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Abstract
Cancer stem cells (CSCs) have been identified as the main center of tumor therapeutic resistance. They are highly resist-
ant against current cancer therapy approaches particularly radiation therapy (RT). Recently, a wide spectrum of physical 
methods has been proposed to treat CSCs, including high energetic particles, hyperthermia (HT), nanoparticles (NPs) and 
combination of these approaches. In this review article, the importance and benefits of the physical CSCs therapy methods 
such as nanomaterial-based heat treatments and particle therapy will be highlighted.
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Introduction

Cancer is the main challenging disease worldwide. From sta-
tistical point of view, cancer is rapidly becoming a leading 
cause of death and disability in many countries. By advances 
in biological and molecular techniques, a great progress has 
been made in cancer research from diagnosis to treatment 
[1, 2].

Radiotherapy is one of the most feasible approaches to 
treat cancer. More than 50% of all cancer patients receive 
radiation in their treatment course. In recent years, radiother-
apy has undergone a remarkable improvement in terms of 
both tumor control and normal tissues complication proba-
bilities thanks to the implementation of the new physical and 
biological techniques [3]. However, radiotherapy encounters 
with serious drawbacks including tumor hypoxia, radiation-
associated side effects and radioresistant cancer stem cells 
(CSCs) which result in unsatisfactory therapeutic outcome 
[4].

As the newly emerging challenge in radiotherapy, CSCs 
have gained increasing interest among the researchers and 
clinicians. The molecular biology of CSCs, their therapy 
resistance and new treatment approaches to break them have 
been the subjects of recent researches in this area. Given 
that there is no comprehensive review regarding the physi-
cal CSCs therapy, we herein aim to review and discuss the 
recent progresses in the application of physical approaches 
to eliminate CSCs.

Radiation therapy

Cancer stem cells and radiation resistance

CSCs or tumor-initiating/maintaining cells or cancer stem-
like cells represent one of the most interesting topics of 
radiation oncology in recent years. Studies have indicated 
that CSCs are highly resistant against current radiotherapy 
approaches. There are several challenges with regard to 
CSCs identification for diagnostic and therapeutic purposes. 
Based on the tissue being studied, a range of biomarkers 
are available to identify CSCs. These markers have different 
patterns in different histological types of CSCs and are nec-
essary to isolate and analyze the main biological and physi-
ological characteristics of CSCs. These markers belong to 
two main groups including CD Molecules and ATP-binding 
cassette transporters, although there are several new bio-
markers [5]. In first group, CD44, CD133, and CD24 and in 
second group, ABCG2, ABCB5, EpCAM, ALDH, CXCR4, 
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Telomerase, SP Cells are most well-known markers. 
DCAMKL-1, Podocalyxin, Piwil2, Nestin, LRCs are also 
identified as new biomarkers. Several groups have reported 
different CSCs markers differentially expressed on CSCs cell 
surface which are main issues for CSCs targeting. At first 
these markers have been isolated from acute myeloid leuke-
mia (AML) [6]. In this cancer, CD34+ and CD38 subpopula-
tions were available and able to propagate AML in a xeno-
graft transplant system. In regard to solid tumors, expressing 
specific biomarkers such as CD44 and CD133 were widely 
used for isolating CSC from solid tumors. As a well identi-
fied marker, CD44 has a great impact on tumorigenesis in 
several cancers including colon cancer, ovarian carcinoma, 
head and neck squamous cell carcinoma and prostate cancer 
[6]. Also, CD133 is introduced as an important CSC marker 
in brain tumor, osteosarcoma, and cancer including prostate, 
colorectal; ovarian and lung. Also, markers including CD24, 
CD29, ESA, CD49f, P63, Sca1, Ly-6A/E, NCAM, CD34, 
Thy-1, c-Kit, Flt-3 were found as important issue for CSCs 
identifications and therapeutic aims in several cancers [7].

Different mechanisms have been proposed for CSCs radi-
ation resistance, which have been well documented in pre-
vious studies. It demonstrated that CSCs activate the DNA 
repair pathways. Activation of DNA damage checkpoint 
kinases (Chk1 and Chk2) efficiently were observed in CSCs 
in contrast to other tumor cells. In addition, overexpression 
of reactive oxygen species (ROS) scavenger proteins was 
shown by CSCs that this mechanism limits radiation-induced 
DNA damage. Chemotherapy agents can inactive via express 
enzyme [for example aldehyde dehydrogenase (ALDH)] by 
CSCs. CSCs can reduce cytotoxic effects of chemotherapy 
agent by different mechanisms, including activating Notch 
and Wnt pathways and upregulating BCL2 family proteins. 
Some CSCs remain in a quiescent state, thus are resistant 
to radiation and chemotherapy. One of the main parts of 
CSC niche is hypoxic regions. Hypoxic areas have a poor 
vascularization that limits the penetration of chemotherapy 
agents. Hypoxia decreases oxidative DNA injury. Under 
hypoxic conditions, expression of hypoxia-inducible factor 
1α (HIF1α) not only leads to survival and proliferation of 
CSCs but also increases self-renewal CSCs by modulation 
of the activity of Notch signaling. Other causes of therapeu-
tic resistance of CSCs which are associated to CSC niche, 
including the cancer-associated fibroblasts, the extracellular 
matrix and immune cells [8–10]. The main mechanisms of 
CSCs radiation resistance are shown in Fig. 1.

In fractionated radiotherapy, the main aim is to deliver 
radiation in daily fractions to maximize tumor control and 
minimize normal tissue injuries based on 4 R’s including 
Repair of normal tissues sub-lethal damages, Reoxygena-
tion of hypoxic tumor cells, Redistribution of tumor cells 
in radiosensitive phases of cell cycle and Repopulation of 
normal tissue cells. But based on CSCs hypothesis these Rs 

remain challenging and unsatisfactory to enhance radiother-
apy outcome. The causes of the radioresistance of CSCs to 
fractionated radiotherapy within the framework of the 4R’s 
of radiobiology are shown in Fig. 2. In a review by Pajonk 
et al. they related recent findings on CSCs to these four phe-
nomena [11].

Recently, multiple strategies have been used for the 
destruction of CSCs. Approaches including chemical, bio-
logical to physical methods have been addressed and pro-
posed to remove CSCs. In the present study, we aimed to 
review current physical methods for CSCs therapy. Meth-
ods including nanomaterial-based heat treatment, particle 
therapy, alone or combined therapy have been discussed in 
the present work.

Particle therapy for cancer stem cells therapy

Low linear energy transfer (LET) radiations such as X-rays 
and γ-rays mostly induce cell death through generation of 
ROS (indirect effect) [12]. Because CSCs reduce ROS levels 
and increase protection from oxidative damage, therefore 
they are resistant to conventional radiotherapy [13]. Further-
more, fractionated radiotherapy regimen may lead to repopu-
lation of CSCs [14]. However, failure to remove CSCs leads 
to tumor recurrence.

Particle therapy is a form of radiation therapy (RT) that 
uses neutral (such as neutron) and charged particles (such as 
protons, carbon ions and other charged particles) [15]. The 
most important clinical benefit of charged particles depends 
on their physics. Charged particles release little energy at the 
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Fig. 1   Radioresistance mechanisms of Cancer stem cells
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entrance to the matter (tissue or patients body), when their 
velocity is high, and deposit most of their energy at the end 
of their range (Bragg peak) [16]. Owing to Bragg peak and 
energy deposition in small region, integral dose to normal 
tissue is low with charged particles such as protons than with 
photon beams [17, 18]. With due attention to charged parti-
cles depth dose curve, there is a sharp dose fall off beyond 
the Bragg peak that decreases normal tissue’s absorbed dose 
compared with photon beams [19]. In addition, heavier ions 
such as carbon ions have additional advantages in dose dis-
tribution in contrast to protons such as lesser lateral scat-
tering and a reduction in range straggling [20, 21]. Proton 
beams have sharper beam penumbra than photon beams that 
this property is important for treatment tumor dose escala-
tion close to the critical structure [15].

Most important notions to understand the work on heavy 
charged particles are relative biological effectiveness (RBE), 
linear energy transfer (LET) and Bragg peak [22]. The LET 
relates to the velocity and charge of the ions. Therefore, 
heavy ions such as carbon ions have higher LET than light 
ions such as proton, they are more efficient for cell death 
[16]. The RBE depends on several parameters such as parti-
cle type, energy, dose, dose rate, LET, cell type, experimen-
tal endpoint, cell cycle phase, oxygenation status and culture 
conditions. Therefore, it is difficult to determine absolute 
value of RBE [23–25]. The RBE determines the photon-
equivalent dose that is why the RBE is the most important 
quantity in biological treatment planning of heavy-ion 
therapy [19]. Furthermore, heavier ions have more biologi-
cal effectiveness in tumor irradiation than protons because 
those have greater RBE, lesser oxygen enhancement ratio 
(OER) owing to higher LET in Bragg peak region (tumor 
location) that lead to a decrease in the dependence of heavier 

ions function on the oxygen levels, cell cycle, hypoxia, frac-
tionation and an increased cell death [16, 24] also have been 
reported to suppress cell migration and angiogenesis. RBE 
value of proton beam nearly is the same photon beam. For 
proton beam, RBE is 1.1 in routine clinical practice [26].

