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Abstract

Developing safe and effective nanoprobes for targeted imaging and selective therapy of gastric
cancer stem cells (GCSCs) has become one of the most promising anticancer strategies. Herein,
gold nanostars-based PEGylated multifunctional nanoprobes were prepared with conjugated
CD44v6 monoclonal antibodies (CD44v6-GNS) as the targeting ligands. It was observed that the
prepared nanoprobes had high affinity towards GCSC spheroid colonies and destroyed them
completely with a low power density upon near-infrared (NIR) laser treatment (790 nm, 1.5
W/cm?, 5 min) in vitro experiment. Orthotopic and subcutaneous xenografted nude mice models of
human gastric cancer were established. Subsequently, biodistribution and photothermal thera-
peutic effects after being intravenously injected with the prepared nanoprobes were assessed.
Photoacoustic imaging revealed that CD44v6-GNS nanoprobes could target the gastric cancer
vascular system actively at 4 h post-injection, while the probes inhibited tumor growth remarkably
upon NIR laser irradiation, and even extended survivability of the gastric cancer-bearing mice. The
CD44v6-GNS nanoprobes exhibited great potential for applications of gastric cancer targeted
imaging and photothermal therapy in the near future.

Key words: gold nanostars; CD44v6 monoclonal antibody; gastric cancer stem cells (GCSCs); photoacoustic
imaging; photothermal therapy

1. Introduction

Gastric cancer (GC) is the fifth commonest cancer
and the third leading cause of cancer-related mortality
worldwide [1, 2]. It ranks third among all malignant
tumors in China according to the latest cancer disease
spectrum [3]. The prognosis for GC is very poor with
5-year survivals below 24% [2]. Multidisciplinary

treatment is used to improve treatment efficacy of
advanced stage GC [4]. However, it has been shown
that GC is not particularly sensitive to traditional
therapies, especially to chemotherapy agents, which
seems to be closely related to numerous intrinsic or
acquired properties of cancer stem cells (CSCs) [5, 6].
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Despite the hypothesis of CSCs being challenged,
growing evidence has been provided to support the
existence of CSCs. The notion that CSCs give rise to
GC and may be responsible for invasion, metastasis,
and resistance to conventional treatment has pro-
found implications for anti-cancer targeted therapies
[7]. Current therapies are palliative designed to re-
duce tumor size, relieve symptoms, and increase sur-
vival times temporarily, but hardly can cure cancer
thoroughly. How to exert a radical cure in GC has
become a great challenge. To date, an increasing
number of preliminary studies have demonstrated
that tumors are a type of stem cell disease and they
contain a few cells known as cancer stem cells or
cancer-initiating cells (CSC/CIC), which have been
defined according to their abilities to recapitulate the
generation of a continuously growing tumor [8] and
repopulate the cancer when the bulk of the tumor
tissue is wiped out by anticancer drugs [9]. Although
the existence of CSCs in tumor tissues still remains as
a controversial point, the CSC hypothesis is extremely
attractive because it provides a conceptual framework
on which new therapeutic approaches could be built;
i.e, any drugs capable of killing CSCs would, in the-
ory, be curative. Therefore, CSC-based targeted ther-
apy is destined to be one of the most effective anti-
cancer strategies [5].

CSC-related investigations highly depend on
appropriate CSC isolation and enrichment methods.
The current strategies for CSC isolation and enrich-
ment include those methods based on stem cell sur-
face markers [10, 11], autofluorescence [12], spheroid
colony formation [13], the identification of side pop-
ulation cells [14], resistance to cytotoxic compounds
[15] or hypoxia, and invasiveness [16, 17]. CSCs are
mostly defined by the expression of CSC-markers that
are associated with the potential to grow xenografts in
mice. The biomarker profiles have been elaborated for
many tumors, with several markers, such as CD24,
CD44, CD133, CD166, EpCAM, and some integrin
molecules, being over-expressed in tumors of differ-
ent histological types [18]. With several molecules
having been used in tumor targeted therapy, a few
promising therapeutics have been developed in pre-
clinical trials [19]. So far, three kinds of molecular
markers, such as CD24, CD54, and CD44, have been
identified to be closely associated with human GC,
and they were successfully used to isolate and screen
out GCSCs from the initial cell mass group, tumor
tissues and even peripheral blood [17, 20, 21].

CD44, as an adhesion/homing molecule, is a
transmembrane glycoprotein and surface receptor for
hyaluronan (HA). It was first identified as a GCSC
surface marker by Takaishi, et al. [11]. Chen, et al.
identified a subpopulation of CD44+ cells within the

tumor tissues from GC patients that were endowed
with stem cells properties [22]. In addition, the gastric
cancer stem-like cells (CSLCs) isolated from the vin-
cristine-preconditioned SGC7901 cell line also dis-
played increased expression of CD44 mRNA levels
[15]. CD44 is involved in the response of cells to their
microenvironment, which is crucial to tumor cell be-
havior, such as survival, progression, and metastasis
[23]. These malignant behaviors are associated with
CSC properties. Undoubtedly, it made CD44 an at-
tractive target for antibody-guided therapy,
HA-conjugated drugs, nanocarrier delivery systems,
or linked to radioactive isotope or chemotherapeutic
agents [24, 25], which could actively target to CD44,
inhibit and disrupt CD44-matrix interactions, influ-
ence CD44 signaling and cause apoptosis. With re-
spect to the use of CD44 variant isoforms, especially
CD44v6-specific antibodies for cancer therapy in
GCSC and GC, it appears to be an attractive indication
due to high expression frequencies of the CD44v6 in
GC cell lines, primary tumors, and lymph node me-
tastases. Moreover, CD44v6 have a much more re-
stricted distribution in vivo compared to CD44 [25].
Several versions of CD44v6-specific antibodies have
been tested in clinical phase I trials, which showed
excellent tumor targeting and a favorable biodistribu-
tion [26, 27]. Therefore, based on the interference be-
tween CD44v6 and its ligand interactions, targeted
therapy should be very effective to act on GCSCs,
inhibiting local tumor growth and metastatic spread
[28].

