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ABSTRACT: Radiotherapy displays curative potential for cervical cancer management, but
radioresistance occurs during long-term therapy. To overcome this limitation, tumor-targeted
nanotechnology has been proposed to enhance the radiosensitivity of solid tumors. Herein, we used
biocompatible bovine serum albumin nanoparticles (BSANPs) as carriers of organic
selenocompound (PSeD) with folate (FA) as the targeting ligand to fabricate a cancer-targeted
nanosystem. The combination of PSeD and BSANPs endowed the nanosystem with higher light
absorption and reactive oxygen species (ROS) generation owing to their properties of surface
plasmon resonance (SPR) effect, heavy metal effect, high refractive index and nanoparticulate
interfacial effect. The combined treatment drastically increased the ROS overproduction, VEGF/
VEGFR2 inactivation and inhibition of XRCC-1-mediated repair of DNA damage, thus triggering
G2/M phase arrest and apoptosis. Taken together, our findings demonstrate the utility of FA-
BSANPs as a promising radiosensitizer to improve cancer radiotherapy.
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■ INTRODUCTION

Radiotherapy has been extensively applied in noninvasive
cancer treatment. Clinically, high energy X-ray or γ-ray
techniques are used in radiotherapy to suppress tumor
proliferation through causing DNA damage or free radical
damage in tumor sites.1−3 However, due to the differences in
individual radiosensitivity and the limitation of irradiative
dosage, some patients may suffer cancer recurrence and have
poor therapeutic effects after radiotherapy. Besides, irradiative
side effects caused by the poor discrimination between normal
and tumor surrounding tissues limits the clinical implementa-
tion of radiotherapy. Moreover, cancer cells in lung, cervix, etc.
undergoing radiation may trigger underlying molecular repair
processes and finally lead to radioresistance.4,5 Therefore, the
development of new effective protocol for enhancing tumor
radiosensitivity without compromising normal cell viability
becomes an urgent priority. Currently, the combined use of
chemotherapy and radiotherapy is considered as an effective
strategy for radiosensitization. Recently, chemical therapeutics
such as cisplatin and paclitaxel have been developed to be used
as radiosensitizers to enhance cancer cells’ sensitivity to
radiation for lung, cervical, gastric, head and neck cancers.6−8

Selenium (Se) is a trace element with essential benefits for
humans and animals. Numerous studies have shown that
selenocompounds have excellent chemopreventive and chemo-
therapeutic effects in cancer treatment.9,10Among them,
organoselenium compounds show higher absorption efficacy,
better anticancer activity and lower toxicity comparing to
inorganic Se forms in our previous studies.11−14 Among these
organic selenadiazole compounds, phenylbenzo [1, 2, 5]
selenadiazole derivatives (PSeD) are identified to have strong

anticancer abilities against different kinds of cancer and have
little effect on normal cells. What’s more, PSeD, as a
semiconducting material, has metalloid properties, e.g., surface
plasmon resonance (SPR) effect, heavy metal effect and high
refractive index, which facilitate light absorption.15 Therefore,
PSeD is considered to be a promising radiosensitizer due to its
high optical absorption. Despite this potency, the poor water-
soluble ability and weak selective cytotoxicities of PSeD block
its effective and precise accumulation in tumor sites. To achieve
high therapeutic outcomes, a high dosage of free PSeD is
needed, which can inevitably result in undesirable toxicity.
Therefore, there has been intense interest in developing new
types of drug delivery vehicles of PSeD for radiosensitization
without compromising systemic viability.
Nanotechnology is considered as a promising strategy for

cancer diagnostics, owing to its smart, sophisticated and
multifunctional applications in tumor-targeted drug delivery
and drug localization.16−20 Nanoparticles provide customizable
and selective drug delivery in tumor sites able to ferry effective
amounts of chemotherapeutic agents while sparing normal
cells.21−23 Among them, albumin nanoparticles are considered
as one of the biodegradable nanopayloads with easy
functionalization for cancer therapy.24,25 Indeed, Zhang et al.
found out that bovine serum albumin nanoparticles (BSANPs)/
poly(ethylene glycol) modified polyethylenimine (PEI−PEG)
as a carrier of BMP-2 significantly enhanced de novo bone
formation and drastically reduced PEI-caused NP toxicity.26
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Moreover, Mohanta et al. and Xie et al. respectively reported
that surface decoration of chitosan on BSANPs contributed to
drug-controlled release in response to pH changes.27,28

Recently, researchers found out that the targeted ligand
conjugation conferred the albumin nanoparticles to remarkable
cytotoxicities against various cancer cells or even in xenografted
nu/nu mouse.29 However, the tumor-targeting BSANPs
delivery system used as a chemical sensitizing agent for
radiosensitization has been marginal.
Generally, expression of folate receptors (FARs) on normal

cells is low, but the demand for FARs increases when the cells
undergo cellular activation, proliferation and cells under
malignant transformation.30 Hela cervical cells overexpressing
FARs are considered as radioresistant malignant cancer cells
because they express pro-survival cytokines such as X-ray repair
cross complementing protein 1 (XRCC-1), vascular endothelial
growth factor (VEGF) and vascular endothelial growth factor
receptor 2 (VEGFR2) to favor tumor progression and acquire
treatment resistance after radiation.31,32 Therefore, in this
study, we chose folate (FA) as a targeting ligand to fabricate
cancer-targeted BSANPs formulation as a drug delivery system
for PSeD and, meanwhile, assessed its selective cytotoxicity as
an important indicator for being a potential radiosensitizer.
Besides, Hela cervical cells were selected as an X-ray-resistant
cell model to determine the sensitizing capacity of FA-BSANPs
in radiotherapy and the underlying action mechanisms.

