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Abstract 

Radiotherapy is an essential step during the treatment of glioblastoma multiforme (GBM), one of the most lethal 
malignancies. The survival in patients with GBM was improved by the current standard of care for GBM established in 
2005 but has stagnated since then. Since GBM is a radioresistant malignancy and the most of GBM recurrences occur 
in the radiotherapy field, increasing the effectiveness of radiotherapy using high‑Z metal nanoparticles (NPs) has 
recently attracted attention. This review summarizes the progress in radiotherapy approaches for the current treat‑
ment of GBM, the physical and biological mechanisms of radiosensitization through high‑Z metal NPs, and the results 
of studies on radiosensitization in the in vitro and in vivo GBM models using high‑Z metal NPs to date.

Keywords: Radiotherapy, Gold nanoparticle, Glioblastoma, Radiosensitization, High‑Z material

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 
mmons .org/licen ses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creat iveco mmons .org/publi cdoma in/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Glioblastoma multiform (GBM) is one of the most 
lethal malignancies with a 5-year survival rate of 5.5% 
and a median survival of 15  months [1]. Glioblastoma 
multiform is categorized as a grade IV astrocytic line-
age glioma, and the most common brain malignancy, 
accounting for 47.1% of all malignant primary brain 
tumors, 82% of malignant gliomas, 56.1% of all glio-
mas, and 14.9% of all primary brain tumors [1, 2]. Glio-
blastoma multiform has an average annual incidence of 
approximately 11,000 in the United States. The incidence 
rate of GBM is higher in older people than in younger 
people and it is the highest in the age of 75–84 years. In 
addition, the incidence rate of GBM is 1.58 times higher 
in males than females [1]. The current standard of care 
for GBM includes surgery, temozolomide administra-
tion, and radiotherapy. Since GBM is considered as a 

radioresistant tumor [3] and most of the recurrence 
occurs in the radiotherapy field [4], radiosensitization of 
the tumor is an important target to improve the outcome 
in patients with GBM. Therefore, multiple radiosensitiz-
ing strategies are actively under development, including 
PI3K pathway inhibitors [5], DNA repair inhibitors [6], 
hyperthermia [7], aldehyde dehydrogenase inhibitors [8], 
and high atomic number (high-Z) metal nanoparticles 
(NPs) [9].

Nanomedicine has advantages over conventional can-
cer therapeutics such as multi-functionality, efficient 
drug delivery, and controlled release of the drug cargos 
[10, 11]. The efficient drug delivery in nanomedicine 
can be achieved either by passive targeting based on 
enhanced permeability and retention (EPR) effect or by 
active targeting after adding targeting moieties on the 
surface of the NPs [12, 13]. The controlled release strate-
gies in nanomedicine include pH, thermal, and enzyme 
activated release [14]. Major drawbacks of nanomedicine 
compared to conventional small molecule-based thera-
peutics are as follows; 1) rapid elimination of the drug by 
the reticuloendothelial system (RES), 2) potential toxicity 
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by inefficient excretion, and long-term retention in the 
body system [12, 15]. High-Z metal NPs are widely used 
in nanomedicine because of their unique abilities such 
as photothermal effect, fluorescence for optical imag-
ing, photoacoustic effect, and radiosensitizing effects 
[16, 17]. Since high-Z metal NPs have a higher stopping 
power for ionizing radiation than soft tissue, they result 
in enhanced radiotherapy efficacy [18, 19]. Enhanced 
therapeutic effect by high-Z metal NPs mediated radio-
sensitization has been reported in multiple preclinical 
tumor models, including GBM [16]. Moreover, based 
on the success of preclinical studies, several clinical tri-
als are underway to show the efficacy of the high-Z metal 
NP mediated radiosensitization. In particular, NBTXR3, 
a hafnium oxide NPs augmented radiotherapy, improved 
the pathological response in controlled phase 3 clinical 
trial in patients with soft tissue sarcoma [20].

In this review, we will focus on the potential of high-Z 
metal NPs application in the radiosensitization of GBM. 
First, we will describe the current standard of care for 
patients with GBM, with a focus on radiotherapy. Then, 
we will explain the mechanism of radiosensitization in 
physical and biological aspects, and summarize previous 
studies using high-Z metal NPs in radiotherapy for GBM. 
Finally, future perspectives of using high-Z metal NPs for 
radiosensitization in GBM will be presented.

Radiotherapy for GBM treatment
Radiotherapy is one of the most effective and widely 
used cancer therapeutic modalities. About 50% of cancer 
patients are treated with radiotherapy either for curative, 

adjuvant, or palliative purposes [21]. The current stand-
ard of care for GBM includes maximal safe resection, 
concomitant daily temozolomide administration, and 
radiotherapy followed by adjuvant temozolomide treat-
ment, which was established in 2005 (Fig.  1) [22]. The 
need for postoperative radiotherapy was strongly recom-
mended due to the invasive nature of GBM, which makes 
complete resection with acceptable neurological results 
almost impossible. In the 1970s, several randomized clin-
ical trials to demonstrate the benefit of radiotherapy were 
first performed by the Brain Tumor Study Group (BTSG). 
In the first clinical trial (BTSG 66-01), whole-brain radio-
therapy (WBRT) resulted in prolonged survival (median 
survival: 8.4 vs. 3.5  months, P < 0.05) [23]. The second 
clinical trial (BTSG 69-01) also showed that the addi-
tion of WBRT resulted in improved survival compared to 
that in patients receiving only the best supportive care or 
chemotherapy (P = 0.001) [24].

Further retrospective studies were conducted to deter-
mine the optimal radiation doses. Based on the combined 
results of the previous randomized trials, median sur-
vival durations in patients who received less than 45 Gy 
were only 3–4  months; while those who treated with 
50, 55, 60 Gy had a median survival of 8–9 months. The 
results indicated that WBRT higher than 50 Gy provided 
a better clinical outcome [25]. However further dose 
escalation beyond 60  Gy resulted in increased toxicity 
without significant survival benefit. Thus, current stand-
ard radiotherapy dose for GBM is determined as 60  Gy 
[26]. Until 1970, WBRT was advocated because of the 
initial assumption that GBM was a multicentric disease. 

Temozolomide (TMZ)
75 mg/m2/d po during Radiation Therapy, 
and 150-200 mg/m2 po days 1 to 5 every 28 days for 6 cycles

Radiation Therapy (RT)
30 fractions x 200 cGy (Total dose: 60 Gy)

0 6 10 14 18 22 26 30 weeks

TMZ/RT

Concomitant Adjuvant TMZ

Fig. 1 The schematic schedule of temozolomide treatment. This schedule included radiation therapy (RT) with treatment of temozolomide (TMZ). 
After the end of 6 weeks RT with TMZ of 75 mg/m2/d, the first of six adjuvant TMZ started. The 6 cycles of adjuvant TMZ was conducted with 
150–200 mg/m2 po days 1 to 5 every 28 days (This figure was reconfigureated from the contents of Ref. [22])
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However, this initial assumption was challenged by the 
finding that GBM recurred within 2  cm margin of the 
primary site in 90% of the cases [27]. Additionally, maxi-
mal dose of WBRT was limited by necrosis of the normal 
brain tissue and cognitive dysfunction [28, 29]. Therefore, 
the efficacy of involved-field radiotherapy (IFRT), defined 
as radiotherapy to the tumor and surrounding 3 cm geo-
metric margins of the tumor, was suggested instead of 
WBRT. In a randomized trial, groups of patients who 
were treated with WBRT and IFRT were compared, and 
IFRT-treated patients had better survival than those who 
were treated with WBRT [30]. In addition, the standard 
fractionation of radiotherapy was reported to improve 
patient survival [25, 31]. However, further dose intensi-
fication methods such as hyperfractionation, accelerated 
fractionation, hypofractionation, hypofractionated boost, 
and/or stereotactic radiosurgery (SRS) boost did not 
show a convincing improvement in survival of general 
GBM patients, who are less than 70 years old with good 
performance score [32]. Therefore, 60  Gy of IFRT with 
standard fractionation (2 Gy/day) is the current standard 
radiotherapy for GBM [26].

Radiation therapy utilizes damaging DNA by direct or 
indirect ionization. That is, radiation can damage DNA 
using both physically direct ionization and using free 
radicals by water ionization. The goal of radiotherapy is 
to deliver the maximum dose to the target tumor tissue 
while sparing surrounding normal tissue [33]. Therefore, 
the maximum dose is determined by the toxicity to the 
surrounding healthy tissue. Recent advances in radiother-
apy techniques such as intensity-modulated radiotherapy 
(IMRT), significantly improved dose conformity and clin-
ical outcome by delivering multiple spatially modulated 
radiation fields [34]. To further improve radiotherapy 
efficacy, it is essential to develop drugs that can increase 
the efficiency of radiotherapy as well as to protect nor-
mal tissues [35]. Radioprotective drugs include free radi-
cal scavengers, cell cycle regulators, radiation-induced 
apoptosis inhibitors, and growth factors. Meanwhile, the 
radiosensitizers target epidermal growth factor receptor 
(EGFR), histone deacetylase, angiogenesis, DNA dam-
age pathways, cell cycle regulators, cell death receptors, 
tumor hypoxia, and redox conditions. In particular, radi-
osensitizers are crucial for management of GBM because 
GBM is one of the most radioresistant cancers [36, 37]. In 
GBM, multiple clinical trials have been performed to test 
the radiosensitizing effect of EGFR inhibitors (erlotinib, 
everolimus), histone deacetylase inhibitors (valproate, 
vorinostat), antiangiogenic agents (vandetanib, enzastau-
rin), retinoic acid, glutamate inhibitor (talampanel), and a 
proteasome inhibitor (bortezomib). However, all clinical 
trials aimed to evaluate these radiosensitizers have been 
unsuccessful until now [38]. The cause of resistance to 

radiation therapy is due to various biological mechanisms 
and tumor heterogeneity. Mechanisms affecting radia-
tion resistance include biological factors such as altered 
cell cycle, inflammation, altered DNA damage, hypoxic 
conditions, cancer stem cells, altered energy metabo-
lism, and intertumoral and intratumoral heterogeneity 
[39]. More recently, high-Z metal NPs have been utilized 
to enhance the radiotherapy effect. Unlike the previous 
radiosensitizers, which target specific biological path-
ways, high-Z metal NPs primarily employ a strategy to 
enhance physical dose delivered during radiotherapy. It 
has been found that additional biological and chemical 
mechanisms are promoting the radiosensitizing effects of 
the high-Z metal NPs.

High‑Z metal nanoparticles for radiosensitization
The radiosensitizing effect by an iodine contrast agent 
was first demonstrated by Matsudaira et al. in 1980. The 
authors reported that the iodine contrast agent increased 
mammalian cells’ sensitivity to X-rays and caused chro-
mosomal aberration in these cells [40]. Radiosensitiza-
tion effect by high-Z metal was first observed in patients 
with metal implants who received radiotherapy for the 
treatment of mandibular [41] and head and neck can-
cers [42]. Thereafter, the radiosensitizing effect of high-
Z metal NPs including gold, gadolinium, silver, bismuth, 
and different metal oxides NPs have been evaluated [16]. 
It was found that the radiation dose was enhanced when 
the radiation irradiated high-Z metal NPs because of 
the generation of secondary X-rays, photoelectrons, and 
Auger electrons [43]. The mechanism of radiosensitiza-
tion by high-Z metal NPs will be further summarized in 
this chapter.

Mechanism of radiosensitization: physical effect
Radiosensitization mechanism by high-Z metal nanopar-
ticles can be explained by two different aspects, physical 
dose enhancement and subsequently increased biologi-
cal reactions in the tissue [44]. The underlying rationale 
for physical dose enhancement is that high-Z metal has 
a higher stopping power of radiation than the soft tissue. 
While the Compton effect, photoelectric effect, and pair 
production occur when radiation is irradiated to the mat-
ter, high-Z metal NPs can induce higher energy deposi-
tion to the cancer tissue [45].