Nanotechnology makes an important contribu-
tion towards cancer prevention, diagnosis, imaging,
and treatment [29]. It not only provides unprece-
dented capability for carrying multiple diagnostic and
therapeutic payloads [30, 31] in the same package, but
also facilitates targeting delivery into specific sites
across complex biological barriers. The multifunc-
tional integrated system combines different properties
such as tumor targeting, imaging and selective ther-
apy in an all-in-one system, which will provide more
useful multimodal approaches in the battle against
cancer. Gold nanostars (GNSs), as one kind of
emerging nanomaterial, have been actively investi-
gated as an application in nanomedicine, including
surface-enhanced Raman scattering, photoacoustic
imaging in lymphangiography [32], photodynamic
therapy (PDT) [33], and photothermal therapy (PTT)
[34]. Nevertheless, few studies have used GNSs as
theranostic agents in the imaging and therapy of
GCSCs.

Herein, we selected CD44+ GCSCs as the re-
search target and prepared CD44v6 monoclonal an-
tibody-conjugated PEG-modified GNS nanoprobes.
The feasibility of using the prepared nanoprobes as

http://lwww.thno.org



Theranostics 2015, Vol. 5, Issue 9

972

theranostic agents for targeted photoacoustic imaging
and photothermal therapy of GCSCs was investigat-
ed. The developed multifunctional nanoprobes were
characterized via different techniques, including
TEM, SEM, EDX, DLS and the UV-Vis spectrum. The
cytotoxicity, cellular affinity, and endocytosis of the
nanoprobes were evaluated. Additionally, the devel-
oped CD44v6-GNS were used as nanoprobes for
photoacoustic, infrared microscopic imaging, and
photothermal therapy. Our results demonstrated that
the prepared CD44v6-GNS could successfully target
GCSCs, and manifest great potential in applications of
targeted imaging and selectively therapy as well as
preventing the recurrence of GC in the near future.

2. Materials and Methods

2.1. Synthesis and characterization of GNSs

The synthesis and characterization of surfac-
tant-free GNSs were first presented by Hsiangkuo
Yuan et al. [35]. Based on this method, citrate gold
seeds were prepared by adding 15 mL of 1% (w/v)
trisodium citrate to 100 mL of boiling HAuCl, (1 mM)
under vigorous stirring for 15 min. A wine-red solu-
tion was obtained (12 + 0.7 nm; A520: 3.1), as shown in
Supplementary Fig. S1A. The solution was cooled and
filtered using a 0.22-pm nitrocellulose membrane, and
then kept at 4 °C for long-term storage. GNSs were
prepared using a seed-mediated method by quickly
mixing AgNOs (1 mL, 3 mM) and ascorbic acid (0.5
mL, 0.1 M) together into 102 mL of HAuCls (100 mL,
0.1 mM) containing HCI (1 mL, 1 M) and citrate gold
seeds (1 mL, OD520 = 3.1) under moderate stirring.
The color of the solution turned from light red to
greenish-black rapidly within 30 s. PEGylated GNSs
were prepared by adding final 5 pM of het-
ero-bi-functionalized PEG (Thiol-Poly(Ethylene Gly-
col)-Carboxymethyl MW: 5000 Da) to freshly synthe-
sized GNS for 2 h, gentle stirring was followed by one
centrifugal (10,000 g, 15 min) wash, and then resus-
pended in deionized water.

2.2. Preparation of CD44v6-monoclonal anti-
body-conjugated GNSs
3-(3-dimethylaminopropyl)-carbodiimide (EDC,
2 mM) and N-hydroxysulfosuccinimide (Sulfo-NHS, 5
mM) were added to 1 mL of the PEGylated GNSs so-
lution (keeping the solution at pH 6.0), mixing the
reaction components well and reacting for 15 min at
room temperature. Then pH was adjusted to 7.0 and
15 pL mouse anti-human CD44/CD44v6 antibodies
(BD Biosciences, USA) were added to the above reac-
tion solution. Lastly, the reaction was allowed to
proceed for 2 h at room temperature under constant
stirring and strict protected from light. A quenching

reagent (glycine, 40 mM) was added to terminate the
reaction. After two centrifugation washes (20,000 g for
15 min), CD44/CD44v6-antibody-conjugated
PEG-GNSs (GNS-PEG-CD44/CD44v6) were dis-
persed in 1 mL PBS (pH 7.4). The coupling rate of
anti-CD44/CD44v6 monoclonal antibodies with gold
nanostars was estimated by NanoDrop 1000 device
(Thermo Scientific, Wilmington, DE, USA). The total
concentration of monoclonal antibodies was meas-
ured before the coupling reaction. After coupling with
gold nanostars, we estimated its concentration in the
eluenting phase of centrifugation and calculated the
coupling rate according to the following equation:
coupling rate (%) = (1-amount of monoclonal anti-
bodes in eluenting phase/total amount of monoclonal
antibodies) X 100. The acquired solution was filtered
using a 0.22-pm nitrocellulose membrane and then
kept at 4 °C. The absorbance, morphology and energy
dispersive X-ray (EDX) analysis of the prepared na-
noparticles were evaluated by Varian Cary 50 UV-Vis
spectrophotometer, high-resolution transmission
electron microscope (JEOL, JEM-2010) and field emis-
sion scanning electron microscopy (FESEM, Zeiss Ul-
tra), respectively. Dynamic light scattering (DLS)
measurements were performed under a Malvern
Zetasizer 3,000 HS (Malvern Instruments, Ltd.)
equipped with a 125 mW laser light and operated at A
= 633 nm. All samples were measured at a scattering
angle of 90°. The zeta potentials (C) of GNSs in PBS
buffer (pH = 7.4) were measured on the Malvern
Zetasizer Nano S at 25 °C. The cuvette was filled with
the sample solution and the measurement was per-
formed in the (-model for a minimum of 10 cycles and
a maximum of 100 cycles.

2.3. Characterization and isolation of GCSCs
(CD44+ cell subset)

The human gastric cancer cell line MKN-45 was
purchased from American Type Culture Collection
(Manassas, VA, http:/ /www.atcc.org). It was chosen
for research on GCSCs in numerous studies [11, 36,
37] in which the sorted cells from MKN-45 were ex-
amined and demonstrated stem cell-like characteris-
tics. Moreover, MKN-45 demonstrated significant
tumorigenicity in vivo and greater resistance to radi-
otherapy compared with other cell lines [11], which
seemed to be closely similar to the characteristics of
GCs prone to metastasis, recurrence, and resistance to
conventional treatment. CD44-expressing GCSCs
have been identified as stem-like cells for molecular
imaging and targeting the key metabolic enzymes to
overcome therapy resistance in GC [36, 37]. The cell
culture media was supplemented with 10% fetal bo-
vine serum (FBS), 89% RPMI-1640 medium, and 1% of

