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Abstract Both ultrafine particles (UFP) and polycyclic aro-
matic hydrocarbons (PAHs) are widely present in the environ-
ment, thus increasing their chances of exposure to human in
the daily life. However, the study on the combined toxicity of
UFP and PAHs on respiratory system is still limited. In this
study, we examined the potential interactive effects of silica
nanoparticles (SiNPs) and benzo[a]pyrene (B[a]P) in bronchi-
al epithelial cells (BEAS-2B). Cells were exposed to SiNPs
and B[a]P alone or in combination for 24 h. Co-exposure to
SiNPs and B[a]P enhanced the malondialdehyde (MDA) con-
tents and reduced superoxide dismutase (SOD) and glutathi-
one peroxidase (GSH-Px) activities significantly, while the
reactive oxygen species (ROS) generation had a slight in-
crease in the exposed groups compared to the control but not
statistically significant. Cell cycle arrest induced by the co-
exposure showed a significant percentage increase in G2/M
phase cells and a decrease in G0/G1 phase cells. In addition,
there was a significant increase in BEAS-2B cells
multinucleation as well as DNA damage. Cellular apoptosis

was markedly increased even at the low-level co-exposure. Our
results suggest that co-exposure to SiNPs and B[a]P exerts syn-
ergistic and additive cytotoxic and genotoxic effects.
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Introduction

Atmospheric micro/nanoscale particles and various envi-
ronmental pollutants are the main factors which can
induce air pollution (Brown et al. 2013; Kumar et al.
2010; WHO 2013). Recently, it has been demonstrated
that toxicity profiles of nanoparticles are more toxic
than those of larger particles, because nanoparticles
have some features, like small size, dissolution rate,
large surface area to mass ratio, etc. (Albanese et al.
2012; Nemmar et al. 2013). Amorphous silica nanopar-
ticles (SiNPs), which are one of the engineering nanoma
terials, have been widely applied in drug delivery, cos-
metics, industrial manufacturing, and food industries
(Argyo et al. 2013; Chaudhry and Castle 2011;
Napierska et al. 2010; Sun et al. 2011). This increases
the possibility of exposing nanoparticles to humans dur-
ing its production or use. In addition, nanoparticles are
exposed to human through injection, skin penetration,
ingestion, or inhalation (Madl and Pinkerton 2009;
Napierska et al. 2010; Nemmar et al. 2013). Previous
studies have reported that SiNPs cause cytotoxicity, mi-
tochondrial damage, and multinucleation in vitro (Sun
et al. 2011; Wang et al. 2013). In vivo research has
shown that SiNPs could penetrate the skin, reach differ-
ent tissues, and then induce the inflammation and vas-
cular homeostasis disorder (Nemmar et al. 2014, 2016).
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Moreover, Matassoni et al. have demonstrated that the
[Si] clusters substantially increase in the particle matters
(PM 2.5 and PM 1) during in-dust days (Matassoni
et al. 2011). SiNPs in the fine particulate and ultrafine
particulate matters (ultrafine particles (UFP)) significant-
ly contribute to the dust storm event (Kang et al. 2012;
Matassoni et al. 2011).

Benzo[a]pyrene (B[a]P) is a human group 1 carcinogen,
confirmed by the International Agency for Research on
Cancer (IARC) (IARC 2010; Lindeman et al. 2011). B[a]P
is a major component of polycyclic aromatic hydrocarbons
(PAHs), which has been widely used in evaluating the carci-
nogenic risk developed by particulate matter (PM) with PAHs
absorbed (Gilli et al. 2007; Li et al. 2012; Lim et al. 2014;
Škarek et al. 2007). Researches have indicated that B[a]P can
induce other toxic effects in cells, such as oxidative stress,
DNA damage, cell malignant transformation, and so on (Arlt
et al. 2015; Ba et al. 2015; Lim et al. 2014). It has also been
proven that B[a]P plays a vital role in lung carcinogenesis
(Bruce 2015). However, studies have shown that the potential
carcinogenic effects of PAH mixtures are underestimated be-
cause interaction effects between B[a]P and other co-existing
compounds in the PM have not been considered (Lim et al.
2014). PM and PAHs are ubiquitous in our environment, es-
pecially in air pollution (Duan et al. 2016b; Kelly and Fussell
2012). What is more, PAH is one of organic compounds
which could be absorbed onto PM (Škarek et al. 2007). The
work of Duan et al. showed that co-exposure to SiNPs and
B[a]P synergistically elevated the toxic effects on cardiovas-
cular system (Duan et al. 2016b). Studies have shown that
the highest female lung cancer rate of China observed in
the Xuanwei county, Yunnan Province (Lin et al. 2015),
was attributed to the uppermost Permian (C1) coal burning
(Downward et al. 2014; Tian et al. 2008). An epidemio-
logic study has reported that concentrations of UFP and
B[a]P in the indoor environments in Xuanwei were much
higher than those in the control area (Large et al. 2009).
Previous experiments have demonstrated that the toxicity
of PAH and SiNP co-exposure is much higher than their
individual exposure (Cocco et al. 2001; Large et al. 2009).
Based on the previous observations, it is likely that both
nanoparticles and PAH could have a great influence on
lung cancer. Unfortunately, scientists have not yet reached
a consensus on the combined toxicity mechanism of nano-
particles and PAH.

