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anoprobes combined with
radiotherapy and hypoxia-activated therapy
synergistically improve antitumor efficacy†

Lingwei Wang, ‡a Mengyang Zhang,‡a Xujie Gao,a Jiang Li,b Menglin Wu,b

Xuening Zhang *b and Zhaoxiang Ye*a

The presence of hypoxia in tumors is characteristic of most solid tumors and it promotes not only tumor

angiogenesis but also tumor cell invasion and metastasis. It also results in resistance of tumor tissue to

radiation, leading to poor outcomes of tumor radiotherapy. Therefore, to address this conundrum, highly

selective gold nanoclusters were prepared as fluorescent imaging agents and radiosensitizers and then

loaded with tumor hypoxia-activated prodrugs to prepare nanoprobes which synergistically improved

the anti-tumor efficacy by combining radiotherapy and hypoxia-activated therapy. The designed

nanoprobes have ultra-small size, high selectivity for integrin avb3 receptor-positive tumor cells and

tumor neovascular endothelial cells, and excellent fluorescence imaging performance. The experimental

procedures were carried out in vitro and in vivo to demonstrate that the developed nanoprobes have

a high level of biocompatibility, efficient radiosensitization effect, and anti-tumor efficacy at cell and

tissue levels. The combined application of radiotherapy and hypoxia-activated therapy can overcome the

radiation resistance caused by tumor hypoxia, compensate for the limitations of single radiotherapy,

inhibit tumor growth, improve the efficacy of tumor radiotherapy, and provide new possibilities for the

development of more precise and effective treatment strategies.
1. Introduction

Tumor hypoxia is a typical characteristic of solid tumors and
plays a signicant role in the progression of tumors and treat-
ment resistance.1–3 The harsh microenvironment of tumors,
such as the accelerated growth of tumor cells and the imperfect
formation and uneven distribution of tumor angiogenesis,
leads to an insufficient oxygen supply in the tumor. A hypoxic
microenvironment can activate the signaling pathway of
hypoxia-inducible factor-1 (HIF-1), enhance the expression of
genes such as vascular endothelial growth factor (VEGF), and
result in tumor angiogenesis and tumor cell invasion and
metastasis.4–8 To address this conundrum, increasing the
amount of oxygen, such as generating molecular oxygen by
decomposing hydrogen peroxide, is suggested to treat the
hypoxia existing in the tumor microenvironment.9,10 This can
help reduce symptoms of tumor hypoxia. Compared with anti-
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hypoxia, using tumor hypoxia to improve tumor therapy, such
as the application of hypoxia-activated prodrugs, has attracted
great recent research interest.11,12 Under hypoxic conditions,
hypoxia-activated prodrugs can be reduced to therapeutic drugs
by various intracellular reductases, such as AQ4N, a novel bio-
reductive drug that can be reduced to cytotoxic AQ4 under
hypoxic conditions, thereby selectively killing tumor hypoxic
cells.13–16 However, applying hypoxia-activated prodrugs alone
usually cannot achieve satisfactory antitumor effects due to
their ineffectiveness against tumor cells with sufficient oxygen
supply near tumor blood vessels. Traditional tumor treatments,
such as radiotherapy, preferentially target well-oxygenated
regions of the tumor and have a limited effect on poorly vas-
cularized hypoxic regions due to the need for oxygen to generate
DNA-damaging cytotoxic free radicals during radiotherapy.17–20

When the oxygen concentration is less than 20 mmHg, the
tumor is resistant to conventional radiotherapy, resulting in
a poor prognosis of tumor radiotherapy.21 Therefore, the
combined application of radiotherapy and hypoxia-activated
therapy can make up for the limitations of radiotherapy or
hypoxia-activated therapy alone and is an ideal strategy to
utilize tumor hypoxia to enhance the anti-tumor effect. Gold
nanoclusters (AuNCs) are relatively stable nanostructures
composed of several to hundreds of gold atoms, usually 1–
10 nm in size, which can produce an aggregation-induced
emission (AIE) effect, resulting in stable uorescence.22–25 As
RSC Adv., 2022, 12, 32297–32306 | 32297
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a high-atomic-number (high-Z) element, gold can generate
additional reactive oxygen species (ROS) in the enriched area of
the tumor aer radiation therapy, improving the sensitivity of
the tumor to radiation and the efficacy of radiotherapy.26,27