■ EXPERIMENTAL METHODS
Materials. Phenylbenzo [1, 2, 5] selenadiazole derivatives (PSeD)

were synthesized as previously described.13,14 Folate (FA), N-(3-
(dimethylamino)propyl)-N-ethylcarbodiimide (EDC) and glutaralde-
hyde 25% solution were purchased from Aladdin. Bovine serum
albumin (BSA, fraction V, purity 95−99%), MTT and PI were
obtained from Sigma-Aldrich. A bicinchoninic acid (BCA) kit was
obtained from Thermo Fisher Scientific Inc. A terminal deoxynucleo-
tidyl transferase dUTP nick end labeling (TUNEL) assay kit was
purchased from Roche Applied Science. Dulbecco’s modified Eagle’s
medium (DMEM) medium and fetal bovine serum (FBS) were
purchased from NQBB International Biological Corporation. Milli-Q
water was used in all experiments. An Elekta Precise linear accelerator
was used as the radiotherapy instrument.
Preparation of FA-BSANPs. BSANPs were prepared using a

desolvation technique as previously described with little modifica-
tion.29 Briefly, 40 mg of BSA powder dissolved in 2 mL of Milli-Q
water was titrated to pH 8.2 using 0.1 N sodium hydroxide (NaOH),
followed by dropwise addition of 8 mL of ethanol under stirring (800
rpm) at a rate of 1 mL/min. After the desolvation process, the
nanoparticles were formed. Then 23.5 uL of 8% glutaraldehyde was
slowly added, and the solution was allowed to stir for 24 h to cause
particle cross-linking. To remove free BSA and glutaraldehyde, the
prepared nanoparticles were purified by two rounds of centrifugation
(12000 rpm, 20 min). The pellet was redispersed to the original
volume in water under ultrasonication over 10 min. For FA
conjugation, FA was activated with EDC. Briefly, 20 mg/mL of FA
solution (dissolved in 0.1 N NaOH solution) was first reacted with
EDC solution at a molar ratio of 1:5. The reaction was performed in
dark with constant stirring for 2 h. Subsequently, the activated FA
solution was dropwise added to BSANPs solution to form FA-
conjugate BSANPs. Finally, PSeD solution (300 uL, 12.5 mg/mL) was
added to FA-conjugated BSANPs under constant stirring at a time
period of 24 h for incorporating PSeD. The FA-BSANPs was purified
by three rounds of centrifugation (12000 rpm, 20 min) to remove
unloaded PSeD, FA and EDC. The Se content in the nanosystem was
calculated by inductively coupled plasma atomic emission spectrosco-
py (ICP-AES). The whole process was performed at room
temperature.

Characterization of FA-BSANPs. The morphology of FA-
BSANPs was determined by transmission electron microscopy
(TEM, Hitachi H-7650), scanning electron microscopy (SEM, EX-
250 system, horiba) and atomic force microscopy (AFM, Bioscope
Catylyst Nanoscope-V). Fourier transform infrared spectroscopy
(FTIR, Equinox 55 IR spectrometer) was used to characterize the
structure information on FA-BSANPs in the range of 400−4000 cm−1.
The size distribution and ζ-potential of particles were monitored by
Malvern Zetasizer Software.

Cell Culture and Determination of Cell Viability. In this paper,
Hela cervical carcinoma cells, MCF-7 breast adenocarcinoma cells,
A375 melanoma cells and L02 human hepatic cells were the human
cell lines, which were applied from American Type Culture Collection
(ATCC, Manassas, VA). These cell lines were maintained in DMEM
medium with 100 units/mL penicillin, 10% fetal bovine serum and 50
units/mL streptomycin at 37 °C in 5% CO2 incubator. FA-BSANPs-
caused cell proliferative inhibition against various cell lines was
measured by clonogenic assay.33 and MTT assay.34

Determination of FA-BSANPs Cellular Uptake and Intra-
cellular Trafficking. Intracellular uptake of FA-BSANPs in Hela and
L02 cells was quantified by determining Se concentration using ICP-
MS. Briefly, Hela and L02 cells were treated with different
concentrations of FA-BSANPs with or without radiation (8 Gy) for
different time periods, followed by cell digestion and redispersion.
After that, the cells were counted and lysed using a hydrogen nitrate
(HNO3) and perchloric acid (HClO4) mixture (HNO3:HClO4 = 3:1).
Finally, the lysis solution was diluted with water to a volume of 10 mL.
ICP-MS determination was performed to detect Se concentration,
which quantified the uptake efficiency of internalized nanoparticles.
The intracellular trafficking of FA-BSANPs in Hela and L02 cells was
monitored using fluorescence imaging technique under fluorescence
microscope (IX51, Olympus).35

Folate Competing Assay. The binding efficiency of FARs
between FA-BSANPs and excessive FA was compared as previously
described.35 The internalized FA-BSANPs was quantified by the
fluorescence intensity from PSeD under fluorescence microplate
reader (Bio-Tek) (excitation wavelength at 482 nm and emission
wavelength at 526 nm).