Treatment of hypoxia tumor regions is one of the chal-
lenges in radiotherapy. In large tumors hypoxia region issue 
become more important due to not enough angiogenesis. 
These regions are radioresistance. OER quantifies oxy-
gen effect. The difference between hypoxic and normoxic 
regions is decreased for high-LET particles when those used 
for tumor treatment. Along with reduction of OER the RBE 
for heavy ion such as carbon more increases in the spreadout 
Bragg peak (SOBP). Therefore, carbon ions are more effi-
cient in treatment of tumor with hypoxia cells [19]. High-
LET heavy ion radiation-induced cell death is independent 
of ROS. Those lead to complex DNA damage [16]. Two 
main groups of complex DNA damage are including dou-
ble strand breaks (DSBs) and non-DSB oxidative clustered 
DNA lesions (OCDL). The repair of complex DNA damage 
is difficult than other types of damage. Therefore, heavy ion 
could be more effective for eradication of CSCs [22]. In 
summary carbon ion beams are less dependent to the cell 
cycle and the five R’s of radiobiology (repair, redistribu-
tion, reoxygenation, repopulations and radiosensitivity). 
radiobiological characteristics of SOBP region of depth 
dose curve of heavy ion beams are summarized in Fig. 3. 
Proton beam has low LET compared with carbon ion beam 
and causes DNA damage through indirect effect therefore 
they are dependent to oxygen level [23, 27]. It was demon-
strated that increasing ionization densities arises generation 
of ROS. For instance, 250 meV protons at the end of their 
range produce more ROS [28].

Fig. 2   Radioresistance of CSCs 
to fractionated radiotherapy 
within the framework of the 
4R’s of radiobiology

Repair:  
CSCs have fewer DNA double strand
breaks after radiotherapy because of
constitutive hyperphosphorylation of
the DNA checkpoint kinases Chk1 
and Chk2.

Redistribution: 
Advantage of redistribution dosen’t
utilize for CSCs because they are
slowly cycling.

Repopulation: 
CSCs have developmental signaling 
pathway like normal tissue stem
cells such as Notch, Wnt, TGF-β and
sonic hedgehog pathways. These
signaling pathways maintain CSCs.  

Reoxygenation: 
CSCs exhibit increased protection
versus ROS. Expression of CD44
raises intracellular antioxidant
radical scavenger.  

Radioresistance of CSCs and 
4R’ of radiobiology 
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Recently, many studies have reported that CSCs could be 
more effectively sensitized or eliminated by proton beams, 
carbon ion or neutron beams in contrast to photon beams or 
in combination with a chemotherapy agent in colon, breast, 
brain, lung; pancreas and skin cancers. Quan et al. compared 
the impact of 2 Gy proton and gamma radiation on the short-
term apoptosis and long-term clonogenic survival of SW620 
colon cancer cells. Significant difference between the long-
term cologenic survival and short-term apoptosis ratio pro-
ton and gamma beams were not observed. In fact, proton 
and gamma radiation have the identical impact on tumor 
volume control. From these findings, it could be observed 
that CD133+ expression significantly was reduced by pro-
ton beams. Also, proton beam decreased mammosphere 
formation capacity. Therefore, proton beam could be more 
effective for CSCs depletion in compared to gamma radia-
tion [29]. In another study, proton beam generated higher 
apoptosis ratio of CSCs from human MCF-7 cell line than 
γ-ray irradiation. In addition, larger Foci size was produced 
by proton beams. After proton irradiation, cell’s reparability 
was reduced owing to more complex DNA damage [30]. It 
has been reported that proton beams can active pro-apoptotic 
MAP kinases such as p38 and JNK. High expression level of 
p21 indicates higher cell cycle arrest after proton irradiation. 
Up-regulation of KLF2 and ATF3 (mRNA proteins) result 
in cell cycle arrest and induction of apoptosis and adjust 

of caspases levels, respectively. Down-regulation of trans-
forming growth factor beta (TGFβ), Wnt and ErbB signaling 
were found in human lung carcinoma cancer after proton 
irradiation that led to suppression of epithelial-mesenchymal 
transition (EMT) and CSCs phenotypes [31].

In treatment of glioma stem cells (GSCs), reduction of 
CD133+ surviving fraction confirmed that proton therapy 
induces higher cytotoxicity in GSCs than conventional radi-
otherapy. Chk1/2 has a determinant role in repair of DNA in 
GSCs. G2 arrest recovery reduced after proton irradiation 
because it increases Chk2 phosphorylation. Thus, induces 
greater DNA damage and cell apoptosis. Another mecha-
nism that is associated with proton therapy cytotoxicity is 
the raise of ROS production. Regenerative capacity of GSCs 
is changed by ROS. Cell cycle redistribution and apopto-
sis that were produced by proton beam are ROS–dependent 
[32]. The results of Zhang et al. study on human non–small-
cell lung cancer (NSCLC) cell lines A549, H460 and normal 
human bronchial epithelial (NHBE) cells were in line with 
above findings. CSC-like cell lines can be more sensitive to 
the proton beams than photon beams at the identical RBE 
owing to the greater ROS produced by proton irradiation 
[33].

Takahashi and co-authors compared the effect of X-ray 
and carbon ion beam on radiosensitivity sphere-type A172 
human glioblastoma cells. In comparison with X-ray, Car-
bon ion beams have relatively a more effect on killing of the 
sphere-type cells. Thus, heavy ion particles may overcome 
on the tumor resistance due to cell stemness [34]. One of the 
mechanisms of CSCs radioresistance is activation anti-apop-
totic pathway [10]. One of the signaling pathways of this 
mechanism is through AKT survival signaling. Study has 
been shown that one of the causes of head and neck (HN) 
CSCs radioresistance can be attributed to upregulation of 
the AKT signaling [35]. High LET radiation such as carbon 
ion beams is capable to depress AKT-related survival signal-
ing. Also, it can increase apoptosis [36]. Carbon ion therapy 
can efficiently induce autophagy by inhibition AKT-mTOR 
through unfolded protein response (UPR) [37]. According 
to this, Takahashi et al. compared the impact of carbon ion 
therapy and X-rays radiation on human SAS HN squamous 
carcinoma cells (HNSCC). From the results of this study, it 
can be seen that pyknosis increased in cells by carbon ion 
irradiation. Also, AKT survival signaling was suppressed 
by carbon ion beams. These findings are in agreement with 
previous reports [34, 37]. They suggested that carbon ion 
therapy may increase apoptosis and autophagy through the 
activation of cell death signaling and target CSCs [38].

Lin28B (an oncogene) suppresses mature let-7 miRNA 
(tumor suppressor) production. Thus, it has a main role in 
melanoma CSC regulation. Recently, a work by Park et al. 
examined the impact of carbon ion and X-ray beam on kill-
ing of melanoma stem-like cells. Overexpression of Lin28B 

R
ad

io
bi

ol
og

ic
al

 c
ha

ra
ct

er
is

tic
s o

f 
SO

B
P 

re
gi

on
 o

f h
ea

vy
 io

n 
be

am
 

Irradiated tissue: 
tumor 

LET: high

RBE: >1

OER: <3

Dose: high

Cell cycle 
dependence: low

Fractionation 
dependence: low

Fig. 3   Radiobiological characteristics of spreadout Bragg peak 
(SOBP) region of heavy ion beam



1506	 Clinical and Translational Oncology (2018) 20:1502–1521

1 3

was observed by G361, A375s2 and SK-MEL5 cell lines that 
it increases sphere-forming capability. Moreover, mature 
let-7 miRNA expression was repressed by up-regulation of 
Lin28B, and it depends on cell type. Carbon ion irradiation 
completely abrogated X-ray irradiation–induced radioresist-
ance. Also, the Lin28B-induced X-ray resistance is blocked 
through modulation of the DNA damage response after car-
bon ion irradiation [39].

The population of CD133+, CD44+ and epithelial spe-
cific antigen positive (ESA+) cells in human colon cancer 
cells increases after X-rays irradiation. In in vitro, RBE 
values were calculated 1.63–1.74, while RBE values were 
2.05–2.28 for carbon ion beam relative to X-rays. In exami-
nation of xenograft tumor model after 4 weeks, 15–30 Gy 
of carbon ion irradiation induced severe damages such as 
tumor cell cavitation and fibrosis relative to X-ray irra-
diation. Thus, it can target putative colon CSCs [40]. The 
greater RBE value of carbon ion beams in contrast to X-rays, 
complex DSBs and reducing CSCs repair capacity owing 
to higher G2/M cell cycle arrest after carbon ion irradia-
tion have shown that carbon ion irradiation can effectively 
eliminate putative pancreatic CSCs [41]. In a study, Sun 
et al. compared the effect carbon ion beam and X-ray on 
glioma CSCs. The results of this study were in agreement 
with previous reports. The results of in vitro experiment 
showed the repair rate of DNA damage was reduced by 
carbon ion beam. In in vivo experiment, Carbon ion beam 
significantly decreased the percentage of CD133+ glioma 
CSCs. Their findings showed that the initial yield of DNA 
damages is high after photon irradiation in compared with 
carbon ion beam. But, carbon ion beams induce more com-
plex DNA damages [42]. Carbon ion therapy is effective in 
elimination of glioma patient-derived stem and non-stem 
cells than proton and photon beams. Clonogenic survival 
shows average RBE carbon ion approximately is threefold 
of proton beam that this can be attributed to reducing the 
DNA repair capacity of GSC. Also, more than 70.2% of 
residual gamma H2AX-positive cells were observed after 
carbon irradiation [43].