penicillin-streptomycin. 70-80% confluent cells in a
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100-mm cell plate (2-3 million cells per plate) were
washed three times with phosphate-buffered saline,
and then the cells were dissociated from the plates
using trypsin and centrifuged (800 rpm, 2 min). Cell
pellets were resuspended in PBS buffer containing
2.5% FBS and incubated with the following antibod-
ies: mouse anti-human CD44-FITC antibodies (BD
Biosciences) and mouse anti-human CD44v6-FITC
antibodies (BD Biosciences) for 30 min, Meanwhile, an
isotype nonspecific IgG group was set as a blank con-
trol, followed by washes with PBS containing 2.5%
FBS two times to remove unbound antibodies. Then
they were detected by flow cytometry. The results
were analyzed using software FlowJo version 7.6.1. To
check their capability of forming spheroid bodies,
GC-CD44+ cell subset and GC-CD44- cell subset were
cultivated separately in a serum-free medium sup-
plemented with RPMI-1640 medium (hyclone) con-
taining 10 mM HEPES, B27 (1 mL/50 mL medium),
EGF (20 ng/mL), and bFGF (10 ng/mL). For FACS
cell sorting, 5-10 million cells that were collected
were stained by mouse anti-human CD44-FITC anti-
bodies as described earlier and sorted by MoFlo XDP
(Beckman coulter Company).

2.4. Spheroid colony formation assay

FACS-sorted MKN-45 GC cells, both CD44+ and
CD44-, were inoculated in each well (10 cells per well)
of ultra-low attachment 96-well plates supplemented
with 200 pL serum-free medium respectively. After
four weeks, each well was examined using light mi-
croscopy and total well numbers with spheroid colo-
nies were counted. Images of the spheroid colonies
were recorded using an inverted microscope.

2.5. Cytotoxicity of the probes

The cytotoxicity of GNSs, GNS-PEG, and
GNS-PEG-CD44v6 for GC CD44+ cells were evaluat-
ed by a colorimetric assay, based on the cellular re-
duction of WST  water-soluble tetrazoli-
um?2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(
2,4-bisulfophenyl)-2H-tetrazolium salt (Cell Counting
Kit, Beijing Fanbo Biochemicals, China) in metaboli-
cally active cells. In the cell viability experiment, GC
CD44+ cells (5,000 cell/well) were seeded into
96-microwell plates and incubated at 37 °C for 6 h. 10
PL of GNS-PEG and GNS-PEG-CD44V6 with different
concentrations (200, 100, 50, 25 and 12.5 pg Au/mL)
were added to the serum-fresh medium in
96-microwell plates respectively. After 24 h incuba-
tion, 10 pL CCK solution was added to each well. The
cell viability was calculated according to the equation:
cell viability = (ODso nm of the experimental
group/ODugo nm of the control group) x 100% and the
cell viability of control group was denoted as 100%.

Normal gastric mucosa epithelial cells GES-1 were set
as a control.

2.6. Endocytosis of GNS-PEG and
GNS-PEG-CD44vé

GC CD44+ (1x105) cells were cultured in T-25
flasks in serum-free medium to form spheroid colo-
nies. Before the GNS-PEG, and GNS-PEG-CD44v6
challenge, coverslip-bottomed 24 well plates were
coated with poly-D-lysine-hydrobromide (PDL coat-
ing concentration: 0.1 mg/mL, Beyotime Biotechnol-
ogy, China). GC-CD44+ cells were seeded at 50 colo-
nies/well in 24-well tissue culture plates for 4 h and
then incubated with GNS-PEG and
GNS-PEG-CD44v6 (final concentration,1 pg Au/mL)
for 2 h and 24 h at 37 °C, respectively. The treated
spheroid colonies were washed gently three times
with PBS (pH 7.4) to eliminate unbound nanoparti-
cles. To observe the binding affinity and endocytosis
of the nanoparticles with GC CD44+ spheroid colo-
nies, light-scattering images were recorded using a
dark-field microscope (Olympus BX61TRF) with a
high numerical aperture dark-field condenser
(Olympus). To further evaluate the targetability of
GNS-PEG-CD44v6, the cellular affinity of
GNS-PEG-CD44v6 to CD44- cells had also been ex-
amined. Additionally, the functionalized
GNS-CD44v6 were incubated with the CD44+ subset
at 4 °C for 24 h to prevent internalization, and
pre-incubation of anti-CD44v6Ab before treating
CD44+ subset cells with GNS-CD44v6 were used as a
control for non-internalized nanoparticles. Endocyto-
sis and distribution of the probe within cells were also
examined by 120KV B-TEM (Tecnai G2 Spirit Biotwin,
FEI). The adherent MKN-45 cells were set as controls.

2.7. Photothermal therapy of GCSCs under
790 nm NIR laser irradiation

The photothermal effect of GNS was examined
by digital thermometer (Agilent) before application in
vitro and in vivo. Based on the existing experimental
condition, the NIR-induced heat conversion between
gold nanorods and gold nanostars were also com-
pared at the same concentration.

GC CD44+ spheroid colonies (50 colonies /well)
were cultured in PDL-coated 24 well plates for 4 h.
Then the cells were incubated with GNS-PEG and
GNS-PEG-CD44v6 (final concentration, 1 pg Au/mL)
at 37 °C for 24 h. Note that all cells were washed with
PBS (pH 7.4) three times to ensure the removal of the
excess probe from the solution, and then replaced
with fresh medium before exposure to NIR laser light.
For laser irradiation experiments, cells were exposed
to a NIR coherent fiber diode laser (790 nm) to induce
photothermal cell damage. The focused spot region
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was adjusted to 2 mm. Different powers of photo-
thermal treatment were acquired by adjusting the
electric current of the laser. Subsequently, the treated
cell populations were exposed to 790 nm NIR laser for
5 min with five different intensities (15, 10, 3, 1.5, 0.3
W/cm?). Meanwhile, morphological changes of
GC-CD44+ spheroid colonies were observed by in-
verted microscopy after photothermal ablation treat-
ment. The colonies that had not been incubated with
nanoprobes were set as blank controls simultaneous-
ly. Then quantitative assays were performed to accu-
rately evaluate cell viability and to further determine
the optimized laser intensity for photothermal thera-
py in vitro. The cells were seeded in 96-well plates
with a density of five colonies/well, which had been
incubated with the GNS-PEG-CD44v6 at the same
final concentration of 1 jug/mL and washed to remove
the unbound probe. Then the cells were or were not
exposed to NIR laser irradiation with different power
densities (0.3, 0.6, 0.9, 1.2, 1.5 W/cm?). After the cells
were incubated for another 24 h, each well was incu-
bated with CCK solution for 4 h. Cell viability was
calculated by the percentage of OD value for the re-
search group over the control group.