The Compton effect is the most crucial interaction 
between photons and tissue during the radiotherapy. In 
Compton scattering, photons collide with weakly bound 
electrons and give a portion of their energy to the elec-
trons, and the electrons leave the orbit. At the same 
time, the incident photon is scattered after losing a por-
tion of its energy. The photon continues to make addi-
tional interactions, and the electron begins to ionize the 
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surrounding tissue (Fig.  2a). The probability of Comp-
ton interaction is inversely associated with the energy 
of the incoming photon. The Compton interaction is a 
dominating interaction in the photon energy range of 
25  keV–25  MeV. As most radiation treatments are per-
formed using energy levels of 6–20 MeV, Compton effect 
is the most common interaction in cancer tissue occur-
ring during the radiotherapy. However, the probability of 
the Compton effect is independent of the atomic number 
of the material, so it is not substantially altered by the 
administered high-Z metal NPs [44, 45].

Pair production refers to an interaction between a 
photon and the nucleus of an atom. The photon gives its 
energy to the nucleus and creates a pair of a positively 
charged electron (positron) and an electron. The posi-
tron combines with the free electron and annihilates. The 
probability of pair production increases in proportion 
to  Z2 and the energy of photon. Since the energy range 
where the pair production dominates is higher than 
25 MeV, this interaction rarely occurs in routine radiation 
therapy.

The photoelectric effect mainly occurs when the 
material interacts with the relatively low energy ion-
izing radiation (< 60  keV). It is a phenomenon in which 
all the incident photon energy is absorbed by a tightly 
bound internal orbit electron and immediately deviates 
from its orbit. The incident photons disappear, and the 
repelled electrons are called photoelectrons. By this phe-
nomenon, the outer orbital electron moves to the empty 
space of the internal orbit. It emits fluorescence photons 
at the wavelength that depends on the energy difference 
between the two orbits, which is also known as second-
ary radiation. After the photoelectric effect results in an 
inner shell vacancy, Auger electron can be emitted when 
an inner shell vacancy is filled by an outer shell electron 
[44]. The Auger electron has a very high linear energy 
transfer (LET), thus can be highly toxic to the cells [46]. 

The occurrence probability of the photoelectric effect 
increases sharply when the number of atoms  (Z3) of the 
absorber increases, and dramatically decreases when the 
energy of the incident photons  (E3) increases. That is, 
the photon mass attenuation coefficient is proportional 
to  Z3/E3. The photoelectric effect has a relatively small 
contribution to the absorption in soft tissue; on the other 
hand, it is the dominant interaction in high-Z metal NPs. 
As a result, photoelectrons and secondary photons and 
Auger electrons emitted from high-Z metal NPs will 
cause highly localized dose enhancement and focal ioni-
zation of surrounding cells through photoelectric effects 
(Fig. 2b). Since the photoelectric effect tends to decrease 
with increasing photon energy, most pre-clinical studies 
on NPs and radiation therapy have used keV photons for 
optimizing the radiosensitization effect [47, 48]. It has 
been reported that high-Z metal NPs in the tumor could 
significantly increase the local dose, typically between 
10 and 150 times more for kilovoltage photons. Taken 
together, physical dose enhancement by high-Z metal 
NPs is expected in KeV radiation because of the high 
probability of photoelectric effect, which is most signifi-
cantly affected by high-Z metal NPs.

Monte Carlo methods have been used to evaluate the 
physical dose enhancement effect by high-Z metal NPs. 
In these methods, individual photon and electron inter-
actions with matter are simulated probabilistically, based 
on measured cross-sections for different types of inter-
actions. By modeling all of the interactions involving 
a given particle and any secondary particles, accurate 
predictions of the optimal dose can be made. The pre-
diction takes into account factors such as beam attenu-
ation, the distributions of secondary particles generated 
by interactions with soft tissue, and element variations in 
the irradiation field. A variety of dedicated packages have 
been developed to facilitate Monte Carlo simulations 
of radiation interactions with matter [49]. To prove the 

Fig. 2 Schematic illustration of inelastic interactions with a high‑Z nanoparticle for: a incident keV photons (orange clouds represent photoelectric 
events); b incident MeV photons (blue and yellow clouds represent Compton scatter and pair production events, respectively) (Reproduced with 
permission from reference: [47], copyright 2018 Institute of physics and engineering in medicine)
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dose enhancement effect of NPs, Roeske et al. calculated 
the dose enhancement factor (DEF) in substances with 
atomic numbers from 25 to 90 by X-rays and brachy-
therapy sources such as 125I and 103Pd. As a result, it was 
confirmed that dose enhancement was found only in 
the elements having atomic numbers of 70 or more [50]. 
Also, Hossain et al. compared the dose enhancement of 
gold, platinum, and bismuth NPs by adjusting the size, 
concentration of NPs, and X-ray voltages. They calcu-
lated the production probability of photoelectrons, Auger 
electrons, and total DEFs according to the location of 
NPs in the endothelial cell and investigated how the type 
of element, concentration, location, size, and X-ray volt-
ages were affecting the DEF. They found that maximum 
DEF could be achieved by bismuth element, small diam-
eter of NPs, low energy of X-ray, and closer proximity of 
the NPs to the nucleus. Also, even though Auger elec-
trons have lower energy than photoelectrons, Auger elec-
trons have a more significant effect on dose improvement 
than photoelectrons. This is because Auger electrons 
have higher LET than photoelectrons; therefore, transfer 
higher energy to the cells adjacent to the NPs [51].

Mechanism of radiosensitization: chemical/biological 
effect
In clinical radiotherapy, 6–20  MeV energy is used 
because KeV energy has a relatively low tissue penetra-
tion depth [52]. Since Compton effect is dominant in the 
6–20  MeV energy, the energy range is not suitable for 
radiosensitization by high-Z metal NPs, which is mostly 
based on the photoelectric effect (Fig.  3). However, the 
radiosensitization effect by high-Z metal NPs has been 

observed in both MeV and KeV energies (Fig.  4). This 
result was caused by the altered subsequent biologi-
cal processes that occurred under radiation with high-Z 
metal NPs. The biological effect includes oxidative stress, 
DNA damage, cell cycle effect, and bystander effect 
(Fig. 5) [53].

ROS production
Reactive oxygen species (ROS) mediated DNA damage is 
the primary mechanism of radiation-induced cell death. 
These include a group of oxidative species such as super-
oxide anion  (O2

−), hydroxyl radical (OH∙), hydrogen per-
oxide  (H2O2), singlet oxygen (1O2), and hypochlorous 
acid (HOCl). The electrons generated by the interaction 
between radiation and material induce the formation of 
ROS, and ROS causes oxidative stress, DNA breakage, 
and apoptosis (Fig.  6) [54, 55]. High-Z metal NPs have 
been reported to induce significant levels of ROS and 
cause oxidative DNA damage [56, 57]. Pan et al. reported 
that 1–2  nm-sized gold NPs were highly toxic with an 
 IC50 value of 30 to 56  μM. Multiple studies reported 
that ROS generation was enhanced when ionizing radia-
tion was combined with high-Z metal NPs. Misawa et al. 
reported that a mixture of gold NP with sizes of 5–50 nm 
showed increased ROS by factors of 1.46 for OH∙ and 
7.68 for  O2

− under X-ray irradiation [58]. Recently, Choi 

Fig. 3 Predominating interaction versus photon energy for different 
atomic number absorbers (Reproduced with permission from 
reference: [143], copyright 2016 authors and Scientific Research 
Publishing Inc)

Fig. 4 Comparison of predicted and observed experimental dose 
enhancement for gold nanoparticle studies. In horizontal axis, 
‘Increase in physical dose’ refers to the ratio of the additional dose 
deposited by X‑rays in the system due to the addition of GNPs to 
that which would be deposited in the absence of gold. Conducted 
energy source represented by kilovoltage (triangle) and megavoltage 
(black‑up pointing triangle). The dashed line indicates the trend 
which would be followed if the sensitizer enhancement ratio 
directly involved with the predicted increases in physical dose. 
(Radiosensitization by gold NPs: effective at megavoltage energies 
and potential role of oxidative stress) Reproduced with permission 
from reference: [52], copyright 2013 Pioneer Bioscience Publishing 
Company
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et  al. developed ROS sensor (dihydrorhodamine 123) 
attached gold NPs which enabled the direct evaluation of 
ROS generation by gold NPs. It was found that ROS gen-
eration by 6  Gy radiotherapy was enhanced in the ROS 
sensor attached gold NPs by a factor of seven compared 
to the ROS sensor alone [59]. Furthermore, Gadolinium 
(Gd) oxide NPs showed increased ROS production by a 
factor of 1.6 to 1.94 under 50 keV X-ray irradiation [60]. 
Taken together, these experimental results suggest that 
radiosensitization with high-Z metal NPs was mediated 
through enhanced ROS production.

Cell cycle effect
The biological effect of radiation differs depending on 
the different phases of the cell cycle. Specifically, S phase 
cells are the least radiosensitive, while mitotic cells are 
the most radiosensitive [61]. When the hydroxyl radi-
cal breaks the DNA double strands, ataxia-telangiectasia 
mutated (ATM) kinase is activated and phosphorylates 
p53 protein. P53 protein activated p21 protein which 
express a cyclin-dependent kinase (CDK) inhibi-
tor, and then cell cycle arrest is occurred in G1 and G2 
phases. Also, checkpoint kinase-1 (CHK-1) and check-
point kinase-2 (CHK-2) phosphorylates cell division 
cycle 25 phosphatase, activating the CDK1-cyclinB and 

CDK2-cyclinE. It also causes cell cycle arrest in G1 or G2 
phases [62–65].

It has been reported that high-Z metal NPs can induce 
radiosensitization through cell cycle arrest. Zhang et  al. 
reported that octa-arginine modified gold NPs were able 
to induce cell cycle arrest in the G2/M phase and pro-
moted cell apoptosis under 6 MV radiation [66]. Also, 
Roa et  al. reported that glucose capped gold NPs could 
accelerate the G0/G1 progression resulting in accumula-
tion of cells in the G2/M phase and enhanced radiation 
sensitivity in the radiation-resistant prostate cancer cell 
line [67]. High-Z metal NPs other than gold NPs has 
not been reported to cause cell cycle arrest effect under 
radiotherapy. However, a recent paper reported that Gd 
oxide nanocrystals induced cell cycle arrest and brought 
the higher radiotherapy effect under carbon ion therapy 
[68]. Above mentioned studies support that cell cycle 
arrest, which makes the cells more radiosensitive, can 
be promoted by high-Z metal NPs under radiotherapy 
conditions.

DNA damage and repair
Radiation-induced double-strand break (DSB) in DNA 
is the core mechanism of radiotherapy-mediated cell 
death. Several studies reported that high-Z metal NPs 
could induce DNA damage and reduce repair during 

Fig. 5 The biological mechanisms of GNP radiosensitization. There are several biological effect involved in GNP: oxidative stress, DNA damage, cell 
cycle, and bystander effects (Reproduced with permission from reference: [53], copyright 2017 The Author(s))
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radiotherapy. Chithrani et al. reported that 50 nm-sized 
gold NPs induced a higher number of DSB by γ-H2AX 
analysis during radiotherapy [69]. Another study 
showed that Gd-based NPs were able to reduce DNA 
repair and thus increased radiotherapy efficacy in glio-
blastoma cells. They observed the NPs-induced DNA 
damages even though the NPs were not localized in the 
nucleus [70]. Marill et  al. reported that DNA damage 
was enhanced by radiotherapy-activated hafnium oxide 
NPs in the human colorectal cancer model compared to 
radiotherapy alone [71]. However, most of high-Z metal 
nanoparticles could not penetrate the cell as close as 
possible to affect the nucleus by physical dose enhance-
ment. Thus, it is estimated that enhanced DNA damage 
is due to an increase in ROS production [72].