The improvement new treatment such as combination car-
bon ion therapy and chemotherapy may cause an increase 
local control and progression-free and overall survival of 
patients. HNSCC-CSCs represent higher invasiveness and 
migration in comparison to non-CSCs. Resistance to cetuxi-
mab is seen in HNSCC-CSCs with low epidermal growth 
factor receptor (EGFR) expression. The combination of 
carbon ion beam and cetuximab can inhibit invasion in 
HNSCC-CSCs [44]. In a work, Bertrand et al. to overcome 
HNCSCs resistance to photon and carbon ion radiation used 
of following two pharmacological approaches. (1) UCN-01, 
a cyclin-dependent kinase (CDK) modulator, induced the 
relapse of G2/M arrest and radiosensitization of SQ20B-
CSCs. (2) All-trans retinoic acid (ATRA) resulted in an 

inhibition of ALDH activity, and induction of the differen-
tiation and radiosensitization of SQ20B/SP/CD44+/ALDH 
high cells. The combination of two pharmacological treat-
ments with radiation significantly reduced the surviving 
fraction at 2 Gy of SQ20B-CSCs. The utilization of ATRA 
and inhibition of Chk1/2 increased radiation response. 
Therefore, these pharmacological strategies can sensitize 
CSCs to photon and carbon ion radiation [45].

Carbon ion beam combined with a chemotherapy agent 
can effectively kill CSCs. Large number of gamma H2AX-
foci and significant reduction of clonoy and spheroid for-
mation in pancreatic CSCs and triple negative BCSCs after 
carbon ion irradiation combined with gemcitabine and cis-
platin, respectively. The inhibition of cell cycle progression 
and elimination of CSCs markers expression were seen after 
carbon ion irradiation plus a chemotherapy agent. The com-
bination of carbon ion therapy and chemotherapy lead to 
more DSBs and higher complexity of cluster DSBs [46, 47].

An alternative treatment for cancer is boron neutron cap-
ture therapy (BNCT). In BNCT boron-10 nucleus reacts 
with thermal neutron (neutron capture). This reaction 
results in production of boron-11 nucleus. Boron-11 nucleus 
decomposes automatically into two high LET particles, i.e. 
α-particle and Li-7 nucleus (fission reaction).

These particles have high RBE due to having high LET 
[48–50]. Therefore, BNCT can effectively kill anoxic and 
quiescent cells [51]. BNCT can be optimized by two inde-
pendent parameters could be attributed to boron concentra-
tion in tumor and normal cells, another parameter is thermal 
neutron fluence rate in tumor and healthy tissue. In fact, 
these two parameters determine BNCT gain and it is neces-
sary that cancerous cells contain a high concentration of 
boron-10. Furthermore, tumor tissue should irradiate with an 
enough amount of thermal neutrons [52]. These high energy 
particles have a limited range (5–9 μm in tissue) therefore 
their destructive effects are limited to boron-containing cells 
[49, 52]. On the other hand, BNCT is a treatment modal-
ity that selectively target tumor tissue. According to these 
properties, Sun et al. showed that BNCT can lead to glioma 
stem/progenitor cells killing in vitro. The results of this 
study showed that the expression of G2/M phase-associated 
proteins (cyclin B1 and CDK1) reduced after BNCT, and 
the cell cycle arrest in the G2/M phase leads to increase in 
radiosensitivity of cells. Also, apoptosis markers such as 
cytochrome c and caspases-9 increased after BNCT that 
induces cell apoptosis via the mitochondrial pathway [53].

Recently, a BNCT agent was developed to target CSCs 
selectively and effectively. For raising boron-10 uptake in 
GSCs, a bioconjugate nanoparticles (NPs) were designed. 
The lethal effects of neutron radiation significantly 
increased in combination with bioconjugate NPs owing to 

10B + n → 7Li + 4He.
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the particular uptake of the bioconjugate NPs in CD133+ 
GSCs and CD133-independent cellular targeting. Also, the 
combination of the biconjugate NPs and mercaptoundecahy-
drododecaborate (BSH) in comparison to BSH alone led to 
significantly expended survival in in vivo [54].

High LET radiation may overcome radioresistance of 
GSCs against low LET radiation. The human glioblastoma 
multiforme (GBM) cell line A172 was exposed to Co-60 
gamma rays and reactor neutron beams. The radiosensitiv-
ity of cells significantly increased with neutron beams in 
contrast to gamma irradiation. Furthermore, neutron beams 
induced more gamma-H2AX foci. From these results, it is 
concluded that neutron beams are more efficient to produce 
unrepairable DNA DSBs in GSCs. However, further study is 
required to examine the efficacy of neutron beams for GSCs 
control [55].

Tables 1 and 2 ssummarize in vitro or in vitro and in vivo 
studies on the effect of particles therapy on CSCs and exhibit 
inhibition mechanisms of CSCs radioresistance.

The role of nanoparticles in radiosensitization 
of cancer stem cells

The aim of RT is to deliver a curative dose of radiation 
within tumor tissue while sparing the surrounding healthy 
tissue. This goal is limited by tolerance dose of normal tis-
sue although imaging modalities and radiation source have 
progressed. Tolerance dose of organ at risks is a dose limit 
factor in dose escalation. Thus, it is necessary to utilize a 
strategy for enhancement sensitivity of tumor tissue to radia-
tion compared to normal tissue. With this strategy can use a 
low dose of radiation. One of the strategies is application of 
NPs as a radiosensitizer.

Cui et al. showed that miR-200c NPs can use as radio-
sensitizer in gastric cancer cells. miR-200c NPs delay the 
repair of radiation-induced DNA DSBs. Moreover, combina-
tion of miR-200c NPs and radiation increase ROS level. In 
fact this strategy suppresses possible mechanisms of CSCs 
radioresistance. Furthermore, miR-200c under Gelatinase-
stimuli PEG-Pep-PCL NP drug delivery system can cause 
CSCs depletion by regulation of self-renewal, invasiveness 
and differentiation [56]. The use of ultrasmall gadolinium-
based NPs (GBNs) on several radio-resistant human HNSCC 
showed that the combination of GBNs and 250 keV pho-
ton irradiation overcame the radiation resistance in SQ20B 
stem-like cells through non-reparable DNA DSBs, reduce 
in tumor proliferation, production of ROS, cell arrest in 
G2/M phase [57]. In a work, Hu et al. investigated the role 
of glucose coated (Glu)-Au NPs for targeted treatment of 
cancer metastasis and CSCs in human monocytic cell line. 
Results of this work showed that Glu-Au NPs can increase 
the irradiation effect owing to the accumulation of cells in 
G2/M phase after Glu-Au NPs followed by X-ray irradiation. 

Radiosensitization mechanism of Au NPs can be associated 
to absorbing radiation and generation of ROS therefore can 
increase radiotherapy efficacy in term of tumor cell killing 
[58].

Recently, Castro Nava and co-authors demonstrated that 
catechin-loaded and gelatin-conjugated CNTs (Gel_CT_
CNTs) in combination with X-ray irradiation can potentially 
eliminate prostate CSCs. This strategy significantly inhib-
ited sphere formation ability of DU145 cells and increaseed 
the cancer cell radiosensitivity. Increase in radiosensitivity 
can be attributed to inhibition of WNT/b-catenin pathway, 
enhanced apoptosis and impaired DNA [59]. You et al. 
developed cyclopamine-loaded lipid NPs for radiosensiti-
zation in 4T1 murine breast cancer and Miapaca-2 human 
pancreatic carcinoma models. Inhibition of sonic hedge-
hog signaling by cyclopamine increases tumor radiation-
response. For combination strategy, they used (177)Lu-con-
jugated polymeric micelles radiation source intratumorally 
that provides localized radiotherapy. CPA-LLP increased 
response of tumor cells to CCPM-177Lu. The combination 
therapy showed slow tumor growth [60].

In summary, radiosensitization mechanisms of NPs can 
be associated with disruption of DNA damage repair, redis-
tribution of cell cycles to radiosensitive G2/M phases, gener-
ation of ROS, dose enhancement using high atomic number 
(Z) materials and targeted delivery of radiosensitizer agent.