In Vitro Drug Release of FA-BSANPs. Four copies of FA-
BSANPs radiated with 0 and 8 Gy were respectively dispersed in
phosphate buffered saline (PBS) solution at a concentration of 1 mg/
mL at acidic lysosomal (pH 5.3) and neutral blood (pH 7.4)
environments. The solutions were kept in the dark at 37 °C to imitate
in vivo environment. 250 μL of buffer was taken out and fresh buffer of
the same volume was supplied. The release rate of PSeD was
represented by its fluorescence intensity using a fluorescence
microplate reader (excitation wavelength at 482 nm and emission
wavelength at 526 nm).

Flow Cytometry. The cell cycle distribution after the treatment of
FA-BSANPs and X-ray was measured by flow cytometric analysis.36

The cells incubated with FA-BSANPs and X-ray were digested,
collected and centrifuged at a speed of 1500 rpm for 10 min. The
harvested cells were fixed with 70% ethanol at −20 °C overnight
followed by PI staining. The DNA contents were quantified by the
fluorescence intensity of PI. The cell samples were analyzed on a
Beckman Coulter Epics XL MCL flow cytometer (Beckman Coulter,
Inc., Miami, FL). The DNA histogram represented the cell number in
G0/G1, S and G2/M phases, while the sub-G1 peak quantified the
hypodiploid DNA number in apoptotic cells. The DNA contents of
the cell samples were analyzed by MultiCycle software (Phoenix Flow
Systems, San Diego, CA);

TUNEL and 4′,6-Diamidino-2-phenylindole (DAPI) Staining
Assay. FA-BSANPs-caused DNA fragmentation was confirmed by
TUNEL assay in Hela cells. Briefly, the cells attached in 2 cm dishes
were fixed and permeabilized with 3.7% formaldehyde and 0.1%
Triton-X solution, respectively. After that, TUNEL working buffer and
DAPI were added for cell staining. The morphology of stained cells
was observed under a fluorescence microscope (EVOS FL auto, Life
Technologies, Grand Island, NY).
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Determination of Reactive Oxygen Species (ROS) Gener-
ation. Changes of intracellular ROS generation caused by FA-
BSANPs with or without radiation were evaluated using dihydroethi-
dium (DHE, Beyotime) and a 2′,7′-dichlorofluorescin diacetate
(DCFDA) probe, respectively. Briefly, Hela cells pretreated with
different concentrations of FA-BSANPs for 2 h were irradiated at a
dosage of 0, 8 Gy, respectively. At the end of radiation, the cells were
stained with 10 μM DHE at the final concentration and DCFDA at 37
°C for 30 min. The cells were rinsed with PBS twice and incubated in
fresh PBS. The fluorescence intensity of DHE and DCF (excitation
and emission wavelength at 300 nm/610 and 488 nm/525 nm,
respectively) quantified the intracellular ROS level. For the
determination of extracellular ROS generation caused by FA-BSANPs
and free PSeD, DHE staining assay was conducted in PBS without
cells.
Western Blot Analysis. The expression of proteins involved in

signaling pathways after combined treatment of FA-BSANPs and
radiation in Hela cells and L02 cells were determined by Western blot
analysis. Briefly, the cells were lysed with RIPA buffer and the total
proteins were obtained from supernatant after centrifugation (12000
rpm) at 4 °C. The proteins were quantified using BCA assay. After
that, SDS-PAGE was performed with equivalent amount of proteins
loading. Subsequently, the separated proteins were transferred to
PVDF membranes, blocked with 5% nonfat milk, incubated with
primary antibodies and second antibodies-conjugated horseradish
peroxidase, and were finally visualized on X-ray films.
Statistical Analysis. All experiments were performed at least for 3

times and the data in this study was expressed as means ± SD.
Statistical significance of the data were analyzed by SPSS statistical
program (Version 13, SPSS Inc., Chicago, IL). Difference between two

groups was calculated by two-tailed Student’s t-test. Variation with P <
0.05 (*) or P < 0.01 (**) was considered statistically significant. The
difference between three or more groups was analyzed by one-way
ANOVA multiple comparisons.

■ RESULTS AND DISCUSSION
Design, Preparation and Characterization of FA-

BSANPs. In this study, we reported a cancer-targeted
nanosystem FA-BSANPs as biocompatible and effective
sensitizer for radiosensitization. FA-BSANPs was fabricated
through conjugation of FA and loading of organic selenocom-
pound PSeD to BSANPs (Figure 1A). The morphology of FA-
BSANPs was detected and analyzed using various microscopic
methods. TEM imaging (Figure 1B) and SEM imaging (Figure
S1, Supporting Information) showed that the as-prepared FA-
BSANPs was spherical in shape and well cross-linked. The
surface roughness of FA-BSANPs was examined by AFM
morphological analysis (Figure 1C). The AFM image of the
single nanoparticle and its corresponding analytical curve
commonly demonstrated the smooth surface of FA-BSANPs.
The stability of FA-BSANPs is of importance for its medical use
and storage. Therefore, the size of FA-BSANPs in aqueous
solution was monitored for 37 days. As shown in Figure S2
(Supporting Information), the average size of FA-BSANPs in
aqueous solution kept stable with the average size at 255 nm for
37 days. The average size of FA-BSANPs in PBS solution
remained at 355 nm within 5 days, following a gradual size
increase to 470 nm after 12 days. Even though the