According to the ndings of several research works, the relative
radiosensitization level of gold nanoparticles signicantly
increases as the particle size of nanoparticles decreases.28,29

Therefore, beneting from their unique structure and ultra-
small size, gold nanoclusters can be applied as uorescent
imaging agents and radiosensitizers. However, severe reticulo-
endothelial system (RES) capture, rather than efficient tumor
targeting, resulted in most nanoparticles not performing as
originally designed for in vivo applications.30,31 Integrins are
a class of cell surface receptors that mediate recognition and
adhesion between cells and the extracellular matrix.32 Studies
have revealed that integrin receptors, such as avb3, a specic
proteins on the surface of tumor cells and tumor neovascular
endothelial cells, are potential candidate for targeted drug
delivery.33 RGD sequence, composed of arginine, glycine, and
aspartic acid, is the recognition site for the interaction between
integrin receptors and ligand proteins and exhibits a high
binding capacity to avb3.34,35 Therefore, nanocarriers modied
with polypeptides containing RGD sequences can effectively
improve the selectivity of tumor cells and tumor neovascular
endothelial cells, improve the efficiency of drug delivery, and
reduce side effects on normal tissues.

In this study, uorescent RGDfC-AuNCs were prepared by
the biomineralization method using peptides containing RGD
sequence as templates and then loaded with the hypoxia-
activated prodrug AQ4N to prepare AQ4N@AuNCs. As dis-
played in Fig. 1, when the nanoprobes were injected into mice,
Fig. 1 Schematic representation of AQ4N@AuNCs in synergistic radioth

32298 | RSC Adv., 2022, 12, 32297–32306
the surface-coated RGD sequences could be specically
attached to different receptors, integrin, found on the surface of
tumor cells and tumor neovascular endothelial cells, thus
promoting the nanoprobes into tumor tissue. Aer radio-
therapy, RGDfC-AuNCs may boost the radiosensitization effect
of normoxic tumor cells at low radiation doses, and then the
nanoprobe-loaded hypoxia-activated prodrug AQ4N can be
reduced to cytotoxic AQ4 in hypoxic tumor cells, thereby selec-
tively killing hypoxic tumor cells.
2. Methods
2.1 Materials

All chemicals were obtained commercially without further
purication. The cRGDfC (cyclo Arg–Gly–Asp–D-Phe–Cys, MW =

578.66) peptide was purchased from GL Biochem Co., Ltd.
Glutathione (GSH) was obtained from Solarbio. Chloroauric
acid (HAuCl4) was supplied by Sigma-Aldrich. Banoxantrone
(AQ4N) was acquired through GlpBio. From Gibco BRL, we
obtained Dulbecco's Modied Eagle's Medium (DMEM) and
Fetal Bovine Serum (FBS). CCK8 was provided by Precision
BioMedicals Co., Ltd. Cleaved-caspase 3 antibody and gamma-
H2AX antibody were purchased from Abcam.
2.2 Synthesis and characterization of AQ4N@AuNCs

The synthesis of uorescent RGDfC-AuNCs followed a previ-
ously reported protocol.36 Aqueous HAuCl4 solution (24 mM, 50
mL) was applied to a solution of cRGDfC peptide (1 mg mL−1, 2
mL) with vigorous shaking, and then a solution of NaOH (0.5 M,
50 mL) was used to adjust the pH of the solution between 12 and
erapy and hypoxia-activated therapy in vivo.

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04690c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 6

/2
8/

20
24

 5
:3

6:
02

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
14. The mixture was warmed to a temperature of 50 °C, and the
process proceeded for 24 hours. Following the reaction, the
mixture was ltered using ultraltration centrifuge tubes (3 KD)
to remove the free cRGDfC peptide. To synthesize
AQ4N@AuNCs, AQ4N solution (1 mg mL−1) and RGDfC-AuNCs
solution (1 mg mL−1) were combined using a mass-to-volume
ratio of 1 : 4 and then rapidly shaken at room temperature for
24 hours. Following the reaction completion, the mixture was
puried with ultraltration centrifuge tubes (3 kD) to get rid of
any free AQ4N, and then it was kept at 4 °C for later use.