The potential of targeted alpha‑particle therapy 
for cancer stem cells

Radioimmunotherapy (RIT) is one of the therapeutic modal-
ities for cancer. RIT is an elective internal RT that uses of 
radioactive isotope conjugated to tumor-directed monoclonal 
antibodies. The most common characteristics of radionuclide 
are including high energy and short-path-length. Radionu-
clide emits α-particles, β-particles or Auger [61–63]. The 
results of RIT in treatment of cancer were clear and repeat-
able on many tumor xenograft mouse models. Preclinical 
data showed that RIT has been successful in the treatment of 
hematological malignancies. Many studies have showed that 
RIT can eliminate CSCs by antigen-based approaches and 
inhibition of self-renewal pathways. In study by Jandal and 
co-authors, mice bearing A2058 melanoma xenograft was 
treated by (188)Re-labeled anti-melanin monoclonal anti-
body (mAb) 6D2. The results indicated that RIT destroys 
melanoma stem cells at the same rate of bulk cells [64].

It has demonstrated that treating to (177)Lu labeled anti-
EGFR mAb alone significantly decreases the percentage 
of CD44+/CD24−/EpCAM+ breast CSCs (BCSCs), fur-
thermore, in combination with chemotherapy and a poly 
ADP(adenosine diphosphate ribose) polymerase inhibitor 
cured tumor-bearing mice. These findings can be attributed 
to apoptosis and elimination of putative CSCs. The data 
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suggested that RIT has a potential benefit for targeting CSCs 
[65]. For direct targeting leukemia stem cells, Leyton and 
co-workers used a radiolabeled antibody. Viability of leuke-
mia stem cell and self-renewal were reduced by high dose 
RIT [66]. Recently, Weng et al. targeted CD133+ colonic 
CSCs with RIT. 131I-AC133.1 mAb caused a reduction of 
protein level of CD133, ALDH1, Lgr5, Vimentin, Snail1and 
proliferative rate and an increased tumor necrosis. Authors 
suggested that 131I-AC133.1 mAb can eradicate CSCs and 
inhibit tumor [67].

As mentioned in the studies above, RIT is performed 
with β-emitter radionuclides that can have some disadvan-
tages because β-particles are low LET and, therefore, their 
energy deposition in tumor relatively is low. Furthermore, 
β-particles have long range (2–10 mm) that increases their 
cross fire effect. As a result, non-targeted cells are exposed 
to radiation [63]. Targeted alpha therapy (TAT) is an in-
development method of RIT, where an alpha-emitting radio-
nuclide is bound to a carrier (molecular carrier targeting a 
specific tumor antigen) [68]. In alpha particle decay, two 
protons and two neutrons are released by atomic nucleus. 
Some of the main characteristics of alpha particles include 
short penetration depth and high-LET. Short range of alpha 
particles limits damage to normal tissue [68–70].

High-LET radiations are more effective than low-LET 
radiations for cellular damage due to following reasons: (1) 
high-LET radiation generally causes more irreparable clus-
tered and double-stranded DNA breaks and results in more 
severe chromosomal damage, including shattered chromo-
somes at mitosis and complex chromosomal rearrangements. 
(2) high-LET radiations causes more pronounced G2-phase 
delays [71]. The LET of alpha-particles ranges from 25 to 
230 keV/μm [67] and DSBs are mainly produced in LET 
100–200 keV/μm [71]. Therefore, alpha-particles are highly 
cytotoxic and can directly act on the specific tumor cell anti-
gens. Meanwhile, it has super chance of substantially adding 
to hitherto failing curative adjuvant treatments for differ-
ent types of cancer, e.g., prostate, breast, colon, and ovar-
ian cancer. Also it can be addressed as systemic conformal 
radiotherapy at the cellular level [68, 72].

Using to mathematical modeling Sgouros and Song inves-
tigated the possibility of use of the Alpha-Particle Emitter, 
Bismuth-213, for CSC targeting. Their investigation showed 
that specific activity, antigen site density, and number of tar-
get cells are important parameters for effective cell death. If 
antigen site density increases by a factor of 2, tumor control 
probability will highly disappropriate increase [73]. Dekem-
peneer et al. reviewed importance of TAT and advantage of 
use of nanobodies as vehicles for TAT. They suggested that 
nanobodies have several advantages including following fac-
tors: (1) targeted tracers, (2) high affinity and specificity for 
their cognate antigen and facile production and (3) efficient 
radiotracers directed against a variety of membrane-bound RO
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biomarkers in various applications. In addition to, the nano-
bodies have more advantages than conventional antibodies 
such as lower molecular weight, low immunogenicity, suf-
ficiently penetration of nanobodies in tumor tissue and link 
tumor antigens rapidly and specifically in vivo. Meanwhile, 
they expressed the nanobodies’ pharmacokinetic properties 
match perfectly with the interesting decay properties of the 
short-lived alpha-particle emitting radionuclides [74].

Elgqvist et al. discussed about obstacles and potential 
TAT. This review showed that TAT is engaging treatment 
strategy to treat cancer. The most important difference 
between RIT with β-particle emitters and α-particle emit-
ters this is that RIT with α-particle emitters labeled to a 
targeting vector can directly kill single cancer cells (by self-
irradiation). Clinical trial performed or in progress using of 
TAT have been shown the possibility of TAT for treating dis-
seminated and/or micro-metastatic. Radium-233-dichloride 
is food and drug administration-approved for bone metasta-
ses in castration-resistant prostate cancer (CRPC). The main 
problem about TAT in clinic is availability with optimum 
cost. TAT now is a potentially profitable treatment strategy. 
Thus, it is required to conduct randomized and controlled 
clinical studies [72]. Recently, Ceder and Elgqvist presented 
possibility targeting prostate CSCs with alpha-particle 
therapy. They suggested that TAT can potentially use for 
treatment of metastatic cancerous diseases. CRPC is now an 
irremediable disease that TAT can increase the probability of 
prolonged survival in mentioned disease. The suitable alpha-
particle emitters for TAT are including Astatine-211, Bis-
muth-212, Bismuth-213, Radium-223, Actinium-225 [68].

Hyperthermia

Cancer hyperthermia (HT) refers to the elevation of tumor 
temperature in the range of 40–46 °C that is usually applied 
in order to enhance the effectiveness of other therapeutic 
modalities such as radiotherapy and chemotherapy [75]. 
Various sources of HT are currently employed to heat up 
the tumor including microwaves, radiofrequency waves, 
infrared laser and high intensity focused ultrasound [76, 77]. 
However, conventional HT has two major disadvantages: (1) 
inability to access the deep-seated tumor sites, and (2) non-
selectivity of tumor heating which is associated with unde-
sired thermal damages to the surrounding normal tissues 
[78]. Recently, nanotechnology has shown great promise to 
promote the effectiveness of the conventional HT. A variety 
of NPs can absorb the energy of the external HT sources and 
then generate a localized heat within the tumor, thereby real-
izing a tumor-specific HT strategy without unwanted heating 
of collateral healthy tissues. Moreover, NPs have the poten-
tial to combine HT with other therapeutic modalities such 
as RT and chemotherapy in order to simultaneously deliver 

multiple treatments to the tumor. The most common thermo-
responsive NPs for HT include gold NPs (mostly in the form 
of nanoshells and nanorods), superparamagnetic iron oxide 
NPs (SPIONs) and carbon based nanomaterials [79, 80].

HT may either induce direct cell killing if the temperature 
is high enough (> 47 °C) or sensitize tumor cells toward 
chemotherapy and radiotherapy via various mechanisms 
(indirect effects). Temperature and duration of HT are two 
main determinant factors of the type and extent of cellular 
injury [8]. The direct and indirect effects of HT on tumor 
cells are summarized in Table 3. Several studies have indi-
cated that HT can eradicate CSCs via different mechanisms 
[9]. As a result, HT can enhance the sensitivity of the tumor 
to RT. Meanwhile, HT is independent of cell cycle state and 
it can destroy quiescent CSCs. HT targets immune response 
and leads to heat shock protein (HSP)-induced cell killing. 
Moreover, HT may inhibit the cellular repair pathway of 
DNA damages such as DNA DSBs, thus altering the sub-
lethal and potentially lethal radiation induced damages into 
lethal events. HT can target cells in hypoxic regions and 
increases the blood flow and improves tumor oxygenation. 
HT can change microenvironment by re-oxygenation [81, 
82]. Furthermore, HT inhibits endothelial cell adhesion and 
cell proliferation and increases apoptosis.

It has been demonstrated that HT may cause cell death 
via apoptotic route [83, 84]. HT may induce heat stress to 
cells and then results in mitochondrial protein denaturation 
[85]. HT can also increase the level of ROS production by 
mitochondria that promote oxidative stress. Taken together, 
heat stress and oxidative stress induced by HT can activate 
the intrinsic pathway of apoptosis, resulting in cell death and 
phagocytosis [76, 86, 87]

Magnetic hyperthermia for cancer stem cells 
therapy

Among other types of NPs, iron oxide NPs (IONPs) have 
been widely utilized in biomedical applications because of 
their ease of preparation and cost-effectiveness [88]. The 
superparamagnetic property of IONPs renders them an ideal 
candidate for magnetic HT (MHT), where magnetic NPs 
(MNPs) generate heat under an alternating magnetic field 
(AMF) [87]. MHT has provided remarkable advantages over 
conventional HT techniques as listed below:

•	 The heat generation effect of MNPs under AMF excita-
tion along with their contrast enhancement capability in 
magnetic resonance imaging (MRI) may enable simul-
taneous diagnosis and therapy [89].