Figure 1. Chemical properties of FA-BSANPs. (A) Structure depiction of FA-BSANPs. (B) TEM image of FA-BSANPs, scale bar =500 nm. (C)
AFM image of FA-BSANPs and roughness analysis of individual nanoparticle. The surface roughness of individual nanoparticle was examined by
AFM Nanoscope Analysis Software. (D) δ-potential of BSANPs, FA-BSANPs and FA-BSANPs-PSeD.
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nanoparticles in PBS tended to aggregate, it is still safe for their
medial use. The reason for that is the half-life period of serum
albumin is not exceeding 10 days, therefore the FA-BSANPs
will be eliminated out the body before it aggregates to over 470
nm. Figure S3 (Supporting Information) applies detailed
information for the size distribution of FA-BSANPs in aqueous
and PBS solution. Furthermore, the ζ-potential changes of
nanoparticles were recorded while new component was added
to the nanoparticulate system. As shown in Figure 1D, the ζ-
potentials of plain BSANPs were −51.8 mV. After FA
conjugated and PSeD loaded on BSANPs, the ζ-potential of
FA-BSANPs and FA-BSANPs-PSeD was turned to −31.6 and
−22.5 mV, respectively.
The chemical structure of FA-BSANPs was examined by FT-

IR spectra. As shown in Figure S4 (Supporting Information),
the BSANPs spectrum (line c) at 2926 cm−1 was its
characteristic peak; the peaks at 1650 and 1538 cm−1 presented
the first and secondary -CO−NH- groups from BSANPs. In the
spectrum of FA-BSANPs (line b), the peaks at 1510 and 1447
cm−1 were assigned to the benzene rings from FA (line b,
Figure S5, Supporting Information). Specifically, the peak of
amide groups in line b was stronger, indicating that new amide
groups were formed between carboxylate groups from activate
FA and amino groups on the surface of BSANPs. In the
spectrum of FA-BSANPs-PSeD (line c), the 1257 cm−1 was
assigned to the −OCH3 groups of PSeD (line a, Figure S5,
Supporting Information).
Selective Accumulation of FA-BSANPs in Cancer Cells.

Specific ligand-guiding delivery is necessary for chemical

radiosensitizer to achieve successful and selective tumor-
targeting. Therefore, we need to ensure precise amount of
FA-BSANPs accumulated in tumor site without exploiting
normal cells viability before the radiation study. In this case, we
quantified the selective cellular uptake of FA-BSANPs in
different cell lines, namely Hela cells overexpressing FARs and
L02 cells that hardly expressed FARs (Figure 2A, B). Cells
seeded in 10 cm dishes were incubated with 2 and 4 μM FA-
BSANPs for 4 h; the cellular uptake of FA-BSANPs was
measured by determining Se concentration using ICP-MS. As
depicted in Figure 2C, the uptake amount of FA-BSANPs in
Hela cells was much higher than that in L02 cells. For instance,
after 4 h of incubation with 4 μM FA-BSANPs in Hela cells, the
internalized FA-BSANPs amount was 2.7-fold higher than that
in L02 cells.
To confirm the role of FA-guiding delivery, FA competing

assay was performed. Briefly, Hela cells were pretreated with
excess amount of FA to block FARs on cell membranes, then
were incubated with FA-BSANPs for drug internalization.
Figure S6 (Supporting Information) clearly shows that excess
amount of FA dose-dependently blocked the cellular uptake of
FA-BSANPs, which suggests that FA/FARs-mediated endocy-
tosis directly promoted the selective cellular uptake of FA-
BSANPs in Hela cells.
To verify the antiproliferative ability of FA-BSANPs in

different cell lines, MTT assay was performed. Figure 2D shows
that FA-BSANPs exerted great cytotoxicities against Hela cells
and MCF-7 cells, with IC50 values at 0.4 and 1.25 μM,
respectively, whereas PSeD was less cytotoxic against these two

Figure 2. Selective cellular uptake and selective cytotoxicity of FA-BSANPs. (A) Proposed selective cellular uptake of FA-BSANPs between Hela
cells (folate receptors overexpressed) and L02 cells (hardly expressed folate receptors). (B) Folate receptors (FARs) expression in Hela cells, A375
cells, MCF-7 cells and L02 cells. The expression level of FARs was evaluated by Western blot analysis. β-Actin was used as loading control. (C)
Quantitative determination of cellular uptake of FA-BSANPs in Hela cells and L02 cells. Hela cells and L02 cells were treated with FA-BSANPs for 4
h, respectively. Se concentration was measured by ICP-MS analysis. *P < 0.05 vs control, **P < 0.01 vs control. (D) Proliferative inhibition of FA-
BSANPs against MCF-7 cells, A375 cells, Hela cells and L02 cells for 72 h. * and ** indicate significant difference between PSeD and FA-BSANPs
group at P < 0.05 and P < 0.01 levels, respectively. Values expressed were means ± SD of triplicate.
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tumor cells, with IC50 values at 2.9 and 17 μM, respectively.
These results revealed that FA-BSANPs was superior than free
PSeD for suppressing tumor cells proliferation. Meanwhile, FA-
BSANPs exerted 24 times lower cell growth inhibition against
A375 and L02 cells with low FARs expression levels than FAR-
overexpressing Hela and MCF-7 cells with IC50 values at 10.4
and 9.8 μM, respectively. Therefore, the FA/FARs-mediated
targeting effect endows FA-BSANPs the selective cytotoxicity
toward cancer cells.
To further understand the action of FA-BSANPs after