Transmission electron microscopy (JEOL JEM-2100F) was
utilized to identify the shape, particle size, and dispersibility.
The UV-spectrophotometer (Shimadzu UV-1700) was utilized to
determine UV-Vis absorption spectra. The spectro-
uorophotometer (Shimadzu RF-6000) was employed to calcu-
late the excitation and emission spectra. By using dynamic light
scattering (Malvern ZS90), we determined the hydrated particle
size and the zeta potential. In vitro uorescence imaging
performance was measured by IVIS Lumina Series III.

2.3 In vitro cytotoxicity of AQ4N@AuNCs

CCK8 assay was utilized to determine the viability of 4T1 cells
treated with AQ4N@AuNCs. At 37 °C and 5%CO2, 4T1 cells were
incubated in 96-well plates at 5 × 103 cells per well for 24 hours
in DMEM media with 10% FBS. Then, 10 mL of AQ4N@AuNCs
solutions at different concentrations (nal concentrations of 25,
50, 100, 200, 400, and 800 mg mL−1) were applied to every well,
followed by 24 hours of incubation. The media was drained and
rinsed with phosphate-buffered saline (PBS) aer incubation
and replaced with fresh DMEM media. CCK8 (5 mg mL−1, 10
mL) was applied to every well, and the incubation continued for
2 hours. Lastly, absorbance at 450 nm was calculated for each
well by a microplate reader. The equation for calculating cell
viability is as follows:

cell viability ð100%Þ ¼ mean absorbance of
treatment group

control group
:

2.4 In vitro cellular uptake of AQ4N@AuNCs

The uptake of AQ4N@AuNCs by cells was observed using
a confocal laser scanning microscope (CLSM). A549 and MCF-7
cells were cultivated in 6-well plates with 5 × 104 cells for every
well with 5% CO2 and 37 °C in DMEM medium with 10% FBS
for 24 hours. Then, 10 mL of a mixture having the uorescent
dye Cy5-labeled AQ4N@AuNCs (nal concentration of 600 mg
mL−1) was applied to every well, followed by 8 hours incubation.
Following incubation, the samples were rinsed with PBS, xed
with paraformaldehyde (4%), and dyed with 4′,6-diamidino-2-
phenylindole (DAPI). Lastly, the samples were studied using
CLSM under Cy5 channel (excitation 649 nm, emission 669 nm).

2.5 In vitro synergistic therapy of AQ4N@AuNCs

To evaluate the synergistic therapeutic effect in vitro, 4T1 cells
were pretreated with cobaltous chloride (CoCl2) for hypoxia, and
the cell viability of 4T1 cells treated with AQ4N@AuNCs under
© 2022 The Author(s). Published by the Royal Society of Chemistry
radiation or non-radiation conditions was detected by CCK8
assay. 4T1 cells were incubated at 5 × 103 cells in every well in
96-well plates for 24 hours, followed by the addition of 10 mL of
CoCl2 per well to a nal concentration of 100 mmoL L−1 and
continued incubation for 24 hours. Then, AQ4N@AuNCs solu-
tion was added to make a nal concentration of 800 mg mL−1,
the incubation was continued for 8 hours, and PBS was added
as blank control. Aer the incubation, excess AQ4N@AuNCs
were removed by washing with PBS and irradiated with an 8 Gy
X-ray, while the incubation lasted for 16 hours. At last, 4T1 cell
viability was determined using CCK8 assay. To assess the radi-
osensitization effect in vitro, AQ4N@AuNCs solution and CMNa
solution were added to make a nal concentration of 800 mg
mL−1, followed by X-ray irradiation of 0 (control), 2, 4, 6, and 8
Gy, respectively, and the cell viability was detected.