Enhanced bystander effects
The effect of radiotherapy can also be enhanced by inter-
cellular communication. Cells that were not irradiated 
could be damaged by receiving signals from the adjacent 
irradiated cells. This process is called the bystander effect 
[73, 74]. As high Z-metal NPs have been shown to change 
cellular responses during radiotherapy, these altered 
responses could further affect cellular communication 
between irradiated and non-irradiated adjacent cells. 
However, there has not been direct evidence to prove 
the enhanced bystander effect by high Z-metal NPs dur-
ing radiotherapy. High Z-metal NPs have been reported 
to alter protein synthesis and cytokine production; it is 
expected that high Z-metal NPs could enhance bystander 
effect during the radiotherapy. Fujiwara et  al. reported 

Fig. 6 Biological mechanism of interaction between incident photons and high‑Z NPs. Consequences of reactive oxygen species (ROS) production 
were generated from high‑z nanoparticle through radiolysis water molecule. These ROS induce cell death via several effect (e.g. apoptosis, necrosis, 
mitotic cell death, autophagy, and permanent cell cycle arrest) and lead several types of defects such as base damages and protein modification 
(e.g. cross‑linking, oxidation). Incident X‑photons also damages DNA (e.g. single‑strand breaks (SSBs), double‑stranded breaks (DSBs)) by direct 
or indirect effect. With X‑ray irradiation, amplified production of ROS and secondary electron from the high‑Z nanoparticle result in cytotoxic 
enhancement on cells (Reproduced with permission from reference: [144], copyright 2018 Elsevier B.V)
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that titanium dioxide NPs could induce higher levels of 
inflammatory cytokines production in lung and colon 
cancer models [75]. Furthermore, small airway epithelial 
cells exposed to gold NPs could induce protein expres-
sion in neighboring lung fibroblasts in co-culture sys-
tems. This study found that 47 proteins were upregulated, 
while 62 were downregulated in the fibroblasts receiving 
signals from the small airway epithelial cells incubated 
with gold NPs [76].

High‑Z metal NPs for radiotherapy of glioblastoma
Gold nanoparticles
When gold NPs were irradiated with the wavelength 
larger than their sizes, d electrons were polarized by 
oscillation, resulting in surface plasmon resonance [77]. 
Using this property, research on cancer imaging and 
diagnostic biosensors is actively underway [78–82]. 
Also, gold NPs have unique optical properties that can 
be changed by their size and shape. For example, spheri-
cal gold NPs of about 25 nm size exhibit a unique ultra-
violet absorption at 540  nm, and the absorption of the 
NPs tend to red-shift as the size increases [83]. Further-
more, if the absorption band of gold NPs is adjusted to 
be near-infrared, the NPs can be used for photothermal 
therapy. Trinidad et al. synthesized gold nanoshell, which 
can induce combined photothermal and photodynamic 
effects and eliminate cancer cells by generating ROS 
and oxidative stress [84]. In 2000, Herold et  al. demon-
strated the X-ray dose enhancement effects by gold NPs 
using a gold microsphere solution in Chinese hamster 
ovary cells (CHO-K1), mouse breast cancer cells (EMT-
6), and human prostate cancer cells (DU-145) [85]. After 
that, studies to evaluate the radiosensitizing effect of gold 
NPs, as well as of other types of high Z metal NPs, were 
conducted in multiple types of cancer, including GBM. 
A summary of the enhanced radiosensitization in GBM 
using high-Z metal NPs is provided in Table 1.

Joh et  al. synthesized 23-nm size gold NPs with 
increased biocompatibility using the Turkevich method 
and PEGylation. The gold NPs significantly improved 
radiation sensitivity of the GBM model in  vitro and 
in  vivo. The human GBM cells treated with radiother-
apy and gold NPs showed 1.7-fold higher level of DNA 
damage than the cells treated with radiotherapy alone. 
Furthermore, the orthotopic GBM mouse model treated 
with gold NPs and radiotherapy demonstrated a twofold 
prolonged survival time than those treated with radio-
therapy alone. Delivery of pharmaceutics, including NPs, 
to the brain is challenging because of the blood–brain 
barrier (BBB) [86, 87]. Joh et al. found that the accumu-
lation of gold NPs was higher in the brain hemisphere 
with GBM than in the other hemisphere without GBM, 
probably due to disrupted BBB in GBM. In addition, 

the gold NPs uptake in GBM could be further enhanced 
when the NPs were injected after radiotherapy, indicating 
that BBB can be further destroyed by radiotherapy [88]. 
There have been multiple methods to improve BBB pen-
etration of intravenously injected NPs, such as focused 
ultrasound-mediated BBB disruption, cell-penetrating 
peptide-mediated, receptor-mediated, and shuttle pep-
tide-mediated methods [86]. For the radiosensitization 
in GBM, these methods should be considered to maxi-
mize the effect of NPs. Chen et al. performed the clono-
genic assay after radiotherapy using 28-nm size bovine 
serum albumin (BSA)-capped gold NPs in U87 cells. 
The number of colonies after radiotherapy was smaller 
when the cells were incubated with the gold NPs during 
radiotherapy than radiotherapy alone, and the calculated 
sensitizer enhancement ratio (SER) was 1.37. Moreover, 
the DNA damage and cell apoptosis were stronger in 
the cells treated with gold NPs and radiation than in the 
cells treated with radiation alone. In vivo radiosensitizing 
effect was assessed in subcutaneous mice model. Radio-
therapy could inhibit tumor growth, and the combination 
of radiotherapy and BSA capped gold NPs led to signifi-
cantly better tumor regression, with statistically signifi-
cant difference [89]. In 2017, Bhattarai et al. synthesized 
a large-scale mPEG-SH functionalized gold nanotriangles 
(gold NTs) (Fig. 7A, B). Since the higher cellular uptake of 
NPs can enhance the radiosensitization effect, they com-
pared the cellular uptake efficiency of the gold NTs with 
2 kDa, 5 kDa, 10 kDa, 20 kDa, and 30 kDa mPEG-SH. The 
gold NTs with 5 kDa mPEG-SH showed the highest cel-
lular uptake among the tested NTs. Further, they found 
that the endocytosed gold NTs were distributed near 
the nucleus of U87MG cells (Fig.  7C). Moreover, mice 
treated with the radiotherapy and gold NTs showed sig-
nificantly better tumor regression and prolonged survival 
than mice treated with radiotherapy alone with a dose 
enhancement factor of 2.67 (Fig. 7 D– F) [9]. Setua et al. 
developed cisplatin-tethered gold NPs (gold NP-Pt) for 
concomitant chemo-radiotherapy of GBM. Gold NP-Pt 
with radiotherapy showed a synergistic treatment effect 
in patient-derived GBM cells. The authors confirmed that 
the GBM cells treated with gold NP-Pt and radiotherapy 
showed a significantly higher degree of DNA damage 
and lower cell survival in  vitro than GBM cells treated 
with the combined radiotherapy and gold NPs and those 
treated with radiotherapy alone [90].

Gd‑based nanoparticles
Gadolinium is a lanthanide element which has eight 
unpaired electrons with the preferable oxidation state 
of +3 [18]. This unique electronic configuration of Gd 
changes the signal intensity of the longitudinal relaxation 
rate of water protons (1/T1) to the higher than the one 
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in the transverse rate (1/T2) in magnetic resonance imag-
ing (MRI). The relaxivity, which is the feature to change 
the relaxation rate of the surrounding water molecule, is 
defined as the difference in relaxation rate normalized by 
the concentration of contrast agent. Gadolinium chelates 
can be used as a T1 contrast agent that enhances tissue 
contrast in T1 weighted MRI [91]. Diverse structures of 
Gd complexes like polymer, dendrimer, and liposome are 
studied to achieve higher relaxivity with different rota-
tional diffusion, water exchange, distance, and relaxation 
rate [91, 92].

Motexafin Gd (MGd) is the most studied Gd theranos-
tic anti-cancer agent. MGd is a redox mediator with an 
aromatic macro cycle structure that generates ROS and 
inhibits tumor growth promoters [93, 94]. In addition, 
Gd cation of MGd augments signals in T1-weighted MRI 
imaging. MGd is studied for its ability to target brain 
tumors such as GBM, and brain metastases originat-
ing from lung cancer [95]. MGd showed a good target-
ing efficiency to nuclei of glioblastoma cancer cell lines. 
Gadolinium could be infiltrated to the cancer cell nuclei 
by MGd vehicle [96]. Furthermore, MGd showed an 
enhanced cytotoxic effect when combined with radiation 
in various clinical studies [97–99]. Based on these stud-
ies, research on radiosensitization and theranostics using 
Gd-based NPs is growing [100].

Radiosensitization using Gd-based NPs in GBM is 
attractive because Gd-based NPs can be used as an MRI 
contrast agent, and MRI is the image of choice for the 
management of GBM [101]. Activation and Guidance of 
Irradiation by X-ray (AGuIX) are theranostic NPs that 
can be used as a radiosensitizers and contrast agents for 
MRI. The NPs are composed of polysiloxane network 
core covered by Gd chelates. AGuIX NPs have very small 
hydrodynamic diameters (< 5  nm) and biodegradability 
[102]. Le Duc et  al. synthesized AGuIX NPs composed 
of Gd oxide core and polysiloxane shell functionalized 
by DTPA chelator for radiosensitization and MR imag-
ing (Fig. 8a, b). In orthotopic 9LGS gliosarcoma rat mod-
els, the NPs could be targeted to the tumor passively and 
cleared efficiently through the kidneys. Gadolinium con-
centration, measured by ICP-MS, was two-fold higher 
in the hemisphere with GBM than in the hemisphere 
without GBM at 20 min after the injection. In addition, 
the tumor-bearing rat treated with radiotherapy and the 
NPs showed significantly longer median survival time 
than the rats treated with radiotherapy alone (Fig.  8e). 
The Gd component could be excreted through urine up 
to 30% during the first hour after intravenous injection of 
the NPs. Moreover, the tumor could be well visualized in 
T1-weighted MRI after intravenous injection of the NPs, 
which confirms the ability of the NPs as a T1 contrast 

Fig. 7 Radiation sensitizing effect of gold nanotriangle. a Schematic of synthesis gold nanotriangles with large‑scale. b TEM image of well‑purified 
CTAC‑capped AuNTs. Scale bar is 100 nm. c PEGylated AuNTs uptake by adherent cells (U87MG cells). Blue: DAPI, Yellow: AuNTs. d AuNTs delayed 
the tumor growth following subcutaneous U87MG xenografts. The comparisons include 3 groups: with vehicle only (control); with radiotherapy 
alone (RT); and PEGylated AuNTs with radiation (pAuNT + RT). e The difference between above treatment in tumor volume. f RT + pAuNTs treated 
mice displayed an improving tendency of actuarial survival (p = 0.05) (Reproduced with permission from reference: [9], copyright 2018 PMC)
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agent (Fig.  8c, d) [103]. The same group modified the 
NPs by changing the chelator from DTPA to DOTAGA 
to prevent any release of Gd from the NPs. The NPs have 
about 2.1  nm hydrodynamic size and are biodegradable 
in diluted media and BSA. The circulating half-life of the 
NPs was about 20 min, and the NPs were excreted effi-
ciently through the kidneys. The authors compared the 

ability as an MRI contrast and radiosensitizing agent 
between the NPs and  DOTAREM®, a commercially 
available Gd based contrast agent. The AguIX showed a 
better MRI contrast in healthy animals because the NPs 
had a longer circulation time compare to  DOTAREM®. 
In orthotopic 9LGS gliosarcoma rat models, the median 
survival time after microbeam radiation therapy (MRT) 

Fig. 8 The survival improvement of brain tumor bearing rats with combination of GBN and MRT. a HR‑TEM image of encapsulated gadolinium 
oxide NPs in polysiloxane shell. Scale bar is 2 nm. b The enhancement of gadolinium with proportion to concentration as the contrast. Upper: 
 T1‑weighted, bottom: SPCT. c Brain images of 9LGS‑bearing rat by  T1‑weighted at various time points. d MRI signal in tumor (purple) and in normal 
tissue of equivalent surface (blue) in process of time. e Survival cureve of 9LGS‑bearing rate. Black dash curve represents without treatment group 
(n = 4). Blue curve, red curve and green curve represent only treated by MRT (n = 7), treated by MRT 5 min (n = 8) and 20 min (n = 8), respectively. 
The survival curve was filled out up to 103 days after tumor implantation. MRT: microbeam radiation therapy (Reproduced with permission from 
reference: [103], copyright 2011 American Chemical Society)
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with AGuIX NPs was 102.5 days, which was longer than 
MRT alone (44  days) and MRT with  DOTAREM® as 
a radiosensitizer (43  days) [104]. The radiosensitizing 
mechanism of AGuIX NPs was also investigated in U87 
glioblastoma cells. The NPs were located in the cyto-
plasm (especially in lysosomes) but did not enter into 
the cell nucleus. The cell-killing effect by radiotherapy 
was enhanced by 23% at 2 Gy irradiation [105]. Another 
study also reported that the radiosensitization of AGuIX 
NPs mainly resulted from cytoplasmic events rather than 
from nuclear DNA damages [70]. AGuIX NPs are now 
under clinical trials for the treatment of multiple brain 
metastases (NCT04094077), and advanced cervical can-
cer (NCT03308604).