internalization, we monitored FA-BSANPs intracellular traffick-
ing under a fluorescence microscope. Hela cells and L02 cells
were pretreated with lyso-tracker (red) and DAPI (blue) to
stain lysosome and nucleus. Figures 3A and S7A (Supporting
Information) displayed the time-course internalization of FA-
BSANPs at the individual Hela cell level. At the time point of 1
h, FA-BSANPs moved across the Hela cell membrane and
began to locate in the lysosome. After that, the green
fluorescence of FA-BSANPs continuously aggregated in the
lysosome and finally “saturated” the cytoplasm in the Hela cell
at 8 h. In contrast, no green fluorescence was detected in
nucleus through the observation, indicating that lysosome was
the main target of FA-BSANPs after internalization rather than
nucleus. Meanwhile, there was only a weak fluorescence
observed in L02 cells, even after 6 h, which further
demonstrated the lower uptake of FA-BSANPs in L02 cells
(Figures 3B and S7B, Supporting Information). These results
suggest that FA-BSANPs could selectively enter Hela cells and
targeted lysosome for subsequent cellular actions.

In vitro drug release profiles of FA-BSANPs were examined
in acidic (pH 5.3) and neutral (pH 7.4) PBS solutions to
intimate its drug release behavior in blood and lysosome
environments, respectively. Figure 3C shows that the
accumulative release of PSeD amount at pH 5.3 reached
41.0% in 24 h and to 49.2% in 72 h, whereas at pH 7.4, the
release amount of PSeD reached 28.2% in 24 h and 32.4% in 72
h. The much rapid release rate of PSeD from FA-BSANPs at
pH 5.3 should be due to the acidolysis of nanoparticles. At pH
7.4, FA-BSANPs was well-organized, which blocked the release
of PSeD, whereas FA-BSANPs at pH 5.3 was hydrolyzed in an
acid environment, which led to BSANPs degradation and
pushed PSeD release. This hydrolysis behavior of BSANPs in
response to acid pH conferred this drug delivery system to the
function of pH-controlled release of drugs.

Use of FA-BSANPs as Radiosensitizer for Radio-
therapy. The biochemical experiments above have demon-
strated that FA-BSANPs has an excellent anticancer ability and
biocompatibility with minimal side effects. These properties of
FA-BSANPs satisfied the basic need of being a radiosensitizer.
Next, we conducted successive physical and biochemical
experiments to determine whether FA-BSANPs could enhance
the therapeutic effectiveness of radiotherapy. Clonogenic assay
was conducted to evaluate the cell viability in Hela cells and
L02 cells caused by the combination of X-ray and FA-BSANPs.
As depicted in Figure 4A, single FA-BSANPs (4 μM) and X-ray
(8 Gy) treatment decreased Hela cell colony formation to
67.1% and 55.7%, respectively, while FA-BSANPs and X-ray in
combination drastically inhibited cell survival to 4.3%. In detail,
the combined treatment of FA-BSANPs and X-ray radiation

Figure 3. Internalization and release behavior of FA-BSANPs in Hela and L02 cells. (A) Intracellular trafficking of FA-BSANPs observed in
individual Hela cell. (B) Intracellular trafficking of FA-BSANPs observed in individual L02 cell. Hela cells and L02 cells were treated with FA-
BSANPs (80 μM) with DAPI and lyso-tracker staining at 37 °C. The cells incubated for 0 min, 1 h, 2 h, 4 and 8 h were observed under a fluorescent
microscope. (C) In vitro release profiles of PSeD from FA-BSANPs with varied pH values. The solutions of FA-BSANPs were incubated in PBS
solution with pH values at 5.3 and 7.4, respectively. The released PSeD concentrations were recorded by the fluorescent intensity of PSeD with the
excitation and emission wavelengths at 482 and 526 nm, respectively, at certain periods of time. Values expressed were means ± SD of triplicate.
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resulted in the decline of cell colony formation in a dose-
dependent manner. The corresponding microscopic images
displayed in Figure 4B evidenced the significant cytotoxicity of
combined treatment against Hela cells. Similar results were
obtained in MTT assay and corresponding microscopic images
(Figure S8A,B, Supporting Information), which further
demonstrated the radiosensitization caused by FA-BSANPs.
Oppositely, in L02 cells, FA-BSANPs treatment alone slightly
affected the colony formation, causing 29.2% cell growth
inhibition at a concentration of 4 μM, whereas X-ray radiation
alone (8 Gy) drastically reduced the colony formation to
27.51% in L02 cells. In contrast, pretreatment of the cells with
FA-BSANPs increased the survival rate of L02 cells exposed to
X-ray radiation (Figure S9A,B, Supporting Information). These
results suggest that pretreatment of human normal cells with
FA-BSANPs could antagonize the cell death caused by X-ray
radiation.
Generally, the action mechanism of cell death included

apoptosis and/or cell cycle arrest. We next determined the
intracellular mechanism for FA-BSANPs + radiation-caused
cells death using flow cytometry and TUNEL&DAPI staining
methods (Figure 4C,D). As analyzed by flow cytometry (Figure
4D), radiation (8 Gy) alone slightly caused 22.1% of G2/M

