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Gadolinium polytungstate nanoclusters: a new
theranostic with ultrasmall size and versatile properties
for dual-modal MR/CT imaging and photothermal
therapy/radiotherapy of cancer

Yuan Yong1,3, Liangjun Zhou1,3, Shuangshuang Zhang2, Liang Yan1, Zhanjun Gu1, Guangjin Zhang2 and
Yuliang Zhao1

The development of a new generation of nanoscaled theranostics with simple compositions and versatile properties to realize

enhanced diagnoses and treatment outcomes and to avoid side effects is highly desirable but remains a great challenge. Here

we report a new ultrasmall theranostic based on bovine serum albumin-coated GdW10O36 nanoclusters (GdW10 NCs) as

multifunctional theranostics for multifunctional bio-imaging, highly effective in vitro photothermal ablation of cancer cells and

in vivo radiotherapy of tumors. The as-synthesized GdW10 NCs afford significantly enhanced computed tomography/magnetic

resonance imaging signals and remarkable photothermal therapy (PTT)/radiotherapy therapy (RT) therapeutic effects for tumor

treatment. Moreover, toxicity studies confirmed their low toxicity and efficient renal clearance, suggesting their potential for

practical applications. These results indicated that the as-prepared GdW10 nanoclusters are promising as multifunctional

nanotheranostics for multimodal imaging-guided PTT/RT of tumors. These results also encourage the further exploration of other

polyoxometalate-based multifunctional nanotheranostics for cancer diagnoses and therapy.
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INTRODUCTION

New nanomaterials (NMs) for the diagnosis and treatment of cancer
have recently received significant attention and have become an
important field in biomedical research.1–10 One major advantage of
NMs is their capability to integrate multiple imaging/treatment
modalities into one particle, thereby developing a new generation of
theranostics.11–16 The synergistic combination of bio-imaging and
localized treatment capabilities is unique for nano-sized objects and
may offer unprecedented opportunities to achieve better anti-cancer
efficacies at tumor sites while mitigating undesired side effects.17–23

Over the past decade, theranostics based on NMs have been
extensively explored. Studies have mainly focused on the construction
or optimization of hybrid nanocomposites that integrate multiple
imaging approaches and therapeutic modalities to realize concurrent
diagnostic and therapeutic capabilities.24–29 However, the integration
of two or more different components into one nanoparticle is difficult
and typically requires complicated synthetic processes, thus greatly

limiting their practical applications. Moreover, most of the previously
reported multifunctional nanoprobes have relatively large
hydrodynamic diameters (typically 410 nm), which are larger than
the kidney filtration thresholds (that is, 5.5 nm).30,31 Consequently,
these nanoparticles cannot be metabolized by the kidney and are
instead absorbed by the reticuloendothelial system in the liver and
spleen, causing potential organ and immune system damage.
Therefore, there is a great demand to develop small-sized nanoscale
theranostics that have simple compositions with versatile properties to
realize enhanced diagnostic and treatment capabilities and to avoid
side effects in vivo.
Polyoxometalates (POMs) are potential candidates for ultrasmall

nanotheranostics due to their unique molecular structure, good
water solubility and small particle size.32–35 As a class of important
inorganic nanoclusters, POMs are composed of transition metals
and/or rare earth elements bridged by oxo ligands. Many heteroatoms
can be incorporated into a POM framework, including Gd, Mn
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and Cu, to impart various properties.36–39 These nanoclusters can then
be used in biomedical,40–49 analytical,50–54 magnetic,55–60 optical61,62

and catalytic applications.63–67 For example, paramagnetic rare earth
elements such as Gd3+ can be easily incorporated into polytungstate
(a type of POM) structures to form new molecules.68–70 These
Gd-containing polytungstates have been shown to be efficient
magnetic resonance (MR) imaging contrast agents and exhibited
better performances than those of commercial MR imaging contrast
agents due to their large molecular weights and rigid structures.71–76