2.6 Animal and tumor model

All animal experiments were conducted in accordance with
protocols approved by the Animal Care and Use Committee of
the Cancer Institute and Hospital of Tianjin Medical University.
The Beijing Vital River Laboratory Animal Technology Co., Ltd.
supplied female BALB/c mice (4–6 weeks, 20 g). To create 4T1
tumor model, every mouse was injected in the right thigh with
a 4T1 cell suspension (5 × 106 cells dispersed in 100 mL PBS).
When the tumor volume reached about 100 mm3, 4T1 tumor
model was effectively generated aer daily observation of the
tumor's progression. The calculation formula of tumor volume
is as follows:

tumor volume ðVÞ ¼ length ðLÞ � width ðW Þ2
2

:

2.7 In vivo uorescence imaging

For using uorescence microscopy in vivo, 4T1 tumor-bearing
animals were given a uorescent dye with AQ4N@AuNCs solu-
tion (20 mg mL−1, 300 mL) via tail vein, and 10% chloral hydrate
(0.06 mL per 10 g) was injected intraperitoneally at 0, 8, 16 and
24 hours. The uorescence images were scanned by IVIS
Lumina Series III. Before uorescence imaging, the hair on the
back of each mouse was pre-shaved to prevent hair from
interfering with imaging. Following the scan, mice were sacri-
ced while tumor tissues and important organs, such as the
heart, liver, spleen, lung, and kidney, were gathered for ex vivo
uorescence imaging.

2.8 In vivo synergistic therapy

The mice having 4T1 tumors were randomly subdivided into
four groups (n = 5) for in vivo therapy acting in synergism,
namely saline, saline + RT, RGDfC-AuNCs + RT, and
AQ4N@AuNCs + RT groups. Animal models were given saline
(300 mL), RGDfC-AuNCs solution (20 mg mL−1, 300 mL) and
AQ4N@AuNCs solution (20 mgmL−1, 300 mL) via tail vein. Eight
hours aer injection, saline + RT, RGDfC-AuNCs + RT, and
AQ4N@AuNCs + RT groups were irradiated with 8 Gy X-ray by
Varian linear accelerator, and the mice without any treatment
RSC Adv., 2022, 12, 32297–32306 | 32299
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were used as blank control. Subsequently, all mice were housed
under the same conditions, and every other day, the mice were
weighed, and the length (L) and width (W) of the tumors were
measured. On day 14, the mice were executed, blood, tumor
samples, and essential organs were gathered, and tumor
samples were cleansed and weighed with normal saline.
Hematological analysis, blood chemistry analysis, hematoxylin
and eosin (H&E) staining, cleaved-caspase 3 and gamma-H2AX
immunohistochemical staining were used to evaluate tissue-
level biocompatibility and synergistic therapeutic efficacy aer
AQ4N@AuNCs treatment. The calculation formula of tumor
growth inhibition rate is as follows:

tumor growth inhibition rate ð%Þ

¼
�
1�mean tumor weight of

treatment group

control group

�
� 100:
3. Results
3.1 Synthesis and characterization of AQ4N@AuNCs

Fluorescent RGDfC-AuNCs were prepared by biomineralization
method using cRGDfC peptide containing RGD sequence as
Fig. 2 Synthesis and characterization of AQ4N@AuNCs. (a) Schematic d
Vis absorption spectra; (d) fluorescence excitation and emission spectra
potential and (g) stability at 4 °C storage for 30 days (aqueous solution,