phase arrest, and FA-BSANPs (from 0.5 to 2 μM) activated
apoptotic cell death from 11.7% to 21.1%, as reflected by the
Sub G1 proportions. However, the combination of FA-BSANPs
and radiation dose-dependently increased the extent of G2/M
phase arrest and cell apoptosis. For instance, combination of
FA-BSANPs (2 μM) and radiation at 8 Gy enhanced the
proportions of G2/M phase arrest and Sub-G1 peak to 44.1%
and 36.8%, respectively. The populations of Sub G1, G0/G1, S
and G2/M phases in each group were also quantified as bar
charts (Figure S10, Supporting Information). TUNEL and
DAPI staining assay further evidenced the cell apoptosis after
whole treatment. Figure 4C reveals that FA-BSANPs (4 μM)
combined with radiation (8 Gy) displayed greater level of DNA
fragmentation (green fluorescence) and nucleus condensation
(blue fluorescence) than single treatment alone. These results
further demonstrated the induction of apoptosis by FA-
BSANPs and radiation.
Generally, apoptosis was executed via mitochondria-medi-

ated (intrinsic) and death receptor-mediated (extrinsic)
signaling pathways. The extrinsic pathway is activated by
death receptors including Fas, TNF and TRAIL receptors.37−39

while the intrinsic mitochondrial pathway is affected by Bcl-2
family proteins, which is affected by p53 phosphorylation and

Figure 4. FA-BSANPs in combination with X-ray radiation increased G2/M phase arrest and apoptosis in Hela cells. (A) Combined treatment of
FA-BSANPs and X-ray radiation decreased Hela cells survival detected by clonogenic assay. Hela cells were pretreated FA-BSANPs at different
concentrations for 2 h and then were irradiated by X-ray radiation at different dosages. Values expressed were means ± SD of triplicate. (B) Colony
formation of Hela cells under the cotreatment of FA-BSANPs and radiation (8 Gy). (C) Fluorescence images of DNA fragmentation and nuclear
condensation after exposure to FA-BSANPs or/and X-ray radiation. Cells pretreated with FA-BSANPs (4 μM) and X-ray radiation (8 Gy) were
stained with TUNEL working buffer and DAPI for DNA fragmentation and nucleus visualization, respectively. (D) Combined treatment of FA-
BSANPs and X-ray radiation enhanced G2/M phase arrest and apoptosis in Hela cells. The cell cycle distribution after different treatments were
analyzed by quantifying DNA content using flow cyctometric analysis.
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activate downstream apoptotic signals.40,41 Previous studies
have demonstrated that a combination of radiation and
radiosensitizers increased their anticancer efficacy with the
involvement of caspase activation.42,43 Consistently, in this
study, we demonstrated that treatment of cells with X-ray
radiation alone slightly induced Hela cell apoptosis, as
evidenced by activation of caspase-3/-8/-9 and PARP cleavage
(Figure 5A). Pretreatment of the cells with FA-BSANPs
augmented the anticancer efficacy of X-ray radiation by
triggering both intrinsic and extrinsic pathways, and finally
exaggerated apoptotic signals, which was supported by higher
levels of cleavage of caspase-3/8/9 and PARP (Figure 5A).
Moreover, FA-BSANPs and radiation enhanced expression of
extrinsic upstream proteins (DR3, TNFR2 and FADD) and
intrinsic Bcl-2 family expression Bax, while down-regulated the

expression of Bcl-2 and Bcl-xL (Figure 5B,C). Meanwhile,
significant decrease in the expression level of total Bid was
observed in cells exposed to the combined treatments, which
indicate the cross-link between intrinsic and extrinsic apoptotic
pathways.
On the basis of an observed G2/M phase arrest examined by

flow cytometric determination, we evaluated the expression
level of cdc 2 and cyclin B1, because the activation of cyclinB/
CDK1 complex and cdc 2 mostly affected G2/M phase
progression. As expected, Figure 5D displays a noticeable
down-expression of cyclin B1 and phosphorylated cdc 2 in Hela
cells after the combination of FA-BSANPs and radiation.
Because p21 is a member of CDK inhibitors (CKDIs)
associated with G2/M phase arrest, the intracellular p21waf1/
Cip1 level was determined to be up-regulated, which inhibited

Figure 5. Combination of FA-BSANPs (4 μM) and X-ray radiation (8 Gy) enhanced the expression level of proteins related to G2/M phase arrest
and apoptosis. Western blot analysis for the expression of (A) Caspase-8, c-Caspase-8, Caspase-9, c-Caspase-3, PARP, c-PARP; (B) DR3, TNFR2,
FADD; (C) Bcl-2, Bcl-xL, Bid, Bad, Bax and (D) p21 Waf1/Cip (DCS60), p-cdc2 and Cyclin B1. β-Actin was used as the loading control.
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G2/M phase progression. Taken together, FA-BSANPs
potentiated X- ray radiation to cause cell death with the
involvement of apoptosis and G2/M phase arrest.
Furthermore, Western blot analysis was performed to

examine the change in the expression levels of proteins related
with apoptosis and G2/M phase arrest induced by FA-BSANPs
and radiation in L02 cells. As shown in Figure S11 (Supporting
Information), X-ray radiation alone affected the expression of
apoptotic and G2/M phase arrest-related proteins, such as Bid,
FADD, caspase-8/-9/-3, PARP and p21. Interestingly,
compared with the X-ray group, although the combined
treatment triggered the cleavage of caspase-8 and subsequent
truncation of Bid, and increase in expression of Bax, a decrease
in cell apoptosis proteins, cleaved caspase-3 and PARP was
observed. FA-BSANPs also effectively reversed the effects of X-
ray on p21. The interaction of these different signaling
pathways may contribute to the protective effects of the
nanoparticles on L02 cells against X-ray-induced damage.
Action Mechanisms of FA-BSANPs-Induced Radio-