•	 MNPs are able to realize a combinatorial cancer treat-
ment strategy through the concurrent delivery of HT in 
conjugation with other cancer treatment modalities such 
as radiotherapy and chemotherapy [89].
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•	 MHT is able to selectively and uniformly deliver heat to 
the tumor due to the ability of MNPs to distribute into 
small regions [88].

•	 MHT has access to the deep-seated area of body without 
penetration depth limitation [88].

•	 MHT can particularly target the tumor vasculature or 
hypoxic tumor cells (effective targeting of CSCs) [90].

Magnetite (Fe3O4) and maghemite (γ-Fe2O3) are the most 
common types of IONPs in MHT applications owing to their 
good biocompatibility and biodegradability [91, 92]. Several 
reports have shown that magnetic IONPs can increase gen-
eration of ROS [93–95]. The primary sources of oxidative 
stress in response to IONPs could be attributed to direct pro-
duction of ROS from the NPs surface, generation of ROS via 
leaching of iron molecules, altering mitochondrial and other 
organelle functions and induction of cell signaling pathways 
[96]. SPION can induce (geno) toxicity by different mecha-
nism. For examples, production of ROS and high level of Fe 
ions in tissue can lead to DNA damage and cytotoxicity [97].

Recent investigations have shown that nanoparticle-medi-
ated MHT can effectively kill CSCs and cause tumor growth 

suppression. Sadhukha et al. utilized SPIONs to induce MHT 
for the elimination of CSCs in A549 and MDA-MB-231 
cancer cell lines. The results indicated that MHT for 30 min 
resulted in about 90% cell death in both cell lines, whereas 
conventional HT for the same exposure time showed much 
lower cell killing potency. Further experiments demonstrated 
that MHT could effectively reduce CSCs population mainly 
via two pathways: (1) the short-term effect that is associated 
with acute necrotic cell death immediately after MHT, and 
(2) the long-term effect which is related to the increased 
level of ROS generation and eventually leads to apoptosis 
after some latency [98].

In another report, Kwon et al. investigated the effect of 
particle size and found that among magnetic nanocluster 
(MNC) of various sizes within 20–140 nm range, the 60 nm 
MNC exhibited the highest value of specific absorption rate 
(SAR) and determined as the optimum particle size. Com-
pared to other particle sizes, the 60 nm MNC demonstrated 
the highest temperature rise under AMF and thus dramati-
cally reduced cell viability. Further mechanistic study proved 
that the expression levels of HSP 70 and 90 that protect cells 
against heat stress, were downregulated following MHT, 

Table 3   The effects of hyperthermia on tumor cells

Effects of hyperthermia on tumor Mechanism Result

Direct effect
 Denaturation of proteins Compression of denatured proteins within 

nuclear matrix and irreversible changes to 
chromatin construction

Impair DNA synthesis and repair
Suppression of DNA replication

Inhibition of DNA-polymerases-α and –β and 
degradation of the DNA repair protein BRCA2

Inhibition of the homologous recombination

 Membrane dysfunction Change in the stability, permeability and fluidity 
of cellular membrane (especially mitochon-
drial membrane dysfunction)

Cell death

 Necrosis and apoptosis Activation of Caspase-2 and binding to adaptor 
protein RAIDD that lead to cleave and activate 
Bim

Mitochondria-dependent apoptosis

Activation of Fas, TNF-α and TRAIL Trigger the extrinsic apoptotic pathway
Activation of xanthine oxidase and/or facilitat-

ing mitochondria respiration to produce O2
−

Increase in generation of reactive oxygen species 
(ROS)

Reduce SOD1 expression and the enzymatic 
activities of SOD1 and SOD2/activation of 
NADPH oxidase

Increase in ROS and facilitate in apoptosis

Indirect effect
 Modification of tumor microenvironment Increase perfusion, endothelial cells damage, 

change the adhesiveness of vessel wall
Change in pH, oxygen and nutrient supply in the 

tumor
Be sensitive to cytotoxic therapy

Improvement in tumor oxygenation Be sensitive to radiation
Penetration of chemotherapy agent into the tumor

Increase perfusion, increase the penetration of 
immune cell into the tumor

Anti-tumor immune response

Pro-inflammatory cytokines from tumor cells 
and increases serum levels of interleukin-1 β 
(IL-1β), IL-6, IL-8 and TNF-α

Anti-tumor response
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thereby promoting the apoptotic process. The expression of 
BCSCs markers (ALDH1 and CD44+/CD24−) was reduced 
by MHT [99].

Nano‑photo thermal therapy for CSCs therapy

Nano-photo thermal therapy (NPTT) is a minimally invasive 
cancer treatment modality that exploits nanophotosensitizer 
in order to convert laser light into heat in the site of inter-
est, thereby selective targeting tumor cells [100]. In NPTT, 
plasmonic NPs are designed to absorb non-toxic light in the 
near-infrared range (NIR; 650–1064 nm) because this wave-
length range is less absorbed by tissue components (e.g., 
water and hemoglobin) relative to visible light wavelength 
and therefore has more penetration depth into biological 
tissues [101]. When plasmonic NPs are irradiated by elec-
tromagnetic radiation (i.e. NIR), strong electric fields are 
induced owing to the synchronized excitation of the con-
duction band electrons on the surface of NPs (that is called 
surface plasmon resonance; SPR). In conclusion, a local-
ized heat is generated by the rapid relaxation of these oscil-
lated free electrons and causes irreversible damages [102, 
103]. NPs have two main roles in NPTT including selective 
delivery of photon energy into tumor tissue and light-to-heat 
conversion [104, 105]. The performance of NPTT or tumor 
temperature rise depends on several parameters such as the 
concentration of NPs in the tumor tissue, photothermal (PT) 
conversion efficiency of NPs, exposure time and the power 
density of laser [100, 101].

A wide range of light-responsive nanomaterials have 
been employed for NPTT. For example, gold nanomaterials 
with different structures [106], copper-based nanocrystals 
[107, 108], and carbon-based nanomaterials such as gra-
phene [109], single-walled or multi-walled carbon nanotubes 
[110–112] and fullerene [113] have shown promising poten-
tial in NPTT. Owing to their unique physicochemical proper-
ties such as biocompatibility, non-toxicity and bioinertness, 
facile preparation, easy surface functionalization and high 
light-to-heat conversion efficiency, gold nanomaterials have 
been presented as the main mediators of NPTT [114–117]

Necrosis and apoptosis are two primary mechanisms of 
cell death triggered by NPTT [101]. Induction of apoptosis 
and necrosis following NPTT depends on the localization of 
NPs inside cells and laser irradiation parameters [118, 119]. 
Recent reports have demonstrated that the application of 
NPTT with lower laser power and shorter exposure time can 
skew the response toward apoptotic cell death rather than 
necrotic death [120]. Moreover, the accumulation of NPs in 
cell nucleus or cytoplasm may affect cell death mechanisms 
in response to NPTT [119].

A recent effort in the area of CSCs therapy tried to com-
pare the effectiveness of traditional HT and NPTT. Tradi-
tional HT was shown to be ineffective in eradicating BCSCs 

due to the overexpression of HSP 90 which is known as a 
determinant factor of thermoresistance. In sharp contrast, 
NPTT exhibited the potential to overcome the inherent 
resistance of BCSCs to thermal therapy. The treatment of 
cells with multi-walled carbon nanotubes (MWCNTs) and 
subsequent laser irradiation resulted in significant reduc-
tion in cell viability through membrane permeabilization 
and necrosis. The in vivo antitumor study further proved the 
high efficiency of this modality, where MWCNTs mediated 
NPTT yielded complete tumor regression and significantly 
prolonged survival of mice bearing breast tumors [112].

It has been found that CSCs are more resistant to ion-
izing radiation than the bulk of tumor cells and they result 
in metastasis or tumor relapse after successful radiotherapy 
treatment. A report by Atkinson et al. revealed that NPTT 
can be implemented in combination with radiotherapy in 
order to increase the sensitivity of CSCs to ionizing radia-
tion. To assess this effect, mice bearing breast tumors were 
exposed to a single dose of 6 Gy followed by 20 min NIR 
laser irradiation at 42 °C using intravenously administrated 
gold nanoshells. The analysis of cells derived from tumors 
indicated that the combination of radiotherapy and NPTT 
caused a greater reduction in the proportion of CSCs than 
radiotherapy alone. Moreover, while NPTT alone had no 
inhibitory effect on tumor growth and radiotherapy alone 
inhibited the tumor growth to some extent, the combination 
of radiotherapy plus NPTT resulted in significantly higher 
tumor growth inhibition. These results corroborate the pos-
itive role of gold nanoshells mediated NPTT for thermal 
enhancement of radiotherapy through effective eradication 
of radioresistant CSCs. Irradiation plus HT inhibited HSP90 
and AKT pathway. In addition, NPTT can has an effect on 
the tumor microenvironment and destroy CSC niche [121].