32300 | RSC Adv., 2022, 12, 32297–32306
a template. Next, AQ4N@AuNCs were successfully prepared by
loading the hypoxia-activated prodrug AQ4N with RGDfC-
AuNCs as a carrier (Fig. 2a). As depicted in Fig. 2c, RGDfC-
AuNCs have a broad absorption band between 300 and
500 nm and a smaller absorption peak at 390 nm, AQ4N has
a characteristic absorption peak at 610 nm, while
AQ4N@AuNCs have absorption at 390 and 610 nm peaks, thus
demonstrating the successful loading of AQ4N. The prepared
RGDfC-AuNCs and AQ4N@AuNCs were pale yellow and blue in
solution, respectively, while excitation peaks at 367 nm and
emission peaks at 657 nm (Fig. 2d), and had excellent uores-
cence properties in vitro (Fig. 3a and b). As shown in Fig. 2e and
f, the hydrated particle sizes of AQ4N@AuNCs were 5.67 nm,
and zeta potentials of AuNCs, AQ4N, and AQ4N@AuNCs were
−5.20, +2.15 and −3.49 mV, accordingly. The hydrated particle
size and zeta potential of AQ4N@AuNCs stored at 4 °C did not
change signicantly within 30 days, indicating the good
stability of AQ4N@AuNCs (Fig. 2g). In the transmission electron
microscopy (TEM) photos, RGDfC-AuNCs and AQ4N@AuNCs
have a nearly spherical shape, relatively uniform particle size,
and good dispersion (Fig. 2b). Aer loading AQ4N, the shape
and particle size did not change signicantly, indicating that
the loading of AQ4N did not destroy the structure of AuNCs.
According to the standard curve of AQ4N concentration versus
iagram of synthesis; (b) TEM images and physical photographs; (c) UV-
(excitation 367 nm, emission 657 nm); (e) hydrated particle size, (f) zeta
25 °C).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 In vitro fluorescence imaging performance and specific targeting ability. (a) In vitro fluorescence imaging and (b) quantitative fluorescence
signal intensity (excitation 430 nm, emission 707 nm); (c) cellular uptake of GSH-AuNCs or RGDfC-AuNCs in A549 or MCF-7 cells as observed by
CLSM, and (d) quantitative fluorescence signal intensity (excitation 649 nm, emission 669 nm).
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absorbance, the drug loading rate of AQ4N was 14.97%
(Fig. S1†).
3.2 In vitro cytotoxicity of AQ4N@AuNCs

We evaluated the cytotoxicity of AQ4N@AuNCs in 4T1 cells
before in vitro and in vivo applications. The cell viability of 4T1
cells treated with AQ4N@AuNC was detected by CCK8 assay.
The cell viability of 4T1 cells showed no signicant decrease
within the tested concentration spectrum aer being exposed to
different concentrations of AQ4N@AuNCs for a period of 24
hours; in fact, the cell vitality of 4T1 cells remained above 90%
even at great concentrations like 800 mg mL−1 (Fig. 4a). The
Fig. 4 Cytotoxicity and in vitro synergistic treatment effects of AQ4N@A
of AQ4N@AuNCs for 24 hours; (b) cell viability of 4T1 cells treated with AQ
pretreatment; (c) comparison of the radiosensitizing effects of AQ4N@A

© 2022 The Author(s). Published by the Royal Society of Chemistry
results showed that AQ4N@AuNCs had good biocompatibility
at the cellular level.
3.3 In vitro cellular uptake of AQ4N@AuNCs

High cellular uptake is a prerequisite for drug release into cells
leading to appropriate treatment for the tumor. To evaluate the
targeting ability of AQ4N@AuNCs, we selected integrin avb3
receptor-positive cells, including A549 cells with high receptor
expression and MCF-7 cells with low receptor expression, as cell
models. We chose glutathione as a template to prepare GSH-
AuNCs as a control group. For visualisation, GSH-AuNCs and
RGDfC-AuNCs were labelled with the uorescent dye Cy5 and
uNCs. (a) Cell viability of 4T1 cells treated with different concentrations
4N@AuNCs under radiation or non-radiation conditions after hypoxic
uNCs and CMNa at different radiation doses.

RSC Adv., 2022, 12, 32297–32306 | 32301
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monitored by CLSM. As shown in Fig. 4c and d, only trace
amounts of red uorescence could be observed aer treatment
of A549 cells with GSH-AuNCs due to the lack of targeting RGD
sequences, indicating relatively little accumulation. In contrast,
stronger red uorescence was observed in A549, and MCF-7
cells were applied with RGDfC-AuNCs, indicating more accu-
mulation. Furthermore, stronger red uorescence was observed
in A549 cells with high integrin avb3 receptor expression
compared with MCF-7 cells with low integrin avb3 receptor
expression. The results revealed that RGD sequence-containing
polypeptides were an essential component in the process by
which tumor cells efficiently absorb nanoparticles.
3.4 In vitro synergistic therapy of AQ4N@AuNCs

