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Cancer stem-like cells (CSCs) are rare subpopulations of cancer cells that are resistant to con-
ventional chemotherapy and radiotherapy and contribute to cancer metastases and tumor recur-
rence. Therefore, it is of significance to develop an effective therapy to eliminate the CSCs. Cancer
thermotherapy realized by depositing heat into tumor in a minimally invasive way is a promising
alternative to the conventional therapies for cancer treatment. However, this method is limited by
its inability to target CSCs, potentially allowing the CSCs to survive and re-initiate tumor growth.
More recently, nanodrug-mediated thermotherapy has been explored to selectively eliminate CSCs
and specifically deposit heat in tumor to spare healthy tissue. Here, we provide a brief overview of
the targeting moieties and nanoplatforms used in developing nanodrug-mediated thermotherapy of
cancer with particular emphasis on the CSCs, as well as the challenges and potential directions for

future research in this emerging field.
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1. INTRODUCTION

Cancer stem-like cells (CSCs) are rare subpopulations
of cancer cells that can differentiate into the multi-
ple types of resident cells in tumor necessary for the
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tumor to grow.' There has been mounting evidence that
CSCs may contribute to post-treatment cancer recurrence,
due to their high resistance to conventional chemo and
radiothe:rapies.M Furthermore, CSCs have been shown to
correlate with malignant tumor progression and metasta-
sis in human patients.”® Therefore, the development of
an effective therapy capable of targeting and eradicating
CSCs is very much in need and clinically relevant for elim-
inating cancer as a major healthcare problem.
Thermotherapy involving the use of superphysiologi-
cal temperatures to burn and destroy tumor is attract-
ing more and more attention as a promising alternative
to the conventional approaches for cancer treatment.”!®
These superphysiological temperatures can be achieved
by delivering and converting energies carried in electro-
magnetic (e.g., radiofrequency, microwave, and laser) or
ultrasound waves into heat in tumor.!*!> Because some
of these waves can penetrate deep into the human body,
thermotherapy can be performed minimally invasively in
an office-based setting with a much shorter recovery time
compared to conventional radical surgical interventions.
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However, thermotherapy alone carries the risk of damage
to healthy tissues because of non-specific heating and ther-
mal diffusion. Moreover, it is limited by the inability to
selectively target CSCs in tumor, potentially allowing the
rare CSCs to survive and cause cancer relapse.

More recently, nanodrug-mediated thermotherapy has
been explored to improve the safety and efficacy of con-
ventional thermotherapy.!®2° This combinational therapy
could be designed to achieve specific release of chemother-
apeutic drugs (including small molecular drugs, siRNAs,
microRNAs, and/or plasmid DNAs) and deposition of heat
in tumor simultaneously by utilizing the capability of pas-
sive targeting of nanomaterials (20-150 nm) as a result of
the enhanced permeability and retention (EPR) of tumor
(as compared to normal tissue) vasculature and by mod-
ifying the nanomaterials with moieties to actively target
the tumor vasculature (Fig. 1). In addition, the synergis-
tic effect between thermo and chemotherapy allows for a
lower thermal threshold and drug dose for complete tumor
destruction than that by thermo or chemotherapy alone.
Moreover, by further modifying the nanodrug surface with
appropriate moieties to specifically target the CSCs, this
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Figure 1. A schematic illustration of nanodrug-mediated thermother-
apy. Nanodrug is accumulated at tumor site as a result of the enhanced
permeability and retention (EPR) of tumor vasculature. Moreover, nan-
odrug modified with appropriate targeting moieties could selectively bind
to cancer stem-like cells (CSCs that are randomly drawn in the figure
for illustration). As a result, it could be used to achieve controllable
chemotherapeutic drug release and selective heat deposition in tumor
simultaneously under external stimuli such as electromagnetic field or
laser if the nanodrug contains materials (e.g., gold and thermally respon-
sive polymers) that are responsive to the stimuli.
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combinational therapy could be further designed to deliver
drug and deposit heat in the CSCs to specifically destroy
them (Fig. 1).

In this review, we provide a concise literature survey of
the targeting moieties on nanodrugs and the platform of
nanoparticles that have been used for the combinational
thermotherapy with particular emphasis on destroying the
CSCs, followed by a brief discussion of the potential chal-
lenges and approaches for overcoming the challenges to
further advance this exciting field.