In this study, we focused on the combined toxicity induced
by the low-dosage SiNPs and B[a]P co-exposure. The cyto-
toxicity, oxidative stress, cell cycle arrest, cell multi nucle-
ation, and DNA damage were detected in SiNP and B[a]P
alone and co-exposure. Apoptosis was performed by an im-
aging flow cytometer. These results provide scientific evi-
dence for the combined toxicity of ambient PM with air pol-
lutants in respiratory disease.

Materials and methods

SiNPs and B[a]P

After the generation of amorphous SiNPs based on the Stöber
method (Sun et al. 2011), the SiNPs were processed as men-
tioned in our earlier studies (Duan et al. 2013; Yu et al. 2015).
Stock solution of B[a]P (>99.9 %, Sigma, USA) was dis-
solved in DMSO (≥99.7 %, Sigma, USA) with a volume,
which was stored at 4 °C. A transmission electron microscope
(TEM) (JEOL, Japan) was used to measure the particle size
and shape of SiNPs, which were analyzed by the ImageJ soft-
ware (National Institutes of Health, Bethesda, USA). The zeta
potential and hydrodynamic sizes of SiNPs were tested in
ultrapure water and DMEM medium by the Zetasizer
(Malvern Instruments, Britain). SiNPs were ultrasonicated
for 5 min before using.

Cell culture and co-exposure to SiNPs and B[a]P

The human lung bronchial epithelial cell line (BEAS-2B) was
donated from Nanjing Medical University. The BEAS-2B
cells were cultured in DMEM medium (Corning, USA) sup-
plemented with 10 % (v/v) fetal bovine serum (Gibco, USA)
and were maintained in a water-saturated atmosphere contain-
ing 5 % CO2 at 37 °C in an incubator. The cells were treated
with SiNPs alone, B[a]P alone, and the combined SiNPs and
B[a]P for 24 h. SiNP suspension was dispersed using a
sonicator (160 W, 20 kHz, 5 min) before mixing with the
culture medium to minimize its aggregation.

Assessment of cytotoxicity

A cell counting kit (CCK-8, Dojindo Laboratories,
Kumamoto, Japan) was used to evaluate the effects of SiNPs
and B[a]P and their co-exposure on cell viability. As the fluo-
rescence of B[a]P can affect the detection of optical density,
phosphate-buffered saline (PBS) was used to wash the cells
after the exposure to SiNPs (2.5, 5, 10, and 20 μg/mL) and
B[a]P (2.5, 5, 10, and 20 μM) for 24 h. Next, 100 μL high-
glucose DMEM medium without serum was added to each
well; then, 10 μL of CCK-8 solution was added, and the cells
were incubated for 2 h at 37 °C. Optical density of each group
was measured by a microplate reader (Themo Multiskan
MK3, USA) at 450 nm. Based on results of cell viability, the
group without significant difference was chosen as the dosage
used in the following toxicity experiments. A commercial lac-
tate dehydrogenase (LDH) kit (Jiancheng Bioeng Inst., China)
was applied to test LDH leakage following the manual of the
kit instruction strictly. After the co-exposure to SiNPs and
B[a]P for 24 h, the supernatants were collected for the LDH
measurement and a microplate reader at 450-nm absorbance
(Themo Multiskan MK3, USA) was applied to detect them.
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Assessment of intracellular ROS

The fluorescent probe 2′,7′-dichlorofluorescein diacetate
(DCFH-DA) (Sigma, USA) was used to measure the intracel-
lular reactive oxygen species (ROS) generation. After the co-
exposure to SiNPs and B[a]P for 24 h, the cells were washed
thrice with PBS and were co-incubated with DCFH-DA at
37 °C for 30 min in the dark. Subsequently, the medium was
removed and the cells were harvested. The percentage of pos-
itive cells and fluorescent intensities were detected through a
flow cytometer (Becton Dickinson, USA).