2.8. Establishment of xenografted tumor
models of gastric cancer

All animal experiments were approved by the
Institutional Animal Care and Use Committee of
Shanghai Jiao Tong University. The orthotopic and
subcutaneous xenografted tumor models of GC in
nude mice were prepared. Nude mice (6- to 8- weeks
old) were obtained from the Shanghai SLAC Labora-
tory Animal Co. Ltd., and housed in a SPF-grade
animal center. 1x10¢ GC MKN-45 cells/site were in-
jected subcutaneously to establish the subcutaneous
tumor models of GC. After about four weeks, the mice
were anesthetized and the tumors were excised sur-
gically. The tumor tissue was further cut into frag-
ments with a diameter of 0.1 cm. Subsequently, the
nude mice were anesthetized and a left paramedian
abdominal incision was made. The stomach was
drawn out gently, and a slight incision was made with
surgical scissors on the gastric serosal surface. Medi-
cal adhesive was applied to cover the incision and one
piece of the tumor fragment was placed over the inci-
sion quickly. When the gum formed, the stomach was
returned to its position in the body and the incision
was closed. Fourteen days later, the GC orthotopic
models were formed. All steps were carried out asep-
tically.

2.9. Infrared microscopic imaging and photo-
thermal ablation of GCSCs

To examine the photothermal effect and biodis-

tribution of nanoparticles, GC tumor-bearing mice
were intravenously injected with 150 pL. GNS-PEG
and GNS-PEG-CD44v6 (0.867 mg Au/mlL) respec-
tively. The temperature variation of tumor sites was
imaged with a digital high-definition infrared micro-
scopic imaging system (Ying Fu Photoelectric Tech-
nology Co. Ltd, Shanghai, China) when exposed to
NIR laser irradiation. Forty GC tumor-bearing nude
mice were randomly divided into four groups. Each
of the three groups received an injection of
GNS-PEG-CD44v6, GNS-PEG or PBS (150 pL/mouse)
followed by laser irradiation. The concentrations of
GNS-PEG-CD44v6 and GNS-PEG were 130 pg
Au/150 pL. The fourth group was untreated. Mean-
while the tumor volumes and survival curves of tu-
mor-bearing mice were monitored during treatment.

2.10. GNS-PEG-CD44vé nanoprobes for pho-
toacoustic imaging of GCSCs

Photoacoustic (PA) imaging of the probes was
accomplished by Endra Nexus 128 PA scanner (Ann
Arbor, MI), which is a self-contained shielded unit,
containing a laser, acoustic detector, fluid manage-
ment, and data systems in one cabinet. The laser
source of the scanner system, which can achieve an
isotropic and homogeneous spatial resolution of 200
microns, operates at 2 to 4 MJ between 680 and 950
nm. The maximum penetration depth is 20 mm in the
mouse skin. Imaging of the GNSs in vitro was origi-
nally done in a small tube. Osirix (OsiriX Foundation,
Geneve, Switzerland) software was used to gain
quantitative information in terms of average PA in-
tensity by creating regions of interest (ROIs). Soon
afterwards, nude mice with both orthotopic and
subcutaneous xenografts were intravenously injected
with 150 pL GNS-PEG-CD44, GNS-PEG-CD44v6, or
GNS-PEG (0.867 mg Au/mL). Then the imaged target
(tumor) was well mounted in or on the protruding tip
of the bowl. The imaged position was kept consistent
to facilitate the comparisons. It was imperative that
the protruding tip of the bowl was immersed in water
and the interface between the slot and imaging target
was without bubbles, providing excellent photoa-
coustic signal transduction. Finally, PA imaging of the
imaged target was acquired according to different
injection times when it was irradiated by the laser.
Pre-injection scans were set as controls. The PA waves
were detected by an ultrasound transducer spirally
distributed on the surface of the bowl, creating an
image of the optical absorption distribution inside the
tissues and transmitted to the computer. Single slice
2D and volume 3D photoacoustic data overlaying in
co-registered different modes were visualized by Osi-
rix imaging software.
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2.11. ICP-MS measurement

Nude mice with GC xenografts were intrave-
nously injected with 150 pL GNS-PEG and
GNS-PEG-CD44v6 (0.867 mg Au/mL). They were
sacrificed at 4 h and 24 h post-injection (n = 3/group).
The blood, tumor, heart, liver, spleen, lungs, kidneys,
and brains were collected and weighed. The blood
and tissues were digested with aqua regia under
heating. The gold content in the solution was deter-
mined by an Agilent 7500a.

3. Results and discussion

3.1. Preparation and characterization of
CD44v6 antibody-conjugated and PEGylated
GNS

The GNS-based PEGylated and CD44v6 anti-
body-conjugated multifunctional nanoprobes
(GNS-PEG-CD44v6) were prepared for targeted PA,
X-ray/CT imaging (Supplementary Fig. S2 and Sup-
plementary Fig. S3) and photothermal therapy of
GCSCs (Scheme 1). The GNSs were stabilized and
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Fig. 1E). The peak position of the surface plasmon
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branches and aspect ratios [35, 39]. The SPR peaks
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number of branches. The products synthesized in our
study were branched nanoparticles with more than
eight branches, in contrast to 3 to 6, with the absorp-
tion band located at about 635 nm [40]. The
high-resolution TEM (HRTEM) image of a single
branch (Fig. 1C) of GNSs showed lattice fringes with
an average interface distance of 0.22 nm. The selected
area electron diffraction (SAED) pattern (Fig. 1F) and
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GNSs was multicrystalline.
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Fig. 1. Representative FESEM (A) and TEM (B and E) images of GNSs; (C) HRTEM images of GNS branchand lattice fringes on a single branchtip; (D) FESEM image

of PEG-encapsulated GNSs; (F) Diffraction spectrum image of GNS.
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In this study, anti-CD44 and anti-CD44v6 mon-
oclonal antibodies were conjugated to the mul-
ti-branched GNSs to evaluate the specific cellular af-
finity between the nanoprobes and GCSCs. The cou-
pling rates of anti-CD44/CD44v6 monoclonal anti-
bodies were 71.9% and 72.7%, respectively. The GNSs
showed a plasmon absorption band at 833 nm, while
the absorption peak exhibited a slight red shift to 858
nm and 846 nm after encapsulating with PEG and
coupling with antibodies (Fig. 2C). The naked GNSs
became agglomerate soon and difficult to resuspend
after centrifugation, without encapsulated with PEG.
Therefore, the dynamic light scattering (DLS) meas-
urement was hardly possible. The average hydrody-
namic diameters of GNS-PEG and GNS-PEG-CD44v6
were 89.5 nm and 92.1 nm, respectively (Fig. 2A-B).
The C-potential increased from -46.9 mV (GNS-PEG)
to -12.3 mV (GNS-PEG-CD44v6). The EDX spectros-
copy of the GNS-PEG-CD44v6 is shown in Fig. 2D,
indicating that PEG had been connected to the GNSs.