There have been studies reporting modified AGuIX 
NPs for multimodal imaging or improved therapeutic 
effect. 68Ga-radiolabeled AGuIX with the novel chela-
tor 2,2′-(7-(1-carboxy-4-((2,5-dioxopyrrolidin-1-yl)oxy)-
4-oxobutyl)-1,4,7-triazanonane-1,4-diyl)diacetic acid) 
(NODAGA) NPs (68Ga-labeled AGuIX@NODAGA NPs) 
were developed for dual PET/MR imaging. The hydro-
dynamic size of the NPs was 4.3 nm; thus, the NPs were 
suitable for renal elimination. The NPs showed a mod-
erate passive tumor targeting ability in U87MG tumor-
bearing mice (1.03% ID/g, 30  min after injection). They 
confirmed that 68Ga-labeled AGuIX@NODAGA NPs 
were not excreted through the liver but through kid-
neys by the metabolite and biodistribution studies. The 
tumor uptake was well visualized in both MR and PET 
imaging after intravenous injection of the NPs [106]. 
Another study showed IR-783 functionalized AGuIX NPs 
for PET/MRI/optical imaging. The NODAGA chelator 
was used for radiolabeling and IR-783 for optical imag-
ing [107]. For vascular-targeted photodynamic therapy 
(VDT), newly synthesized AGuIX type nanoplatform 
using photosensitizer and KDKPPR peptide moiety tar-
geting neuropilin-1 (NRP-1), which is highly expressed 
in the tumor vasculature, were developed (AGuIX@PS@
KDKPPR). In U87 orthotopic mice tumor models, the 
tumor contrast was enhanced in the MRI after injection 
of the NPs. In human umbilical vein endothelial cells 
(HUVEC), AGuIX@PS@KDKPPR showed a higher VDT 
effect compares to that of AGulX@PS@Scramble, indi-
cating the enhanced therapeutic effect by the targeting 
moiety. In U87 subcutaneous mice models, in vivo vessel 
specific uptake of the NPs was observed [108].

Other nanoparticles
Aside from the high-Z metal NPs mentioned above, sil-
ver NPs have also been widely investigated in biomedical 
applications. Clinically used products that contain silver 
NPs are mainly a sort of wound dressing and catheters 
[109]. Further, many studies investigated the anticancer 

effect and cytotoxicity of silver NPs [110, 111]. Silver NPs 
induce cytotoxicity via mechanisms such as apoptosis, 
ROS generation, inhibition of mitochondria function, 
membrane leakage, and membrane lipid peroxidation 
[112]. Liu et al. firstly reported the radiosensitizing effect 
of silver NPs in glioma cells. They synthesized silver NPs 
of diameter 20, 50, and 100 nm and compared the radio-
sensitizing effects of the NPs. The authors found that the 
smaller size of NPs had a stronger radiosensitizing effect 
in the U251 glioma cell line. Similar results were drawn 
in C6 and SHG-44 cell lines [113]. The same group inves-
tigated the radiosensitizing effect in  vivo using 20  nm-
sized silver NPs (Fig. 9a). Silver NPs were intratumorally 
injected in orthotopic C6 glioma-bearing rats treated 
with MV energy radiotherapy. The median survival 
time was significantly longer in mice treated with silver 
NPs and radiotherapy compared to that in mice treated 
with radiotherapy alone (18 vs. 37 days) (Fig. 9b, e). The 
authors found that the mechanism of radiosensitiza-
tion was combined with anti-proliferative and apoptotic 
effects (Fig. 9c, d) [114]. Liu et al. also reported that the 
radiosensitizing effect of silver NPs was superior to that 
of gold NPs in vitro and in vivo. They compared the radi-
osensitizing effect between 15  nm-sized citrated coated 
gold NPs and silver NPs. The silver NPs showed signifi-
cantly better growth inhibition rate in U251 glioma cells 
than the gold NPs (dose enhancement ratio: 1.64 vs. 1.23). 
In the orthotopic U251 glioma mice model, the median 
survival time was significantly longer in mice treated with 
silver NPs and radiotherapy than in mice treated with 
gold NPs and radiotherapy (61.7 days vs. 43.1 days). The 
silver NPs induced a higher level of proapoptotic activity 
and autophagy compared to gold NPs, which explains the 
superior radiosensitizing effect of silver NPs [115].

Tantalum metal is a high-Z metal with an atomic 
number of 73. Tantalum pentoxide  (Ta2O5) NPs were 
reported to be biocompatible and capable of drug load-
ing [116]. In 2013, Brown et al. first reported the utility 
of  Ta2O5 nanoceramics as a radiosensitizer (Fig. 10a). The 
50–70  nm-sized tantalum oxide NPs showed the sensi-
tizer enhancement ratio (SER) of 1.33 at a 10 MV x-ray 
photon beam in 9L gliosarcoma cell line (Fig.  10b, c) 
[117]. The same group also reported the dose enhance-
ment effect of the NPs under a synchrotron beam with 
the energy range of 50–150 keV in 9L gliosarcoma cells 
[118].

Superparamagnetic iron oxide NPs (SPIONs) have been 
investigated for hyperthermia treatment and MR imag-
ing of GBM [119, 120]. The efficacy and biocompatibil-
ity of combined magnetic hyperthermia treatment using 
intratumorally injected SPION and radiotherapy was 
tested in patients with recurrent GBM [121]. Antibody 
conjugated iron oxide NPs have also been developed to 
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improve tumor targeting [37, 122]. Shevtsov et al. conju-
gated heat shock protein Hsp70 specific antibody to dex-
tran-coated SPIONs. Hsp70 was expressed in malignant 
cells, and the expression level was enhanced when tumor 
cells were irradiated by ionizing radiation. Synchrotron 
radiation with 54.8  nm-sized SPION-cmHsp70.1 NPs 
improved NPs uptake in the C6 glioma cell line. Further-
more, in orthotopic C6 glioma models, MRI and ex vivo 
biodistribution analysis revealed that SPION-cmHsp70.1 
NPs tumor uptake was enhanced after radiotherapy. 
The enhanced uptake was due to the increased Hsp70 

expression in tumor cells after the radiotherapy [122]. 
Bouras et  al. synthesized cetuximab, epidermal growth 
factor receptor (EGFR) specific antibody, conjugated to 
iron oxide NPs. The authors confirmed that the radio-
sensitizing effect was higher in cetuximab—iron oxide 
NPs compared to that in non-conjugated iron oxide NPs 
by testing the extent of apoptosis, DNA DSBs formation, 
and ROS generation in a U87MG cell line overexpress-
ing the EGFRvIII deletion mutant (U87MGEGFRvIII) 
(Fig.  11a, b). Further, the authors delivered cetuximab-
conjugated iron oxide NPs by convection-enhanced 

Fig. 9 Radiation enhancement effects of PVP‑coated AgNP. a TEM characterization of silver NPs. Scale bar is 50 nm. b Kaplan–Meier survival curve 
for C6 glioma‑bearing rats with intratumoral administration of AgNPs. Six groups were involved as comparison: untreated animals (x); 10 μg of 
AgNPs alone (white triangle); 20 μg of AgNPs alone (white diamond); irradiated control (black down‑pointing triangle); 10 μg of AgNPs + 10 Gy 
(white triangle); and 20 μg of AgNPs + 10 Gy (black up‑pointing triangle). c Proliferating cell nuclear antigen (PCNA) or terminal deoxynucleotidyl 
transferase‑mediated deoxyuridine triphosphate nick and labeling (TUNEL) staining of each comparison group. d Proliferation and apoptosis were 
quantitatively analysed into vertical bar charts, individually. e The brain images of glioma‑bearing. (i) and (ii) represent frontal slices of untreated 
control in extremis and rat surviving for 200 days. (iii) and (iv) represent  T2‑weighted MR images of well‑implanted tumor after 7 days and rat 
surviving for 200 days which exhibits absence of tumor, respectively (Reproduced with permission from reference: [114], copyright 2013 Royal 
Society of Chemistry)

Fig. 10 Dose enhancement effect of  Ta2O2 on radioresistant cancer cells. a Tantalum pentoxide NSPs imaging by HR‑TEM. Scale bar is 100 nm. b 
survival fraction of tantalum pentoxide NSPs with various concentration. 9L cells were exposed 0‑500 μg/mL over 24 h. c Cell survival curve of 10 
MV X‑ray irradiation with dose variation (n = 3) (Reproduced with permission from reference: [117], copyright 2013 WILLEY‑VCH Verlag GmbH & 
KGaA, Weinheim)
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delivery in orthotopic EGFRvIII expressing GBM mice 
model. The mice treated with NPs and radiotherapy 
elicited extended survival compared to the mice treated 
with cetuximab and radiotherapy (Fig.  11c, d) [37]. The 
radiosensitizing effect was also reported in another type 
of metal NPs including bismuth oxide NPs [123], titanate 
nanotubes [124], and hydroxyapatite NPs [125].

Combining multiple elements in high-Z Metal NPs 
could further enhance the abilities for both imaging and 
therapy. In 2013, Xing et  al. developed upconversion 
nanocubes made of barium, ytterbium, fluorine, and 
erbium core conjugated with arginine–glycine–aspar-
tic acid (RGD) peptides which were actively targeted to 
integrin receptors expressed on tumor neovasculature 
(Fig.  12a, c). In U87MG tumor-bearing mice, the NPs 
could be used as a contrast agent for CT and upcon-
version fluorescence imaging (Fig.  12b–e). In addition, 
the radiosensitizing effect of the NPs was confirmed 
in vivo (Fig. 12f, g) [126]. Sun et al. assessed a theranos-
tic ability of the mixed gold and superparamagnetic iron 
oxide nanoparticle coated with PEG–PCL polymer, an 

FDA-approved biodegradable co-polymer. In U251 and 
U373 GBM cell lines, gold and SPION-loaded micelles 
(GSMs) demonstrated the radiosensitizing effect in vitro 
and enhanced MRI contrast in heterotopic flank and 
orthotopic xenograft rodent models [127].