Oxidative damage assessment

After the co-exposure to SiNPs and B[a]P for 24 h, the cells
were washed thrice with ice-cold PBS. And then, the cells
were harvested and centrifuged for 10 min at 4 °C and
1000 rpm. The cells were resuspended in ice-cold PBS, and
the protein was extracted by using an ultrasonic cell disruptor
(JY 92-II, SCIENTZ, China). The concentrations of extracted
protein were detected by the bicinchoninic acid (BCA) protein
assay (Jiancheng Bioeng Inst., China). Malondialdehyde
(MDA), superoxide dismutase (SOD), and glutathione perox-
idase (GSH-Px) consisted in the protein were detected by
commercially available diagnostic kits (Jiancheng Bioeng
Inst., China). All indexes were measured following the man-
ual of the kit strictly.

Cell cycle assessment

The BEAS-2B cells were seeded into a six-well plate.
Different concentrations of SiNPs and B[a]P were added.
After 24 h of incubation, the cells were harvested and centri-
fuged under the condition of 1200 rpm for 5 min at 4 °C.
Then, the cells were washed thrice with cold PBS, fixed in
cold 70 % ethanol, and frozen at 4 °C overnight. The cells
were centrifuged at 1500 rpm for 10 min at 4 °C and were
washed thrice with ice-cold PBS in the following day.
Subsequently, the liquid was removed and 100 μL of RNase
was added in each sample, which was incubated for 30 min at
37 °C. Then, 400 μL propidium iodide (PI) was added in each
sample, which was incubated for 30 min at 4 °C in the dark.
The flow cytometer (Becton Dickinson, USA) was used to
examine the DNA content.

Multinucleation observation

After the co-exposure to SiNPs and B[a]P for 24 h, the liquid
was removed and PBS was used to wash the cells three times.
According to the manual of Wright-Giemsa Assay Reagent
Kit (KeyGen Biotech, China), the cells were observed in
Giemsa staining. Morphology investigations were observed
by the inverted phase contrast microscope (Olympus, Japan).

Fields were selected randomly, and the numbers of binucleat-
ed and multinucleated cells were counted to calculate the rate
of total multinucleated cells.

DNA damage assay

After the co-exposure to SiNPs and B[a]P for 24 h, a single-
cell gel electrophoresis (SCGE) kit (Biolab, China) was used
to measure DNA damage. PBS was used to resuspend the
cells. Ten-microliter cell suspensions and 90 μL agarose were
mixed and dropped to agarose-coated slides. Coverslips were
used to cover the agarose-coated slides, which were then fro-
zen at 4 °C for 4 min. The slides were immersed in fresh lysis
solution for 1.5 h at 4 °C in the dark after the removal of the
coverslips. And then, the slides were subjected to electropho-
resis under the conditions 25 V, 300 mA, and 1 V/cm for
30 min for DNA unwinding. After the electrophoresis, the
slides were dried in the air. The PI was used to stain the slides,
which is detected by a fluorescence microscope (Olympus,
Japan). Then, the CASP software was adopted to compute
the indexes of DNA damage.

Apoptosis analysis

The BEAS-2B cells in the logarithmic phase were seeded into
a six-well plate. After the co-exposure to SiNPs and B[a]P for
24 h, the ice-cold PBS was used to wash the cells three times,
which were collected for centrifugation at 2000 rpm for 5 min
and resuspended with 500 μL binding buffer. Then, 5 μL
fluorescein isothiocyanate-conjugated Annexin V antibody
(Annexin V/FITC) and 5 μL PI (KeyGen Biotech, China)
were added. The mixture was incubated for 15 min at room
temperature without light. A total of 10,000 cells were ana-
lyzed by an Amnis ImageStream multispectral imaging flow
cytometer system (Amnis, USA). The samples were collected
under the environment of low speed, and approximately 5000
events were gated and recorded. The data was analyzed using
IDEAS 6.0 (Amnis, USA) and FlowJo 7.6 (Tree Star, USA).