Based on the facts that CSCs are also resistant to chem-
otherapy and the combination of heat and drug results in 
synergistic therapeutic effects, a new combinatorial strategy 
can be provided for inhibiting CSCs by utilizing thermo-
responsive nanomaterials that carry anticancer agents. To 
exploit this potential, Xu et al. loaded salinomycin (SA) as 
a CSCs inhibitor in polydiallyldimethylammonium chlo-
ride (PDC) conjugated gold nanorods (Au/SA@PDC) for 
targeted delivery of NPTT and chemotherapy in the presence 
of NIR laser irradiation. The results demonstrated that while 
Au/SA@PDC induced slight toxicity (cell viability: ~ 85%) 
in MCF-7 breast cancer cells due to the slow release rate of 
SA from the nanocarrier, the combined action of Au/SA@
PDC plus NIR laser dramatically reduced cell viability to 
18%. Moreover, the combination of Au/SA@PDC plus NIR 
laser showed great potential in inhibiting CSCs and reduced 
the percentage of CSCs in MCF-7 cells to zero. This syn-
ergistic interaction between NPTT and chemotherapy was 
attributed to the accelerated release of SA from Au/SA@
PDC due to NIR irradiation. AuNRs-mediated PTT resulted 
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in reduction of ALDH+ cell subpopulation, gene expression 
of stem cell markers (ALDH1 and KLF4), and mammos-
phere forming capability [122].

Photodynamic therapy for cancer stem cells 
therapy

Photodynamic therapy (PDT) is another light-driven can-
cer treatment modality with promising potential for CSCs 
therapy [123]. PDT uses photosensitizers that are activated 
by visible light at the appropriate wavelength to produce an 
excited state which may generate cytotoxic species through 
two following reactions: (1) generation of free radicals 
through electron or hydrogen transfer from a substrate mol-
ecule (type Ι mechanism), and (2) generation of singlet oxy-
gen as the main cytotoxic species in PDT resulting from 
energy transfer to oxygen molecules (type Π mechanism) 
[124, 125].

Type Π mechanism dominantly occurred by most pho-
tosensitizers and it depends on the oxygen concentration 
of the tumor microenvironment. Therefore, the efficacy of 
PDT may be greatly limited at hypoxic condition which is 
often found in tumor microenvironment. However, type Ι 
mechanism is less sensitive to oxygen concentration, and 
therefore it can address the limitation of PDT. Usacheva 
et al. reported that incorporation of methylene blue (MB) 
into alginate-Aerosol OT NPs can increase the level of ROS 
production under hypoxic condition via type Ι mechanism. 
This is attributed to the increased interaction of MB with 
solvent molecules mediated by alginate polymer. As a con-
sequence, PDT with MB NPs more effectively eradicated 
BCSCs and reduced mammosphere formation ability under 
either normoxia or hypoxia compared to that with free MB 
[126]. Table 4 summarizes the recent studies regarding the 
use of NPs for elimination of CSCs.

Future prospective and conclusion

In the present work, we reviewed the current studies on new 
physical approaches for cancer stem cell therapy. Although 
we had a wide overview on this topic, but there are several 
issues that remain unstudied. Also, in order to provide newer 
ideas for CSCs treatment, we have several points as future 
directions and prospective.

First, combination of two more physical therapy 
approaches. In this regard, each approach has its beneficial 
effects and their combination could provide better therapy 
outcomes. It also should be reminded that, side effects are 
the main limiting factors. Further clinical and experimen-
tal studies are needed to find the optimum dose, mecha-
nisms of action and unwanted side effects. On the other 

hand, because CSCs is a new topic in cancer therapy, there 
is no well documented study on the late effects of CSCs 
therapy approaches. There are clinical needs to survey the 
CSCs treatment outcomes in long time follow-ups to find 
best solutions.

Second, testing combination of new physical/biological 
and chemical agents. Biological therapy is a new area of 
research which is found as a feasible therapy method for 
removing cancer cells. Studies have identified that immu-
notherapy would be an effective tool for CSCs eradication. 
Immunological experiments have shown that antigen-spe-
cific targeting using T and natural killer cells had promising 
results on CSCs treatment [138]. Also several immunologi-
cal mechanistic issues have been proposed to solve the CSCs 
therapeutic resistances. Combination of immunological ther-
apies with radiation, although is tested for CSCs, but is new 
yet and could be updated by particle beams, nanoparticles, 
hyperthermia and other physical approaches. Several studies 
have shown that combination of hyperthermia and immuno-
logical cells including natural killer cells could improve the 
final outcomes of cancer therapy. This combination therapy 
may be tested for cancer stem cells.

Third, radiogenomic assays. Ongoing studies on personal-
ized radiotherapy have revealed that genomic assays could 
predict patient’s radiation response including tumor and nor-
mal tissues response to radiotherapy [139, 140]. In this light, 
“physico-genomics”, association between genes and physi-
cal modalities response, could modify the use of physical 
therapy approaches in cancer therapy clinics. We could offer 
to use of genes for finding physical sensitivity for cancer 
patients. For example hypersensitive patients to nanoparti-
cles, hyperthermia, and particle beams may have different 
response and different therapy outcomes. In this era, because 
CSCs resistance to current therapies has a genetically basis, 
physico-genomic assays will results in more personalized 
therapy.

Fourth, the oxygen effect. Although some studies have 
applied hyperbaric oxygen therapy to treat cancer stem 
cells, but there are several limitations in these studies which 
should be updated based on more mechanistic issues. This 
therapy will be more effective if mechanistically combined 
with other approaches. In this regard, several further studies 
are needed to find best remedial issues.

In conclusion, this paper reviews several physical therapy 
methods for CSCs eradication. To our knowledge there is no 
such study, and it also could be improved by new other stud-
ies. By advances in biology and techniques, CSCs could be 
investigated in more details in terms of their targeting with 
new therapy modalities. Physical therapy, although seems 
feasible, but they have several limitations including their 
high cost (e.g. particle beams), unavailability in any clinic, 
challenges in their use as an approved agents (particularly 
nanoparticles) and fully known mechanisms. But they are 



1515Clinical and Translational Oncology (2018) 20:1502–1521	

1 3

Ta
bl

e 
4  

S
um

m
ar

y 
of

 st
ud

ie
s o

n 
na

no
pa

rti
cl

es
 fo

r e
lim

in
at

io
n 

of
 c

an
ce

r s
te

m
 c

el
ls

C
an

ce
r t

yp
e

Th
er

ap
eu

tic
 m

od
al

ity
Ex

po
su

re
 c

on
di

tio
n

N
an

op
ar

tic
le

 o
r n

an
oc

om
pl

ex
M

ai
n 

re
su

lts
St

ud
y 

ty
pe

Re
fe

re
nc

es

B
re

as
t

PT
T 

+
 PA

 im
ag

in
g

85
0 

nm
; 8

 n
s;

 0
.5

 j 
cm

−
2

G
ol

de
n 

ca
rb

on
 n

an
ot

ub
es

 c
on

-
ju

ga
te

d 
C

D
44

 (G
N

Ts
-C

D
44

)
M

ic
ro

bu
bb

le
 fo

rm
at

io
n 

th
at

 
re

su
lts

 in
 c

el
l p

ho
to

da
m

ag
e

In
 v

itr
o 

an
d 

in
 v

iv
o

G
al

an
zh

a 
et

 a
l. 

[1
27

]

B
re

as
t

IR
 +

 H
T

Si
ng

le
 d

os
e 

of
 6

 G
y 

io
ni

zi
ng

 
ra

di
at

io
n 

pl
us

 2
0 

m
in

 H
T 

at
 

42
 °C

 w
ith

 N
IR

G
ol

d 
na

no
sh

el
ls

>
 7

0%
 re

du
ct

io
n 

in
 B

C
SC

s 
po

pu
la

tio
n

D
ec

re
as

e 
in

 tu
m

or
ig

en
ic

ity
A

 m
or

e 
di

ffe
re

nt
ia

te
d 

ph
en

o-
ty

pe
Si

gn
ifi

ca
nt

 re
du

ct
io

n 
in

 H
SP

 
ex

pr
es

si
on

In
 v

itr
o 

an
d 

in
 v

iv
o

A
tk

in
so

n 
et

 a
l. 

[1
21

]

B
ra

in
PT

T
80

8 
nm

; 5
 m

in
; 2

 w
 c

m
−

2
Si

ng
le

-w
al

le
d 

ca
rb

on
 n

an
o-

tu
be

s (
SW

N
Ts

) c
on

ju
ga

te
d 

w
ith

 C
D

13
3 

m
on

oc
lo

na
l 

an
tib

od
y 

(a
nt

i-C
D

13
3-

SW
N

Ts
)

Si
gn

ifi
ca

nt
 in

hi
bi

tio
n 

in
 th

e 
tu

m
or

 c
ol

on
y 

fo
rm

at
io

n,
 

m
ig

ra
tio

n 
an

d 
se

lf-
re

ne
w

al
 

ab
ili

ty
 o

f G
B

M
-C

D
13

3+
 

ce
lls

Si
gn

ifi
ca

nt
 su

pp
re

ss
io

n 
in

 
tu

m
or

ig
en

ic
ity

 a
nd

 c
an

ce
r 

ste
m

-li
ke

 p
ro

pe
rty

 o
f G

B
M

-
C

D
13

3+
 c

el
ls

 in
 v

iv
o

In
 v

itr
o 

an
d 

in
 v

iv
o

W
an

g 
et

 a
l. 

