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Nano-enabled coordination platform of bismuth
nitrate and cisplatin prodrug potentiates cancer
chemoradiotherapy via DNA damage
enhancement†
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The combination of chemotherapy and radiotherapy (chemoradiotherapy) is a promising strategy, exten-

sively studied and applied clinically. Meanwhile, radiosensitizers play an important role in improving clinical

radiotherapy therapeutic efficacy. There are still some disadvantages in practical applications, because

radiosensitizers and drugs are difficult to deliver spatio-temporally to tumor sites and work simultaneously

with low efficiency for DNA damage and repair inhibition, leading to an inferior synergistic effect. Herein,

a suitable radiosensitizer of nano-enabled coordination platform (NP@PVP) with bismuth nitrate and cis-

platin prodrug is developed by a simple synthetic route to improve the effectiveness of chemo-radiation

synergistic therapy. When NP@PVP is internalized by a tumor cell, the bismuth in NP@PVP can sensitize

radiation therapy (RT) by increasing the amount of reactive oxygen species generation to enhance DNA

damage after X-ray radiation; meanwhile, the cisplatin in NP@PVP can inhibit DNA damage repair with

spatio-temporal synchronization. NP@PVP is demonstrated to exhibit higher sensitization enhancement

ratio (SER) of 2.29 and excellent tumor ablation capability upon irradiation in vivo in comparison with cis-

platin (SER of 1.78). Our strategy demonstrates that the RT sensitization effect of bismuth and cisplatin

based NP@PVP has great anticancer potential in chemo-radiation synergistic therapy, which is promising

for clinical application.

Introduction

Radiation therapy (RT) is the main treatment for various types
of cancers clinically, and up to 50% of cancer patients receive
this treatment modality.1–4 RT can effectively kill cancer cells
by destroying the DNA double strand, but the self-repair
mechanism of DNA in cancer cells highly limits its therapeutic
effect.5–7 In addition, the insensitivity of hypoxic tumors to RT
and the inevitable side effects at therapeutic doses also limit
its efficacy.8–10 Meanwhile, normal tissues can also be injured
like cancerous tissues because of non-selective absorption of
X-rays. Thence, there are major problems caused by RT that

need to be overcome with great efforts. High-efficiency radio-
sensitizers are important factors for improving RT efficacy, and
it is very important to design new effective radiosensitizers for
enhancing the absorption of X-rays, thereby achieving an
effective therapeutic effect below the safe dose.11

Previous studies reported radiosensitizers based on nano-
materials, such as upconverting nanoparticles,12 polyoxometa-
lates,13 WS2,

14 TaOx,15 gold nanoparticles,16 and bismuth
based nanomaterials,17–22 which mainly achieved good results
in RT enhancement by high-Z atoms. Among them, bismuth
based nanomaterials have attracted widespread attention due
to their significant radiation dose enhancement under kilovolt
X-rays, which is much higher than that of the well-known radi-
ation sensitizers of gold nanoparticles.23–27 Bismuth has an
extremely high X-ray attenuation coefficient, which is ideal as a
foundation for the design of new effective radiosensitizers.
Furthermore, compared with other heavy metal elements,
bismuth is one of the cheapest and most biocompatible
elements. Its compounds (e.g. colloidal bismuth subcitrate)
have already been used as clinical drugs for gastrointestinal
disease treatment.28 However, in most cases, effective tumor

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1bm00157d
‡These authors contributed equally to this work.

aZhuhai Interventional Medical Center, Zhuhai Precision Medical Center, Zhuhai

People’s Hospital, Zhuhai Hospital Affiliated with Jinan University, Zhuhai 519000,

China. E-mail: zhanmeixiao1987@126.com, luligong1969@jnu.edu.cn
bSchool of Life Sciences, University of Science and Technology of China, Hefei

230027, China

This journal is © The Royal Society of Chemistry 2021 Biomater. Sci.