Statistical analysis

The SPSS 17.0 software (SPSS Inc., USA) was used to per-
form all the statistical analyses. Statistical analysis was carried
out through one-way analysis of variance (ANOVA), while
p < 0.05 is statistically significant. According to the statistical
method described in our previous study (Yu et al. 2015), the
factorial design experiments and two-factorial ANOVA were
used to evaluate the combined SiNPs and B[a]P interactions.
Multinucleated cell numbers and rate were analyzed through
the chi-square test and regarded as frequencies. Others were
regarded as mean ± standard deviation (SD).
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Results

Characterization of SiNPs

As shown in Fig. 1, the amorphous SiNPs were near-spherical
and evenly distributed, which were observed by transmission
electron microscopy. Five hundred particles were analyzed by
ImageJ software to determine the particle size distribution.
The average size and the puri ty of SiNPs were
49.56 ± 5.17 nm and above 99.9 %, respectively. The hydrody-
namic diameter and zeta potential of SiNPs were measured in
ultrapure water and DMEM exposure media. As shown in
Table 1 and Supplementary Table S1, a fairly stable suspension
in both ultrapure water and DMEM medium was observed.

Cytotoxic effect of SiNPs and B[a]P

To investigate the cytotoxicity of co-exposure to the SiNPs
and B[a]P on the BEAS-2B cells, cell viability and LDH ac-
tivity were measured. CCK-8 kit was used to estimate cell
viability. Figure 2 demonstrates that cell viability was moder-
ately reduced in a dose-dependent manner by SiNPs and
B[a]P. B[a]P and SiNPs (Supplementary Fig. S1) did not have
a significant difference on cell viability compared to the con-
trol at 5 μM and 5 μg/mL concentrations, respectively.
However, both SiNPs and B[a]P decreased the cell viability
to 96.58 ± 1.25 and 92.62 ± 3.74% of the control, respectively
(Fig. 2a, b). In order to further investigate the interactive effect
between SiNPs and B[a]P, the 5 μg/mL of SiNPs and 5 μMof
B[a]P were chosen. As shown in Fig. 2c, a synergistic reduc-
tion of cell viability was observed after the co-exposure to
SiNPs and B[a]P for 24 h. The cell viabilities in SiNPs,
B[a]P, and the co-exposed group were 95.92, 93.33, and
89.06 %, respectively (Fig. 2c). At the same time, LDH activ-
ity increased significantly in the co-exposed group compared
to the control (Fig. 2d). These results indicate additive interac-
tion on cell viability of the co-exposure of SiNPs and B[a]P and
synergistic interaction on their LDH activity (Supplementary

Figs. S2 and S3), thus enhancing the cytotoxicity of individual
SiNPs or B[a]P.

Intracellular ROS

ROS generation is an indicator of oxidative stress, which is
mainly affected by nanoparticle exposure. The intracellular
ROS level of the BEAS-2B cells exposed to SiNPs and
B[a]P for 24 h was determined by flow cytometry. Although
the generation of ROS in all the treatment groups had no
statistical significance, the level of ROS generation was in-
creased slightly (1.18-fold of the control) after co-exposure to
SiNPs and B[a]P (Fig. 3a). This suggests that the intracellular
ROS of the BEAS-2B cells is not the dominant response in
oxidative stress at the low-level co-exposure.

Oxidative damage

After the co-exposure to SiNPs and B[a]P for 24 h, the content
of MDA and the activity of SOD and GSH-Px were detected.
The result demonstrated that MDAwas increased remarkably
(Fig. 3b), while the SOD and GSH-Px activities were declined
significantly in the BEAS-2B cells after alone exposure and
co-exposure to SiNPs and B[a]P (Fig. 3c, d). Moreover, com-
pared with the control, the co-exposed group had high MDA
levels and lower SOD and GSH-Px activities significantly. In
other words, these results indicate that SiNPs and B[a]P syn-
ergistically disturbed the redox balance in the BEAS-2B cells
(Supplementary Figs. S4, S5, and S6).