Strategies to enhance radiosensitizing effects
Crossing the BBB is an important requirement in brain 
tumor targeting. The BBB is a brain protective system 
from circulatory system composed of brain endothelial 
cells and end-feet of astrocytes [128]. The BBB allows 
passive diffusion of gases and small lipophilic molecules 
and actively transports nutrients by receptor-medi-
ated endocytosis or absorptive-mediated transcytosis. 
Although the NPs do not readily pass the BBB, intra-
venously injected high-Z metal NPs could reach the 
orthotopic GBM tumors, probably because of the dis-
rupted BBB in tumor models [37, 88, 114, 115, 122, 127]. 
Many reports suggest the nanoparticles under 100  nm 
to increase the chance of passive tumor targeting [129]. 
A shape of gold nanoparticles also affects the in  vitro 

Fig. 11 Radiosensitivity enhancement of radiosesistant human GBM by cetuximab‑IONP treatment. a Representative immunofluorescence image 
of U87MGEGFRvIII cells after treatment of four comparison groups (0.3 mg/mL of PBS, IONPs, cetuximab and cetuximab‑IONPs) with ionizing 
irradiation (IR) dose of 2 Gy and incubation for 24 h. b ROS detection of above treatment with ionizing irradiation dose of 10 Gy and incuation for 
24 h. c Hypointense  T2‑weighted MRI images of control and cetuximab‑IONPs + IR groups. White arrows: EGFRvIII‑expressing human xenograft, 
red arrows: convection‑enhanced delivery(CED) of cetuximab‑IONPs. d Kaplan–Meier survival curve for U87MG EGFRvIII inplanted mice. Three 
groups are involved as comparison: no treatment (control); combination of cetuximab and IR treatment (cetuximab + IR); and cetuximab‑IONPs 
with subsequent IR (cet‑IONPs + IR). Concentration of cetuximab was 0.3 mg/mL and IR dose were 10 Gy × 2 (Reproduced with permission from 
reference: [37], copyright 2015 Springer Science + Business Media New York)
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cellular internalization. Spherical gold nanoparticles 
increased cellular internalization and ROS generation 
than gold nanorods and gold nanospikes in KB cells, but 
different shaped NPs showed the same radiosensitization 

efficiency [130]. In addition, encapsulation with liposo-
mal layers, micelles or PEGylation would be a solution for 
preventing opsonization and enhanced cell uptake with 
biocompatible materials. For instance, in vitro cell uptake 
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Fig. 12 UCA‑RGD for CT imaging‑guided radiotherapy with effective radiosensitization. a TEM characterization of RGD‑labelled UCA in water. 
Scale bar is 100 nm. b CT images of UCA and Iobitridol with various concentration. c Confocal images of upconversion luminescence (UCL) 
with UCA‑RGD and UCA for 1‑h incubation at 800 μg Yb/mL. The two lines above are conducted with U87MG cells and the two lines below are 
conducted with MCF‑7 cells. d In vivo transverse slices and 3D volume rendering CT images for U87MG tumor‑bearing mice. The comparison 
includes UCA‑RGD (targeted group) or UCA (non‑targeted group). e CT values of tumor which coincide with (d). f, g Tumor growth inhibition 
following several types of compare and contrast treatment (Control, RT alone, RT&UCA, RT&UCA‑RGB).  BaYbF5:2%  Er3+ nanocube (UCA) conjugated 
with arginine‑glycine‑aspartic acid (RGD) peptides (UCA‑RGD) (Reproduced with permission from reference: [126], copyright 2013 Springer Nature)
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and radiosensitization effect was enhanced with lipo-
somal encapsulated cisplatin and oxaliplatin compared 
with liposomal-free platinum compounds in F98 glioma 
cells [131]. Other researchers reported that chemothera-
peutic effect of temozolomide with lipid nanocarriers 
showed better tumor regression than TMZ solution in 
subcutaneous glioblastoma models [132]. However, it is 
still needed to evaluate the tumor delivery efficiency of 
high-Z metal nanoparticles with different shapes or bio-
compatible nanocarriers in orthotopic tumor model. In 
addition, there have been studies on strategies to enhance 
GBM targeting by antibody conjugation, and prior radi-
otherapy before NPs administration. For active target-
ing of glioblastoma, integrins located on brain vascular 
endothelial cells are the most commonly utilized targets. 
Active targeting strategies in GBM model include (1) 
RGD peptides conjugation for the integrin αvβ3 target-
ing, (2) interleukin 13 peptide conjugation for IL-13Rα2 
receptor targeting, and (3) transferrin conjugation for the 
transferrin receptor targeting [120, 133–135]. Further 
studies are needed to find an optimal method to improve 
the efficiency NPs delivery to the brain.

Stimuli-triggered metal nanoparticles also have their 
potential role in GBM treatment. For example, Shen 
et  al. developed renal-clearable coordination polymer 
nanodots containing tungsten ions and gallic acid for 
chelator-free radiolabeling. They successfully labeled 
radioisotope for tracing the nanoparticles with PET 
imaging using phenolic hydroxyl group of gallic acid 
with about 88.34% of labeled 64Cu. It was rapidly cleared 
showing lower retention in liver and spleen at 24  h 
(13.21%ID/g for liver, 9.01%ID/g for spleen) and 14 d 
(< 0.2%ID/g for both organs). It was also effective with 
radiotherapy in 4T1 tumor bearing mice [136]. Another 
group used liposomal nanoparticles encapsulating gallic 
acid-ferrous nanoparticles and l-buthionine sulfoximine 
for synergistic chemo and radio therapeutic effect. Gallic 
acid-ferrous nanoparticles are efficient in ROS produc-
tion using Fenton reaction of ferrous iron and ferrous 
iron oxidation protection of gallic acid. About 5.99% ID/g 
of the nanoparticles accumulated in tumor at 24 h post 
injection. The liposomes containing gallic acid-ferrous 
nanoparticles and L-buthionine sulfoxamine efficiently 
suppressed cancer growth than a group treated free 
L-buthionine and gallic acid-ferrous nanoparticles [137]. 
Photo-induced synergistic cancer therapy is emerging as 
a new strategies of cancer therapy. Zhong et al. developed 
PEGylated  NaCeF4:Gd, Tb nanoparticles for multimodal 
imaging and radiotherapy. Ce and Tb ions produce ROS 
by absorbing the energy of X-ray. Also, lanthanide ele-
ments act as a radiosensitizer and CT imaging contrast 
agent. Researchers allowed of multimodal X-ray fluores-
cence, CT and MR imaging by the nanoparticles. Also 

their in  vivo radiosensitization and radiodynamic ther-
apy efficiency were better than X-ray radiation only in 
A549 mouse tumor model [138]. For NIR light induced 
photothermal therapy and radiosensitization, authors 
developed liposomal nanoparticles encapsulating irid-
ium nanocrystals. The NIR light irradiated nanoparticles 
enhance tumor oxygenation by catalyzing  H2O2 in tumor. 
Also, iridium elements worked as a radiosensitizer and 
contrast agent in photoacoustic imaging [139].

Conclusion and future perspectives
This review described the mechanisms of radiosensitiza-
tion by high-Z metal NPs and summarized the literature 
describing high-Z metal NPs mediated radiosensitiza-
tion in GBM. The mechanism of radiosensitization by 
high-Z metal NPs is not confined to the physical aspect 
alone but extended to chemical/biological effects. Mul-
tiple in  vitro and pre-clinical in  vivo studies proved the 
radiosensitizing effect of high-Z metal NPs in different 
GBM models. Although various types of high-Z metal 
NPs were found to be useful for radiosensitization, there 
have not been enough studies to systematically compare 
the efficacy of different types of NPs, except for one study 
that reported the superiority of the silver NPs over gold 
NPs [115]. Targeting efficiency of high-Z metal NPs could 
determine the radiosensitizing efficiency because specific 
accumulation of the NPs in the tumor cells enhance the 
specific radiosensitization of cancer tissue compare to 
surrounding normal tissue. The strategies for crossing 
the BBB and active targeting would enhance the target-
ing ability of the NPs. Furthermore, intracellular loca-
tion of the NPs affects the radiosensitizing effect. Thus, 
it is recommended to develop (1) intracellular targeting 
strategies of NPs, desirably to nucleus or mitochondria, 
along with (2) micro dosimetry methods to monitor the 
different radiosensitizing effect in micro level. Also, fur-
ther studies are warranted to elucidate factors that can be 
used to maximize the radiosensitizing effect by compar-
ing different types of the metal elements, functionality, 
size, and shape.

The renal and hepatic pathways are the common nano-
particle excretion pathways to reduce the toxicity. How-
ever, inorganic nanoparticles such as gold NPs and iron 
oxide NPs are often confined in the liver and spleen by 
reticular endothelial system than renal clearance. The par-
ticle size decrease and surface functionalization are a key 
factor of designing renal clearable and long circulating nan-
oparticle for avoiding the toxicity with rapid elimination 
and increased targeting efficiency [140]. Only a few reports 
investigated about neurotoxicity of metal nanoparticles. 
The authors compared silver, copper and aluminum nano-
particles in the same size (50–60 nm) with different admin-
istration methods. Ag and Cu nanoparticles have disrupted 
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the BBB permeable function than Al nanoparticles showing 
their brain edema and cell damage [141, 142]. However, not 
only are there very few papers on brain toxicity of nanopar-
ticles, but in this paper, Ag nanoparticles are injected more 
than the other references about radiosensitizer of high-Z 
nanoparticles in Table 1. Thus, we need systemic studies on 
brain dysfunction of high-Z nanoparticles to find the opti-
mal dose to show the therapeutic effect as long as there is 
no toxicity. Otherwise, intratumoral injection of NPs may 
be a realistic option for a faster clinical translation. Further, 
to date, not enough in  vivo studies have evaluated toxic-
ity, biodistribution, and excretion of the radiosensitizing 
high-Z metal NPs. In this respect, more investigations are 
required to assess the behavior of NPs in vivo to facilitate 
the clinical translation of this promising therapeutic strat-
egy for treatment of GBM.

Abbreviations
GBM: Glioblastoma multiforme; NPs: Nanoparticles; EPR: Enhanced perme‑
ability and retention; BTSG: Brain Tumor Study Group; WBRT: Whole‑brain 
radiotherapy; IFRT: Involved‑field radiotherapy; SRS: Stereotactic radiosurgery; 
IMRT: Intensity‑modulated radiotherapy; EGFR: Epidermal growth factor recep‑
tor; LET: Linear energy transfer; DEF: Dose enhancement factor; ROS: Reactive 
oxygen species; DSB: Double‑strand break; BBB: Blood–brain barrier; SER: Sen‑
sitizer enhancement ratio; MGd: Motexafin gadolinium; AGuIX: Activation and 
Guidance of Irradiation by X‑ray; HUVEC: Human umbilical vein endothelial 
cells; SPIONs: Superparamagnetic iron oxide nanoparticles.

Acknowledgements
We would like to thank Editage (https ://www.edita ge.co.kr) for English 
language editing.

Authors’ contributions
HJI conceptualized this review. JC and GK were a major contributor in writing 
the manuscript and rearrangement of figures and tables. SBC wrote about 
mechanism of radiosensitizaion: biological effect. All authors read and 
approved the final manuscript.

Funding
This study was supported by the National Research Foundation of Korea (NRF) 
(NRF‑2019M2D2A1A01058210, NRF‑2020R1C1C1009000), the Ministry of 
Health and Welfare Korea (HI18C0886, and HI19C0339) and Creative‑Pioneer‑
ing Researchers Program through Seoul National University (SNU).

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent of publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 24 April 2020   Accepted: 28 August 2020

References
 1. Ostrom QT, Gittleman H, Liao P, Vecchione‑Koval T, Wolinsky Y, Kruchko 

C, et al. CBTRUS statistical report: primary brain and other central 

nervous system tumors diagnosed in the United States in 2010–2014. 
Neuro Oncol. 2017;19(suppl_5):v1–88.

 2. Adamson C, Kanu OO, Mehta AI, Di C, Lin N, Mattox AK, et al. Glioblas‑
toma multiforme: a review of where we have been and where we are 
going. Expert Opin Investig Drugs. 2009;18(8):1061–83.

 3. Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB, et al. Glioma 
stem cells promote radioresistance by preferential activation of the 
DNA damage response. Nature. 2006;444(7120):756–60.

 4. Minniti G, Amelio D, Amichetti M, Salvati M, Muni R, Bozzao A, et al. Pat‑
terns of failure and comparison of different target volume delineations 
in patients with glioblastoma treated with conformal radiotherapy 
plus concomitant and adjuvant temozolomide. Radiother Oncol. 
2010;97(3):377–81.

