
Glutathione-Depleting Gold Nanoclusters for Enhanced Cancer
Radiotherapy through Synergistic External and Internal Regulations
Xiaodong Zhang,† Xiaokai Chen,† Yao-Wen Jiang,† Ningning Ma,† Liu-Yuan Xia,† Xiaotong Cheng,†

Hao-Ran Jia,† Peidang Liu,‡ Ning Gu,† Zhan Chen,*,§ and Fu-Gen Wu*,†

†State Key Laboratory of Bioelectronics, School of Biological Science and Medical Engineering, Southeast University, Nanjing
210096, China
‡School of Medicine, Southeast University, Nanjing 210009, China
§Department of Chemistry, University of Michigan, 930 North University Avenue, Ann Arbor, Michigan 48109, United States

*S Supporting Information

ABSTRACT: The therapeutic performance of cancer radiotherapy is often
limited by the overexpression of glutathione (GSH) in tumors and low
radiation sensitivity of cancerous cells. To address these issues, the facilely
prepared histidine-capped gold nanoclusters (Au NCs@His) were adopted as
a radiosensitizer with a high sensitization enhancement ratio of ∼1.54. On one
hand, Au NCs@His can inherit the local radiation enhancement property of
gold-based materials (external regulation); on the other hand, Au NCs@His
can decrease the intracellular GSH level, thus preventing the generated
reactive oxygen species (ROS) from being consumed by GSH, and arrest the
cells at the radiosensitive G2/M phase (internal regulation).

KEYWORDS: gold nanoclusters, radiotherapy, radiosensitizer, GSH depletion, regulation of the cell cycle

Radiotherapy, one of the mainstream cancer treatment
methods, utilizes ionizing radiation to kill cancer cells.1,2

Nevertheless, owing to the low radiation absorbability of the
tumor tissue,2 high energy radiation is employed during the
treatment, leading to undesirable damage to normal tissues.1 To
address this issue, radiosensitizers are applied to increase the
local treatment efficiency under a relatively low radiation dose.3

In recent years, nanoradiosensitizers have been widely
studied due to their better tumor-targeting ability and higher
cellular internalization compared with traditional molecular
radiosensitizers. These nanoradiosensitizers usually contain
high-Z elements such as bismuth (83),4,5 gold (79),6−9

tungsten (74),10,11 tantalum (73),12 and hafnium (72),13

which can increase the local radiation dose through absorbing,
scattering, and emitting radiation energy.3 Besides, some high-Z
element-free nanomaterials, such as silver nanoparticles14 and
iron oxide nanoparticles,15 can also be radiosensitizers through
releasing Ag+ or Fe3+ to promote intracellular reactive oxygen
species (ROS) production.2 However, most of these materials
are still not ideal for radiotherapy. Two possible reasons may be
responsible for their weak radiosensitizing effect: (1) Some
cancer cells, especially tumor stem cells, have inherent
radiation-tolerance ability.16 (2) The high concentration of
glutathione (GSH, an antioxidant) in the tumor cells can
consume the ROS, thus decreasing the ROS level for protecting
the tumor cells.17−19

On the other hand, gold nanoclusters (Au NCs) are a class of
zero-dimensional nanomaterials with a typical diameter of <5
nm.20 Owning to their unique physicochemical properties and
excellent biocompatibility, Au NCs can be used for catalysis,21

molecular/ion detection,22,23 and potential biological applica-
tions.24−27 In a previous study, we demonstrated that histidine-
capped Au NCs (Au NCs@His) prepared by blending histidine
and HAuCl4 could bind tightly and selectively with GSH
through a Au−S bond.28 Besides, it has been reported that
gold-based materials can cause the cell cycle accumulation in
the G2/M phase,29 which is considered to be a radiation-
sensitive phase. Inspired by these, we hypothesize that Au
NCs@His can be an effective radiosensitizer through
synergistic external and internal regulations (Scheme 1): On
one hand, Au NCs@His can inherit the local radiation
enhancement property of gold-based materials (external
regulation); on the other hand, Au NCs@His can reverse the
radiation tolerance of cancer cells through decreasing the
intracellular level of GSH and regulating the cell cycle to the
radiation-sensitive phase (internal regulation).
Au NCs@His were prepared simply by mixing HAuCl4