In addition, due to the strong X-ray attenuation ability of Gd and
W atoms in gadolinium polytungstates, these nanoclusters could
also be used as efficient contrast agents for enhanced signaling
in computed tomography (CT) imaging. Therefore, gadolinium
polytungstates can act as dual-functional imaging probes in MR and
CT imaging. The combination of MR with CT imaging could
offer whole-body imaging capabilities at high spatial resolutions as
well as the real-time visualization of nanoparticles in tumor
microstructures. In addition to its dual-modal imaging capabilities,
gadolinium polytungstates have great potential as radiosensitizers
and photothermal absorbing agents for the radiotherapy therapy
(RT) and photothermal therapy (PTT) of tumors, respectively.
As high Z-materials, gadolinium polytungstates have been shown to
accumulate in tumor sites via the enhanced permeability and retention
(EPR) effect and are perceived to absorb much more X-ray irradiation
than normal tissues can. Thus, gadolinium polytungstates can act
as radiosensitizers to improve antitumor radiotherapy therapeutic
efficiency. Moreover, after electrochemical or photochemical

reduction, reduced gadolinium polytungstates with dark blue colors
can efficiently absorb and convert NIR light into heat77 for use as
PTT agents in the thermal ablation of cancer cells. Most importantly,
the ultrasmall size of gadolinium polytungstates enables a rapid
renal clearance after treatment and greatly reduces their potential
side effects. These unique features could not be replicated by most
other hybrid nanocomposite-based theranostic agents. These
nanoclusters could be used in the simultaneous multimodal imaging
and RT/PTT of cancerous tumors. However, no studies have
addressed or considered these potential roles.
To this end, we synthesized bovine serum albumin (BSA)-coated

GdW10O36 (GdW10) nanoclusters (NCs) and, for the first time, applied
them as multifunctional theranostics for multimodal bio-imaging. We
showed that these nanoclusters were highly effective in the in vitro
photothermal ablation of cancer cells and in vivo radiotherapy of
tumors (Scheme 1). Utilizing their high r1 relaxivity and strong X-ray
attenuation abilities, GdW10@BSA NCs can be successfully used as
efficient MR/CT imaging contrast agents to complement multimodal
imaging. Moreover, the as-prepared NCs produced significant heat
upon 808 nm laser irradiation. Simultaneously, the NCs generated dose-
enhanced sensitization effects in RT, which resulted in remarkable
in vitro cell damage and in vivo tumor regression. Toxicity screening
confirmed that the GdW10@BSA NCs were biocompatible and had
efficient renal clearance. Our work highlights the potential of gadoli-
nium polytungstates for cancer imaging and therapy and encourages
further in-depth investigations of this novel type of POM for biomedical
applications.

Scheme 1 Schematic illustration of GdW10@BSA NCs for dual-modal MR/CT imaging-guided photothermal therapy/radiotherapy of cancer. (a) The synthesis
process of GdW10@BSA. (b) The application of the as-made GdW10@BSA for bio-imaging and treatment of tumor.
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MATERIALS AND METHODS

Materials
All reagents and solvents were of commercial grade and were used without
any further purification. Na2WO4·2H2O and GdCl6·6H2O were provided by
Alfa Aesar Reagent Company (China, Shanghai). Acetic acid was obtained from
Beijing Chemical Works (Beijing, China). BSA was adopted from Amresco
Company (Shanghai, China). Fetal bovine serum (FBS) and Dulbecco’s
modified Eagle’s medium (DMEM) were adopted from Gibco Company.
Calcein-AM (CA), propidium iodide (PI) stain and Cell Counting Kit-8
(CCK-8) were all provided from Dojindo Laboratories. Purified water was
used throughout.

Synthesis of GdW10 nanoclusters and GdW10@BSA NCs
The GdW10 NCs were prepared according to a previously described
procedure.78 In the synthesis, 8.3 g (25 mmol) of Na2WO4·2H2O was first
dissolved in 20 ml of purified water to form a homogeneous solution.
The homogeneous solution was adjusted to pH 7.4–7.5 with acetic acid under
magnetic stirring at room temperature. Subsequently, 2 ml of GdCl6·6H2O
(477.95 g mol− 1, 2.5 mmol) aqueous solution was added dropwise to the
aforementioned solution under continuous stirring and heated to 85 °C.
After cooling to room temperature, crude crystals were isolated. The
mixture was dialyzed against purified water for 1 day using a dialysis
tube (2.0 kDa molecular cutoff) to remove impurities. To enhance the
biocompatibility of the synthesized GdW10 nanoclusters, BSA was
functionalized onto the surfaces of the GdW10 nanoclusters. Briefly, 40 mg
BSA was mixed with 2 ml GdW10 (2 mg ml− 1) aqueous solution and then
stirred for 6 h at room temperature. The resulting GdW10@BSA NCs were
stored at room temperature for further experiments.79–81