Pu
bl

is
he

d 
on

 1
6 

M
ar

ch
 2

02
1.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Sc
ie

nc
e 

an
d 

T
ec

hn
ol

og
y 

of
 C

hi
na

 o
n 

3/
26

/2
02

1 
6:

45
:4

2 
A

M
. View Article Online

View Journal

www.rsc.li/biomaterials-science
http://orcid.org/0000-0003-1607-1826
http://orcid.org/0000-0003-1405-0052
http://crossmark.crossref.org/dialog/?doi=10.1039/d1bm00157d&domain=pdf&date_stamp=2021-03-24
https://doi.org/10.1039/D1BM00157D
https://pubs.rsc.org/en/journals/journal/BM


clearance cannot be achieved only by a single therapy, and it is
even easy to cause adverse effects such as drug resistance,
increasing the difficulty of tumor treatment.29–31 It is particu-
larly important to note that the DNA damage to the tumor
after RT will be repaired promptly, thereby reducing the effec-
tiveness of the treatment. In addition, by using modified
bismuth based nanomaterials as radiation sensitizers, RT can
be combined with other types of treatment strategies for syner-
gistic therapy in tumors. Therefore, it is necessary to find a
new treatment strategy to cope with this problem. As a result,
the most promising strategy to improve the efficacy of RT is to
develop new effective radiosensitizers and combine them with
other therapies to achieve synergistic treatment.32

Chemotherapy, as an enduring treatment strategy in clinical
tumor therapy, is suitable to be combined with RT to achieve
effective tumor removal. Platinum drugs are used in 80% of
clinical treatment programs, accounting for 50% of all anti-
cancer drugs used clinically, which are some of the most sig-
nificant categories in chemotherapy.33–36 It is worth mention-
ing that cisplatin is one of the most used platinum drugs,
which can generate highly toxic reactive oxygen species (ROS;
e.g. •OH) by enzyme activations.37–40 And so far, the combi-
nation of chemotherapy and radiotherapy, which is also
known as chemo-radiotherapy, has been applied to a variety of
cancers and regarded as a main treatment method. In recent

years, nanocarrier-based chemo-radiotherapy has attracted
great attention, which has advantages in promoting drug
tumor accumulation and retention to improve chemo-radio-
therapy efficacy. However, there are still some shortcomings in
chemo-radiotherapy practical applications: radiosensitizers
and drugs are difficult to spatio-temporally deliver to tumor
sites, and work simultaneously with low efficiency in inhibit-
ing DNA damage and repair, resulting in poor synergy.

Herein, we develop a suitable nanomedicine with radiosen-
sitizer and drug of a nano-enabled coordination
platform (NP@PVP) with bismuth and cisplatin prodrug to
improve the effectiveness of chemo-radiation synergistic
therapy with X-ray radiation. As shown in Scheme 1a, NP@PVP
is succinctly constructed by cisplatin prodrug (c,c,t-[Pt
(NH3)2Cl2(OOCCH2CH2COOH)2], HOOC–Pt–COOH), Bi(NO3)3,
and polyvinylpyrrolidone (PVP) via a facile synthesis to ensure
bismuth and cisplatin achieve synchronization in time and
space. NP@PVP including bismuth and cisplatin is delivered
to the tumor sites in the same time and space and internalized
by the tumor cells. The bismuth in NP@PVP can sensitize RT
by increasing the amount of ROS generation to enhance DNA
damage after X-ray radiation; meanwhile, the cisplatin in
NP@PVP can cause DNA damage and inhibit DNA damage
repair with synchronization spatio-temporally. The bioplatform
of NP@PVP could also enhance the tumor accumulation and

Scheme 1 Schematic representation for (a) the facile synthesis of nano-enabled coordination platform (NP@PVP) with bismuth and cisplatin
prodrug and (b, c) the mechanism of enhanced chemo-radiotherapy efficacy under X-ray irradiation.
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retention to a large extent. Subsequently, NP@PVP based on
bismuth and cisplatin prodrug has remarkable X-ray sensitiz-
ation capability, which not only enhanced DNA damage but
also decreased DNA repair caused by generation of ROS, and
exhibits great anticancer potential of chemo-radiation syner-
gistic therapy (Schemes 1b and c).

Experimental
ROS detection of NP@PVP after X-ray irradiation

EMT-6 cells (murine breast cancer cell line, 105 cells per well)
were seeded in 24-well plates (Guangzhou Jet Bio-Filtration Co.
Ltd) and cultured for 12 h. The cells were incubated with
medium containing cisplatin or NP@PVP with an equivalent
Pt dose of 2 μg mL−1. After 6 h, the cells were irradiated with
X-rays (5 Gy) and incubated with DCFH-DA (10 μM) for another
20 min. The cells were fixed with paraformaldehyde and
stained with DAPI (blue signal). ROS (green signal) was
detected with a confocal laser scanning microscope (Nikon
HD25).