aqueous solution (1 mL, 10 mM) and histidine solution (3
mL, 100 mM), followed by further incubation at ambient
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temperature without stirring for 4 h.28 They were stable for
more than 14 days at 4 °C in various solutions including water,
phosphate-buffered saline (PBS), fetal bovine serum, and
Dulbecco’s modified Eagle’s medium (DMEM) (Figure S1).
The facile preparation and excellent aqueous stability ensure
the further applications of the as-prepared Au NCs@His. To
verify that the GSH depletion property is a main reason for Au
NCs@His to enhance the radiosensitizing effect, Au NCs@His
preincubated with GSH (GSH-Au NCs@His) were prepared
by mixing Au NCs@His solution and GSH solution with the
GSH/Au molar ratio of 12:1. According to the TEM images,
the two types of Au NCs have a similar size distribution with a
diameter of ∼3 nm (Figure 1a and 1b). After adding GSH to
Au NCs@His, the changes in hydrodynamic diameter (from
4.0 to 6.3 nm, Figure 1c), zeta potential (from −15.8 to −6.4
mV, Figure 1d), UV−vis absorption peak (from ∼334 to ∼415
nm, Figure 1e), and fluorescence intensity (∼20-fold increase,
Figure 1f) all confirmed the successful synthesis of GSH-Au
NCs@His. The enhanced fluorescence intensity of GSH-Au
NCs@His as compared to that of Au NCs@His can be
explained by the following reasons: One is the “charge transfer
from the ligands to the metal center (LMNCT)” mechanism.28

Charge transfer might occur between Au NCs@His and GSH
through the Au−S bond. Meanwhile, GSH contains many
electron-rich carboxyl and amine groups, which might also
contribute to the fluorescence enhancement. Besides, the
changed structure after adding GSH is another possible
explanation,25 which can enhance the coordination stability to
metal atoms.
In the following research, we used both Au NCs@His and

GSH-Au NCs@His in all the experiments and found that Au
NCs@His exhibited a better radiosensitization effect as
compared to GSH-Au NCs@His.
To study the cytotoxicity of Au NCs@His and GSH-Au

NCs@His, murine cervical carcinoma U14 cells were selected
(Figure 1g). MTT results show that Au NCs@His were more
toxic to the cells than GSH-Au NCs@His, which is in

accordance with our previous results.28 The high toxicity of
Au NCs@His may be attributed to their GSH depletion
property, which prevents ROS from being consumed by GSH.
Nevertheless, when the Au concentration decreased to 100 μM
or below, both Au NCs@His and GSH-Au NCs@His had low
toxicity to the cells. Thus, 100 μM was selected as the working
concentration in the following experiments.
It is known that a high cellular internalization of Au-based

nanomaterials has a positive effect on the radiosensitizing
effect.30 In view of this, the endocytosed amounts of the two Au
NCs were compared. The contents of the cells and Au were
determined by flow cytometry and inductively coupled plasma
optical emission spectrometry (ICP-OES), respectively. Figure
1h shows that Au NCs@His- and GSH-Au NCs@His-treated
cells had similar endocytosed Au content per cell with a
concentration of ∼1.8 ng/cell. To further visualize the
intracellular distribution of Au NCs@His and GSH-Au
NCs@His, confocal imaging experiments were conducted
(Figure 1i). After the addition of Au NCs@His, some bright
cyan fluorescent dots were formed within the cells, which were
as bright as those within the GSH-Au NCs@His-treated cells.
The results likely indicate the binding between Au NCs@His
and the intracellular GSH. Besides, the GSH levels without and
with Au NCs@His treatment were determined using a total
GSH detection kit. The results showed that the total GSH
content was similar in the two groups, while the unbound GSH
level in the Au NCs@His-treated cells drastically decreased
from 1.86 to 0.42 mM compared with that in the control group
(Figure S2), further demonstrating the glutathione-depleting
ability of Au NCs@His.
To evaluate the sensitization efficiency of Au NCs@His and