Cell cycle arrest

In order to analyze the potential mechanisms of cell growth
inhibition, the BEAS-2B cells were co-exposed to SiNPs and
B[a]P for 24 h. Arrest of cell cycle was examined by flow
cytometry. The percentages of G0/G1 phase had decreased
markedly in the BEAS-2B cells (Fig. 4a and Supplementary
Fig. S7), while the number of G2/M phase cells increased

Fig. 1 Transmission electron microscopic image of 49.56 nm amorphous silica nanoparticles
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significantly regarding the co-exposed cells (Fig. 4b and
Supplementary Fig. S8). In summary, SiNPs and B[a]P arrest
the cell cycle in the G2/M phase; thus, G2 or M phase was
arrested in BEAS-2B cells.

Cell multinucleation

Figure 5 demonstrates the results of a representative
multinucleation experiment in which BEAS-2B cells were
co-exposed to SiNPs and B[a]P for 24 h. Morphology inves-
tigation with Giemsa was observed by the inverted phase con-
trast microscope. The nuclei were stained in blue-purple,
while the cytoplasm in pink. The morphology indicated that
most of the nuclei in the control were normal round and ho-
mogeneously stained. The numbers of binucleated cells and
multinucleated cells in the co-exposed group increased signif-
icantly (5.86-fold of the control) in the BEAS-2B cells
(Table 2).

Effects on DNA damage of SiNPs and B[a]P

After the co-exposure to SiNPs and B[a]P for 24 h, the DNA
damage was measured through a comet assay. The magnifica-
tion was reported by a ×200 fluorescence microscope. DNA
damage was reflected more severely in the co-exposed group,
as shown in Fig. 6. The index value in the co-exposure group
was significantly higher than that in the control (Fig. 6 and
Supplementary Fig. S9). It is suggested that co-exposure to
SiNPs and B[a]P can result in additive interaction on the DNA
damage.

Induction of apoptosis in BEAS-2B cells

As shown in Figs. 7 and 8, the BEAS-2B cells were detected
by using the imaging flow cytometer after the cells were treat-
edwith the SiNPs and B[a]P alone or co-exposed for 24 h. The
apoptotic rates in the co-exposed groups were significantly
increased than those in the single groups and the control
(Fig. 7). Obviously, morphological changes in the BEAS-2B
cells were observed after the co-exposure to SiNPs and B[a]P
(Fig. 8). Intact and evenly stained nuclei were demonstrated in
the control, while membranolysis, phosphatidylserine ever-
sion from the membrane, and cell membrane indicating green
and red fluorescence were found in the co-exposure group
(Fig. 8). It demonstrated that co-exposure to SiNPs and
B[a]P significantly enhanced the apoptotic rate comparedwith

Table 1 The hydrodynamic diameter and zeta potential of SiNPs in
different dispersion media

Medium Hydrodynamic sizes (nm) Zeta potential (mV)

Ultrapure water 79.44 ± 0.33 −64.05 ± 0.78

DMEM medium 72.10 ± 0.80 −33.25 ± 1.41

Fig. 2 Cytotoxicity of BEAS-2B cells induced by SiNPs and B[a]P. a
Cell viability of SiO2 at different concentrations. b Cell viability of B[a]P
at different concentrations. c Cell viability of BEAS-2B cells exposed to
SiO2 (5 μg/mL), B[a]P (5 μM), and their mixture (5 μg/mL + 5 μM) for

24 h. d LDH activity of BEAS-2B cells after being exposed to SiO2 (5μg/
mL), B[a]P (5 μM), and their mixture (5 μg/mL + 5 μM) for 24 h. Data
are expressed as means ± SD from three independent experiments.
*p < 0.05, **p < 0.01 compared with untreated control
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the control in the BEAS-2B cells (Fig. 7 and Supplementary
Fig. S10).

Discussion

Great attention has been devoted to the adverse health effects,
such as cardiovascular and pulmonary diseases induced by com-
bined toxicity of the PM compositions (Atkinson et al. 2010;
Breitner et al. 2011; Franck et al. 2011). Nanoparticles, which
are the major components of PM, can absorb environmental
pollutants, including large amounts of organic contaminants such
as confirmed human carcinogen B[a]P and inorganic harmful
metals (Huang et al. 2016; Kumar et al. 2010). However, the
studies focusing on the combined toxicity of nanoparticles and

B[a]P on human respiratory system are still not clear, and the
mechanisms involved in the combined effects are still not well
understood. Therefore, we investigated the combined toxicity
effects of low-level SiNPs and B[a]P co-exposure to respiratory
system using BEAS-2B cells. In our study, the cells were treated
with SiNPs alone, B[a]P alone, and the combined SiNPs and
B[a]P. The concentration of SiNPs andB[a]P, which did not have
a significant difference compared to the control in cell viability,
respectively, was chosen. What is more, the concentration of
B[a]P in the present study is a general dose used in the in vivo
and in vitro experiments in toxicology studies (Chen et al. 2013;
McClean et al. 2004, Melchini et al. 2011; Vakharia et al. 2001;
Zhu et al. 2014). The experiment indicated that the toxicity in-
duced by the co-exposure to SiNPs and B[a]P was higher than
that induced by the individual compounds in the BEAS-2B cells.