3.2. Isolation and Characterization of CD44+
GCSC cells

CD44 has been identified as a potential marker of
GCSCs. The CD44+ GC cells sorted from MKN-45
showed stem-cell properties, including self-renewal
ability and tumorigenicity [11]. MKIN-45 showed high
level expression of CD44, up to 98%. The expression
rate of human CD44v6 was 97%, which was slightly
lower than the expression ratio of CD44 molecule
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(Fig.3A-B). CD44 family contains standard form
(CD44s) and isoforms (CD44v). Interestingly, CD44
isoforms, especially CD44v6, were found to comprise
the major portion in CD44 family in GCs according to
previous reports [26, 27] and our analysis results from
flow cytometry. The sorted CD44+ cells can produce
spheroid colonies with a diameter of 50~100 pm in
serum-free media under non-adherent conditions,
while most CD44- cells can’t (Fig.3C-F). These CD44+
cells can be cultivated in vitro for more than four
weeks, which is considered as the indication of
self-renewal ability. Different from Jungmin Park’s
work in  which the CD44-targetable and
near-infrared-sensitive supramolecular hydrogels
(NIRSHs) were fabricated for fluorescence molecular
imaging of stem-like GC cells [36], CD44-expressing
spheroid colonies (i.e., GCSCs) were chosen as target
cells for evaluation of targeting imaging and photo-
thermal ability of GNS-PEG-CD44v6 in our study.

3.3. Assessment of cytotoxicity of GNSs in vitro

A standard MTT colorimetric assay was per-
formed to assess the potential deleterious effect of
GNS-PEG and GNS-PEG-CD44v6 towards GES-1 and
GCSCs after co-incubation for 24 h. Both GNS-PEG
and GNS-PEG-CD44v6 exhibited low cytotoxicity at
doses up to 200 pg/mL (Fig. 4A-B). The excellent bi-
ocompatibility was due to the CTAB-free green syn-
thesis of GNSs and the encapsulation of PEG.
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Fig. 2. Characterization of plasmonic-resonant GNSs: (A and B) The average hydrodynamic diameter of GNS-PEG and GNS-PEG-CD44vé; (C) UV-Vis-NIR spectra
of GNSs (black line), GNS-PEG (blue line) and GNS-PEG-CD44v6 solution (red line), with an absorption peak at 846 nm; (D) The EDX spectroscopy of the

GNS-PEG-CD44v6 by TEM.
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3.4. Internalization of GNS-PEG and
GNS-PEG-CD44vé6

The specific targeting ability of the functional-
ized nanoparticles towards GCSCs (CD44+ sphere
cells) in vitro was first confirmed by using dark field
microscopy. As shown in Supplementary Fig. S4A-B,
shiny yellow spots were observed in the cell mem-
brane and cytoplasm in the light scattering images of
the GCSC sphere colonies incubated with
GNS-PEG-CD44v6 for 2 h and 24 h, which was at-
tributed to the light scattering by GNSs bounding the

spheroid colonies. Furthermore, the targeting effi-
ciency was analyzed quantitatively by measuring the
Au content in cells, indicating the internalized Au
content at 24 h was much higher than at 2 h. After
incubating with GNS-CD44v6 for 24 h, the treated
cells were collected and washed to remove the unla-
beled probes. 83% of the injected dose could be in-
ternalized or bound to the cells. However, no evident
intracellular uptake and yellow spots could be seen in
the control group (bare GNS-PEG), indicating that the
nanoparticles had not been attached to CD44+ GCSC
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sphere colonies or endocytosed into cells. The lack of
specificity of bare GNS-PEG can explain this phe-
nomenon.

The CD44- cells did not show specific binding for
GNS-CD44v6 for the negative controls. These results
indicated that GNS-PEG-CD44v6 targeted CD44+
cells specifically without non-specific binding. For the
CD44+ subset cells incubated with
GNS-PEG-CD44v6, the binding efficiency was de-
creased to background levels with few shiny yellow
dots detected after pre-incubation with anti-CD44v6,
which made the receptor binding sites occupied, thus
affecting the binding and internalization of
GNS-CD44v6. In contrast, GNS-PEG-CD44v6 could
be rarely internalized into the cells but accumulated
on the cell surface when incubated with CD44+ cells
at 4°C (Supplementary Fig. 54). From the dark field
images, it could be concluded that anti-CD44v6 con-
jugated gold nanostars manifested a highly specific
interaction with the CD44+ subset cells, which made it
accessible for the accumulation of the gold nanostars
into CD44+ targeted cells.

The cellular uptake of GNS-PEG and
GNS-PEG-CD44v6 was also observed by TEM, and
similar results were obtained. Little uptake by the
GCSC spheres could be seen when incubating with
GNS-PEG (Fig. 4C and Fig. 4F), which was mainly
attributable to the negative charge and the PEG chains
present on the surface of the nanoparticles working as
a protective shield layer against non-specific interac-
tions. GNS-PEG-CD44v6 are scattered in the cyto-
plasm and a mere portion was distributed in the cell
membrane and nucleus cleft. (Fig. 4D-E and Fig.
4G-H). Furthermore, the nanoprobes could be ab-
sorbed by receptor-mediated endocytosis. All the re-
sults confirmed that the GNS-PEG-CD44v6 probe
could identify and target CD44+ GCSC sphere colo-
nies actively, facilitating localized cell ablation by
directed NIR laser irradiation treatment.

In order to target the key metabolic enzyme or
promote rapid membrane permeabilization and ne-
crosis of CSCs, a series of methods have been intro-
duced for systematic treatment, including using an
activating monoclonal antibody directed to the adhe-
sion molecule CD44 [41], induction of tumor stem cell
differentiation [42], gold nanorods (GNR) or nano-
tube-mediated thermal treatment [37]. Undoubtedly,
nanoparticle-mediated photothermal therapy is one of
the most effective therapeutic methods, which is
aiming to make tumors lose their long-term prolifera-
tive capacity and invasive potential.