To assess the synergistic treatment effectiveness of
AQ4N@AuNCs in vitro, aer hypoxic pretreatment with CoCl2,
4T1 cells treated with AQ4N@AuNCs were divided into
AQ4N@AuNCs and AQ4N@AuNCs + X-ray group, with the
addition of PBS as the blank control group. As shown in Fig. 4b,
the cell survival rates were 59.03% and 32.92% for the
AQ4N@AuNCs and AQ4N@AuNCs + X-ray group, respectively.
The core of RGDfC-AuNCs consists of multiple gold atoms,
which can generate more reactive oxygen species (ROS) in
enriched regions within the tumor aer X-ray irradiation,
thereby enhancing the killing of normoxic tumor cells. AQ4N
can be reduced to cytotoxic AQ4 under hypoxic conditions,
thereby selectively killing hypoxic tumor cells. Therefore, the
combined application of RGDfC-AuNCs and AQ4N can further
improve the anti-tumor effect. To evaluate the radiosensitizing
effect of AQ4N@AuNCs, we detected the cell viability of 4T1 cells
treated with AQ4N@AuNCs (800 mg mL−1) under various X-ray
radiation doses (0, 2, 4, 6, and 8 Gy), treated with PBS and
CMNa (clinical radiosensitizer, 800 mg mL−1) as a control group.
As expected, 4T1 cells treated with AQ4N@AuNCs exhibited the
most efficient apoptosis. As shown in Fig. 4c, the cell viability
aer CMNa treatment was 59.87% at the radiation dosage of 8
Gy, while the radiation effect was greatly amplied by
AQ4N@AuNCs treatment, which resulted in a viability reduc-
tion of the cells to 42.37%. The experiment revealed that
AQ4N@AuNCs displayed radiosensitization activities that were
either equivalent to or even better than those of CMNa.
Fig. 5 In vivo targeted fluorescence imaging of AQ4N@AuNCs. (a) In v
cence signal intensity after intravenous injection of AQ4N@AuNCs; (c) tim
mice (8, 16 and 24 hours respectively). The excitation and emission wav

32302 | RSC Adv., 2022, 12, 32297–32306
3.5 In vivo uorescence imaging

Dynamic monitoring of tumor treatment effect is essential to
determine treatment efficacy, detect complications, and guide
long-term treatment. Therefore, we investigated the uores-
cence imaging performance of AQ4N@AuNCs in vivo to guar-
antee that a signicant amount of imaging contrast agents will
concentrate at tumor locations. Following the administration of
AQ4N@AuNCs through i.v, 4T1 tumor-bearing mice were
examined at 0 (control), 8, 16, and 24 hours aer injection,
respectively. As shown in Fig. 5a and b, uorescence imaging
results demonstrated a steady increase over time in uores-
cence intensity at the tumor site, peaked at 8 hours, exhibited
long-term tumor retention, and gradually decreased aer 16
hours. Both the enhanced permeability and retention (EPR)
action and the specic targeting action are connected and
provided by AQ4N@AuNCs. The biodistribution of
AQ4N@AuNCs was investigated via ex vivo uorescence
imaging of tumors and main vital organs (heart, liver, spleen,
lung, and kidney). Ex vivo uorescence imaging illustrated
a signicant concentration at tumor location 8 hours aer
injection, which was matched with in vivo uorescence imaging
(Fig. 5c). Furthermore, the organs of the reticuloendothelial
system (RES) (liver and spleen) were only responsible for the
clearance of a small portion of AQ4N@AuNCs, and the kidney
was the primary excretory organ responsible for their elimina-
tion. This is consistent with previous reports that nanoparticles
of an ultrasmall size can be eliminated from the body by the
kidneys, but they can also be partially absorbed and broken
down by the liver and spleen.37,38
3.6 In vivo synergistic therapy