Characterizations of GdW10 nanoclusters and GdW10-BSA
The size distributions of the GdW10 NCs and the GdW10@BSA NCs were
measured on a Nicomp380 ZLS plus ZETADi. The X-ray photoelectron spectra
of the GdW10 NCs were obtained on a Kratos AXIS-165 surface analysis system.
An energy dispersive spectrometer (FESEM, Hitachi S-4800) was used to
obtain the energy-dispersive X-ray spectra of the GdW10 NCs. The Fourier
transform infrared spectra of the GdW10 NCs were measured on a
micro-Fourier transform infrared spectrophotometer (iN10-IZ10, Thermo
Fisher, Shanghai, China). A Nikon D3100 digital camera was used to capture
images. Cell viability was recorded using a microplate reader (SpectraMax M2
MDC, Molecular Devices, Sunnyvale, CA, USA) at an optical absorbance of
450 nm. Induced coupled plasma mass spectrometry (Thermo Elemental X7,
Thermal Scientific, Waltham, MA, USA) was employed to determine the
concentration of Gd3+ in each organ.

CT/MR imaging in vitro
To test the linearity of the CT signal as a function of the GdW10@BSA NC
concentration, various concentrations (0, 6.25, 12.5, 25, 50 and 100 mM) of the
GdW10@BSA NC solution and iopromide (Ultravist300, Bayer, Shanghai,
China) were separately dispersed in 0.5% agarose gel. Samples were then
aliquoted into 1.5-ml centrifuge tubes for in vitro CT signal detection. CT
images were acquired on the Gamma Medica-Ideas. A Triumph X-O CT
system was employed to obtain the Hounsfield unit (HU) values and CT
images in vitro. The imaging parameters were as follows: effective pixel size,
50 μm; 80 kV, 270 μA; and field of view, 1024 pixels × 1024 pixels. To detect
the MRI signals, the GdW10@BSA NCs and Gd-DTPA at various concentra-
tions (0, 0.05, 0.1, 0.2, 0.5, 1 mM) were dispersed in 0.5 % agarose gel. Samples
were then aliquoted into 1.5-ml NMR tubes for MRI signal detection. A 4.7-T
MR imaging instrument (Biospec; Bruker; Ettlingen; Germany) was adopted to
obtain the T1 values and T1-weight images of GdW10@BSA NCs and Gd-DTPA.
The parameters used were as follows: matrix size, 128× 128; field of view,
40 × 40 mm; and slice thickness, 1.20 mm.

CT/MR imaging in vivo
In vivo CT images were accomplished on the Gamma Medica-Ideas (North-
ridge, CA, USA). MDA-MB-231 tumor-bearing BALB/c nude mice were

intratumorally injected (i.t.) or intravenously injected (i.v.) with the
GdW10@BSA NCs. The MDA-MB-231 tumor-bearing BALB/c nude mice were
then imaged on the animal X-ray CT instrument (Gamma Medica-Ideas) after
the intravenous injection of the GdW10@BSA NCs (75 μmol kg− 1 ). In vivo
images were carried out using a Triumph X-O CT system. The imaging
parameters of the in vivo CT were as follows: effective pixel size, 50 μm; 80 kV,
270 μA; and field of view, 1024 pixels × 1024 pixels. For the in vivo MR
imaging, the MDA-MB-231 tumor-bearing BALB/c nude mice were (i.v.)
injected with the GdW10@BSA NCs and commercially available Gd-DTPA,
respectively. After the intravenous injection of the GdW10@BSA NCs
(75 μmol kg− 1) and Gd-DTPA, the tumor-bearing rat was imaged on a Bruker
MR imaging instrument (Bruker; Biospec 70/20; Germany). The MR images
were reformed with a microgel system (America). After all experiments were
concluded, the animals were euthanized according to the guidelines formulated
by the Key Laboratory for Biomedical Effects of Nanomaterials and Nanosafety
(Institute of High Energy Physics, CAS).

In vitro photothermal therapy
After electrochemical reduction, the resulting dark blue GdW10@BSA NCs
efficiently absorbed and converted NIR light to heat. To investigate the
photothermal effect of reduced GdW10@BSA NCs, 1 mg ml− 1 of reduced
GdW10@BSA NCs was irradiated with an 808-nm laser at a power density of
1 W cm− 2. The NaCl solution was used as a negative control group. An IR
thermal camera was used to detect temperature changes in the reduced
GdW10@BSA NCs and the NaCl solution at each time point. In addition, to
test the photothermal effect of the reduced GdW10@BSA NCs on cancer cells,
HeLa cells were incubated in a six-well culture plate at a density of 1× 106 per
well. Then, different concentrations of the reduced GdW10@BSA NCs (0, 62.5,
125, 250, 500 and 1000 μg ml− 1) were added to the HeLa cells. After 4 h,
the culture medium was replaced with fresh DMEM. The cells incubated
with the reduced GdW10@BSA NCs were irradiated by an 808-nm laser lamp at
a power density of 1 W cm− 2 for 10 min. After incubating for an additional
12 h, the culture medium was washed twice with PBS. Subsequently, the
calcein-AM (CA)/propidium iodide (PI) stain applied for 15 min. Finally, the
cell samples were washed twice with PBS, and an inverted fluorescence
microscope (Olympus X73, Tokyo, Japan) was employed to obtain fluorescent
images.