3.5. In vitro targeted photothermal ablation of
GCSCs with exposure to NIR laser

The temperature variation of GNS-PEG-CD44v6
solutions exposed to laser irradiation (A = 790 nm, 1.5
W/cm? for 5 min; Supplementary Fig. S5) was first
estimated to validate the photothermal therapy (PTT)
potential of GNS-PEG-CD44v6 towards GCSCs. The
temperature of the solution rose rapidly from 28°C to
61°C within 3 min, which was sufficient to induce cell
damage (1.5 W/cm?) [38]. The temperature could still
rise to about 40 °C when the laser intensity was re-
duced to 0.3 W/cm? (Fig.6A-B). The probe could
generate heat upon laser irradiation due to an excel-
lent plasmon absorption band in NIR. By contrast,
after irradiating with equal laser intensities in PBS or
water, very little temperature changes could be ob-
served (minimal increase within 3°C). Compared with
the NIR-induced heat conversion of gold nanostars,
the temperature of the gold nanorods solution with
the same Au content rose to about 33°C (Supplemen-
tary Fig. S5) upon the same power density of laser
irradiation (1.5 W/cm?), which was much lower than
the range of temperatures for GNS. The data de-
scribed above demonstrated the excellent photother-
mal conversion efficiency of the anisotropic GNS over
GNR and that GNS-PEG-CD44v6 could be an excel-
lent nanoprobe for GCSC PTT.

To demonstrate the feasibility of selectively
eradicating CD44+GCSCs by GNS-PEG-CD44v6,
CD44+ spheroid colonies were incubated with specific
CD44-targetable GNS-PEG-CD44v6 (test group) and
GNS-PEG (control group) respectively at 37 °C for 24
h. Cells were rinsed with PBS (pH 7.4) to remove the
unbound probe. After 5 min of the laser treatment
(1.5W/cm?), a large portion of the GCSC spheroid
colonies were damaged completely (empty area), as
shown in Fig. 5. At 0.3 W/cm?, the colonies became
dissociated, scattered and lost the original spheroidal
structure (not shown in the article), whereas no ob-
vious change could be observed in the control group
because the free floating GNS-PEG that lacked label-
ing with CD44vé6-antibodies could not be concen-
trated in spheroid colonies and removed by subse-
quent washing. To further determine the optimized
laser intensity for PTT in vitro, cell viability assay was
performed  for the cells treated  with
GNS-PEG-CD44v6, which were exposed to NIR laser
irradiation with different power densities (0.3, 0.6, 0.9,
1.2,1.5 W/cm?). The cell viabilities were 94.2%, 78.5%,
39.3%, 10.8%, and 0.7%, respectively. It is manifested
that it could still show toxicity and photothermal ab-
lation effect to the GCSCs with the relatively low
power density (Supplementary Fig. S6).
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Previous researches had indicated that CSCs are
significantly more resistant to the effects of hyper-
thermia than cancer cells but are sensitive to nano-
particle-mediated PTT [43]. The irradiation intensities
in our research were much lower than previously re-
ported for PTT toward CSC [44, 45], while a much
lower concentration (1 pg /mL) of the PTT agent was
used [44]. The PTT efficiency was also dependent on
the concentration of the PTT agent. The higher accu-
mulation of the PTT agent in the cells, the better the
treatment effect. In addition, upon the equal laser
intensity, the time consumed for PTT was much

shorter than in previous reports. In summary,
GNS-PEG-CD44v6 is an excellent PTT agent for
GCSCs, combining the specific targeting ability with
PT transformation efficiency.

3.6. Infrared microscopic imaging and Photo-
thermal ablation of GCSCs

In vivo NIR absorption infrared microscopic im-
aging was performed to evaluate the possibility of
using GNS-PEG-CD44v6 as a smart imaging probe to
detect GCSCs in GC. The subcutaneous tumors in GC
xenograft mice were exposed to NIR laser irradiation
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after 150 pL GNS-PEG-CD44v6 (0.867 mg Au/mL)
were injected. An infrared microscopic imaging sys-
tem was used to detect the temperature changes of the
tumor at different time points. The temperature of the
tumor site increased significantly upon laser irradia-
tion in the first 3 min, as shown in Fig.6C-D. Corre-
sponding to the increasing tendency of temperature,
the infrared imaging of the tumor changed from blue
to red. While, as predicted, no obvious variation of
temperature was observed in xenografted mice
without injection of nanoprobes or laser irradiation.

Besides the unique NIR absorption characteris-
tics, the GNSs also exhibited strong SPR effective
properties. Significantly, the NIR region (650 nm - 900
nm) is the transmission window in living organisms
[46]. Given the above characteristics,
GNS-PEG-CD44,6 can be an ideal contrast agent for
NIR absorption-infrared microscopic imaging in vivo.
With the presence of multiple sharp branches and the
high aspect ratio, the GNSs could be a much more
effective photothermal transducer than nanospheres
and rods [32]. Therefore, it could be used in photo-
thermal ablation treatment for GCSCs in vivo. The
enhanced light absorption of the probe in the NIR
could promote the effective absorption dose of the
targeted tumor tissue. The elevated temperature was
high enough to destroy the CD44+ GCSCs in the tu-
mor site. As shown in Fig. 6E, F, necrosis areas existed
in treatment center of the tumor tissue irradiated by
790 nm laser for 3 min (1.5 W/cm?) after injection of
the prepared nanoprobes. In contrast, there was no
palpable change in the NIR absorption-infrared im-
aging signal and the tumor volume was unchanged
without injection of nanoparticles or laser irradiation
locally.  These  results  demonstrated  that
GNS-PEG-CD44v6 can be used as a targeting probe
for GCSC photothermal ablation therapy in vivo, due
to its excellent photothermal conversion effect and
biological compatibility compared with other nano-
particles, such as carbon nanotubes and graphenes
[47, 48]. Therefore, infrared microscopic imaging is a
novel and unique imaging technique which could
detect both targeting ability and evaluate curative
efficacy by temperature changes indirectly.