Fig. 3 Oxidative stress and oxidative damage in BEAS-2B cells after co-
exposure to SiNPs (5 μg/mL) and B[a]P (5 μM) for 24 h. a ROS level. b
MDA contents of lipid peroxidation. c SOD activity reduction. dGSH-Px

activity reduction. Data are expressed as means ± SD from three
independent experiments. *p < 0.05, **p < 0.01 compared with
untreated control

Fig. 4 G2/M phase cell cycle arrest of BEAS-2B cells after co-exposure
to SiNPs (5 μg/mL) and B[a]P (5 μM) for 24 h. The BEAS-2B cell cycle
was measured by flow cytometry. a The percentage of cells in G0/G1

phase decreased, and b the percentage of cells in G2/M phase increased
significantly. Data are expressed as means ± SD from three independent
experiments. *p < 0.05, **p < 0.01 compared with untreated control
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In addition, our previous study demonstrated that SiNPs and
B[a]P mixtures have a high absorption and favorable thermal
stability at low exposure levels (Duan et al. 2016b). The cyto-
toxicity of co-exposure was significantly enhanced in the BEAS-
2B cells after the co-exposure to SiNPs and B[a]P for 24 h
(Fig. 2). The lowest cell viability (Fig. 2c) and highest LDH
activity (Fig. 2d) were observed for co-exposure. The synergis-
tically enhanced cytotoxic effect observed by our experiment is
similar to the previous reports on SiNPs and B[a]P in zebrafish
embryos (Duan et al. 2016b). In addition, our previous research
analyzed the internalization and intracellular distribution of
SiNPs by TEM image in BEAS-2B cells and suggested that
the cellular uptake of SiNPs was related to the adverse effects
in cells such as mitochondrial damage and autophagy (Li et al.
2016). We showed that the SiNPs could uptake in the HepG2
(human hepatoma cell line) cells through the endocytosis, dis-
perse in cytoplasm, and deposit into some organelles, such as
mitochondria, lysosomes, and so on (Sun et al. 2011). We also

found that the SiNPswere internalized into human umbilical vein
endothelial cell line (HUVEC) cells, disturbed the cytoskeleton
in a dose-dependent manner, and induced mitochondrial damage
and autophagic vacuoles accumulation in the HUVECs (Duan
et al. 2014). In summary, the SiNPs could enter the cells such as
BEAS-2B cells through different pathways, localize in cyto-
plasm as well as organelles, and induce cytotoxic effects and
genotoxicity.

Oxidative stress and inflammation have been proposed as the
major mechanisms responsible for the toxicity induced by nano-
particles in vivo or in vitro (Alinovi et al. 2015; Duan et al. 2013;
Khatri et al. 2013;Mendoza et al. 2014). To evaluate the potential
mechanisms of co-exposure, the oxidative stress and damage
indexes including ROS, MDA, SOD, and GSH-Px were deter-
mined. Our study demonstrated that the cellular oxidative stress
and damage were enhanced. This phenomenon can lead to the
imbalance of redox state after the co-exposure. In vivo, the role

Fig. 5 Multinucleation in BEAS-2B cells after co-exposure to SiNPs (5 μg/
mL) and B[a]P (5 μM) for 24 h. a Control group. b DMSO group. c SiO2

group. d B[a]P group. e Si + B[a]P group. The cell nucleus and cytoplasm

were stained by Giemsa. Binucleated cells and multinucleated cells were
observed by an inverted phase contrast microscope

Table 2 Number of binucleated and multinucleated cells induced by
SiNPs and B[a]P

Group Cell
count

Binucleated and
multinucleated cells(n)

Rate of binucleated and
multinucleated cells (%)