In vivo tumor inhibition study

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of the
University of Science and Technology of China (USTC) and
approved by the Animal Ethics Committee of the USTC
(Animal Ethical and Welfare Number: USTCACUC1901022).
Tumor-bearing mice were divided to 3 groups when the
volume of tumors reached 100 mm3. The mice of every group
were intravenously injected with PBS, cisplatin, and NP@PVP
at a dose of 2 mg kg−1 Pt. After 12 h, five of the mice of each
group received X-ray irradiation of 5 Gy. The tumor volume was

monitored by measuring lengths and widths of the tumors
with a vernier caliper every 3 days and calculated by the follow-
ing formula: tumor volume (mm3) = 0.5 × width2 × length. The
weight of each mouse was also measured every three days. At
the end of the tumor suppression study, the tumors were
excised and stained with hematoxylin and eosin (H&E), and
the blood of mice was collected and centrifuged to obtain the
serum, which was used to detect the level of biochemical
indices of liver functional enzymes.

Results and discussion

NP@PVP was constructed by the reaction method described in
the ESI.† As shown in the transmission electron microscope
(TEM) image, NP@PVP exhibited a well-dispersed nano-
structure. The hydrodynamic diameter of NP@PVP was
measured with dynamic light scattering (DLS), which was
about 190 nm as shown in Fig. 1a. Furthermore, X-ray photo-
electron spectroscopy (XPS) analysis was used to determine the
elemental composition and chemical valence of NP@PVP. As
shown in Fig. 1b, the XPS spectrum confirmed the existence of
Bi and Pt elements in NP@PVP. X-ray energy dispersive spec-
troscopy (EDS) was also used to determine the composition of
NP@PVP. The EDS elemental analysis showed that the weight
proportion of Bi and Pt elements was 40.11% and 22.78%,
respectively (Fig. 1c). The weight ratio of Bi and Pt in NP@PVP
was also determined by inductively coupled plasma mass spec-
trometry. The results indicated a ratio of about 2 : 1 (Bi : Pt),
which was in line with the EDS results. High-resolution TEM
images (Fig. 1d) showed that NP@PVP had a high degree of
crystallinity with lattice fringes of 0.33 and 0.20 nm, which
were related to (012) plane of the rhombohedral Bi phase and

Fig. 1 Synthesis strategy and structural characterization of NP@PVP. (a) Hydrodynamic diameter measured by DLS and corresponding TEM image
of NP@PVP. (b) XPS spectrum of NP@PVP. (c) EDS analysis of NP@PVP. (d) High-resolution TEM image of NP@PVP. (e) HAADF-STEM image and EDS
element scanning maps of NP@PVP.
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(023) planes of crystalline Bi2O3, respectively. The microstruc-
ture of NP@PVP was further determined by elemental
mapping and high angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM) (Fig. 1e), from
which it was clear to see that Bi and Pt elements were distribu-
ted on NP@PVP.

To investigate the cellular internalization of NP@PVP, we
first developed Cy5-loaded NP@PVP, named NP@PVP/Cy5, to
detect the amount of NP@PVP in EMT-6 murine breast cancer
cells by fluorescence-activated cell sorting. After EMT-6 cells
were incubated with NP@PVP/Cy5 for different times, the
signal of Cy5 in the cells was measured. As shown in Fig. 2a,
the fluorescent signal intensity of Cy5 in the cells gradually
increased with the extension of the incubation time. There
were no significant differences of cell uptake after 4 h and 6 h
of incubation as evidenced by similar mean fluorescence
intensity (MFI) of Cy5 (Fig. 2b). We also used NP@PVP/Cy5 to
measure the fluorescence intensity in cells to investigate
NP@PVP uptake using confocal laser scanning microscopy
(CLSM). It was found that cells treated with NP@PVP/Cy5
showed stronger fluorescence at 4 h and 6 h with no signifi-
cant difference, which confirmed the excellent cell internaliz-

ation ability of NP@PVP (Fig. 2c and d). The chemotherapy
effect mediated by NP@PVP and cisplatin (the concentration
of Pt was 0–5 μg mL−1) was measured with EMT-6 cells using
MTT assays (Fig. 2e). As expected, enhanced cell cytotoxicity
was noticed with an increase of Pt concentration of NP@PVP.
The viability of EMT-6 cells was also no different after being
treated with NP@PVP or cisplatin at the same Pt concen-
tration, confirming that nanoparticles made from cisplatin
prodrugs still had cytotoxicity.