Based on these results, the higher the laser in-
tensity is, the severer the necrosis would be obtained
in the equal time (shown in Fig. 6E-F). However, with
the laser intensity increased, the surrounding normal
tissue adjacent to the tumor may be affected by the
hyperthermal zone, which may highly affect the sur-
vivability of the tumor-bearing mice. To optimize the
therapeutic effect, we attempted to use lower irradia-
tion power (790 nm, 0.8 W/cm?2, 5 min), which was
performed every two days for two weeks. The accu-
mulation of the nanoprobes in the tumor site could be

retained for two weeks [50], which made continued
therapy with low power density possible. The 40 GC
tumor-bearing nude mice were divided into four
groups. Three groups of GC tumor bearing mice re-
ceived an injection of 150 pL of 0.867 mg Au/mL
GNS-PEG-CD44v6, GNS-PEG, or PBS, followed by
laser irradiation (0.8 W/cm? b5min) at 4 h
post-injection. The initial gold concentration in the
tumor site was 16.64 pg and 6.89 pg Au/g, respec-
tively, for GNS-PEG-CD44v6 and GNS-PEG groups at
4 h after injection with targeted probes. The fourth
group was untreated, without laser irradiation. Both
the tumor volume and survival curve of each group
were monitored during treatment. According to the
formula tumor volume = d1 x (d2) 2 x 0.5 (d1 = largest
diameter, d2 = perpendicular diameter), the tumor
volume was calculated to draw the tumor growth
curve. Compared with the control groups, the tumor
volumes of GNS-PEG-CD44v6 treated group showed
a significant statistical difference and reduced at the
end of two weeks of therapy (Fig. 6G).

Targeted ablation of CD44+ stem cells in GC,
and destroying the tumor stromal environment by
perturbation of HA-CD44 interactions, are the possi-
ble reasons for the tumor shrinkage. The GNS-PEG
group based on passive targeting therapy exhibited
negligible tumor growth inhibition. Meanwhile, there
was no obvious therapeutic effect in the untreated
group and PBS treated group plus NIR laser. The
tumor volume increased even at the end of two weeks
of therapy. The survival rate was further recorded for
long-term observation of the nanoprobes effect on the
tumor. The survivability of mice in the
GNS-PEG-CD44v6 treated group was markedly
stronger than the control group including GNS-PEG,
PBS and the untreated group (Fig. 6H), which
demonstrated that the nanoprobes targeting GCSCs
can prolong the survival time of tumor bearing mice.
Furthermore, for the GNS-PEG-CD44v6 injected
groups, similar tumor regression was achieved upon
NIR laser irradiation between 1.5 W /cm? for one
treatment and 0.8 W/cm? for two day intervals. While
the survival rate and survivability of tumor bearing
mice with the former treatment were remarkably
lower than the latter, as hadn’t been detailed in the
research. It may stem from the temperatures of the
internal tumor exceeding the tolerance to hyperther-
mia of the mice (upon laser irradiation of 1.5 W /cm?).
The therapy of 0.8 W/cm? in two day intervals seems
to have been well tolerated for the tumor bearing mice
with speculated less severe off-target tissue damage.
While a similar scab was observed, due to the
shrinkage of the tumor in a short time (two weeks)
leading to the formation of incrustation.

Compared with RGD conjugated nanoprobes,
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which target the neovasculature specifically, the syn-
thesized GNS-PEG-CD44v6 multifunctional probe
was characterized by analogous effects in targeted
tumor destruction [49, 50]. The relatively low gold
concentration applied in our research was attributed
to the enhanced tumor delivery and retention by the
specific antibodies, high expression frequencies of
CD44v6 in both GC cell lines and solid tumors (62.5%
to 87.0% for CD44v6 in GC cases [25, 26]), and high
photothermal conversion efficiency of the GNS. Ad-
ditionally, it was also highly correlated with the role
of targeted molecular CD44 in GC, which played a
major role in tumorigenesis, tumor invasion, and
metastasis. The synthetic GNS-PEG-CD44v6 can
change the tumor microenvironment, clear
CD44-positive GCSCs, and have an influence on tu-
mor initiation and metastatic behavior by interfering
with the function of molecular-CD44. Our study is the
first attempt to utilize GNS-PEG-CD44v6 nanoprobes
for imaging and PTT of GCSCs in vivo.

3.7. Nanoprobes for photoacoustic imaging of
GCSGCs in vivo

PA imaging can be used in a hybrid modality
fashion to extend the anatomic and hemodynamic
sensitivities of clinical ultrasound. The GNS, an
emerging contrast agent, has been selected and ap-
plied to photoacoustic tomography noninvasively
with its distribution monitored simultaneously [51,
52]. Additionally, the therapeutic response could be
quantified by calculating the intensities of PA signals
in a timely manner [53]. GNS-PEG-CD44v6 (Fig. 7A)
was first synthesized and applied to detect GCSC in
PA imaging in both orthotopic and subcutaneous GC
xenografted models in vivo. The mice injected with
GNS-PEG and GNS-PEG-CD44 were set as controls.
The accumulation and distribution of the probe in the
tumor were whole-process monitored. Plas-
mon-resonant nanostars are excellent contrast agents
for in vivo photoacoustic tomography, with a detec-
tion limit at 1 ppm (~1 pg/mL) [32]. There is a nice
linear relationship (R? = 0.996) between the PA signal
amplitude and the concentration (Fig. 7B) in vitro.
However, it is not between the PA signal amplitude
and the excitation wavelength (Fig. 7C). The PA am-
plitudes reach a maximum at the 950 nm wavelength,
which is not the SPR peak wavelength of the gold
nanostars. The PA amplitudes are not consistent with
the absorbance curve of the GNS, which is different
from the gold nanorods [54]. The discrepancy could
be explained by the differences in heat transfer from
the particle to the medium and the scattering of light
[55, 56].