Control 500 7 1.4

DMSO 500 8 2

SiO2 500 28 5.6*

B[a]P 500 21 4.2*

Si +
B[-
a]P

500 41 8.2*

*p < 0.05 compared with control group using chi-square test

Fig. 6 The tail DNA% of BEAS-2B cells after co-exposure to SiNPs
(5 μg/mL) and B[a]P (5 μM) for 24 h evaluated by using a comet assay.
Data are expressed as means ± SD from three independent experiments.
*p < 0.05, **p < 0.01 compared with untreated control
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of free radicals is to produce peroxidation; the end product of
lipid oxidation isMDA. SOD, one of the enzymatic antioxidants,
is responsible for scavenging free radicals in the body, maintain-
ing the steady status of hydrogen peroxide (Jomova and Valko
2011). It is usually measured together with another anti-oxidative
enzyme GSH-Px. Protecting the organism from oxidative dam-
age and reducing free hydrogen are the main biological roles of
GSH-Px. In this study, the increase of MDA content and the
rapid decrease of SOD and GSH-Px activity were observed after
the co-exposure to SiNPs and B[a]P (Fig. 3). This indicates that
SOD and GSH-Px play a vital role in combating the hazardous

effects of SiNPs and B[a]P-induced free radicals. However, com-
pared with the control, ROS generation of all co-exposed groups
did not have statistical significance (Fig. 3a). This phenomenon
is similar to our previous study, which suggested that the pre-
dominant response was not the production of ROS but the in-
flammation in the co-exposure to SiNPs and B[a]P at the low
dosage (Duan et al. 2016b). Pink et al. found that ROS genera-
tion is the same after the co-exposure to B[a]P and carbon black
particles on the human endothelial cell line EA.hy 926 (Pink
et al. 2014). In other words, the co-exposure to SiNPs and
B[a]P produced MDA, reduced SOD and GSH-Px activities,
enhanced the effects on BEAS-2B cells, and led to redox imbal-
ance, which is an initial step of carcinogenesis. Another possible
explanation is that the dosage of co-exposure was too low to
generate ROS in detectable levels (Pink et al. 2014). The poten-
tial mechanisms should be explored in the future work.

Cell cycle is a series of events resulting in cell division and
replication (Cai et al. 2015). Some conditions, such as nutrient
depletion, DNA damage, and growth factor withdrawal, which
are not suitable for DNA replication, can restrict the cell cycle
progression (Jones et al. 2005; Shi et al. 2010). In our study, a
significant increase was found in the percentage of the co-
exposed cell group arrested in G2/M phase (Fig. 5b). In addi-
tion, the percentage of multinucleation in BEAS-2B cells was
increased due to cell cycle alterations (Fig. 6). Based on the
phenomenon that L-02 cells arrested in G2/M phase of the cell
cycle after the cells are treated with SiNPs, a previous study
proposed an assumption that these cells were arrested in M

Fig. 7 Apoptosis of BEAS-2B cells after co-exposure to SiNPs (5 μg/
mL) and B[a]P (5 μM) for 24 h. Annexin V-FITC/PI assay was applied to
measure the apoptotic rate. Data are expressed as means ± SD from three
independent experiments. *p < 0.05, **p < 0.01 compared with untreated
control

Fig. 8 Apoptosis of BEAS-2B cells after co-exposure to SiNPs (5 μg/
mL) and B[a]P (5 μM) for 24 h. The representative images of BEAS-2B
apoptosis were measured by a imaging flow cytometer. a Control group.

b DMSO group. c Single SiO2-treated group. d Single B[a]P-treated
group. e Co-treatment group
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phase rather than in G2 phase (Wang et al. 2013). Zhu et al.
found that the exposure to B[a]P in the BEAS-2B cells induced
cell cycle arrested at G2/M phase (Zhu et al. 2014). In the
processing of mitosis, the cytokinesis and replicated chromo-
somes should be precisely distributed in space and time (He
et al. 2000; Wang et al. 2013). Chromosomes that separated
unsuccessfully into each daughter cell can induce polyploidy
or aneuploidy (Leverson et al. 2002), which plays a vital role in
lung tumorigenesis and progression (Balsara and Testa 2002;
Pailler et al. 2015).