GSH-Au NCs@His, colony formation experiments were carried
out using U14 cells. It was observed that both of the Au NCs
could enhance the radiotherapeutic efficiency at all the tested
radiation doses (Figure 2a and S3). Using the classical
multitarget single-hit model, the sensitization enhancement
ratio (SER) of Au NCs@His was calculated to be 1.54, which

Scheme 1. Schematic Illustration of the Therapeutic Principle Based on Au NCs@His for Simultaneously Increasing ROS
Generation, Depleting Glutathione, and Regulating Cell Cycle
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was higher than those of GSH-Au NCs@His (∼1.25) and most
of the other nanoradiosensitizers (Table S1). To further
demonstrate the strong radiosensitizing effect of Au NCs@His,
immunofluorescence assay for phosphorylated Ser 139 on
histone H2AX (γ-H2AX) was carried out to evaluate the DNA
damage level (Figure 2b and 2c). It can be seen that the DNA
damage levels of all the groups significantly increased after the
X-ray irradiation treatment. Specifically, the mean number of γ-
H2AX in the Au NCs@His-treated cells was nearly twice as
high as that in the control group after the X-ray irradiation
treatment. In contrast, GSH-Au NCs@His could only slightly
increase the DNA damage level (∼1.3-fold) as compared to the
control group.
To reveal the possible mechanism of the strong radio-

sensitizing effect of Au NCs@His, the intracellular ROS level

was evaluated using flow cytometry. Figure 2d and 2e show that
after X-ray irradiation the ROS levels in Au NCs@His- and
GSH-Au NCs@His-treated cells were higher than those in the
corresponding control groups, indicating that the two Au NCs
can promote the ROS generation under irradiation treatment.
Besides, the ROS enhancement ability of Au NCs@His was
stronger than that of GSH-Au NCs@His, suggesting that Au
NCs@His can be a GSH scavenger to protect the generated
ROS from being consumed.
Next, we would like to investigate the effect of the change in

cell cycle distribution on the radiosensitizing performance of
the two types of Au NCs using flow cytometry combined with
propidium iodide (PI) staining (Figure 2f). It can be seen that
without Au NCs the percentage of the G2/M phase of the cells
significantly decreased after the treatment with X-ray

Figure 1. (a and b) Typical TEM images and the corresponding size distribution histograms of Au NCs@His and GSH-Au NCs@His, respectively.
(c) Dynamic light scattering and (d) zeta potential results of Au NCs@His and GSH-Au NCs@His. (e) UV−vis and (f) FL spectra of Au NCs@His
and GSH-Au NCs@His. (g) Cell viability of U14 cells treated with various concentrations of Au NCs@His or GSH-Au NCs@His. (h) Au content
per cell after incubation with Au NCs@His or GSH-Au NCs@His (Au concentration: 100 μM) for 24 h. (i) Confocal images of U14 cells after
incubation with Au NCs@His or GSH-Au NCs@His (Au concentration: 100 μM) for 24 h.
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irradiation, indicating that the cells in the G2/M phase are
more radiosensitive than those in other phases. Meanwhile, the
treatment with Au NCs@His or GSH-Au NCs@His could
induce the acceleration of the G0/G1 phase and accumulation
of cells in the G2/M phase, which is consistent with the effects
of other gold-based nanomaterials.29 The cell cycle distribution
results indicate that Au NCs could promote more cells to be
arrested at the radiosensitive G2/M phase, which is beneficial
for achieving better radiotherapeutic outcomes.
The radiation sensitization effect of Au NCs@His was further

studied by apoptosis assay (Figure 2g). The apoptosis ratio of
the cells slightly increased from 3.59% to 4.27% after the
irradiation treatment alone. The combined treatment with
GSH-Au NCs@His and X-ray irradiation could increase the
apoptosis ratio from 3.70% to 6.91%. In contrast, a sharp
increase of apoptosis ratio (from 5.92% to 12.52%) was