The 720 nm NIR laser with moderate energy (~4
m] per pulse) was used for PA imaging of the tumor

in vivo, at which wavelength the neovascularization
(CNV) was identified and the probe had a high PA
contrast effect. The images displayed with transverse
(axial) maximum intensity projection (MIP) and an
UCLA modality are shown in Fig.7D. After injection
of GNS-PEG-CD44v6 (test group), an increased signal
emerged gradually in the first four hours. The vascu-
lar system of the subcutaneous tumors could be
clearly shown in the fourth hour, but not in the or-
thotopic tumor, whereas localized reinforcement of
the signal could be detected in the stomach area,
which remarkably indicated the gradual accumula-
tion of GNS-PEG-CD44v6 in the tumors. A deeper
location of the orthotopic tumor and disturbance of
the dermal vascular were the possible causes for this
phenomenon. During the fourth to sixth hours after
injection, GNSs made the vessel signals enhanced and
they began to gather in the perivascular spaces and
diffuse into the surrounding tissue or even the whole
tumor [57]. At 24 h, the signals became slightly faint.
Similar results could also be found after injection
of GNS-PEG-CD44, however, the agglomeration effect
was weaker than the test group. The reason might be
that CD44 is more widely distributed and there is lack
of specificity in the tumor site than with CD44 vari-
ants. CD44 and its splice variants are positively asso-
ciated with the initiation, progression of GC and
GCSC properties. It could also play important roles in
diagnosis, therapy, and prognosis. For the control
group (GNS-PEG), there was no remarkable en-
hancement of the PA signal. Only slight signal en-
hancement of the intravascular could be observed
within 2~4 hours after injection, as shown in Fig. 7D.
To further quantify the PA signals of the tumor
site, an identical region of interest (ROI) was selected
in each MIP image, which is indicated by a white
dashed circle in the first image of Fig. 7D. The trend of
the normalized PA signal enhancement over time of
the five groups was illustrated (Supplementary Fig.
S7). The PA signal reached a peak at 4 h after injection
in the five groups, followed by a decrease at 24 h. In
the subcutaneous GC xenografted model, the PA en-
hancements of the GNS-PEG-CD44v6 group were
4.7-fold higher at 4 h after injection, compared with
2.5-fold higher in GNS-PEG-CD44 group. In the or-
thotopic xenografted model, slight enhancements
were observed. In contrast, the PA enhancements
were 1.75-fold higher at 4 h after injection in
GNS-PEG injected group. Overall, at 4 h
post-injection, enhancement of the GNS-PEG-CD44v6
group was on average 250% times greater than that
with PEG-GNS (p < 0.05), which correlated well with
the Au distribution in ICP-MS results, shown in Fig. 8.
The distinct difference demonstrated the targeting
delivery ability of GNS-PEG-CD44v6 to tumors.

http://lwww.thno.org



Theranostics 2015, Vol. 5, Issue 9 982

12
] e ;
510 3
8 81 L4
B B
6 ;
2 2|
3 41 B .
5 2] 510 4 \
£ o] -3
0.0 02 04 06 038 10 650 700 750 800 850 900 950
Concentration(mg/ml) Wavelength(nm)
D Oh 2h 4h 24h
1
63
a0
5 O
wn
63
=0
=0
w

Situ G-p- Sub G-p-
CD44v6

CD44v6

Control G-p

Fig. 7. (A) GNS-PEG-CD44v6 in vitro in the concentration range of 0.0625 mg/mL to 1 mg/mL; Dependence of PA signals on the nanoparticle concentration (B) and
wavelengths (C); The error bars indicate the standard deviation for each measurement (n = 3); (D) PA imaging in vivo in the UCLA mold: Representative PA sequential
images acquired before injection (0 h) and after injection (2, 4, and 24 h) of the GNS-PEG-CD44 (the first panel - sub tumor, the second panel - orthotopic tumor),
GNS-PEG-CD44v6 (the third panel — sub tumor, the fourth panel - orthotopic tumor) and GNS-PEG (the fifth panel - control).

http://lwww.thno.org



Theranostics 2015, Vol. 5, Issue 9

983

40
4h 4h

24n 24nl -
GNS-PEG GNS-PEG-CD44yv, o
40 . 3
1 200
3
30 <

Au ID%/g
N
o

%‘b@\\
Fig. 8. Biodistribution of nanoprobes in organs of tumor-bearing mice after 4 h
and 24 h intravenous injection with 150 yL GNS-PEG-CD44v6 and GNS-PEG
respectively (0.867 mg Au/mL). Error bars were based on triplet measurements.

3.8. ICP-MS analysis

The  biodistribution @ and  uptake of
GNS-PEG-CD44v6 and GNS-PEG in the main organs
of GC bearing mice were quantified by ICP-MS. It is
generally appreciated that the biodistribution of gold
nanoparticles highly depends on the surface ligands,
sizes, and shapes. We analyzed the gold concentra-
tions at 4 h and 24 h after a one-dose injection (150 pL,
0.867 mg Au/mL). The nanoparticles were mainly
accumulated in the tumor and reticuloendothelial
system (RES) such as the liver and spleen (Fig. 8),
while the Au contents were barely detectable in the
heart, lung, kidney, and brain, which was similar to
previous reports [50]. Additionally, antibody conju-
gation reduced the non-specific accumulation in the
liver and spleen at 24 h (GNS-PEG-CD44v6 liver:
28.2%, spleen: 14.3%; and GNS-PEG liver: 34.5%,
spleen: 21.3%). The ratios of the probes accumulated
in the brain, kidney, heart, and lung were all below
5%. The Au content in tumors reached a maximum at
4 h in both groups, while a gradual step-down trend
was detected subsequently. However, the Au content
accumulated in the tumors in the mice injected with
GNS-PEG-CD44v6 was found to be more than 2-fold
higher than those injected with GNS-PEG. The supe-
rior accumulation behavior in the tumors could be
contributed to the increased capacity to actively pen-
etrate into the tumors, followed by preferential bind-
ing to receptors overexpressed in cancer cells. Active
targeting schemes can enhance tumor delivery, reten-
tion, and specificity compared with their passive
counterparts [58]. To summarize, the ICP-MS results
implied that GNS-PEG-CD44v6 may serve as an effi-
ciently targeted theranostic probe. Additionally, no
significant weight loss or death of the GC xenografted
mice was observed over four weeks after injection,
indicating excellent biocompatibility of the synthe-
sized probe in vivo.

4. Conclusions

In this study, we prepared branched GNSs-based
PEGylated and CD44v6 monoclonal antibod-
ies-conjugated nanoprobes, which showed excellent
stability, high biocompatibility, targeting ability
against CD44-expressing GCSCs, high photothermal
conversion efficiency and photothermal ablation abil-
ity. Especially due to the remarkable heating features,
the GNSs served as an attractive candidate for plas-
monic photothermal agents, overcoming the re-
sistance of CSCs to photodynamic therapy and gen-
eral PTT. Moreover, our study provided new ideas
and methods for the treatment of GC. The union of the
PTT by the GNSs-based nanoprobes and traditional
treatments may be an ideal strategy to improve the
prognosis of GC and reduce recurrence, metastasis,
and resistance to chemotherapy. In conclusion, the
high performance of GNS-PEG-CD44v6 nanoprobes
exhibit great potential for applications of GCSCs tar-
geted imaging and PTT, as well as radical cures for
GC in the near future.
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