2. MOIETIES USED FOR TARGETING CSCs

Advances in our knowledge of the properties of CSCs
have made it possible to specifically target and eradicate
CSCs using nanoscale drug delivery systems. Since the
CSCs contribute to cancer recurrence and metastasis,?!»??
delivery of therapeutic agents to specifically target and
destroy them is of great importance for cancer therapy. In
the past decade, both antibodies and hyaluronic acid (HA)
have been used to modify nanoparticles for targeting CSCs
(Fig. 2(A) and Table I).

2.1. Antibodies

Antibodies can bind with their corresponding antigens
with extremely high affinity and specificity.?> Therefore,
nanoparticles surface-decorated with an antibody (or lig-
and) of a specific antigen (or receptor) on CSCs can be
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Figure 2. A schematic illustration of (A), targeting moieties that have
been used in drug delivery and (B), nanoplatforms that have been used
for cancer thermotherapy. GNR: gold nanorods; ICG: indocyanine green.
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Table I. Summary of moieties used for targeting CSCs.

Moieties Type Types of CSCs Targeted

Antibodies Bladder, breast, colon,
gastric, glioma,
medulloblastoma,
leukemia, head, neck,
osteosarcoma, ovarian,
hepatocellular carcinoma,
pancreatic, and prostate

Hepatocellular, head, lung,
colon, prostate, and

CD44 antibody

CD133 antibody

pancreatic
ABC transporter Lung, hepatocellular, and
antibody leukemia
CD24 antibody Colon
CD20 antibody Lymphoma, leukemia, and
melanoma

CD96 antibody
CD117 antibody
EpCAM antibody

Acute myeloid leukemia

Chronic myeloid leukemia

Hepatocellular, colon, and
lung

Bladder, breast, colon,
gastric, glioma,
medulloblastoma,
leukemia, head, neck,
osteosarcoma, ovarian,
hepatocellular carcinoma,
pancreatic, and prostate

glycosaminoglycan ~ Hyaluronic acid

used to specifically deliver therapeutic agents into the
CSCs via surface receptor-mediated endocytosis.

CD44 antibody. The surface glycoprotein CD44 is prob-
ably the most commonly used marker as a surface receptor
for targeting CSCs.?* CD44 has been shown to overexpress
in bladder, breast, colon, gastric, glioma, medulloblas-
toma, leukemia, head, neck, osteosarcoma, ovarian, hep-
atocellular carcinoma, pancreatic and prostate CSCs.? Li
et al. reported an anti-CD44 antibody-modified liposome
for delivering doxorubicin into hepatocellular carcinoma
CSCs.”® This nanosystem is capable of producing a seven-
fold higher drug accumulation in tumor compared to the
corresponding free drug, which in turn inhibits the tumor
growth more efficiently than the free drug in vivo.

CD133 antibody. CD133 is a 120 kDa transmembrane
glycoprotein.?” Recently, CD133 has also been used as
a marker to identify several types of CSCs and its anti-
body has been used as a moiety for modifying nanodrug
delivery systems to target CSCs. Dou et al. decorated anti-
CD133 antibody on nanoparticles for targeted delivery to
liver CSCs.?® The use of this nanodrug delivery system
resulted in significant improvement in therapeutic response
in CD133 positive subpopulation. Besides drug delivery,
CDI133 antibody has been used to modify superparam-
agnetic iron oxide nanoparticles (SPIONs) for imaging
CSCs.?”” The amount of SPIONs in CD133 positive cells
was determined to be 1.7 x 10713 mole iron (9.5 pg) or
7.0 x 10° NPs per CSC.”

J. Nanosci. Nanotechnol. 16, 2134-2142, 2016

ABC (ATP-binding cassette) transporter antibody.
The ABC transporters are transmembrane protein com-
plexes that can pump various anti-cancer drugs out
of cells and have been shown to contribute to the
resistance of CSCs to chemotherapeutic drugs.’® CSCs
express high levels of ABC transporters and two typi-
cal genes that have been identified in CSCs are ABCB1
which encodes p-glycoprotein and the half-transporter
ABCG2.3'% Therefore, ABC transporter proteins have
been identified as potential therapeutic targets for CSCs.>*
Dou et al. investigated the therapeutic effect of anti-
ABCG2 monoclonal antibody modified silver nanoparti-
cles and vincristine on myeloma CSCs. They found that
the anti-ABCG?2 antibody could inhibit CSCs growth and
prolonged the survival of myeloma-bearing mice.*