[1
11

]

B
re

as
t

PT
T

10
64

 n
m

; 3
0 

s;
 3

 w
 c

m
−

2
M

ul
ti-

w
al

le
d 

ca
rb

on
 n

an
ot

ub
es

 
(M

W
C

N
Ts

)
M

em
br

an
e 

pe
rm

ea
bi

liz
at

io
n:

 
84

.5
%

M
am

m
os

ph
er

e-
fo

rm
in

g 
ab

il-
ity

: 0
%

Tu
m

or
 re

gr
es

si
on

: 1
00

%
Su

rv
iv

in
g 

fr
ac

tio
n:

 ~
 0.

1

In
 v

itr
o 

an
d 

in
 v

iv
o

B
ur

ke
 e

t a
l. 

[1
12

]

B
re

as
t

PT
T

80
8 

nm
; 3

0 
m

in
; 4

0 
w

 c
m

−
2

C
D

44
-ta

rg
et

ab
le

 p
ol

ye
th

yl
en

e 
gl

yc
ol

-c
oa

te
d 

go
ld

 n
an

or
od

s 
(C

D
44

-P
G

N
R

s)

A
 c

le
ar

 se
le

ct
iv

e 
ki

lli
ng

 o
f 

C
D

44
+
 M

C
F7

 c
el

l p
op

ul
a-

tio
ns

 in
 m

am
m

os
ph

er
es

C
D

44
+
 M

C
F7

 tu
m

or
ig

en
ic

 
ce

lls
: 3

.3
 a

nd
 2

.5
%

 in
 ×

 2 
an

d ×
 3 

co
nc

en
tra

tio
ns

 o
f 

C
D

44
-P

G
N

R
s, 

re
sp

ec
tiv

el
y

In
 v

itr
o

Le
e 

et
 a

l. 
[1

28
]

Lu
ng

 a
nd

 b
re

as
t

M
H

T
A

M
F 

(6
 k

A
/m

; 3
0 

m
in

; 
38

6 
kH

z)
Su

pe
rp

ar
am

ag
ne

tic
 ir

on
 o

xi
de

 
na

no
pa

rti
cl

es
(S

PI
O

 N
Ps

)

M
am

m
os

ph
er

e-
fo

rm
in

g 
ab

il-
ity

: 0
%

C
el

l d
ea

th
: 8

8 
an

d 
90

%
 in

 
A

54
9 

an
d 

M
D

A
-M

B
-2

31
 

ce
lls

, r
es

pe
ct

iv
el

y
In

cr
ea

se
 in

 R
O

S 
ge

ne
ra

tio
n

In
 v

itr
o 

an
d 

in
 v

iv
o

Sa
dh

uk
ha

 e
t a

l. 
[9

8]



1516	 Clinical and Translational Oncology (2018) 20:1502–1521

1 3

Ta
bl

e 
4  

(c
on

tin
ue

d)

C
an

ce
r t

yp
e

Th
er

ap
eu

tic
 m

od
al

ity
Ex

po
su

re
 c

on
di

tio
n

N
an

op
ar

tic
le

 o
r n

an
oc

om
pl

ex
M

ai
n 

re
su

lts
St

ud
y 

ty
pe

Re
fe

re
nc

es

Pr
os

ta
te

PT
T

81
2 

nm
; 1

0 
m

in
; 6

00
 m

w
 c

m
−

2
A

pt
am

er
-c

on
ju

ga
te

d 
go

ld
 

na
no

ro
ds

(A
uN

R
s)

A
pt

am
er

–A
uN

R
s p

ro
vi

de
 a

 
se

le
ct

iv
e 

PT
T 

fo
r p

ro
st

at
e 

ca
nc

er
C

el
l v

ia
bi

lit
y:

 3
6%

 a
nd

 4
7%

 in
 

C
SC

1-
 a

nd
 C

SC
13

-m
od

ifi
ed

 
A

uN
R

s, 
re

sp
ec

tiv
el

y
Re

du
ct

io
n 

in
 th

e 
se

lf-
re

ne
w

al
 

ab
ili

ty

In
 v

itr
o

W
an

g 
et

 a
l. 

[1
29

]

B
ra

in
PT

T
80

8 
nm

; 1
5 

m
in

; 0
.2

 w
 c

m
−

2
A

nt
i-C

D
13

3-
co

nj
ug

at
ed

 th
i-

ol
at

ed
 c

hi
to

sa
n 

ca
pp

ed
 g

ol
d 

na
no

ro
ds

C
D

13
3+

 c
el

ls
 se

le
ct

iv
el

y 
ta

rg
et

 
an

d 
er

ad
ic

at
e,

 w
hi

le
 C

D
13

3−
 

ce
lls

 re
m

ai
n 

vi
ab

le

In
 v

itr
o

Pe
ng

 a
nd

 W
an

g 
[1

30
]

B
re

as
t

PH
T 

an
d 

PH
T 

+
 ch

em
ot

he
ra

py
74

0 
nm

; 1
5 

m
in

; 1
00

 m
w

 c
m

−
2

G
ol

d 
na

no
ro

ds
 c

on
ju

ga
te

d 
w

ith
 

po
ly

 a
cr

yl
ic

 a
ci

d 
an

d 
po

ly
 

di
al

ly
ld

im
et

hy
la

m
m

on
iu

m
 

ch
lo

rid
e 

(A
u@

PA
A

@
PD

C
) 

sa
lin

om
yc

in
 (S

A
) l

oa
de

d 
in

 
po

ly
el

ec
tro

ly
te

 c
on

ju
ga

te
d 

A
uN

R
s (

A
u/

SA
@

PD
C

)

A
u@

PA
A

@
PD

C
 +

 la
se

r
A

LD
H

+
 c

el
ls

: 0
.3

%
C

el
l v

ia
bi

lit
y:

 ~
 57

%
A

u/
SA

@
PD

C
 +

 la
se

r
C

el
l v

ia
bi

lit
y:

 ~
 18

%
A

LD
H

+
 c

el
ls

: 0
%

In
 v

itr
o

X
u 

et
 a

l. 
[1

22
]

B
re

as
t

PT
T 

+
 ch

em
ot

he
ra

py
80

8 
nm

; 2
0 

m
in

; 0
.8

 w
 c

m
−

2
SV

11
9-

PE
G

yl
at

ed
 g

ol
d 

na
no

c-
ag

e 
co

nj
ug

at
es

 lo
ad

in
g 

D
O

X
 

(S
V

11
9-

PE
G

-A
uN

C
s/

D
O

X
)

M
am

m
os

ph
er

e-
fo

rm
in

g 
ab

il-
ity

: ~
 20

%
Si

gn
ifi

ca
nt

 re
du

ct
io

n 
in

 se
lf-

re
ne

w
al

 c
ap

ab
ili

ty
 o

f B
C

SC
s

In
 v

itr
o

Su
n 

et
 a

l. 
[1

31
]

B
re

as
t

PD
T

66
5 

nm
; 2

70
0 

m
J c

m
−

2
M

et
hy

le
ne

 b
lu

e 
lo

ad
ed

 
su

rfa
ct

an
t-p

ol
ym

er
 n

an
op

ar
-

tic
le

s

Pr
od

uc
tio

n 
of

 R
O

S 
vi

a 
ty

pe
 Ι 

m
ec

ha
ni

sm
M

am
m

os
ph

er
e-

fo
rm

in
g 

ab
ili

ty
: 2

 a
nd

 3
8%

 u
nd

er
 

no
rm

ox
ia

 a
nd

 h
yp

ox
ia

, 
re

sp
ec

tiv
el

y
A

LD
H

+
 c

el
ls

: 7
4 

an
d 

42
%

 
un

de
r n

or
m

ox
ia

 a
nd

 h
yp

ox
ia

, 
re

sp
ec

tiv
el

y

In
 v

itr
o

U
sa

ch
ev

a 
et

 a
l. 

[1
26

]

H
ea

d 
an

d 
ne

ck
H

T 
an

d 
ra

di
at

io
n

C
irc

ul
at

in
g 

w
at

er
 b

at
h 

(2
 h

; 
42

 °C
)/2

 G
y 

x-
ra

ys
H

ya
lu

ro
na

n-
m

ed
ia

te
d 

de
xt

ra
n-

co
at

ed
 su

pe
r p

ar
am

ag
ne

tic
 

iro
n 

ox
id

e 
na

no
pa

rti
cl

es
 

(H
A

-D
ES

PI
O

N
s)

H
A

-D
ES

PI
O

N
s a

re
 n

on
to

xi
c 

an
d 

en
ha

nc
e 

th
e 

lo
ca

l H
T 

bu
t d

o 
no

t i
nc

re
as

e 
ra

di
at

io
n 

se
ns

iti
vi

ty
H

T 
le

ad
s t

o 
50

%
 re

du
ct

io
n 

in
 

ce
ll 

su
rv

iv
al

 in
 U

T-
SC

C
-1

4 
ce

lls
 w

hi
le

 1
0–

15
%

 re
du

ct
io

n 
ob

se
rv

ed
 in

 U
T-

SC
C

-1
5 

ce
lls

A
po

pt
ot

ic
 le

ve
l: 

1.
7-

fo
ld

In
 v

itr
o

Th
ap

a 
et

 a
l. 