GdW10-enhanced radiotherapy in vivo
All animals were purchased, maintained and killed the under protocols
approved by the Key Laboratory for Biomedical Effects of Nanomaterials and
Nanosafety (Institute of High Energy Physics, CAS). The BEL-7402 tumors
were generated by the subcutaneous implantation of 1.0 × 106 BEL-7402 cells
suspended in 100 μl phosphate-buffered saline (PBS) into the right rear legs of
16 BALB/c female mice. The mice were assigned to four groups based on
treatment: (a) PBS injection; (b) GdW10@BSA NCs i.t. injection; (c) X-ray only;
and (d) GdW10@BSA NCs+X-ray when the tumor volume reached ~ 75 mm3.
For groups b and d, the BEL-7402 tumor-bearing BALB/c nude mice were
intratumorally injected with 20 μl GdW10@BSA NCs (2 mg ml− 1). As the
control group, 20 μl of phosphate buffer saline was intratumorally injected into
each mouse. The mice in groups c and d were irradiated by X-ray (6 Gy) to
receive radiotherapy. After the treatments, the mice weights and tumor volumes
were recorded every 2 or 3 days using a vernier caliper. At the end of the
experiment, all BEL-7402 tumor-bearing BALB/c nude mice were killed under
protocols approved by the Key Laboratory for Biomedical Effects of
Nanomaterials and Nanosafety (Institute of High Energy Physics, CAS).
The main organs and tumors of each mice were collected and stained with
hematoxylin & eosin (H&E) for tissue lesion analyses.

Cytotoxicity and cellular of GdW10@BSA NCs
16HBE cells (bronchial epithelioid cells) and HeLa cells (human cervical cancer
cells) were grown in 96-well culture plates with high-glucose DMEM
supplemented with 10% FBS(GIBCO) at 37 °C under a humidified 5% CO2

atmosphere. Cell viabilities were evaluated using the Cell Counting Kit-8
(CCK-8, Dojindo Laboratories, Shanghai, China) assay. The evaluation was
performed as follows. Cells were cultured in a 96-well plate at a density of
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2× 104 cells per well. The cells were washed twice with PBS (pH= 7.4) and
incubated with different concentrations of GdW10@BSA NCs for 24 h.
Subsequently, 10 μl of fresh CCK-8 was added into the culture medium, and
the cells were incubated for an additional 1 h (37 °C under 5% CO2). Finally,
the absorbance was measured at 450 nm using a microplate reader (Thermo
Scientific, Multiscan MNK3, Waltham, MA, USA).
To observe the cellular absorption of GdW10@BSA NCs, 16HBE cells and

HeLa cells were cultured in a six-well plate at a density of 1× 106 cells per well,
respectively. Then, the 16HBE cells and HeLa cells were treated with
GdW10@BSA NCs (400 μg ml− 1) for 24 h. Subsequently, the cells were
washed twice with PBS and stained with CA-PI for 15 min. Then, the cells
were washed twice with PBS, and fluorescent images were acquired with an
inverted fluorescence microscope (Olympus X73, Japan).

Biodistribution and pathology analysis
Twenty-one BALB/c female mice were purchased, maintained and killed after
the intravenous injection of PBS and GdW10@BSA NCs at different time points

using protocols approved by the Key Laboratory for Biomedical Effects of
Nanomaterials and Nanosafety (Institute of High Energy Physics, CAS). The
major tissues and organs, including heart, liver, spleen, lungs, kidneys and
blood, were weighed and dissolved in 5 ml of concentrated nitric acid solution
(HNO3, BV-III). The samples were then heated to 180 °C for 2 h. Subsequently,
2 ml concentrated nitric acid solution was added. When the solution cleared
and cooled to room temperature, 1 ml H2O2 solution was added to neutralize
the nitric acid solution. The resulting solution was diluted with 2% HNO3

(V/V0) to 5.0 ml and analyzed by induced coupled plasma mass spectrometry
(Thermo Elemental X7, USA) to determine the concentration of Gd3+ in each
organ or tissue. The BALB/c female mice were killed after the intravenous
injection of 200 μl PBS and GdW10@BSA NCs (0.02 M, 75 μmol kg− 1)
solutions at days 1 and 7. Organs, including heart, liver, spleen, lungs and
kidneys, were obtained. These organs were weighed, set and fixed in 4%
paraformaldehyde solution, processed in paraffin, sectioned and stained with
H&E. The representative H&E images were analyzed with an inverted
fluorescence microscope (Olympus X73, Japan).