We further investigated the mechanisms of NP@PVP-
mediated enhanced radio-sensitization. According to reports
in the literature, the formation of ROS plays a key role in RT
after ionizing radiation.39 On the one hand, strongly generated
ROS might attack the DNA covalent bonds, leading to apopto-
sis or programmed cell death. On the other hand, ROS could
fix with O2 to cause DNA radicals (DNA•), leading to formation
of much more stable DNA peroxides (DNA–OO•) to prevent
lesion repair.36 After 6 h incubation of NP@PVP or cisplatin,
the cells were irradiated with or without X-ray (5 Gy) and incu-
bated with DCFH–DA (10 μM) for another 20 min. ROS gene-
ration (green signal) was detected by using CLSM. As shown in
Fig. 3a and b, there was similar weak green signal among the

Fig. 2 The cellular uptake and cytotoxicity of NP@PVP. Cellular uptake of NP@PVP/Cy5 in EMT-6 cells measured by flow cytometry analysis (a) and
laser scanning confocal microscopy (c). Relative GMFI analyses of cellular uptake of NP@PVP/Cy5 in EMT-6 cells measured by flow cytometry ana-
lysis (b) and laser scanning confocal microscopy (d). (e) Viability of EMT-6 cells after incubation with different concentrations of NP@PVP or
cisplatin.
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groups of Pt and NP@PVP, indicating Pt and NP@PVP both
caused only a slight generation of ROS. Interestingly, com-
pared with the cells without RT, cellular green fluorescence
signal was enhanced after RT. Furthermore, the ROS level in
the cells treated with NP@PVP and RT increased by 1.89-fold
and 3.21-fold compared with the control group (PBS) and the
group treated with Pt and RT, proving that bismuth-based
NP@PVP with remarkable X-ray sensitization capability could
enhance the formation of radicals involving ROS after RT.

We further evaluated DNA double-strand breaks after cells
were treated with RT by immunofluorescent labeling for phos-
phor–histone 2AX (γ-H2AX) foci.38 The EMT-6 cells were irra-
diated by X-ray at a dose of 5 Gy after being pretreated with cis-
platin or NP@PVP (the concentration of Pt was 2 μg mL−1) for
6 h, and incubated for another 0, 1, 4, 12, and 24 h for γ-H2AX
immunofluorescent staining. As shown in Fig. 3c and S1,†
compared with the group treated with RT-cisplatin, the rapid
accumulation of γ-H2AX foci showed that obvious DNA
damage occurred in the cells treated with RT-NP@PVP, con-

firming the excellent capability of bismuth-based NP@PVP
after RT to produce DNA damage. For cells treated with RT
alone, the number of γ-H2AX foci decreased sharply over time
because of efficient DNA repair mechanism in tumor cells.
Furthermore, the number of γ-H2AX foci in the cells treated
with NP@PVP and RT exhibited a slow decreasing tendency
and was higher than that of the group treated with cisplatin
and RT for all times, confirming that the bismuth in NP@PVP
can sensitize RT by increasing the amount of ROS generation
for enhancing DNA damage after X-ray irradiation. Meanwhile,
the cisplatin in NP@PVP could inhibit the DNA damage repair
with spatio-temporal synchronization (Fig. 3d).