To evaluate the efficacy of synergistic therapy in vivo, mice
models with a 4T1 tumor, which was constructed for research
on tumor treatment in vivo, were constructed. Mice having 4T1
tumors were randomly separated into four groups (each n = 5),
namely saline, saline + RT, RGDfC-AuNCs + RT, and
AQ4N@AuNCs + RT groups. The Fig. 6a shows that saline + RT
and RGDfC-AuNCs + RT groups showedmoderate tumor growth
inhibition, indicating that the therapeutic effect of single
radiotherapy was limited, while synergistic treatment of
AQ4N@AuNCs + RT group showed obvious inhibition of tumor
ivo time-dependent fluorescence images and (b) quantitative fluores-
e-dependent ex vivo fluorescence images of vital organs and tumors in
elengths were 430 nm and 707 nm respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 In vivo synergistic treatment effect of AQ4N@AuNCs in 4T1 tumor-bearing mice. (a) Relative tumor volume; (b) relative body weight; (c)
tumor weight; (d) tumor growth inhibition rate; (e) tumor ex vivo photographs.
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growth. Aer 14 day treatment, the tumors of each group were
gathered, imaged, and weighed (Fig. 6c and e). The tumor
growth inhibition rate was determined using the tumor weight
as the basis for the calculation. The Fig. 6d shows that the
synergistic therapy with AQ4N@AuNCs signicantly suppressed
the growth of the tumor, and the tumor growth inhibition rate
was 75.56%, signicantly higher than that of another group
Fig. 7 H&E staining images and immunohistochemical images of tumor s
images; second row: cleaved-caspase 3 immunohistochemistry images

© 2022 The Author(s). Published by the Royal Society of Chemistry
(31.89% in saline + RT group and 40.02% in RGDfC-AuNCs + RT
group). In addition, the mice's body weight in all groups was
signicantly the same during the treatment period and only
slightly decreased aer radiotherapy, indicating that the
systemic toxicity of AQ4N@AuNCs is negligible (Fig. 6b). The in
vivo biocompatibility of AQ4N@AuNCs was evaluated by
comparing with the results of hematology analysis, blood
ections frommice in different treatment groups. First row: H&E stained
; third row: gamma-H2AX immunohistochemistry images.
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Fig. 8 In vivo biocompatibility of AQ4N@AuNCs. (a) Hematological analysis and blood chemistry analysis; (b) H&E stained images of vital organs
(including heart, liver, spleen, lung and kidney) of normal mice and experimental group mice.
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chemistry analysis, and H&E staining of vital organs in normal
mice. The study ndings revealed that the mice in the experi-
mental group exhibited only a mild inammatory reaction, no
signicant differences between the experimental mice and the
normal mice in terms of other blood metrics, and no noticeable
physiological or morphological changes in the primary organs
of the mice (Fig. 8a and b). The antitumor efficacy of
AQ4N@AuNCs + RT group was further analyzed by H&E and
immunohistochemical staining (Fig. 7). As expected, H&E
staining of tumor tissue in AQ4N@AuNCs + RT group showed
more pronounced necrosis and nucleolysis compared with the
control group. Cleaved-caspase 3 staining and gamma-H2AX
staining revealed that apoptosis and DNA damage in
AQ4N@AuNCs + RT group were greater than in the control
group.
4. Conclusion

To overcome the radiation resistance induced by tumor hypoxia
and make up for the limitation of single radiotherapy, gold
nanoclusters were prepared by biomineralization method with
32304 | RSC Adv., 2022, 12, 32297–32306
cRGDfC peptide as a template and then loaded with hypoxia-
activated prodrugs to prepare multifunctional nanoprobes.
Surface-coated RGD sequences can enhance the specic
binding of nanoprobes to integrin receptor-positive tumor cells
and tumor neovascular endothelial cells, increasing accumu-
lation in tumor tissues. AuNCs with unique structure and ultra-
small size can be applied as uorescent imaging agents and
radiosensitizers. AQ4N is a novel bioreductive drug that can be
reduced to cytotoxic AQ4 under hypoxic conditions, thereby
selectively killing tumor hypoxic cells. The designed nanop-
robes have ultra-small size, high selectivity for integrin avb3
receptor-positive tumor cells and tumor neovascular endothe-
lial cells, and excellent uorescence imaging performance. In
vitro and in vivo experimental procedures demonstrate that the
surface-coated designed nanoprobes have excellent biocom-
patibility, efficient radiosensitization effect, and anti-tumor
efficacy at cell and tissue levels. The combined application of
radiotherapy and hypoxia-activated therapy can suppress tumor
progression and improve the efficacy of tumor radiotherapy,
providing a new idea for developing the combined application
of multiple therapeutic methods.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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