Figure 1 (a) Schematic illustration of the structure of GdW10 NCs; (b) FT-IR spectra of as-fabricated GdW10 NCs, FT-IR data in cm−1: 935 (s), 845 (s), 798
(m), 706 (m), 586 (w), 545 (m), 490 (w); (c) W 4f and (d) Gd 4d XPS spectra of the synthesized GdW10 NCs. (e) The hydrodynamic diameter of the
as-made GdW10-BSA nanoclusters. (f) The photograph of GdW10@BSA nanoclusters dissolved in different solutions.
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Blood hematology and biochemistry analysis
Blood samples were harvested from the mice fundus artery after
the intravenous administration of 200 μl PBS and GdW10@BSA NCs
(0.02 M, 75 μmol kg− 1) solutions, respectively, at 5 h, and at days 1, 3 and 7.
One milliliter of blood was obtained from each mouse, 0.5 ml of which was
centrifuged at 1500 r.p.m. for 5 min to obtain blood plasma. One-hundred-
microliter blood samples in solution were treated with anticoagulant
(potassium EDTA) for routine analysis. Blood hematology and biochemistry
analyses were accomplished at the Animal Department of Peking University
Medical Laboratory.

RESULTS AND DISCUSSION

Structure diagram and characterization of GdW10 nanoclusters
GdW10 nanoclusters were prepared according to a previously
described method.78 As illustrated in Figure 1a, a Gd atom is
sandwiched by two lacunary W5O18 caps to form a GdW10

nanocluster. The as-synthesized GdW10 was characterized using
Fourier transform infrared (FT-IR) analysis; the resulting spectrum
correlated with those of previous reports (Figure 1b).78 This was
further confirmed by energy-disperse X-ray spectra, indicating the
successful formation of GdW10 nanoclusters (Supplementary
Figure S1). Furthermore, X-ray photoelectron spectroscopy analysis
was carried out to determine the composition and chemical state of
the as-prepared sample. The two strong peaks at 35.4 and 37.6 eV
corresponded with the W4f 7/2 and W4f 5/2 states of W

6+, respectively
(Figure 1c). The peak at 141.4 eV was ascribed to the Gd4d state of Gd

3

+ (Figure 1d). No other impurities were observed, indicating the high
purity of the as-prepared GdW10 clusters. The as-obtained GdW10

nanoclusters were easily dissolved in water. To improve their
biocompatibility and solubility in physiological solutions, the GdW10

nanoclusters were further functionalized with BSA to form a hybrid

complex through physical adsorption. The hydrodynamic diameter of
the formed GdW10-BSA nanoclusters was measured by dynamic light
scattering and were ~ 3.5 nm in water (Figure 1e), which is below the
commonly recognized threshold for kidney filtration (~5.5 nm).
This feature may increase the clearance rates in biosystems and
minimize the potential toxic side effects. Moreover, the BSA-
modified GdW10 nanoclusters exhibited good solubility in various
physiological solutions (Figure 1f).

MR imaging of GdW10@BSA NCs in vitro and in vivo
Ideal nano-theranostic systems should possess multimodal
bio-imaging capabilities for precise spatial and temporal-specific
tracking in vivo. This would help guide and monitor the therapeutic
process and response, improve therapeutic outcomes and reduce the
associated side effects. To assess the MR contrast performance of the
GdW10@BSA NCs in vitro, the contrast effect of the GdW10@BSA NCs
at different Gd3+ concentrations (0.05–1.0 mM) was examined with a
4.7-T MR imaging instrument. For increasing Gd3+ concentrations,
the T1-weighted MR imaging intensity substantially brightened
(Figure 2a). The same concentration gradient of GdW10@BSA NCs
was investigated to determine the specific relaxivity coefficient (r1),
which was calculated from the slope of a linear-fitted plot of 1/T1
versus Gd concentration. As shown in Figure 2b, a good linear
relationship was observed; the slope, that is, the r1 value for the
GdW10@BSA NCs, was calculated to be 9.45 s− 1 mM− 1, which was
much higher than that of conventional Gd-DTPA (3.90 s− 1 mM− 1) at
the same concentration. These results indicated that the GdW10@BSA
NCs exhibited a positive signal-enhancement ability and could
potentially serve as a T1-weighted MR imaging contrast agent.
Encouraged by this performance in vitro, we next evaluated the