Other antibodies. CD24 is a family of 35-60 kDa
variably glycosylated proteins and has been reported to
overexpress on colorectal CSCs* although it is often
negative on mammary CSCs. CD20 is an activated gly-
cosylated phosphoprotein that is overexpressed in most
B-cell lymphoma and leukemia cells and in a subpopu-
lation of CSC-like melanoma cells.’” In addition, CD96,
known as Tactile (T cell-activated increased late expres-
sion), is a 160 kDa transmembrane glycoprotein. It has
been shown that CD96 is a leukemic stem cell-specific
marker in human acute myeloid leukemia. Therefore, nan-
odrug modified with anti-CD96 antibody may provide a
potential target for leukemic stem cell-specific therapy.*
CDI117 is a transmembrane protein receptor encoded by
the c-kit proto-oncogene and is the receptor for stem cell
factor.® Although CD117 is used frequently as a marker
for hematopoietic stem cells (HSCs), it is indicated that in
chronic myeloid leukemia mice model induced by BCR-
ABL oncogene, HSCs expressing BCR-ABL function as
chronic myeloid leukemic stem cells because BCR-ABL
expressing HSCs sorted as lineage™Sca-1T*CD117" cells
could cause recipient mice to die of chronic myeloid
leukemia.** Therefore, CD117 is a potential therapeutic
target for chronic myeloid leukemic stem cells. Epithe-
lial cell adhesion molecule (EpCAM) is also a commonly
used tumor-associated antigen and is overexpressed on a
wide range of epithelial cancer (carcinoma) cells.*! Several
kinds of EpCAM positive tumor cells have been confirmed
with stem-like cell characters including hepatocellular car-
cinoma cells,*> human colorectal cells,* and human lung
tumor cells.** Gold NPs modified with EpCAM antibody
have been used for siRNA delivery to retinoblastoma
cells.¥ At present, it has not been incorporated in a nano-
drug system for targeting CSCs.

2.2. Hyaluronic Acid

Hyaluronic acid (HA), also called hyaluronan or
hyaluronate, has been used in drug delivery systems to tar-
get CSCs.* HA is a negatively charged, non-sulfated gly-
cosaminoglycan (GAG) composed of alternating units of
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N-acetyl-D-glucosamine and D-glucuronic acid.*’ CD44,
the natural receptor of HA, is overexpressed on many types
of CSCs.

As a hydrophilic polymer, HA has often been conju-
gated with a hydrophobic polymer to form an amphiphilic
product for synthesizing nanoparticles. Choi et al.
produced self-assembled HA NPs by chemically conju-
gating the hydrophobic 5b-cholanic acid to the HA back-
bone and the NPs were shown to be efficiently taken up
by cancer cells overexpressing CD44.* To improve the
stability of the HA NP-encapsulated drug in blood dur-
ing circulation, Yoon et al. developed photo-crosslinked
HA NPs without compromising its capability of targeting
CD44-overexpressed cells.* Later, they further prepared
tumor-targeting HA NPs for both photodynamic imaging
and therapy by incorporating Ce6 into the NPs.”® Under
laser irradiation, Ce6 could be released from the NPs and
induce singlet oxygen formation in tumor cells. Choi et al.
modified HA with both hydrophobic molecules and Cy5.5
to generate core—shell NPs.>! These NPs were found to
accumulate in tumor efficiently in vivo. Below is a more
detailed discussion of the various nanoplatforms used in
combination with thermotherapy for treating cancer with
particularly emphasis on targeting the CSCs.

3. NANODRUG PLATFORMS USED FOR
COMBINATIONAL THERMALTHERAPY

Recently, nanodrug-mediated thermotherapy has attracted
a lot of attention in part due to its ability to deposit heat
specifically and locally in tumor to minimize damage to
normal tissue. Below is an overview of different nanoma-
terials (both nanodrug and NPs without drug) developed
for use in cancer thermotherapy with particular emphasis
on destroying the CSCs (Fig. 2B).