sensitization. To understand the mechanism of FA-BSANPs-
mediated radiosensitization, we investigated the physicochem-
ical changes of FA-BSANPs with or without radiation. As a

result, FA-BSANPs kept stable under X-ray radiation, as evident
by negligible changes on FA-BSANPs’ size, morphology (Figure
6A), distribution (Figure S12A,B, Supporting Information) and
drug release behavior (Figure S13, Supporting Information).
However, nanoparticles under irradiative conditions had
roughened surfaces, as seen in AFM images and the uneven
highness profiles of individual nanoparticles (Figures 6A and
S14, Supporting Information). The roughened surface of FA-
BSANPs enhanced FA-BSANPs to cell membrane adhesion,
which potentially facilitated cellular uptake. To verify this
appealing suggestion, we compared the uptake efficiency of FA-
BSANPs with or without radiation in Hela cells. As shown in
Figure 6B, the uptake amount of irradiated nanoparticles
reached 45.2 μg Se/107 cells after 4 h of incubation, which was
1.3-fold higher than that of the nonradiated nanoparitcles (34.8
μg Se/107 cells). Taken together, these results demonstrated
that X-ray radiation enhanced the surface roughness of FA-
BSANPs, which enhanced the adhesion between FA-BSANPs
and cell membranes, thereby increasing the cellular uptake of
FA-BSANPs in Hela cells. Besides, the ζ-potential of FA-
BSANPs was changed from −21.5 to −34.6 mV after irradiation

Figure 6. Changes of morphology, cellular uptake and ζ-potential of FA-BSANPs with or without radiation. (A) Morphology and surface roughness
of FA-BSANPs with or without X-ray radiation (8 Gy) detected by TEM and AFM microscopic methods. Scale bar (TEM image) = 500 nm. The
analytical profiles of FA-BSANPs’ surface roughness were obtained using AFM Nanoscope Analysis Software. (B) Cellular uptake efficiency of FA-
BSANPs (2 μM) with or without X-ray radiation (8 Gy) in Hela cells. Values expressed are means ± SD of triplicate. (C) ζ-potential changes of FA-
BSANPs with or without radiation (8 Gy).
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(Figure 6C), which further confirms that X-ray treatment could
change the physicochemical properties of FA-BSANPs.
It has been reported that radiosensitizers could enhance the

anticancer efficacy of radiotherapy through generating radio-
chemicals, e.g., free radicals and ionizations when irradiated,
therefore increasing the intracellular ROS level that cause DNA
damage in cancer cells.44−46 Therefore, we detected whether
FA-BSANPs were able to potentiate radiation for ROS
overproduction by using DHE and DCFDA fluorescent probes.
Figure 7 displays the overproduction of ROS level under
combined treatment using a DHE probe. As displayed in Figure
7A, the treatment of FA-BSANPs and radiation significantly
triggered intracellular ROS overproduction in Hela cells. To
verify this synergistic effect of FA-BSANPs, a cell-free model
was performed. Figure 7B shows that FA-BSANPs in an
extracellular environment overproduced the ROS level to
186.3% in 30 min after being irradiated. This should be ascribed
to the nanoparticulate interfacial effect of FA-BSANPs in
response to radiation.47 Apart from FA-BSANPs, the action of
PSeD should be a contributing factor for ROS overproduction.
Therefore, we conducted DHE determination to assess whether
PSeD could induce ROS overproduction. As shown in Figure
7C, PSeD up-regulated intracellular ROS level to 127.8% in 15
min. Besides, PSeD being irradiated outside the cells produced
higher ROS generation than a single agent alone at 2 h after
radiation (Figure 7D), indicating that PSeD could also

synergize with radiation to enhance ROS generation. Because
PSeD as the organic Se form has metalloid properties, namely
surface plasmon resonance (SPR) effect and heavy metal effect,
which facilitate light absorption, the enhanced ROS level
should be attributed to the efficient absorption of X-ray caused
by PSeD. The results of DCFDA probe analysis also confirmed
the above finding that PseD could synergize with radiation to
enhance ROS generation (Figure S15, Supporting Informa-
tion).
To understand the intracellular radiosensitizing mechanism

of FA-BSANPs, we determined the signaling pathway caused by
FA-BSANPs and radiation in combination (Figure 8). As
described before, VEGF/VEGFR2 and XRCC-1 are highly
expressed in X-ray resistant cervical cells and are responsible for
DNA repair and proliferative protection after radiation damage.
Therefore, we used Western blot analysis to determine whether
the expression of VEGF/VEFGR2, XRCC-1 can be exploited
by the cotreatment of FA-BSANPs and radiation. As shown in
Figure 8B, pretreated FA-BSANPs drastically inhibited X-ray-
caused VEGF/VEGFR2 and XRCC-1 overexpression, indicat-
ing that the addition of FA-BSANPs successfully reversed X-ray
resistance in Hela cells. These results demonstrate that VEGF/
VEGFR2 and XRCC-1 could be the molecular targets of FA-
BSANPs to overcome the radioresistance of cancer cells.
p53 is a key tumor suppressor responsible for oxidative stress