Figure 2 (a) T1-weighted MRI images of commercially available Gd-DTPA and the as-synthesized GdW10@BSA NCs; (b) relaxation rate (1/T1, R1) at various
molar concentrations of Gd3+ in GdW10@BSA NCs (0, 0.05, 0.1, 0.2, 0.5, 1 mM of Gd3+), comparing with Gd-DTPA; (c) In vivo T1-weighted MRI images of
BALB/c mice bearing MDA-MB-231 tumor before and after i.v. injection of the as-made GdW10@BSA NCs and commercially available Gd-DTPA.
(i: Tumor-GdW10@BSA NCs, ii: Tumor-Gd-DTPA, iii: Kidney-GdW10@BSA NCs. dose: 75 μmol kg−1).
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application of the nanoclusters as MR imaging contrast agents in vivo.
MDA-MB-231 tumor-bearing nude BALB/c mice were intravenously
administered with a PBS solution of GdW10@BSA NCs and the
T1-weighted MRI images were acquired before and at 5, 30, 60, 90 and
120 min after injection (Figure 2c). Before the intravenous injection of
the GdW10@BSA NCs, the tumor appeared dark and homogeneous.
After the i.v. administration of the GdW10@BSA NCs, the signal at the
tumor site was significantly enhanced and the tumor appeared
inhomogeneous. No obvious changes were observed in tumors after
the i.v. administration of Gd-DTPA due to its smaller molecular size
and quick clearance from the tumor. At 2 h after the injection of NCs,
the MR signal of the nanocluster injection was two times higher than
that of the Gd-DTPA (Supplementary Figure S2), demonstrating that
the GdW10@BSA NCs could efficiently and passively target the tumor
site with a longer residence time compared with the commercial MR
imaging contrast agent. In addition, significant signal enhancements in
the kidney after the i.v. injection of GdW10@BSA NCs were observed
(Figure 2c), which indicated that the ultrasmall-sized GdW10@BSA
NCs could be cleared via renal excretions, which greatly enhances their
clearance rate. This feature of the GdW10@BSA NCs minimizes their
potential side effects and increases their suitability for clinical use.

CT imaging of the synthesized GdW10@BSA NCs in vitro and
in vivo
In addition to their MR imaging application due to its high-Z elements
(that is, the W and Gd atoms), these GdW10@BSA NCs may have a
strong X-ray attenuation ability. Thus, these nanoclusters could be
used as contrast agents for CT imaging, which is one of the most
commonly used imaging tools for medical diagnoses. CT imaging can
be used to acquire high-resolution 3D structural details of the whole
body. For the first time, we evaluated the potential of the GdW10@BSA
NCs as CT contrast agents. Varied concentrations of GdW10@BSA

NCs solution were used to obtain X-ray phantom images in vitro.
Figure 3a reveals that the X-ray CT images become gradually brighter
with increasing nanocluster concentration. The CT values, that is,
HUs, increased linearly with GdW10@BSA NC concentration
(Figure 3b). The measured X-ray CT absorption coefficient of the
GdW10@BSA NCs was 19.2 HUmM−1, which was three times higher
than that of commercial iopromide (6.09 HUmM−1), indicating the
good contrast efficacy of the GdW10@BSA NCs for CT imaging. This
could be due to the W and Gd atoms having higher X-ray absorption
efficiencies than I atoms (W, 4.44 cm2 g− 1; Gd, 3.11 cm2 g− 1; and I, 1.
94 cm2 g− 1 at 100 keV).82,83 We next evaluated the feasibility of using
the nanoclusters for in vivo CT imaging in MDA-MA-231 tumor-
bearing nude mice. After the i.t. injection of GdW10@BSA NCs in
physiological saline (0.02 M, 50 μl), the signal at the tumor site was
immediately and clearly seen. This indicates that the GdW10@BSA
NCs have great potential as efficient contrast agents for tumor CT
imaging (Figure 3c). Thus, GdW10@BSA NCs have remarkable
potential as dual-mode contrast agents for MR/CT imaging.