[1
32

]



1517Clinical and Translational Oncology (2018) 20:1502–1521	

1 3

Ta
bl

e 
4  

(c
on

tin
ue

d)

C
an

ce
r t

yp
e

Th
er

ap
eu

tic
 m

od
al

ity
Ex

po
su

re
 c

on
di

tio
n

N
an

op
ar

tic
le

 o
r n

an
oc

om
pl

ex
M

ai
n 

re
su

lts
St

ud
y 

ty
pe

Re
fe

re
nc

es

Li
ve

r
M

H
T

A
C

M
F 

(2
0 

A
; 6

0 
m

in
; 

20
0 

kH
z)

C
D

90
-ta

rg
et

ed
 th

er
m

os
en

si
tiv

e 
m

ag
ne

to
lip

os
om

es
 (T

M
s)

-
en

ca
ps

ul
at

ed
 (C

D
90

@
17

-
A

A
G

/T
M

s)

A
po

pt
os

is
 ra

te
: ~

 78
 a

nd
 ~

 70
%

 
in

 in
 v

itr
o 

an
d 

in
 v

iv
o,

 
re

sp
ec

tiv
el

y
Tu

m
or

 v
ol

um
e 

in
hi

bi
tio

n 
ra

te
: 

83
.4

4 ±
 5.

78
%

In
hi

bi
tio

n 
th

e 
ac

tiv
ity

 o
f 

H
SP

90

In
 v

itr
o 

an
d 

in
 v

iv
o

Ya
ng

 e
t a

l. 
[1

33
]

G
as

te
r

PP
TT

 +
 PA

 im
ag

in
g

79
0 

nm
; 5

 m
in

; 1
.5

 w
 c

m
−

2
G

ol
d 

na
no

st
ar

s-
ba

se
d 

PE
G

yl
at

ed
 c

on
ju

ga
te

d 
C

D
44

v6
 m

on
oc

lo
na

l a
nt

i-
bo

di
es

 (G
N

S-
PE

G
-C

D
44

v6
)

C
el

l v
ia

bi
lit

y:
 0

.7
%

 in
 v

itr
o

Su
rv

iv
al

 ra
te

 o
f a

ni
m

al
 

w
ith

in
 8

 w
ee

ks
 a

fte
r t

re
at

-
m

en
t: 

~ 
90

%

In
 v

itr
o 

an
d 

in
 v

iv
o

Li
an

g 
et

 a
l. 

[1
34

]

B
re

as
t

PT
T 

+
 R

T
80

8 
nm

; 3
 m

in
; 1

.5
 w

 c
m

−
2

C
op

pe
r-6

4-
la

be
le

d 
co

pp
er

 
su

lfi
de

 n
an

op
ar

tic
le

s (
[6

4C
u]

C
uS

 N
Ps

)

M
ea

n 
an

im
al

 su
rv

iv
al

 ti
m

e:
 

7.
6 

tim
es

 lo
ng

er
 th

an
 c

on
tro

l 
gr

ou
p

M
et

as
ta

tic
 le

si
on

s i
n 

lu
ng

: 0
M

am
m

os
ph

er
e-

fo
rm

in
g 

ab
il-

ity
: ~

 13
%

In
 v

iv
o

Zh
ou

 e
t a

l. 
[1

08
]

B
on

e
M

H
T 

+
 P

D
T

Ex
te

rn
al

 A
C

 m
ag

ne
tic

 fi
el

d 
1 

M
H

z 
w

ith
 4

0 
O

e 
am

pl
i-

tu
de

/li
gh

t 7
00

 m
J c

m
−

2

M
ag

ne
tic

 n
an

oe
m

ul
si

on
s/

ch
lo

-
ro

al
um

in
um

 p
ht

ha
lo

cy
an

in
e 

(M
N

E/
C

lA
lP

c)

C
el

l v
ia

bi
lit

y:
 ~

 30
%

In
 v

itr
o

de
 P

au
la

 e
t a

l. 
[1

35
]

B
re

as
t

C
he

m
ot

he
ra

py
 +

 P
TT

 +
 P

D
T

80
0 

nm
; 3

 m
in

; 1
.5

 (i
n 

vi
tro

) 
an

d 
0.

7 
w

 c
m

−
2  (i

n 
vi

vo
)

H
ya

lu
ro

na
n 

m
ix

ed
 fu

lle
re

ne
 

em
be

dd
ed

 si
lic

a 
na

no
pa

rti
-

cl
es

 a
nd

 d
ox

or
ub

ic
in

 h
yd

ro
-

ch
lo

rid
e 

an
d 

in
do

cy
an

in
e 

gr
ee

n 
(H

C
60

SD
I n

an
op

ar
-

tic
le

s)

C
el

l v
ia

bi
lit

y:
 <

 15
%

 in
 a

ll 
ce

ll 
lin

es
 in

 v
itr

o
Si

gn
ifi

ca
nt

 re
du

ct
io

n 
in

 tu
m

or
 

vo
lu

m
e 

in
 v

iv
o

In
 v

itr
o 

an
d 

in
 v

iv
o

W
an

g 
et

 a
l. 

[1
36

]

B
re

as
t

M
H

T
A

M
F 

(1
0 

m
in

; 6
0 

kA
/m

; 
29

0 
kH

z)
M

ag
ne

tic
 n

an
oc

lu
ste

r p
ar

tic
le

s 
(M

N
C

s)
O

pt
im

um
 si

ze
 o

f M
N

C
s:

 
60

 n
m

C
el

l v
ia

bi
lit

y:
 ~

 16
%

In
 v

itr
o

K
w

on
 e

t a
l. 

[9
9]

B
re

as
t

PT
T

88
5 

nm
; 1

0 
m

in
 (i

n 
vi

tro
) a

nd
 

20
 m

in
 (i

n 
vi

vo
); 

0.
49

 (i
n 

vi
tro

) a
nd

 0
.5

 a
nd

 0
.5

2 
(in

 
vi

vo
) w

 c
m

−
2

H
ig

hl
y 

cr
ys

ta
lli

ze
d 

iro
n 

ox
id

e 
na

no
pa

rti
cl

es
 (H

C
IO

N
Ps

)
C

el
l v

ia
bi

lit
y:

 4
.7

%
Si

gn
ifi

ca
nt

 se
ns

iti
za

tio
n 

of
 

B
C

SC
s t

o 
PT

T 
re

la
tiv

e 
to

 
bu

lk
 c

an
ce

r c
el

l w
ith

 2
0 

m
in

 
la

se
r i

rr
ad

ia
tio

n
Si

gn
ifi

ca
nt

 re
du

ct
io

n 
in

 m
et

as
-

ta
si

s t
o 

th
e 

lu
ng

 a
nd

 ly
m

ph
 

no
de

s
A

LD
H

+
 B

C
SC

s:
 <

 1%

In
 v

itr
o 

an
d 

in
 v

iv
o

Pa
ho

la
k 

et
 a

l. 
[1

37
]

PT
T 

ph
ot

ot
he

rm
al

 th
er

ap
y,

 P
A 

ph
ot

oa
co

us
tic

, I
R 

io
ni

zi
ng

 ra
di

at
io

n,
 H

T 
hy

pe
rth

er
m

ia
, M

H
T 

m
ag

ne
tic

 h
yp

er
th

er
m

ia
, P

H
T 

pl
as

m
on

ic
 h

yp
er

th
er

m
ia

, P
D

T 
ph

ot
od

yn
am

ic
 th

er
ap

y,
 P

PT
T 

pl
as

m
on

ic
 

ph
ot

ot
he

rm
al

 th
er

ap
y,

 R
T 

ra
di

at
io

n 
th

er
ap

y,
 N

IR
 n

ea
r i

nf
ra

-r
ed

, A
M

F 
al

te
rn

at
iv

e 
m

ag
ne

tic
 fi

el
d,

 A
C

M
F 

al
te

rn
at

in
g 

cu
rr

en
t m

ag
ne

tic
 fi

el
d,

 B
C

SC
s 

br
ea

st 
ca

nc
er

 s
te

m
 c

el
ls

, G
BM

 g
lio

bl
as

to
m

a 
m

ul
tif

or
m

e,
 H

SP
 h

ea
t s

ho
ck

 p
ro

te
in

, A
LD

H
 a

ld
eh

yd
e 

de
hy

dr
og

en
as

e



1518	 Clinical and Translational Oncology (2018) 20:1502–1521

1 3

future based approaches and many researches are in progress 
to enhance these methods.
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