3.1. Gold-Based Nanomaterial Platforms
Gold-based nanomaterials, which have much stronger
absorption of the near-infrared (NIR, 700-900 nm) light
than water as the major (~70%) substance in the
human body, have been extensively explored for cancer
thermotherapy.!*323* After specific delivery into tumor
and NIR irradiation into the localized surface plas-
mon resonance (LSPR) bands of gold nanomaterials, the
energy absorbed by the nanomaterials can be converted
to and released as heat. Among different NP platforms,
functionalized gold (Au) NPs excited by NIR are more
stable and less toxic than that of commonly used flu-
orescence dyes.”® In addition, the superb biocompatibil-
ity of gold has made gold NPs one of the best choices
for non-invasive heat delivery into the human body.’¢-8
Moreover, chemotherapeutic drugs have been encapsulated
in or linked to the gold nanomaterials to develop multi-
functional nanoplatforms.>

Gold nanorods (GNRs). GNRs for photothermal ther-
apy was first demonstrated in vitro by the EI-Sayed group
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in 2006.°° By conjugating GNRs with anti-EGFR (epi-
dermal growth factor receptor) antibody, they also found
that GNRs could be used for molecular imaging.>® Since
then, GNRs with different surface modifications have been
extensively investigated for photothermal therapy.®%-3
Because the resonance of GNRs can be tuned by adjust-
ing their aspect ratio, GNRs with suitable aspect ratios
that absorb and scatter light strongly in the NIR region
(700-900 nm) have been extensively studied for photother-
mal therapy. However, GNRs have relatively low specific
surface area, resulting in limited drug carrying capacity.
In order to resolve this problem, mesoporous silica-coated
GNRs have been developed for improved drug encapsu-
lation capacity.®* This multi-functional nanoplatform con-
sists of two parts: the inner core of gold for imaging and
photothermal therapy and the outer mesoporous silica shell
for drug delivery and chemotherapy. Moreover, this meso-
porous silica shell is capable of preventing the GNRs from
aggregation, rendering improved stability of the nanopar-
ticulate system.

For therapy of CSCs, GNR-mediated photothermal ther-
apy has been used by Xu et al. for selective destruction
of mammary (MCF-7) CSCs.®® They reported that poly-
electrolyte conjugated GNRs could reduce the expression
of stem cell genes and inhibit the formation of CSC-
containing mammospheres from MCF-7 cells after near
infrared laser irradiation. They further showed enhanced
cellular uptake of the GNRs by CSCs compared to non-
stem cancer cells,® which could explain the selective
elimination of CSCs with the polyelectrolyte conjugated
GNRs for photothermal therapy. After loading with sali-
nomycin, a newly developed anti-breast CSC drug, syner-
gistic inhibition of CSCs was observed for the drug and
gold nanorod-mediated photothermal therapy in vitro. So
far, no work has been reported on GNRs modified with a
moiety to target CSCs. Future work in this direction is cer-
tainly warranted to further improve the safety and efficacy
of GNR-mediated cancer thermotherapy.

Gold nanoshell. Gold nanoshells (GNSs) consist of
a thin gold layer on silica, polystyrene, liposome, or
other solid core NPs.%% The thickness of the gold
shell determines the resonant frequency of GNSs, rang-
ing from that of the visible light to NIR.® GNSs and
their photothermal capability were reported first by the
Halas group in 1999.7° Since then, various GNSs have
been prepared. Tang et al. introduced gold shell on silica
nanorattles that could be used for drug delivery.”! More-
over, they conjugated transferrin on the GNSs to form a
multifunctional nanoplatform that combines active target-
ing (by transferrin), passive targeting (due to nanoscale
size), and remotely controlled photothermal therapy and
chemotherapy.”” Besides whole GNSs, half-GNS-based
polymer NPs (Fig. 2(B)) were reported first by Yoo’s
group by depositing gold films on doxorubicin-loaded
PLGA NPs. This nanoplatform also combines chemother-
apy and photothermal therapy together.”

J. Nanosci. Nanotechnol. 16, 2134-2142, 2016
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One of the first studies that sparked the interest in GNS-
mediated photothermal therapy on CSC treatment was
carried out by the Rosen research group, in which they
showed that combining GNSs and radiation together could
eliminate breast CSCs that are resistant to radiotherapy.’™
This combinational therapy compromised the cells’ abil-
ity to repair DNA in response to the ionizing radiation on
the cells, which enhanced destruction of tumor cells and
decreased the CSC subpopulations among all cancer cells.