It is usual that the cell cycle alteration is linked to
DNA damage (Hamouchene et al. 2011; Puente et al.
2014). DNA damage response can activate the G2/M
transition checkpoint, which is a non-genomic and rapid
response system (Rieder 2011). Recent studies have
been demonstrated that oxidative stress and/or inflam-
mation could lead to particulate-mediated DNA oxida-
tion damage (Møller et al. 2014; Nemmar et al. 2016).
SiNPs induced DNA damage by entering the cells main-
ly through actin-mediated endocytosis, such as the
macropi nocytosis pathway (Nabeshi et al. 2011). The
results of an in vivo study indicated that pulmonary
inflammation modulated the bioactivation of B[a]P and
enhanced formation of covalent B[a]P-DNA adducts,
which can induce the respiratory tract DNA damage
subsequently (Arlt et al. 2015). Furthermore, our previ-
ously study demonstrated that the SiNPs contained nu-
merous hydroxyl radical (·OH) on surface, which in-
duced adverse toxic effect in cells (Duan et al. 2016a).
The surface area of nanoparticles is much higher than
that of larger particles, which could enhance the proba-
bility to absorb some organic compounds such as PAHs
and lead to larger health risks to humans (Donaldson
et al. 2005; EPA 2002). It is well known that co-
exposure to SiNPs and B[a]P can induce a higher toxic
effect in the cells than the individual chemical exposure.

In an in vitro study, B[a]P could induce the expression
levels of CYP1A1 and CYP1B1 and intensify p53 activa-
tion and PARP-1 protein expression (Zhu et al. 2014). Our
previous study has reported that SiNPs co-exposed with
other known carcinogens (such as B[a]P and MeHg)
could induce DNA damage and inhibit DNA repair (Yu
et al. 2015). However, whether the synergistic cytotoxic-
ity of SiNPs and B[a]P resulted to DNA and chromosomal
damage is difficult to detect. The interactive effects of
SiNPs and B[a]P on the genotoxicity were evaluated fur-
ther through the comet assay and apoptotic assay. DNA
damage was increased markedly in BEAS-2B cells after
the co-exposure (Fig. 6). DNA damage induced by SiNPs
and B[a]P could not be repaired efficiently. The result
suggested that co-exposure to SiNPs and B[a]P could en-
hance DNA damage, which might promote tumorigenesis.
As a unique type of programmed cell death, apoptosis

plays an important role in the maintenance of homeostasis
and elimination of damaged cells (Ouyang et al. 2012).
Dysregulation of processes controlling apoptosis often
contributes to the development of neoplasia (Ouyang
et al. 2012). An earlier study had found that nearly half
of the cells which progressed to mitosis unsuccessfully
are bound to apoptosis after the exposure to SiNPs
(Wang et al. 2013). In our study, imaging flow cytometry
was chosen to measure the apoptotic rate because its fluo-
rescence sensitivity and cell resolution are better than
those of the ordinary flow cytometry. What is more, the
imaging flow cytometry can not only analyze cell groups
but also provide morphological images of individual cells.
According to the analysis of the imaging flow cytometry,
the highest apoptosis rate was observed in cells co-
exposed to SiNPs and B[a]P (Fig. 7). The damage of the
cell membrane and Bthe little tail^ of the cell were observed,
especially in the co-exposed group (Fig. 8). It is assumed that
an increase of the apoptotic rate after the co-exposure is a reflec-
tion of elevated DNA damage or removal of abnormal cells in
the BEAS-2B cells. In an in vitro study, it was demonstrated that
the number of apoptotic cells significantly increased after the
B[a]P exposure in the oral mucosa cells (Wannhoff et al.
2013), and our previous study found that SiNPs inhibited cell
growth, induced apoptosis in exposed cells, and induced the
toxicity of endothelial cells via Chk1-dependent G2/M signaling
pathway (Duan et al. 2013, Wang et al. 2013), which are consis-
tent with the present findings.

Conclusion

In summary, the SiNPs and B[a]P co-exposure caused oxidative
damage, cell multinucleation, cell cycle arrest, DNA damage,
and apoptosis in BEAS-2B cells. Oxidative damage can be rep-
resented as a significant increase in MDA and a reduction in
SOD and GSH-Px activities after the co-exposure. The imbal-
ance of redox state and arrest of cell cycle led to the DNA
damage and cellular apoptosis through the combination effects
of SiNPs and B[a]P even at the low-level co-exposure. In subse-
quent studies, there is a need to focus on pathways andmolecular
mechanisms of combined toxicity in both in vitro and in vivo
experiments in order to provide more insights into mechanisms
involved in combined toxicity.
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