To further investigate the X-ray sensitization activity of
NP@PVP, we assessed the inhibitory effects on colony for-
mation via assays of EMT-6 cells. The cells were radiated with
0, 2, 4, 6, and 8 Gy X-rays after being pretreated with PBS, cis-
platin, and NP@PVP for 6 h. 7 days later, the cell colonies were
counted to evaluate the clonogenic capacities. From the clono-
genic assay results in Fig. 3e and S2,† NP@PVP significantly

Fig. 3 In vitro NP@PVP enhanced ROS and DNA damage after X-ray irradiation. (a) ROS detected by fluorescence spectra of DCF in cells treated
with PBS, cisplatin, NP@PVP, PBS + RT, cisplatin + RT, and NP@PVP + RT (the concentration of Pt was 2 μg mL−1). (b) MFI of ROS detected by fluor-
escence spectra of DCF in cells treated with PBS, cisplatin, NP@PVP, PBS + RT, cisplatin + RT, and NP@PVP + RT. (c) Phosphor–histone 2AX (γ-H2AX)
staining in cells treated with NP@PVP + RT. (d) Quantitative analysis of γ-H2AX foci density in cells treated with PBS + RT, cisplatin + RT, and
NP@PVP + RT (the dose of X-rays was 5 Gy). (e) Survival fraction of EMT-6 cells treated with X-ray radiation (0, 2, 4, 6, and 8 Gy) after being pre-
treated with PBS, cisplatin, and NP@PVP for 6 h. Data are shown as the mean ± SD (n = 3). **P < 0.01.
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inhibited cell colony formation under X-ray irradiation of 2, 4,
and 8 Gy compared with the group of cisplatin. As the dose of
X-rays increased, the survival fraction of cells treated with
NP@PVP declined slowly and cells treated with cisplatin
decreased sharply. For instance, the cell survival fraction pre-
treated with NP@PVP decreased to 57.8%, 79.4%, 90.2%, and
96.1% after receiving 2, 4, 6, and 8 Gy X-ray radiation.
Meanwhile, the corresponding calculated sensitization
enhancement ratio values of cisplatin and NP@PVP groups
were 1.78 and 2.29, respectively.

We used the Xenogen IVIS® Lumina system to evaluate
pharmacokinetics and biodistribution of NP@PVP in vivo. The
pharmacokinetics in vivo was revealed in mice bearing EMT-6
tumors with intravenous (i.v.) injection of NP@PVP/Cy5
(Fig. 4a and b). The blood was taken from orbital venous
plexus of mice at various time points post-injection of
NP@PVP/Cy5 and centrifuged to collect the plasma for Cy5
signal detection. After NP@PVP/Cy5 injection, the Cy5 content
in mice decreased with time, which was almost 0.59% of injec-
tion dose at 24 h. The tumor accumulation of NP@PVP/Cy5
was detected by the Xenogen IVIS® Lumina system. The
amount of Cy5 fluorescence reduced sharply after free Cy5

injection. However, the fluorescent signal gradually increased
with time and reached maximum fluorescence at 12 h after
NP@PVP/Cy5 injection, attributed to the EPR effect of
NP@PVP (Fig. 4c and S3†).

Furthermore, after 12 h injection of NP@PVP or cisplatin,
the mice were not irradiated or irradiated with X-rays (5 Gy)
and DCFH–DA (5 mg kg−1) was i.v. injected for another
20 min. The ROS generation (green signal) was detected by
using CLSM. As shown in Fig. 4d and e, the tumors treated
with NP@PVP + RT showed strong green fluorescence signal
(DCF), which was higher than that of the groups treated with
cisplatin + RT and NP@PVP. This phenomenon indicated that
bismuth and cisplatin based NP@PVP could effectively sensi-
tize RT by increasing the amount of ROS generation to
enhance DNA damage after X-ray irradiation.

Encouraged by the superior performance of the RT sensitiz-
ation effect of bismuth element in NP@PVP in vitro, we further
investigated the anticancer potential of chemo-radiation
therapy using NP@PVP. The mice bearing EMT-6 tumors were
divided into 6 groups randomly and received different treat-
ments with PBS (I), PBS + RT (II), cisplatin (III), cisplatin + RT
(IV), NP@PVP (V), or NP@PVP + RT (VI) (2 mg kg−1 of Pt and 5