 5. Djuzenova CS, Fiedler V, Memmel S, Katzer A, Sisario D, Brosch PK, et al. 
Differential effects of the Akt inhibitor MK‑2206 on migration and radia‑
tion sensitivity of glioblastoma cells. BMC Cancer. 2019;19(1):299.

 6. Bindra RS, Chalmers AJ, Evans S, Dewhirst M. GBM radiosensitizers: dead 
in the water… or just the beginning? J Neurooncol. 2017;134(3):513–21.

 7. Schneider CS, Woodworth GF, Vujaskovic Z, Mishra MV. Radiosensitiza‑
tion of high‑grade gliomas through induced hyperthermia: review 
of clinical experience and the potential role of MR‑guided focused 
ultrasound. Radiother Oncol. 2020;142:43–51.

 8. Koh HK, Seo SY, Kim JH, Kim HJ, Chie EK, Kim SK, et al. Disulfiram, a 
re‑positioned aldehyde dehydrogenase inhibitor, enhances radio‑
sensitivity of human glioblastoma cells in vitro. Cancer Res Treat. 
2019;51(2):696–705.

 9. Bhattarai SR, Derry PJ, Aziz K, Singh PK, Khoo AM, Chadha AS, et al. Gold 
nanotriangles: scale up and X‑ray radiosensitization effects in mice. 
Nanoscale. 2017;9(16):5085–93.

 10. Sonali, Viswanadh MK, Singh RP, Agrawal P, Mehata AK, Pawde DM, et al. 
Nanotheranostics: emerging strategies for early diagnosis and therapy 
of brain cancer. Nanotheranostics. 2018;2(1):70–86.

 11. <Nanoparticle‑mediated ablation of glioblastoma and of other malig‑
nancies.pdf>.

 12. Rosenblum D, Joshi N, Tao W, Karp JM, Peer D. Progress and challenges 
towards targeted delivery of cancer therapeutics. Nat Commun. 
2018;9(1):1410.

 13. England CG, Im H‑J, Feng L, Chen F, Graves SA, Hernandez R, et al. Re‑
assessing the enhanced permeability and retention effect in peripheral 
arterial disease using radiolabeled long circulating nanoparticles. 
Biomaterials. 2016;100:101–9.

 14. Senapati S, Mahanta AK, Kumar S, Maiti P. Controlled drug delivery 
vehicles for cancer treatment and their performance. Signal Transduct 
Target Therapy. 2018;3:7.

 15. Im H‑J. Excretion and Clearance. In: Lee DS, editor. Radionanomedicine: 
combined nuclear and nanomedicine. Cham: Springer International 
Publishing; 2018. p. 347–68.

 16. Liu Y, Zhang P, Li F, Jin X, Li J, Chen W, et al. Metal‑based nanoenhanc‑
ers for future radiotherapy: radiosensitizing and synergistic effects on 
tumor cells. Theranostics. 2018;8(7):1824–49.

 17. Vines JB, Yoon J‑H, Ryu N‑E, Lim D‑J, Park H. Gold nanoparticles for 
photothermal cancer therapy. Front Chem. 2019;7:167.

 18. Lu VM, McDonald KL, Townley HE. Realizing the therapeutic potential 
of rare earth elements in designing nanoparticles to target and treat 
glioblastoma. Nanomedicine. 2017;12(19):2389–401.

 19. Kobayashi K, Usami N, Porcel E, Lacombe S, Le Sech C. Enhancement of 
radiation effect by heavy elements. Mutat Res. 2010;704(1–3):123–31.

 20. Bonvalot S, Rutkowski PL, Thariat J, Carrere S, Ducassou A, Sunyach MP, 
et al. NBTXR3, a first‑in‑class radioenhancer hafnium oxide nanoparticle, 
plus radiotherapy versus radiotherapy alone in patients with locally 
advanced soft‑tissue sarcoma (Act.In.Sarc): a multicentre, phase 2‑3, 
randomised, controlled trial. Lancet Oncol. 2019;20(8):1148–59.

 21. Delaney G, Jacob S, Featherstone C, Barton M. The role of radiotherapy 
in cancer treatment. Cancer. 2005;104(6):1129–37.

 22. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJB, 
et al. Radiotherapy plus concomitant and adjuvant temozolomide for 
glioblastoma. N Engl J Med. 2005;352(10):987–96.

 23. Zhang W, Duan R, Zhang J, Cheung WKC, Gao X, Zhang R, et al. H1/
pHGFK1 nanoparticles exert anti‑tumoural and radiosensitising effects 
by inhibition of MET in glioblastoma. Br J Cancer. 2018;118:522–33.

https://www.editage.co.kr


Page 21 of 23Choi et al. J Nanobiotechnol          (2020) 18:122  

 24. Walker MD, Alexander E, Hunt WE, MacCarty CS, Mahaley MS, Mealey 
J, et al. Evaluation of BCNU and/or radiotherapy in the treatment of ana‑
plastic gliomas. J Neurosurg. 1978;49(3):333.

 25. Walker MD, Strike TA, Sheline GE. An analysis of dose‑effect relationship 
in the radiotherapy of malignant gliomas. Int J Radiat Oncol Biol Phys. 
1979;5(10):1725–31.

 26. Barani IJ, Larson DA. Radiation therapy of glioblastoma. Cancer Treat 
Res. 2015;163:49–73.

 27. Hochberg FH, Pruitt A. Assumptions in the radiotherapy of glioblas‑
toma. Neurology. 1980;30(9):907–11.

 28. Marks JE, Baglan RJ, Prassad SC, Blank WF. Cerebral radionecrosis: inci‑
dence and risk in relation to dose, time, fractionation and volume. Int J 
Radiat Oncol Biol Phys. 1981;7(2):243–52.

 29. Shapiro WR, Green SB, Burger PC, Mahaley MS Jr., Selker RG, Van Gilder 
JC, et al. Randomized trial of three chemotherapy regimens and two 
radiotherapy regimens and two radiotherapy regimens in postopera‑
tive treatment of malignant glioma. Brain Tumor Cooperative Group 
Trial 8001. J Neurosurg. 1989;71(1):1–9.

 30. Ramsey RG, Brand WN. Radiotherapy of glioblastoma multiforme. J 
Neurosurg. 1973;39(2):197.

 31. Bleehen NM, Stenning SP. A Medical Research Council trial of two 
radiotherapy doses in the treatment of grades 3 and 4 astrocytoma. 
The Medical Research Council Brain Tumour Working Party. Br J Cancer. 
1991;64(4):769–74.

 32. Cabrera AR, Kirkpatrick JP, Fiveash JB, Shih HA, Koay EJ, Lutz S, et al. 
Radiation therapy for glioblastoma: executive summary of an American 
Society for Radiation Oncology Evidence‑Based Clinical Practice Guide‑
line. Pract Radiat Oncol. 2016;6(4):217–25.

 33. Alexander BM, Ligon KL, Wen PY. Enhancing radiation therapy 
for patients with glioblastoma. Expert Rev Anticancer Ther. 
2013;13(5):569–81.

 34. Veldeman L, Madani I, Hulstaert F, De Meerleer G, Mareel M, De Neve W. 
Evidence behind use of intensity‑modulated radiotherapy: a systematic 
review of comparative clinical studies. Lancet Oncol. 2008;9(4):367–75.

 35. Schaue D, McBride WH. Opportunities and challenges of radiotherapy 
for treating cancer. Nat Rev Clin Oncol. 2015;12(9):527–40.

 36. Liauw SL, Connell PP, Weichselbaum RR. New paradigms and future 
challenges in radiation oncology: an update of biological targets and 
technology. Sci Transl Med. 2013;5(173):173sr2.

 37. Bouras A, Kaluzova M, Hadjipanayis CG. Radiosensitivity enhancement 
of radioresistant glioblastoma by epidermal growth factor recep‑
tor antibody‑conjugated iron‑oxide nanoparticles. J Neurooncol. 
2015;124(1):13–22.

 38. Mathen P, Rowe L, Mackey M, Smart D, Tofilon P, Camphausen K. Radio‑
sensitizers in the temozolomide era for newly diagnosed glioblastoma. 
Neuro‑Oncol Pract. 2019.

 39. Buckley AM, Lynam‑Lennon N, O’Neill H, O’Sullivan J. Targeting hall‑
marks of cancer to enhance radiosensitivity in gastrointestinal cancers. 
Nat Rev Gastroenterol Hepatol. 2020:1–16.

 40. Matsudaira H, Ueno AM, Furuno I. Iodine contrast medium sensitizes 
cultured mammalian cells to X rays but not to γ rays. Radiat Res. 
1980;84(1):144–8.

 41. Castillo MH, Button TM, Doerr R, Homs MI, Pruett CW, Pearce JI. Effects 
of radiotherapy on mandibular reconstruction plates. Am J Surg. 
1988;156(4):261–3.

 42. Allal AS, Richter M, Russo M, Rouzaud M, Dulguerov P, Kurtz JM. Dose 
variation at bone/titanium interfaces using titanium hollow screw 
osseointegrating reconstruction plates. Int J Radiat Oncol Biol Phys. 
1998;40(1):215–9.

 43. Mirkin CA, Meade TJ, Petrosko SH, Stegh AH. Nanotechnology‑based 
precision tools for the detection and treatment of cancer. Berlin: 
Springer; 2015.

 44. Butterworth KT, McMahon SJ, Currell FJ, Prise KM. Physical basis 
and biological mechanisms of gold nanoparticle radiosensitization. 
Nanoscale. 2012;4(16):4830–8.

 45. Gazda M, Lawrence R. Principles of radiation therapy, cancer man‑
agement: a multidisciplinary approach. Ann Arbor: The University of 
Michigan; 2001.

 46. Ku A, Facca VJ, Cai Z, Reilly RM. Auger electrons for cancer therapy—a 
review. EJNMMI Radiopharm Chem. 2019;4(1):27.

 47. Kuncic Z, Lacombe S. Nanoparticle radio‑enhancement: princi‑
ples, progress and application to cancer treatment. Phys Med Biol. 
2018;63(2):02TR1.

 48. Rancoule C, Magne N, Vallard A, Guy JB, Rodriguez‑Lafrasse C, 
Deutsch E, et al. Nanoparticles in radiation oncology: from bench‑
side to bedside. Cancer Lett. 2016;375(2):256–62.

 49. Kawrakow I, Rogers DWO, editors. The EGSnrc System, a Status 
Report 2001; Berlin, Heidelberg: Springer.

 50. Roeske JC, Nunez L, Hoggarth M, Labay E, Weichselbaum RR. Char‑
acterization of the theorectical radiation dose enhancement from 
nanoparticles. Technol Cancer Res Treat. 2007;6(5):395–401.

 51. Hossain M, Su M. Nanoparticle location and material dependent dose 
enhancement in X‑ray radiation therapy. J Phys Chem C Nanomater 
Interfaces. 2012;116(43):23047–52.

 52. Butterworth KT, McMahon SJ, Taggart LE, Prise KM. Radiosensitiza‑
tion by gold nanoparticles: effective at megavoltage energies and 
potential role of oxidative stress. Transl Cancer Res. 2013;2(4):269–79.

 53. Rosa S, Connolly C, Schettino G, Butterworth KT, Prise KM. Biological 
mechanisms of gold nanoparticle radiosensitization. Cancer Nano‑
technol. 2017;8(1):2.

 54. Tominaga H, Kodama S, Matsuda N, Suzuki K, Watanabe M. Involve‑
ment of Reactive Oxygen Species (ROS) in the Induction of Genetic 
Instability by Radiation. J Radiat Res. 2004;45(2):181–8.

 55. Riley PA. Free radicals in biology: oxidative stress and the effects of 
ionizing radiation. Int J Radiat Biol. 1994;65(1):27–33.

 56. Chompoosor A, Saha K, Ghosh PS, Macarthy DJ, Miranda OR, Zhu 
Z‑J, et al. The role of surface functionality on acute cytotoxicity, ROS 
generation and DNA damage by cationic gold nanoparticles. Small. 
2010;6(20):2246–9.