3.2. Carbon-Based Nanomaterial Platforms

Carbon nanotubes and graphenes (or graphene oxides)
are the two commonly used carbon-based 3D and 2D
nanoplatforms, respectively.

Carbon nanotubes. Carbon nanotubes (CNTs) can
be single, double, or multi-walled (SWNT, DWNT or
MWNT) and are another important family of nanoma-
terials for thermotherapy. Dai’s group was the first to
exploit their characteristics for photothermal therapy with
an 808 nm laser.” Since then, CNTs with different modifi-
cations or drug delivery properties have been developed for
CSC therapy. Peng et al. exploited the CD133 monoclonal

Table II.

antibody-modified SWNT in selectively targeting and
eradicating CD1337" glioblastoma stem-like cells under
laser irradiation.”® Torti’s group showed that breast CSCs
are highly resistant to conventional hyperthermia, but sen-
sitive to CNT-mediated photothermal therapy.”’ The latter
leads to reduced proliferative ability in CSCs to minimize
the possibility of tumor recurrence.

Graphenes. Graphenes or graphene oxides as two-
dimensional nanomaterials with unique properties have
attracted much attention in the past few years for vari-
ous biomedical applications including both drug delivery
and photothermal therapy.”®®! Akhavan et al. found that
reduced graphene oxide of different sizes could induce dif-
ferent cyto- and geno-toxic effects on human mesenchy-
mal stem cells.®? Reduced graphene oxide with an average
lateral dimension of 11 +4 nm exhibits strong toxicity
to CSCs.®? Robinson et al.¥* found that reduced graphene
oxide in form of single layered sheet of ~20 nm in aver-
age lateral dimension has high NIR light absorbance and
biocompatibility in vitro for photothermal therapy. So far,
no study has been reported on thermotherapy combined
with graphene-based drug delivery in the literature.

Summary of studies on nanoparticle-mediated thermotherapy of CSCs.

Therapeutic drug/

Heating source NP type other therapy Targeting probe Heating dose CSC type Efficacy Ref
NIR (Photothermal) GNR Salinomycin - ~3.2 W/cm? 8 Breast Effective; [65]
min or 15 (MCE-7) Selective
min (In elimination
Vitro) of CSCs
GNS Radiation - 42 °C 20 min Breast Effective; [74]
(In vitro) (Primary) Elimination
of radio-
resistant
CSCs
SWNT - Anti-CD133 2.0 W/em? 5 Glioblastoma Effective; [76]
antibody min (In (Primary) Selectively
Vivo) eradication
MWNT - - 3.0 W/em? Breast Effective; [77]
30 s (In (HMLER) Tumor
Vivo) regression
and
long-term
survival in
mice
NIR (Photodynamic) ICG - Anti-CD117 12.5 J/em? Leukemia Effective; [89]
or CD96 30 min (In (32D-p210- Increase
antibody Vivo) GFP) survival rate
Magnetic field Fe,0, - - 6 kA/m; Breast (MDA- Effective; [84]
(Thermal) 386 kHz (In MB-231) Reduction
vitro) of CSC
population
v-Fe, 04 Paclitaxel Anti-ABCG2 - Multiple Effective; [91]
antibody myeloma Inhibition
(RPMI of CSCs
8226) derived
tumor

Notes: NPs: nanoparticles; GNR: gold nanorod; GNS: gold nanoshell; SWNT: single-walled carbon nanotube; MWNT-multi-walled carbon nanotube; and ICG: indocyanine

green.
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3.3. Magnetic Materials Based Nanodrug Platforms
Underneath an alternating magnetic field, magnetic NPs
can generate heat® although it appears that the heat gen-
eration is not as effective as photothermal therapy. How-
ever, magnetic heat generation has its advantage in that
the magnetic NPs may also be used for MRI imaging.®
For example, iron oxide NPs have been used with MRI
to track mesenchymal stem cells in lung metastases in
vivo.3® Furthermore, using magnetic NP-mediated hyper-
thermia to treat breast CSCs was reported in a recent
study.® In addition to thermal effects, reactive oxygen
species are detected during magnetic hyperthermia. Under
these pleiotropic effects, effective eradication of CSCs was
observed in vitro. Future work to understand the effect of
magnetic hyperthermia on tumor growth and tumor recur-
rence in vivo is warranted.