observed when the cells were treated with both Au NCs@His
and X-ray irradiation. To further compare the apoptosis level of
cells after various treatments, the expression of active caspase-3,
an apoptosis marker protein, was determined using Western
blotting assay (Figure 2h and 2i). Similarly, the combined
treatment with Au NCs@His and X-ray irradiation could
remarkably up-regulate the expression of active caspase-3
compared to the treatment with X-ray irradiation alone and
the combined treatment with GSH-Au NCs@His and X-ray
irradiation. The above results indicate that the increase in the
apoptosis level is the possible mechanism by which Au NCs@
His induced a higher level of cell death after X-ray irradiation.
Finally, the in vivo therapeutic effect and safety of Au NCs@

His were evaluated (Figure 3). The mice were intratumorally
injected with Au NCs@His or GSH-Au NCs@His and exposed
to radiation after 4 h postinjection (p.i.). As shown in Figure 3a,

Figure 2. (a) Survival fractions of U14 cells after treatment with Au NCs@His or GSH-Au NCs@His (Au concentration: 100 μM). (b) Confocal
fluorescence images of γ-H2AX and (c) the corresponding statistical result of γ-H2AX per cell (counted manually) induced by different treatments as
indicated (Au concentration: 100 μM). The cells were stained with Alexa Fluor 488-conjugated γ-H2AX monoclonal antibody (green) and Hoechst
33342 (blue) for visualizing DNA fragmentation and nucleus, respectively. (d) ROS generation level of U14 cells after various treatments and (e) the
corresponding statistical results. (f) Cell cycle distribution of U14 cells after various treatments. (g) Apoptosis results of U14 cells after various
treatments. (h) Image and (i) the corresponding statistical histogram of Western blotting results. GAPDH serves as a loading control.
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the relative tumor growth curves of the groups without
radiotherapy have a similar trend, indicating that the two Au
NCs had negligible effect on the tumor growth. The tumors in
mice receiving only X-ray irradiation regrew in 2 days. In
contrast, the combination treatment of Au NCs@His and X-ray
irradiation could inhibit the tumor growth for ∼6 days, and
such a combined treatment exhibited the best tumor growth
inhibition effect as compared to other groups. These results
further confirm the excellent radiosensitizing effect of Au
NCs@His. Besides, the body weights of mice throughout the
experimental period were monitored (Figure 3b). No evident
body weight loss was observed in Au NCs@His-treated groups,
suggesting the little toxicity of the nanoagents. We have also
studied the biodistribution and body clearance of Au NCs@His
at 1 day and 7 days p.i. (Figure 3c). At 1 day p.i., tumor and
kidneys were the two main distribution organs (∼95.6% ID/g
in tumor and 14.7% ID/g in kidneys), indicating that Au NCs@
His have long-term tumor retention and can be excreted
through kidneys. The Au content in the tumor decreased to
∼0.94% ID/g at 7 days p.i., suggesting that the renal clearance
of Au NCs@His was quite effective. Systemic toxicity was
further evaluated by analyzing the tissue slices from mice
administered with Au NCs@His for 20 days (Figure 3d). No
obvious inflammation, cell necrosis, or apoptosis was observed
in the main organs including heart, liver, spleen, lung, and
kidneys, indicating the excellent biocompatibility of Au NCs@
His.
In this work, we report for the first time that the facilely

prepared Au NCs@His exhibit strong radiosensitizing effect
through simultaneous external and internal regulations. Besides
inheriting the radiosensitizing property of gold-based nanoma-
terials, Au NCs@His can also deplete the intracellular
antioxidants (e.g., GSH) and regulate the cell cycle to
accumulate in the radiosensitizing G2/M phase. As a result,

the SER of Au NCs@His was calculated to be 1.54, which is
higher than those of most metal-based radiosensitizers.
Moreover, in vivo experiments showed the good tumor
inhibition ability and fast renal clearance of Au NCs@His. It
is hoped that the GSH-depleting strategy developed in this
work can provide a new strategy for designing radiosensitizers
and will find potential applications in cancer radiotherapy.
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