 57. Pan Y, Neuss S, Leifert A, Fischler M, Wen F, Simon U, et al. 
Size‑dependent cytotoxicity of gold nanoparticles. Small. 
2007;3(11):1941–9.

 58. Misawa M, Takahashi J. Generation of reactive oxygen species 
induced by gold nanoparticles under x‑ray and UV Irradiations. 
Nanomed Nanotechnol Biol Med. 2011;7(5):604–14.

 59. Choi BJ, Jung KO, Graves EE, Pratx G. A gold nanoparticle system 
for the enhancement of radiotherapy and simultaneous moni‑
toring of reactive‑oxygen‑species formation. Nanotechnology. 
2018;29(50):504001.

 60. Seo SJ, Han SM, Cho JH, Hyodo K, Zaboronok A, You H, et al. Enhanced 
production of reactive oxygen species by gadolinium oxide nanopar‑
ticles under core‑inner‑shell excitation by proton or monochromatic 
X‑ray irradiation: implication of the contribution from the interatomic 
de‑excitation‑mediated nanoradiator effect to dose enhancement. 
Radiat Environ Biophys. 2015;54(4):423–31.

 61. Pawlik TM, Keyomarsi K. Role of cell cycle in mediating sensitivity to 
radiotherapy. Int J Radiat Oncol Biol Phys. 2004;59(4):928–42.

 62. Maier P, Hartmann L, Wenz F, Herskind C. Cellular pathways in response 
to ionizing radiation and their targetability for tumor radiosensitization. 
Int J Mol Sci. 2016;17(1):102.

 63. Boutros R, Lobjois V, Ducommun B. CDC25 phosphatases in cancer 
cells: key players? Good targets? Nat Rev Cancer. 2007;7(7):495–507.

 64. Weinberg WC, Denning MF. P21Waf1 control of epithelial cell cycle and 
cell fate. Crit Rev Oral Biol Med. 2002;13(6):453–64.

 65. Smits VA, Klompmaker R, Vallenius T, Rijksen G, Mäkelä TP, Medema RH. 
p21 inhibits Thr161 phosphorylation of Cdc2 to enforce the G2 DNA 
damage checkpoint. J Biol Chem. 2000;275(39):30638–43.

 66. Zhang X, Wang H, Coulter JA, Yang R. Octaarginine‑modified gold nan‑
oparticles enhance the radiosensitivity of human colorectal cancer cell 
line LS180 to megavoltage radiation. Int J Nanomed. 2018;13:3541–52.

 67. Roa W, Zhang X, Guo L, Shaw A, Hu X, Xiong Y, et al. Gold nanoparticle 
sensitize radiotherapy of prostate cancer cells by regulation of the cell 
cycle. Nanotechnology. 2009;20(37):375101.

 68. Li F, Li Z, Jin X, Liu Y, Li P, Shen Z, et al. Radiosensitizing Effect of gado‑
linium oxide nanocrystals in NSCLC cells under carbon ion irradiation. 
Nanoscale Res Lett. 2019;14(1):328.

 69. Chithrani DB, Jelveh S, Jalali F, van Prooijen M, Allen C, Bristow RG, et al. 
Gold nanoparticles as radiation sensitizers in cancer therapy. Radiat Res. 
2010;173(6):719–28.

 70. Štefančíková L, Lacombe S, Salado D, Porcel E, Pagáčová E, Tillement 
O, et al. Effect of gadolinium‑based nanoparticles on nuclear DNA 



Page 22 of 23Choi et al. J Nanobiotechnol          (2020) 18:122 

damage and repair in glioblastoma tumor cells. J Nanobiotechnol. 
2016;14(1):63.

 71. Marill J, Mohamed Anesary N, Paris S. DNA damage enhancement by 
radiotherapy‑activated hafnium oxide nanoparticles improves cGAS‑
STING pathway activation in human colorectal cancer cells. Radiother 
Oncol. 2019;141:262–6.

 72. Howard D, Sebastian S, Le QV‑C, Thierry B, Kempson I. Chemical mecha‑
nisms of nanoparticle radiosensitization and radioprotection: a review 
of structure‑function relationships influencing reactive oxygen species. 
Int J Mol Sci. 2020;21(2):579.

 73. Najafi M, Fardid R, Hadadi G, Fardid M. The mechanisms of radiation‑
induced bystander effect. J Biomed Phys Eng. 2014;4(4):163–72.

 74. Marín A, Martín M, Liñán O, Alvarenga F, López M, Fernández L, et al. 
Bystander effects and radiotherapy. Rep Pract Oncol Radiother. 
2014;20(1):12–21.

 75. Fujiwara R, Luo Y, Sasaki T, Fujii K, Ohmori H, Kuniyasu H. Cancer thera‑
peutic effects of titanium dioxide nanoparticles are associated with oxi‑
dative stress and cytokine induction. Pathobiology. 2015;82(6):243–51.

 76. Ng C‑T, Yung LY‑L, Swa HL‑F, Poh RW‑Y, Gunaratne J, Bay B‑H. Altered 
protein expression profile associated with phenotypic changes in lung 
fibroblasts co‑cultured with gold nanoparticle‑treated small airway 
epithelial cells. Biomaterials. 2015;39:31–8.

 77. Amendola V, Pilot R, Frasconi M, Maragò OM, Iatì MA. Surface plasmon 
resonance in gold nanoparticles: a review. J Phys Condens Matter. 
2017;29(20):203002.

 78. Choi WI, Sahu A, Kim YH, Tae G. Photothermal cancer therapy and imag‑
ing based on gold nanorods. Ann Biomed Eng. 2012;40(2):534–46.

 79. El‑Sayed IH, Huang X, El‑Sayed MA. Surface plasmon resonance scatter‑
ing and absorption of anti‑EGFR antibody conjugated gold nano‑
particles in cancer diagnostics: applications in oral cancer. Nano Lett. 
2005;5(5):829–34.

 80. Li R, Feng F, Chen Z‑Z, Bai Y‑F, Guo F‑F, Wu F‑Y, et al. Sensitive detec‑
tion of carcinoembryonic antigen using surface plasmon resonance 
biosensor with gold nanoparticles signal amplification. Talanta. 
2015;140:143–9.

 81. Gnedenko OV, Mezentsev YV, Molnar AA, Lisitsa AV, Ivanov AS, Archakov 
AI. Highly sensitive detection of human cardiac myoglobin using a 
reverse sandwich immunoassay with a gold nanoparticle‑enhanced 
surface plasmon resonance biosensor. Anal Chim Acta. 2013;759:105–9.

 82. Huang X, El‑Sayed IH, Qian W, El‑Sayed MA. Cancer cells assemble 
and align gold nanorods conjugated to antibodies to produce highly 
enhanced, sharp, and polarized surface Raman spectra: a potential 
cancer diagnostic marker. Nano Lett. 2007;7(6):1591–7.

 83. Li J‑L, Gu M. Gold‑nanoparticle‑enhanced cancer photothermal 
therapy. IEEE J Sel Top Quantum Electron. 2009;16(4):989–96.

 84. Trinidad AJ, Hong SJ, Peng Q, Madsen SJ, Hirschberg H. Combined 
concurrent photodynamic and gold nanoshell loaded macrophage‑
mediated photothermal therapies: an in vitro study on squamous cell 
head and neck carcinoma. Lasers Surg Med. 2014;46(4):310–8.

 85. Herold MID, Stobbe CC, Iyer RV, Chapman JDD. Gold microspheres: a 
selective technique for producing biologically effective dose enhance‑
ment. Int J Radiat Biol. 2000;76(10):1357–64.

 86. Xie J, Shen Z, Anraku Y, Kataoka K, Chen X. Nanomaterial‑based blood–
brain‑barrier (BBB) crossing strategies. Biomaterials. 2019;224:119491.

 87. Naidu PSR, Gavriel N, Gray CGG, Bartlett CA, Toomey LM, Kretzmann JA, 
et al. Elucidating the inability of functionalized nanoparticles to cross 
the blood–brain barrier and target specific cells in vivo. ACS Appl Mater 
Interfaces. 2019;11(25):22085–95.

 88. Joh DY, Sun L, Stangl M, Al Zaki A, Murty S, Santoiemma PP, et al. 
Selective targeting of brain tumors with gold nanoparticle‑induced 
radiosensitization. PLoS ONE. 2013;8(4):e62425.

 89. Chen N, Yang W, Bao Y, Xu H, Qin S, Tu Y. BSA capped Au nanoparticle 
as an efficient sensitizer for glioblastoma tumor radiation therapy. RSC 
Adv. 2015;5(51):40514–20.

 90. Setua S, Ouberai M, Piccirillo SG, Watts C, Welland M. Cisplatin‑tethered 
gold nanospheres for multimodal chemo‑radiotherapy of glioblastoma. 
Nanoscale. 2014;6(18):10865–73.

 91. Caravan P, Ellison JJ, McMurry TJ, Lauffer RB. Gadolinium(III) chelates as 
MRI contrast agents: structure, dynamics, and applications. Chem Rev. 
1999;99(9):2293–352.

 92. Caravan P. Strategies for increasing the sensitivity of gadolinium based 
MRI contrast agents. Chem Soc Rev. 2006;35(6):512–23.

 93. Khuntia D, Mehta M. Motexafin gadolinium: a clinical review of a 
novel radioenhancer for brain tumors. Expert Rev Anticancer Ther. 
2004;4(6):981–9.

 94. Forouzannia A, Richards GM, Khuntia D, Mehta MP. Motexafin gado‑
linium: a novel radiosensitizer for brain tumors. Expert Rev Anticancer 
Ther. 2007;7(6):785–94.

 95. Evens AM. Motexafin gadolinium: a redox‑active tumor selective agent 
for the treatment of cancer. Curr Opin Oncol. 2004;16(6):576–80.

 96. De Stasio G, Rajesh D, Ford JM, Daniels MJ, Erhardt RJ, Frazer BH, et al. 
Motexafin‑gadolinium taken up in vitro by at least 90% of glioblastoma 
cell nuclei. Clin Cancer Res. 2006;12(1):206–13.

 97. Bradley KA, Zhou T, McNall‑Knapp RY, Jakacki RI, Levy AS, Vezina G, et al. 
Motexafin‑gadolinium and involved field radiation therapy for intrinsic 
pontine glioma of childhood: a children’s oncology group phase 2 
study. Int J Radiat Oncol Biol Phys. 2013;85(1):e55–60.

 98. Ford JM, Seiferheld W, Alger JR, Wu G, Endicott TJ, Mehta M, et al. Results 
of the phase I dose‑escalating study of motexafin gadolinium with 
standard radiotherapy in patients with glioblastoma multiforme. Int J 
Radiat Oncol Biol Phys. 2007;69(3):831–8.

 99. Wu GN, Ford JM, Alger JR. MRI measurement of the uptake and 
retention of motexafin gadolinium in glioblastoma multiforme and 
uninvolved normal human brain. J Neurooncol. 2006;77(1):95–103.

 100. Lux F, Roux S, Perriat P, Tillement OJCIC. Biomedical applica‑
tions of nanomaterials containing gadolinium. Curr Inorg Chem. 
2011;1(1):117–29.

 101. Shukla G, Alexander GS, Bakas S, Nikam R, Talekar K, Palmer JD, et al. 
Advanced magnetic resonance imaging in glioblastoma: a review. Chin 
Clin Oncol. 2017;6(4):40.

 102. Sancey L, Lux F, Kotb S, Roux S, Dufort S, Bianchi A, et al. The use of 
theranostic gadolinium‑based nanoprobes to improve radiotherapy 
efficacy. Br J Radiol. 2014;87(1041):20140134.

 103. Le Duc GR, Miladi I, Alric C, Mowat P, Bräuer‑Krisch E, Bouchet A, et al. an 
image‑guided microbeam radiation therapy using gadolinium‑based 
nanoparticles. ACS Nano. 2011;5(12):9566–74.

 104. Le Duc G, Roux S, Paruta‑Tuarez A, Dufort S, Brauer E, Marais A, et al. 
Advantages of gadolinium based ultrasmall nanoparticles vs molecular 
gadolinium chelates for radiotherapy guided by MRI for glioma treat‑
ment. Cancer Nanotechnol. 2014;5(1):4.