3.4. Nanodrug Platform Loaded with
Small Molecules for Heating

Indocyanine green or ICG is a near-infrared (NIR) fluores-
cence dye that has been approved by FDA for clinical use.
It is a superior probe for live imaging and can strongly
absorb NIR light to convert its energy into cytotoxic heat
for tumor treatment.?” % However, free ICG is not stable
with a half-life of only 2 to 4 min in circulation. There-
fore, encapsulating ICG in NPs to extend its half-life in
circulation has been investigated. It is worth noting that in
addition to its thermal effects, ICG under NIR irradiation
can also serve as an excellent photosensitizer for photody-
namic therapy. ICG-loaded calcium phosphosilicate NPs
modified with moiety that targets CD117 have been used
to treat myeloid leukemia CSCs, leading to an impres-
sive 29% leukemia-free survival.’® Besides ICG, IR820 is
another near-infrared fluorescence dye that has better sta-
bility compared to ICG.** When IR820 is encapsulated
into ferritin nanocages, enhanced thermal therapy with
high photothermal conversion efficiency can be achieved.”®

4. OUTLOOK AND CONCLUSION

Due to their resistance to conventional therapies as well
as their high tumorigenic potential, the difficulty of
eliminating CSCs represents a major challenge to safely
and effectively treat cancer. Therefore, the capability of
destroying CSCs is crucial for cancer therapy and due to
their rareness among a natural population of cancer cells
in vivo, the development and identification of moieties
to effectively target CSCs for further destruction is very
much in need. Besides HA and antibodies, peptides, small
molecules, aptamers, and other protein or carbohydrate-
derived molecules may be developed and used as the moi-
ety for targeting CSCs (Fig. 2(A)). These studies may also
contribute to the technology advancement in imaging the
CSCs to ascertain their complete eradication in vivo.
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Although thermotherapy is promising as a minimally
invasive alternative to conventional therapies and radi-
cal surgical intervention for cancer treatment, the lack
of specificity to target CSCs requires its combination
with nanodrugs of various nanoplatforms containing gold,
carbon, magnetic materials, and/or small molecules for
improved cancer treatment. It is worth noting that research
on nanodrug-mediated thermotherapy of CSCs is still in its
infancy as few nanoplatforms have been tested for CSCs
(Table II). Nonetheless, the interesting findings from these
limited studies suggest that this strategy holds great poten-
tial for augmented cancer therapy. By using NPs that are
responsive to external stimuli such as laser and electro-
magnetic field for heating and anticancer drugs that are
particularly potent to kill the CSCs, nanodrug-mediated
thermotherapy could be used to achieve selective drug
release and specific heat deposition in tumor and particu-
larly in the CSCs (Fig. 3). This has the potential to kill all

Nanod

Chemotherapy Thermotherapy .?::"T:::‘:z':w
1

" Recurrence ce
(_Nanoparticles & Normal cells © Cancer cells J

@cscs Temperature increase

Figure 3. A schematic illustration of the resistance of cancer stem-
like cells (CSCs) after chemotherapy alone, thermotherapy alone,
and nanodrug-mediated thermotherapy. Chemotherapy or thermotherapy
alone may destroy all non-stem cancer cells leaving behind some rem-
nant CSCs that will reinitiate tumor growth. Nanodrug combined with
thermotherapy could effectively kill all non-stem cancer cells and CSCs,
leading to the eventual elimination of cancer with no recurrence.
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cancer cells in the tumor with no cancer recurrence and
minimal toxicity to normal tissue. However, the capability
of monitoring the CSCs in vivo during and after treatment
is very much in need to track and ensure complete eradi-
cation of the CSCs.

In conclusion, the combined treatment of nanodrug
and thermotherapy shows great promise in improving
the safety and efficacy of cancer treatment. Although it
is challenging, future work should focus on developing
multi-functional nanodrug capable of integrating local-
ized, targeted, and/or combined thermo, chemo, and pho-
todynamic therapies in one nanoplatform. This integrated
nanoplatform together with the capability of tracking the
CSCs in vivo holds great potential to target and com-
pletely destroy the CSCs—the root of cancer recurrence and
metastasis.
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