Photothermal evaluation of the as-fabricated GdW10@BSA NCs
in vitro
We next pursued the application of GdW10@BSA NCs as therapeutics
for cancer therapy. Although many POMs have been used as drugs for
the treatment of HIV and other diseases,84,85 the use of GdW10@BSA
NCs as photothermal absorbing agents and radiosensitizers for
photothermal therapy and tumor radiotherapy has not been reported.
After electrochemical reduction, the transparent GdW10@BSA NCs
changed to a dark blue color. The UV-Vis absorption spectrum of the
reduced GdW10@BSA NCs showed a strong absorbance around
800 nm (Figure 4a), which was attributed to an intervalence charge-
transfer transition between W6+ and W5+. The high NIR absorption
capability of the reduced GdW10@BSA NCs motivated us to investigate

Figure 3 (a) In vitro CT phantom images of Iopromide and GdW10@BSA NCs with different concentrations (0, 6.25, 12.5, 25, 50 and 100 mM of Gd3+).
(b) Hountsfied Unit values of GdW10@BSA NCs and Iopromide as the function of their concentrations. (c) In vivo CT images of a BALB/c mice bearing MDA-
MB-231 tumor before and after intratumor injection of GdW10@BSA NCs. (dose: 0.02 M, 50 μl).
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the NIR photothermal properties that enable the nanoclusters to
function as photothermal absorbing agents for NIR-triggered PTT.
To assess these properties, the changes in temperature of aqueous
dispersions of reduced GdW10@BSA NCs (1 mgml− 1) were measured
under 808 nm NIR laser irradiation (1W cm− 2, 10 min). A NaCl
solution was used as the control (Figure 4b). The temperature of the
GdW10@BSA NCs samples raised increased with the irradiation time
and reached up to 55 °C after 10 min (1W cm− 2). The temperature of
the NaCl solution only showed a mild temperature change (a change
of ~ 5 °C). These results demonstrated that the GdW10@BSA NCs can
rapidly and efficiently convert NIR light into heat. Due to the
good photothermal heating effect, the photothermal therapeutic effects

of reduced GdW10@BSA NCs on HeLa cells in vitro were studied.
After incubation with reduced GdW10@BSA NCs, there was no
noticeable cell apoptosis, even at concentrations up to 1.0 mg ml− 1.
The HeLa cell viability remained greater than 90% (Figure 4c and
Supplementary Figure S3). In contrast, after irradiation with 808 nm
laser at a power density of 1 W cm− 2 for 10 min, the cell viability
substantially decreased to 5%, indicating the efficient photothermal
ablation of cancer cells (Figure 4e). These results were visually
confirmed by live-dead cell staining images, which showed almost
no cells survived after the irradiation (Figures 4d and f). Therefore,
our results suggested that the GdW10@BSA NCs could be used as an
efficient agent for the PTT of cancer cells.

Figure 4 (a) UV-vis absorption spectrum of GdW10 NCs solution before and after the reduction. Inset: the corresponding digital images of before and
after the reduction. (b) The temperature evaluation of pure NaCl solution and reduced GdW10@BSA/NCs (1 mg ml−1) under the irradiation of 808 nm
laser with a power density of 1 W cm−2 as a functional of irradiation time (0–10 min); (c) cell viability assays on Hela cells incubated with
reduced GdW10@BSA/NS solution (0, 62.5, 125, 250, 500 and 1000 μg ml−1) (c) before and (e) after 808 nm laser (1 W cm−2, 10 min); live-dead cell
staining studies using Calcein-AM and PI on Hela cells incubated with reduced GdW10@BSA/NS solution (1000 μg ml−1) (d) before and (f) after 10-min
irradiation with 808 nm laser (1 W cm−2, 10 min). Error bars were based on s.d. of six parallel samples. P-values were obtained by the Student’s test:
**Po0.01, ***Po0.001.
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In vivo as-fabricated GdW10@BSA NCs-enhanced radiotherapy of
tumor-bearing nude mice
In addition to their PTT applications, the GdW10@BSA NCs could be
used as radiosensitizers for enhanced RT therapies of tumors due to

the nanoclusters containing a large number of high Z elements in each
GdW10@BSA particle (Gd and W atoms). RT is one of the most
commonly used treatments for cancer therapy and employs high
energy X-ray or γ-ray radiation to kill cancer cells without any depth