Fig. 4 Biodistribution and tumor accumulation of NP@PVP in vivo. (a) Fluorescence images of serum after intravenous (i.v.) injection of NP@PVP/
Cy5. (b) Blood circulation curve of NP@PVP/Cy5 after i.v. injection (n = 3 per group). (c) Fluorescence images of mice after i.v. injection of Cy5 or
NP@PVP/Cy5. (d) Images of ROS generation in vivo. (e) Corresponding DCF fluorescence intensity of tumors after being treated with PBS, NP@PVP,
cisplatin + RT and NP@PVP + RT. The error bars represent the means ± SD. **P < 0.01, ***P < 0.001.
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Gy of X-ray radiation). The tumor size increased fast in the PBS
group (group I), which was regarded as the control group. The
tumor of mice showed growth inhibition for single chemo-
therapy of cisplatin (group III) and NP@PVP (group V), the
values being 36.5% and 51.9% suppression efficiency versus
the control group. When the mice received PBS + RT (II) with
X-ray radiation of 5 Gy, the tumors showed 45.4% growth inhi-
bition. The tumor growth of mice receiving cisplatin + RT (IV)
was inhibited by 75.9%, due to the chemo-radiation therapy.
As expected, the strongest anticancer effect was observed in
mice treated with NP@PVP + RT (91.2% growth inhibition,
group VI) indicating that the superior performance of the RT
sensitization effect of bismuth based NP@PVP had great anti-
cancer potential of chemo-radiation therapy. According to the
results above, the tumors treated with NP@PVP + RT showed
significant inhibition, due to the bismuth in NP@PVP sensitiz-
ing RT by increasing the amount of ROS generation to
enhance DNA damage after X-ray irradiation; meanwhile, the
cisplatin in NP@PVP can cause DNA damage and inhibit DNA
damage repair with spatio-temporal synchronization. At the
end of antitumor therapy, the tumors were collected for weigh-
ing and photographing (Fig. 5a and b). As shown in Fig. 5c
and d, it was further found that NP@PVP + RT (VI) had the
highest suppression efficiency of tumor growth. The antitumor

efficacies of the different treatments were further assessed by
H&E staining (Fig. S4†). While the tumors in cisplatin (III)- or
NP@PVP (V)-treated mice were only partially destroyed, the
tumor cells were severely affected after being treated with
NP@PVP + RT (VI). The weight of mice was monitored during
the therapy period, which showed no significant changes after
treatments due to bio-safety (Fig. 5e). The blood of mice was
collected when the antitumor therapy finished, which was
used to examine the effects of liver functions after the
different treatments of the mice. As shown in Fig. 5f–i, the
values of aspartate aminotransferase (AST), alanine amino-
transferase (ALT), alkaline phosphatase (ALP), and lactate
dehydrogenase (LDH) reflecting liver function were measured
and showed no obvious changes after treatments, indicating
high safety.41 These results demonstrated that NP@PVP + RT
had no detectable side effects for mice, showing the good
safety of this chemo-radiotherapy.

Conclusions

In summary, we have successfully described a strategy to
develop a nano-enabled coordination platform based on
bismuth and cisplatin prodrug to improve the effectiveness of

Fig. 5 Excellent tumor inhibition of NP@PVP in vivo. (a) Tumor growth changes of mice and (b) tumor inhibition ratio with various treatments of
PBS (I), PBS + RT (II), cisplatin (III), cisplatin + RT (IV), NP@PVP (V), and NP@PVP + RT (VI). Tumor weight (c) and pictures of the tumors (d) after treat-
ments. (e) Mice body weights during the antitumor therapy period. The value of aspartate aminotransferase (AST; f ), alanine aminotransferase (ALT;
g), alkaline phosphatase (ALP; h), and lactate dehydrogenase (LDH; i) in mice after antitumor treatment. Data are shown as the mean ± SD (n = 5),
**P < 0.01, ***P < 0.001.
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chemo-radiation synergistic therapy. The bismuth in NP@PVP
can sensitize RT by increasing the amount of ROS generation
to enhance DNA damage after X-ray irradiation; meanwhile,
the cisplatin in NP@PVP can cause DNA damage and inhibit
DNA damage repair with synchronization spatio-temporally. In
addition, mice treated with NP@PVP in combination with RT
showed the strongest anticancer effect. Taken together, such a
strategy demonstrated that the superior performance of the RT
sensitization effect of bismuth and cisplatin in NP@PVP had
great potential for anticancer chemo-radiation synergistic
therapy, which was promising for clinical application.
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