantages such as low dosage and continuous irradiation, 
presenting superior long-term efficacy and fewer side effects compared to traditional X-ray radiotherapy. However, its 
clinical application still faces certain limitations. Thus, exploring sensitizers that can enhance the sensitivity of cancer 
cells to 125I particles is of paramount importance. Selenium nanoparticles (SeNPs) have demonstrated significant 
potential in cancer chemotherapy and as drug carriers. In this study, Chan et al discovered that, based on the Auger 
electron effect and Compton effect of Se atoms, tumor-targeted SeNPs combined with 125I particles synergistically 
inhibited cancer cell growth and colony formation by inducing cell apoptosis and cell cycle arrest. Further research 
revealed that the combined treatment effectively activated excessive intracellular ROS production, modulated P53- 
mediated DNA damage, apoptosis signaling pathways, and the phosphorylation of MAPKs, while simultaneously 
inhibiting cancer cell self-repair. Consequently, the combination of SeNPs with 125I particles holds promise as a safe 
and effective clinical application strategy for next-generation tumor radiochemotherapy. Although significant progress 
has been made in the research of SeNPs in recent years, there remain challenges for future applications, such as 
enhancing the storage stability of SeNPs, understanding the synergistic interaction mechanisms between SeNPs and 
other chemotherapy drugs, and addressing potential long-term cytotoxicity during application.

Conclusion and Outlook
The theoretical studies, cellular experiments, and animal tests based on nano-targeted thermoradiotherapy have shown 
promising application prospects.136,137 Under the technology of nano-thermoradiotherapy sensitization, targeted photo-
thermal therapy has been clinically tested. By using nano-targeted photothermal therapy as a sensitizing carrier and 
combining it with radiotherapy, thermoradiotherapy sensitization has been achieved.138,139 With the known mechanisms 
of thermoradiotherapy sensitization and the enhanced radiation energy absorption of high atomic number nanoparticles, 
nano-targeted thermoradiotherapy sensitization technology is now ready for clinical application.

Gold nanomaterials, endowed with unique optical, electronic, and chemical properties, hold vast potential for 
applications in the realm of biomedicine. Notably, their high atomic number facilitates the generation of a plethora of 
secondary electrons under radiation, thereby amplifying the effects of radiotherapy. Radiotherapy stands as one of the 
primary modalities for cancer treatment; however, certain tumors exhibit resistance to it. Gold nanomaterials can serve as 
radiosensitizers, enhancing the efficacy of radiotherapy. When these nanomaterials are delivered to tumor tissues and 
subjected to radiation, they bolster the cytotoxic impact of the radiation on tumor cells. Beyond gold nanomaterials, 
a spectrum of multifunctional nanomaterials, such as bismuth-based, selenium, and magnetite nanomaterials, are under 
exploration for radiosensitization. Bismuth-based nanomaterials, owing to their high atomic number element character-
istics, effectively absorb X-rays, positioning them as potent radiosensitizers to augment radiotherapeutic outcomes. 
Magnetic nanomaterials serve as contrast agents for magnetic resonance imaging (MRI), while magnetite nanomaterials 
can be employed as contrast agents for ultrasonography, ensuring precise localization and concurrently acting as 
radiosensitizers to enhance therapeutic outcomes. Selenium, leveraging its antioxidative properties, shields normal 
cells from radiation-induced damage. These nanomaterials not only amplify radiotherapeutic effects but also find utility 
in drug delivery, magnetic resonance imaging, and a myriad of other biomedical applications, showcasing superior 
biocompatibility and reduced toxicity.

With advancements in nanotechnology, it is anticipated that an array of nanomaterials will be devised for radio-
sensitization and other biomedical applications. Amidst the rapid evolution of modern nanotechnology in tumor radio-
therapy, the construction of integrated nano-agents for combined thermoradiotherapy has emerged, enabling precise 
intracellular radiosensitization and enhancing the therapeutic gain of radiotherapy. However, the transition of most 
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inorganic nanomaterials from research to clinical application still grapples with potential long-term toxicity due to 
prolonged retention in the human body. Furthermore, research into the biodistribution, toxicity, and excretion of 
nanomaterials is poised to become more comprehensive, ensuring safer and more effective clinical applications. 
Future endeavors may potentially surmount the myriad challenges currently impeding tumor radiotherapy, paving the 
way for novel opportunities in advancing radiotherapeutic techniques.
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