Figure 5 (a) The relative tumor volume curves of different group mice after different treatments: (i) PBS injection; (ii) GdW10@BSA NCs i.t. injection;
(iii) X-ray only; (iv) GdW10@BSA NCs + X-ray. (b) The body weight of different group BEL-7402 tumor-bearing mice after various administrations. (c) Average
weight of tumors collected from each group tumor-bearing mice after radiotherapy. (d) The tumor inhibition rate of different group BEL-7402 tumor-bearing
mice. (e) Representative images of different group BEL-7402 tumor-bearing mice after different administrations at the end of radiotherapy. (f) Photos of
tumors collected from each group BEL-7402 tumor-bearing mice after various administrations. (g) H&E stained images of tumors collected from different
group mice. Error bars were based on s.d. of four parallel specimens. P-values were calculated by the Student’s test: **Po0.01, ***Po0.001.
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restrictions. For the first time, we assessed the feasibility of
GdW10@BSA NCs as radiosensitizers for the RT of tumors.
BEL-7402 tumor-bearing nude mice were divided into four groups
(a) PBS only; (b) GdW10@BSA NCs only; (c) RT only; and
(d) GdW10@BSA NCs + RT. The tumor volume changes and body
weights of all mice were recorded as functions of time (Figures 5a
and b). As shown in Figure 5a, at 18 days after treatment, tumors in
groups a and b grew rapidly with relative tumor volume changes
(V/V0) of 8.29± 0.948 and 7.993± 1.042, respectively. This indicated
that the single use of GdW10@BSA NCs without X-ray radiation had
negligible effects on tumor growth (Supplementary Table S2). The
mice treated with RT alone exhibited tumor growth inhibition, as
indicated by the relative tumor volume change of 61.49 %
(V/V0= 4.103± 0.496) after 18 days of treatment (Figures 5c and d).
The most efficient tumor growth delay was achieved using the
treatment of GdW10@BSA NCs +RT (group d). As shown in
Figures 5e and f, compared with RT alone, the tumors in group d
were thoroughly eliminated at 4 days after treatment without
recurrence in the subsequent 14 days, thus indicating the efficient
sensitization effect of GdW10@BSA NCs on RT. These effects were
confirmed using H&E staining (Figure 5g). The HE staining images of
tumor slices collected at 18 days after the treatments indicated that
most of the tumor cells were destroyed under the GdW10@BSA NCs
+RT treatment. Tumor cells treated with GdW10@BSA NCs or X-rays
alone resulted in partial damages to the tumor tissues, which further
showed the distinct GdW10@BSA NCs-enhanced RT effects.

Cytotoxicity
Theranostic safety is an important factor for evaluating nanocluster
biological applications. Firstly, we evaluated the stability of
GdW10@BSA NCs at various pH value. No obvious changes have
been noticed, indicating its well stability at current condition
(Supplementary Figures S8 and S9). Next, to determine the
biocompatibility of GdW10 NCs, the toxicity of the NCs was evaluated
by various in vivo experiments, including studying changes in animal
behavior, body weight, biodistribution, H&E staining, and blood
biochemistry. After thirty days of infection, no mice had died and
no obvious signs of abnormal changes in body weight, activity, eating,
and drinking were observed. The biodistribution results showed that
the GdW10 NCs mainly accumulated in the kidneys and blood
(Supplementary Figure S4). Hematological and serum chemistry
analyses revealed that all parameters, such as renal function markers
(CRE, BUN), were within normal ranges (Supplementary Figure S5
and Supplementary Table S1). Moreover, the influence of GdW10 on
the hemolytic behavior of red blood cells (RBCs) was also tested to
further evaluate their biocompatibility. Negligible RBC hemolysis was
detected, indicating that GdW10 possessed high blood compatibility
(Supplementary Figure S6). Additionally, as shown in Supplementary
Figure S7, no apparent tissue damage in the main organs was
observed. These preliminary results showed that GdW10@BSA exhib-
ited good biocompatibility at the tested dosage in the short term.

CONCLUSION

In summary, we developed a new theranostic agent based on
GdW10@BSA NCs with an ultrasmall size and versatile properties.
The as-prepared GdW10@BSA NCs significantly enhanced CT/MR
imaging signals and also elicited remarkable photothermal therapy
(PTT)/radiotherapy therapy (RT) therapeutic effects. Moreover, H&E
staining, blood hematology, biochemistry analysis and hemolytic
analysis revealed no noticeable GdW10@BSA NCs in vivo toxicity,
indicating biocompatibility. Most importantly, because our work

showed the potential for using GdW10@BSA NCs as a small but
powerful platform for multimodal image-guided PTT/RT therapy,
other POM-based multifunctional nanotheranostics could be
developed for cancer diagnoses and therapy. Because POMs have
varying sizes, structures and compositions, there are a number of
potential avenues for developing other nanomedicines with better
therapeutic outcomes and fewer side effects.
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