and could modulate different cellular events including cell cycle

Figure 7. Changes in ROS generation induced by cotreatment of FA-BSANPs and X-ray radiation. (A) ROS generation induced by FA-BSANPs or/
and X-ray radiation in Hela cells. Cells pretreated with different concentrations of FA-BSANPs were treated with 8 Gy of X-ray radiation and were
finally incubated with 10 μM DHE for 30 min. (B) ROS generation induced by FA-BSANPs under X-ray radiation in PBS solution. FA-BSANPs (4
μM) irradiated by X-ray radiation (8 Gy) were incubated with DHE at a concentration of 10 μM for 30 min. (C) ROS generation induced by PSeD
+ X-ray radiation in Hela cells. Hela cells pretreated with 4 μM PSeD before exposure to 8 Gy of X-ray radiation were finally incubated with 10 μM
DHE in PBS for 30 min. (D) ROS generation induced by PSeD with or without radiation in PBS solution. 4 μM PSeD irradiated by 8 Gy of
radiation were incubated with 10 μM DHE in PBS at 37 °C for 2 h. The ROS level was quantified as the fluorescence intensity of DHE. Values
represented are means ± SD of triplicates. Bars with different characters are statistically different at the P < 0.05 level.
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arrest and apoptosis.48Therefore, we checked the combined
effect of FA-BSANPs and radiation on the expression of p53
and DNA damage-related proteins in Hela cells. As expected,
compared with each treatment alone, Hela cells cotreated with
FA-BSANPs and radiation increased the expression of
phosphorylated status of p53 and DNA damage-associated
proteins such as p-Histone H2A.X, p-ATM, p-ATR and p-
BRCA1, while they down-regulated the expression of
phosphorylated MDM2, a p53-antagonistic protein (Figure
8C,D). These results above indicated that DNA damage-linked
p53 activation was involved in G2/M phase arrest and
apoptotic signaling pathways for FA-BSANPs-triggered radio-
sensitization.
AKT and MAPKs pathways play important roles for the cell

cycle progression and can be activated by a variety of cellular
stresses such as oxidative stimuli, radiation and growth
factors.49 Studies have supported the involvement of AKT
and ERK pathways in the anticancer actions of radiation.50−52

To understand whether AKT and MAPKs have an effect on
combined treatment-caused G2/M phase arrest and apoptosis,
we detected the AKT and MAPKs expression in treated Hela
cells. As illustrated in Figure 8E, 8 Gy radiation alone decreased
the expression of phosphorylated AKT and ERK. With the
pretreatment of FA-BSANPs, phosphorylation of AKT and
ERK were significantly inhibited, with no change in their total
proteins observed. Moreover, the combined treatments also
increased the phosphorylated status of pro-apoptotic kinase
JNK, while demonstrated no effect on p38. Taken together, our
results suggest that 8 Gy radiation alone can possibly inhibit
AKT and ERK pathways, but activate other pro-survival signals
(such as XRCC-1 and VEGF/VEGFR2) to antagonize cell
death and enhance radioresistance. However, the combined
treatment reversed the radioresistance of Hela cells by
augmenting both G2/M phase arrest and apoptotic signaling

pathways and enhanced the therapeutic effects of cervical
cancer (Figure 8A).

■ CONCLUSION
In conclusion, this study demonstrated an efficient radio-
sensitizing method by using FA-conjugated BSANPs carrying
selenocompound PSeD. FA, as a targeting ligand, significantly
enhanced selectivity of the nanoparticles between cancer and
normal cells. Moreover, under X-ray radiation, the cell
adherence and cellular uptake of FA-BSANPs were significantly
increased, due to the increase of nanoparticle surface
roughness. FA-BSANPs in combination with X-ray synergisti-
cally enhanced intracellular ROS generation through nano-
particulate interfacial effect. Internalized FA-BSANPs inhibited
radioresistance by suppressing the function of VEGF/VEGFR2,
XRCC-1 and finally triggered G2/M phase arrest and apoptotic
signaling pathways. This biocompatible and tumor-targeting
drug delivery nanosystem can be used to overcome cancer
radioresistance.
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SEM image of FA-BSANPs; stability and size distribution of
FA-BSANPs in aqueous and PBS solution; FT-IR spectra and
of FA-BSANPs, PSeD and FA; FA competing assay; localization
of FA-BSANPs in Hela and L02 cells; combined treatment of
FA-BSANPs and radiation enhanced growth inhibition in Hela
cells using MTT assay; In vitro cytotoxicity of FA-BSANPs
associated with X-ray radiation against L02 cells detected by
clonogenic assay; population distribution of Sub G1, G0/G1, S
and G2/M phases in Hela cells with the combined treatment of
FA-BSANPs and radiation; effects of FA-BSANPs in combina-
tion with X-ray radiation on the expression level of apoptotic
and G2/M phase arrest-related proteins in L02 cells; size
distribution of FA-BSANPs in aqueous solution with or without

Figure 8. Signaling pathways triggered by FA-BSANPs and X-ray radiation. (A) Overview of G2/M phase arrest and apoptosis signaling pathway
caused by FA-BSANPs and X-ray radiation in combination in Hela cells. Western blot analysis for the expression of (B) XRCC-1, VEGF, VEGFR2;
(C) p-Histone, p-p53, p-MDM2; (D) p-ATM, p-ATR, p-BRCA1, p-Chk2; (E) AKT, p-AKT, ERK, p-ERK, P38, p-P38, JNK, p-JNK. β-Actin was
used as the loading control.
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radiation; release profiles of FA-BSANPs under X-ray radiation
at pH 7.4 and pH 5.3 solutions; surface roughness of FA-
BSANPs with or without X-ray radiation detected by AFM
microscopy; intracellular ROS overproduction caused by FA-
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