 105. Stefancikova L, Porcel E, Eustache P, Li S, Salado D, Marco S, et al. Cell 
localisation of gadolinium‑based nanoparticles and related radiosensi‑
tising efficacy in glioblastoma cells. Cancer Nanotechnol. 2014;5(1):6.

 106. Bouziotis P, Stellas D, Thomas E, Truillet C, Tsoukalas C, Lux F, et al. 
68Ga‑radiolabeled AGuIX nanoparticles as dual‑modality imag‑
ing agents for PET/MRI‑guided radiation therapy. Nanomedicine. 
2017;12(13):1561–74.

 107. Thakare V, Tran V‑L, Natuzzi M, Thomas E, Moreau M, Romieu A, et al. 
Functionalization of theranostic  AGuIX® nanoparticles for PET/MRI/
optical imaging. RSC Adv. 2019;9(43):24811–5.

 108. Thomas E, Colombeau L, Gries M, Peterlini T, Mathieu C, Thomas N, 
et al. Ultrasmall AGuIX theranostic nanoparticles for vascular‑targeted 
interstitial photodynamic therapy of glioblastoma. Int J Nanomed. 
2017;12:7075–88.

 109. Chaloupka K, Malam Y, Seifalian AM. Nanosilver as a new genera‑
tion of nanoproduct in biomedical applications. Trends Biotechnol. 
2010;28(11):580–8.

 110. Mittal AK, Bhaumik J, Kumar S, Banerjee UC. Biosynthesis of silver 
nanoparticles: elucidation of prospective mechanism and therapeutic 
potential. J Colloid Interface Sci. 2014;415:39–47.

 111. Li Y, Guo M, Lin Z, Zhao M, Xiao M, Wang C, et al. Polyethylenimine‑
functionalized silver nanoparticle‑based co‑delivery of paclitaxel to 
induce HepG2 cell apoptosis. Int J Nanomed. 2016;11:6693.

 112. Ahamed M, AlSalhi MS, Siddiqui M. Silver nanoparticle applications and 
human health. Clin Chim Acta. 2010;411(23–24):1841–8.

 113. Xu R, Ma J, Sun X, Chen Z, Jiang X, Guo Z, et al. Ag nanoparticles sensi‑
tize IR‑induced killing of cancer cells. Cell Res. 2009;19(8):1031–4.

 114. Liu P, Huang Z, Chen Z, Xu R, Wu H, Zang F, et al. Silver nanoparticles: a 
novel radiation sensitizer for glioma? Nanoscale. 2013;5(23):11829–36.



Page 23 of 23Choi et al. J Nanobiotechnol          (2020) 18:122  

 115. Liu P, Jin H, Guo Z, Ma J, Zhao J, Li D, et al. Silver nanoparticles outper‑
form gold nanoparticles in radiosensitizing U251 cells in vitro and in an 
intracranial mouse model of glioma. Int J Nanomed. 2016;11:5003–14.

 116. Engels E, Lerch M, Tehei M, Konstantinov K, Guatelli S, Rosenfeld A, et al., 
editors. Synchrotron activation radiotherapy: Effects of dose‑rate and 
energy spectra to tantalum oxide nanoparticles selective tumour cell 
radiosentization enhancement. Journal of Physics: Conference Series; 
2017: IOP Publishing.

 117. Brown R, Tehei M, Oktaria S, Briggs A, Stewart C, Konstantinov K, et al. 
High‑Z nanostructured ceramics in radiotherapy: first evidence of 
 Ta2O5‑induced dose enhancement on radioresistant cancer cells in an 
MV photon field. Part Part Syst Charact. 2014;31(4):500–5.

 118. Engels E, Corde S, McKinnon S, Incerti S, Konstantinov K, Rosenfeld 
A, et al. Optimizing dose enhancement with  Ta2O5 nanoparticles 
for synchrotron microbeam activated radiation therapy. Phys Med. 
2016;32(12):1852–61.

 119. Silva AC, Oliveira TR, Mamani JB, Malheiros SM, Malavolta L, Pavon LF, 
et al. Application of hyperthermia induced by superparamagnetic iron 
oxide nanoparticles in glioma treatment. Int J Nanomed. 2011;6:591.

 120. Zhang F, Huang X, Zhu L, Guo N, Niu G, Swierczewska M, et al. Non‑
invasive monitoring of orthotopic glioblastoma therapy response 
using RGD‑conjugated iron oxide nanoparticles. Biomaterials. 
2012;33(21):5414–22.

 121. Maier‑Hauff K, Ulrich F, Nestler D, Niehoff H, Wust P, Thiesen B, et al. 
Efficacy and safety of intratumoral thermotherapy using magnetic 
iron‑oxide nanoparticles combined with external beam radiotherapy 
on patients with recurrent glioblastoma multiforme. J Neurooncol. 
2011;103(2):317–24.

 122. Shevtsov MA, Nikolaev BP, Ryzhov VA, Yakovleva LY, Marchenko YY, 
Parr MA, et al. Ionizing radiation improves glioma‑specific target‑
ing of superparamagnetic iron oxide nanoparticles conjugated with 
cmHsp70.1 monoclonal antibodies (SPION‑cmHsp70.1). Nanoscale. 
2015;7(48):20652–64.

 123. Stewart C, Konstantinov K, McKinnon S, Guatelli S, Lerch M, Rosen‑
feld A, et al. First proof of bismuth oxide nanoparticles as efficient 
radiosensitisers on highly radioresistant cancer cells. Phys Med. 
2016;32(11):1444–52.

 124. Mirjolet C, Papa AL, Crehange G, Raguin O, Seignez C, Paul C, et al. The 
radiosensitization effect of titanate nanotubes as a new tool in radia‑
tion therapy for glioblastoma: a proof‑of‑concept. Radiother Oncol. 
2013;108(1):136–42.

 125. Chu SH, Karri S, Ma YB, Feng DF, Li ZQ. In vitro and in vivo radiosen‑
sitization induced by hydroxyapatite nanoparticles. Neuro Oncol. 
2013;15(7):880–90.

 126. Xing H, Zheng X, Ren Q, Bu W, Ge W, Xiao Q, et al. Computed tomog‑
raphy imaging‑guided radiotherapy by targeting upconversion nano‑
cubes with significant imaging and radiosensitization enhancements. 
Sci Rep. 2013;3:1751.

 127. Sun L, Joh DY, Al‑Zaki A, Stangl M, Murty S, Davis JJ, et al. Theranostic 
application of mixed gold and superparamagnetic iron oxide nano‑
particle micelles in glioblastoma multiforme. J Biomed Nanotechnol. 
2016;12(2):347–56.

 128. Richard D, Alexandre P. The blood–brain barrier. Cold Spring Harb 
Perspect Biol. 2015;7:a020412.

 129. Posadas I, Monteagudo S, Ceña V. Nanoparticles for brain‑specific drug 
and genetic material delivery, imaging and diagnosis. Nanomedicine. 
2016;11(7):833–49.

 130. Ma N, Wu F‑G, Zhang X, Jiang Y‑W, Jia H‑R, Wang H‑Y, et al. Shape‑
dependent radiosensitization effect of gold nanostructures in cancer 

radiotherapy: comparison of gold nanoparticles, nanospikes, and 
nanorods. ACS Appl Mater Interfaces. 2017;9(15):13037–48.

 131. Charest G, Paquette B, Fortin D, Mathieu D, Sanche L. Concomitant 
treatment of F98 glioma cells with new liposomal platinum com‑
pounds and ionizing radiation. J Neurooncol. 2010;97(2):187–93.

 132. Qu J, Zhang L, Chen Z, Mao G, Gao Z, Lai X, et al. Nanostructured lipid 
carriers, solid lipid nanoparticles, and polymeric nanoparticles: which 
kind of drug delivery system is better for glioblastoma chemotherapy? 
Drug Deliv. 2016;23(9):3408–16.

 133. Kang T, Jiang M, Jiang D, Feng X, Yao J, Song Q, et al. Enhancing 
glioblastoma‑specific penetration by functionalization of nanoparticles 
with an iron‑mimic peptide targeting transferrin/transferrin receptor 
complex. Mol Pharm. 2015;12(8):2947–61.

 134. Gao H, Xiong Y, Zhang S, Yang Z, Cao S, Jiang X. RGD and interleukin‑13 
peptide functionalized nanoparticles for enhanced glioblastoma cells 
and neovasculature dual targeting delivery and elevated tumor pen‑
etration. Mol Pharm. 2014;11(3):1042–52.

 135. Gao H, Yang Z, Zhang S, Cao S, Shen S, Pang Z, et al. Ligand modified 
nanoparticles increases cell uptake, alters endocytosis and elevates 
glioma distribution and internalization. Sci Rep. 2013;3:2534.

 136. Shen S, Jiang D, Cheng L, Chao Y, Nie K, Dong Z, et al. Renal‑clearable 
ultrasmall coordination polymer nanodots for chelator‑free 64Cu‑labe‑
ling and imaging‑guided enhanced radiotherapy of cancer. ACS Nano. 
2017;11(9):9103–11.

 137. Dong Z, Feng L, Chao Y, Hao Y, Chen M, Gong F, et al. Amplification 
of tumor oxidative stresses with liposomal Fenton catalyst and glu‑
tathione inhibitor for enhanced cancer chemotherapy and radiother‑
apy. Nano Lett. 2018;19(2):805–15.

 138. Zhong X, Wang X, Zhan G, Tang YA, Yao Y, Dong Z, et al. NaCeF4: Gd, 
Tb scintillator as an X‑ray responsive photosensitizer for multimodal 
imaging‑guided synchronous radio/radiodynamic therapy. Nano Lett. 
2019;19(11):8234–44.

 139. Feng L, Dong Z, Liang C, Chen M, Tao D, Cheng L, et al. Iridium 
nanocrystals encapsulated liposomes as near‑infrared light control‑
lable nanozymes for enhanced cancer radiotherapy. Biomaterials. 
2018;181:81–91.

 140. Yu M, Zheng J. Clearance pathways and tumor targeting of imaging 
nanoparticles. ACS Nano. 2015;9(7):6655–74.

 141. Sharma HS, Ali SF, Hussain SM, Schlager JJ, Sharma A. Influence of 
engineered nanoparticles from metals on the blood–brain barrier 
permeability, cerebral blood flow, brain edema and neurotoxicity. An 
experimental study in the rat and mice using biochemical and mor‑
phological approaches. J Nanosci Nanotechnol. 2009;9(8):5055–72.

 142. Shanker Sharma H, Sharma A. Neurotoxicity of engineered nanoparti‑
cles from metals. CNS Neurol Disord Drug Targets. 2012;11(1):65–80.

 143. Zhang Q, Wang X, Sun Q, Jin Y, Li Y, Li Z, et al. Investigation and applica‑
tion of high megavoltage X‑ray imaging mode in radiotherapy. Int J 
Med Phys Clin Eng Radiat Oncol. 2016;5(1):42–50.

 144. Pinel S, Thomas N, Boura C, Barberi‑Heyob M. Approaches to physical 
stimulation of metallic nanoparticles for glioblastoma treatment. Adv 
Drug Deliv Rev. 2019;138:344–57.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Radiosensitizing high-Z metal nanoparticles for enhanced radiotherapy of glioblastoma multiforme
	Abstract 
	Introduction
	Radiotherapy for GBM treatment
	High-Z metal nanoparticles for radiosensitization
	Mechanism of radiosensitization: physical effect
	Mechanism of radiosensitization: chemicalbiological effect
	ROS production
	Cell cycle effect
	DNA damage and repair
	Enhanced bystander effects


	High-Z metal NPs for radiotherapy of glioblastoma
	Gold nanoparticles
	Gd-based nanoparticles
	Other nanoparticles
	Strategies to enhance radiosensitizing effects

	Conclusion and future perspectives
	Acknowledgements
	References




